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Duragan Hal Goérsel
Uyarilmis Potansiyel
Tek Kanal Tespit
Denege Ozgii
Sinlizoit

Beyin-bilgisayar arayuzinin (BBA) ciddi engelli bireylerin gilinlik yasamlarini
desteklemektir. Pratik BBA i¢in en 6nemli faktdrlerden biri olan kullanim kolayligi, az sayida elektrot
kullanildiginda artmaktadir. Ancak az sayida elektrot kullanilmasi BBA performansini olumsuz ydnde
etkiler. Bu calismada, tek kanalli duragan hal gérsel uyarilmis potansiyel (DHGUP) temelli BBA’ nin
performansini artirmak ve boylece kullamim kolayligini desteklemek igin, denege Ozgii siniizoit
yaklagimi (DOSY) ile yeni bir tek kanalli DHGUP algilama ydntemi gelistirilmistir. DOSYde denege
0zgili sinilizoitler, egitim asamasinda DHGUP’nin frekans ve faz oOzelliklerinden faydalanilarak

amaci,

tanimlanmistir. Tanimlanan bu siniizoitler, test asamasinda, DHGUP yanmitinin tespitinde referans
olarak kullanmlmistir. Gelistirilen ydntemin tespit performansi, bir kiyaslama veri setinde, iyi bilinen
gii¢ spektral yogunluk analizi (GSYA), minimum mutlak biiziilme ve se¢im operatoric (MMBSO) ve
gelismis kanonik korelasyon analizi (KKA) yontemleri ile karsilagtirilarak test edilmistir. Deneysel
sonuglar, DOSY yéntemiyle, GSYA, MMBSO ve gelismis KKA yontemlerine kiyasla énemli 6l¢iide
daha yiiksek tespit dogrulugu ve bilgi aktarim hizi (BAH) gostermistir. Ve denege 6zgi siniizoitlerin
gelismis KK A’da kullanilan sablon sinyallerden daha iyi DHGUP yanitin1 temsil ettigi gosterilmistir.
Ek olarak Onerilen yontem, tek kanalli DHGUP tabanli BBA i¢in maksimum 125 ve ortalama 81 bit /
dak BAH ile, bildirilen en yiiksek BAH degerlerinden birine ulagmistir.
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The aim of brain—computer interface (BCI) is to support the daily life of individuals with severe
disabilities. For practical BCI, ease of use is one of the most important factors, which is enhanced
when fewer electrodes are used. However, using fewer electrode affect the performance of BCI
negatively. In this study, a novel single-channel steady-state visual evoked potential (SSVEP)
detection method with subject-specific sinusoids approach (SSSA) was developed to enhance the
performance of single channel SSVEP based BCI, therefore, to assist the ease of use. For the SSSA,
subject-specific sinusoids were defined from training data based on SSVEP frequency and phase
features. To detect the SSVEP response, defined sinusoids were used as reference. To evaluate the
detection performance of the developed method, it was compared with the well-known power spectral
density analysis (PSDA), least absolute shrinkage and selection operator (LASSO) and advanced
canonical correlation analysis (CCA) methods on a benchmark dataset. The experimental results
showed significantly greater detection accuracy and information transfer rate (ITR) with the SSSA
method compared to the PSDA, LASSO and advanced CCA methods. And it is worth to noting that
subject-specific sinusoids better represent SSVEP response than template signals that used in
advanced CCA. Also proposed method reached one of the highest ITRs reported with max 125 and
average 81 bits/min ITRs for single-channel SSVEP based BCI.

Auf/Citation: Sozer, AT. (2021). Subject-specific sinusoid approach for a brain—computer interface based on single-channel
steady-state visual evoked potential (Necmettin Erbakan Universitesi Fen ve Muhendislik Bilimleri Dergisi, 3(1), 1-12.
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INTRODUCTION

The brain—computer interface (BCl) is an alternative communication channel which interprets the
user’s intention and produces an output command, independent of nerves and muscles, to control external
devices such as a speller [1] or wheelchair [2]. The main goal of BCI is to support the daily life of
individuals with severe disabilities. There are already numerous BCI studies reported in the literature
focusing on patients with locked-in syndrome (LIS) [3]. Lately, BCI studies focusing on patients with
completely locked-in syndrome (CLIS) have started to appear in the literature as well [4,5].

In EEG-based BCls, steady-state visual evoked potential (SSVEP) response is often preferred to
determine the user's intent. Because it provides a high information transfer rate (ITR) and requires short/no
training time. Current SSVEP-based BCI studies are most often executed under laboratory conditions with
healthy individuals [6]. Furthermore, the experiments are led by experts with high-level measurement devices.
However, as real-life conditions differ from those of a laboratory, some important factors summarised below
must be considered when developing a SSVEP-based BCI which is suitable for real life.

SSVEP-based BCls have been investigated for about two decades, however, disabled patients have rarely
been included in studies [6,7]. Clinical SSVEP studies should be extended to real-life SSVEP-based BCI, and
the long-term feasibility of the SSVEP paradigm must be investigated. In real life, BCI must meet the needs of
its users. It must interpret the user’s intention quickly and reliably, and it must be robust. In this way, the user
can partially regain their lost functions. A very robust SSVEP detection method was recently developed [8];
however, it must be tested in disabled people under real-life conditions. Ease of use is another important factor
for patients and caregivers. Most SSVEP detection methods use multiple EEG electrodes, which negatively
affect ease of use. Furthermore, the difficult and time-consuming set-up procedure can be overcome by using a
small number of dry electrodes. Finally, the system should be affordable.

This work is focused on single-channel SSVEP detection method to assist the ease of use and cost. Single-
channel SSVEP detection was realized largely by PSDA methods [9-13]. As the frequency of the SSVEP
response is the same as the flickering frequency and harmonics of a focused stimulus, the simplest solution for
detecting a target stimulus in single-channel SSVEP detection is frequency domain analysis. But it has a
drawback. The number of possible selections is an important parameter for BCI. With a greater number, more
useful BCIs can be designed. The use of stimuli with different frequencies increases the number of possible
selections in SSVEP-based BCI. But the use of more stimuli leads to a smaller frequency step, and the
frequencies used at these stimuli become closer together. As the EEG epochs shorten, the resolution of the
frequency decreases. Furthermore, when more stimuli are used, target stimulus detection becomes more difficult.
In this case, PSDA method were deemed not suitable for SSVEP detection of short EEG signals [14]. Another
method to access frequency feature of SSVEP response is canonical correlation analysis (CCA) [13,15,16].
Besides system that exploits time-domain based method was also reported [17]. Also, the combination of
standard CCA and individual template based CCA (IT-CCA), which gave the highest ITR for multichannel
SSVEP based BCI [18,19], was used for single-channel SSVEP detection. Thanks to this combinatorial method,
the frequency and time features of SSVEP could be exploited [20]. However, detection accuracy of SSVEP
based BCI systems that use single channel is lower than those that use multiple channels. To achieve robust
SSVEP based BCI systems single-channel SSVEP detection methods that provide higher ITR must be
developed.

In this study, we developed a novel single-channel SSVEP detection method, named the subject-specific
sinusoid approach (SSSA), to increase the ITR of single channel SSVEP based BCI, therefore, to help the ease
of use of it. With this method, subject-specific reference sinusoids are defined, taking advantage of the frequency
and time-locked features of SSVEP. As a result, the references reflect an individual’s SSVEP response. Target
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stimulus detection was performed using these references. Using subject-specific sinusoids instead of sinusoids
at zero phase allowed us to apply the frequency and phase feature of the stimulus. In addition, we compared the
SSSA method with traditional power spectral density analysis (PSDA), least absolute shrinkage and selection
operator (LASSO) and CCA & IT-CCA methods, which were preferred to single-channel SSVEP detection [9—
12,20,21], using a benchmark dataset. Very high detection accuracy and ITR were provided by the proposed
method when compared with the other methods for all time windows. And obtained coefficients of variation
showed that it also provided more consistent detection accuracy with regard to inter-subject differences. Thus,
the proposed method can contribute the ease of use of BCI.

The rest of the paper is organised as follows: section 2 explains the proposed method, the dataset and data
analysis; section 3 presents the experimental results; section 4 discusses the findings, and section 5 concludes
the study.

MATERIAL AND METHODS
Subject-Specific Sinusoid Approach

In addition to its frequency characteristics, the SSVEP response is time-locked to the onset of the stimulus.
About 80-160 milliseconds after stimulus onset, the SSVEP response arises [22]. This delay varies with age,
stimulus frequency and number of harmonics [23]. The time difference between the stimulus onset and the
response signal is called the SSVEP phase (Figure 1). The SSVEP phases of an individual at different stimulus
frequencies can be determined, from which sinusoids that represent the individual’s SSVEP response can be
defined. These subject-specific sinusoids can be used as reference for target detection [24].

Stimulus SSVEP

phase

SSVEP
response
Stimulus /
phase

Stimulus | I I
SSVEP | |

phase

SSVEP
response

Time

Figure 1. Visual stimulus onset and steady-state visual evoked potential (SSVEP) response

As mentioned below steps and shown in the flow diagram of the SSSA method, illustrated in Figure
2, subject-specific reference sinusoids were defined during the training stage.

Step 1 (Filtering): EEG signals were filtered by band-pass filters. To calculate SSVEP phases belong
to each harmonic, cut-off frequencies of FIR band-pass filters are selected as 8-16 Hz, 16-32 Hz and 24-
48 Hz.

Step 2 (Averaging): The filtered signal is averaged.

Step 3 (Optimization): The phase is determined in order to maximise the correlation between average
EEG and f; Hz sinusoid by equation 1:

0, = argmaxg[cor(Spean, cOs@ufin x h+6))], i=12..K (1)

where S;,..qan 1S the averaged EEG, f; is the stimulus frequency, h is the number of harmonics, K is the
stimulus number and 6;;, indicates the optimal phase. & was calculated by tan~'(—b/a) where
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a= (Shean)T X cosQmrfin x h) and b = (S}ean)” X sin(2rfin X h).

Using these phases, subject-specific reference sinusoids are defined according to equation 2:

Try=cosufin X 1+ 6;;)
Tfia= cos (21rfln X2+ 91'2) (2)

Trin= cos(2mfin X h + 6;,)

At the test stage, the references were used for target stimulus detection. To detect the target, total
correlation values between filtered signals and subject-specific sinusoids were compared using equation 3:

fi = max py, i=12..,K ®)

where p; is the total correlation value at f; frequency and K is the stimulus number.

S’
| SSVEP Training Data S Flltenng A1l .| Averaging 81 mean
| ' i [ T N
' MA 7'_ e
%I | I 1 7"" 2 §
i I . A N
U) —
£ |ﬁ : ” rig>
G Band-Pass, ’
. I 7— ‘SZ mean
| Bl MWMWW\WW 0
: : 2
| 5 : " 5
8 2 PN
, S
| SSVEP TestData S . : S I'fiz
I Band-Passlé 4
4 P1 Target Detection
o I 2
g J )3 = fr = st
E’j I Band-Pass, °
(%] pz
o | b corr

Figure 2. Flow diagram of the proposed method

Comparison Methods

Power spectral density analysis is a common and basic method for SSVEP detection. The SSVEP
components can be detected by examining the EEG spectrum. In this method, PSD values that correspond to
stimuli frequencies are found. The frequency with the maximal PSD value is accepted as the target frequency,
determined by equation 4:
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fi = rr}ailei, i=12,..,K (4)

where P; is the PSD value at f; frequency and K is stimulus number.

Although LASSO-based SSVEP detection was developed for multiple-channel systems [25], it has been
used successfully in single-channel SSVEP-based BCI [21]. The EEG epoch y is defined as a linear regression
model in the LASSO method, calculated by equation 5:

y=XB+e ()

where ¢ is the noise vector, § is the contribution coefficient vector and X is the sine and cosine functions at each
stimulus frequency and harmonic. With LASSO estimation, the contribution of each of the functions to the EEG
epoch can be determined. For target detection, coefficient vectors are found, and the absolute values of
components of the coefficient vector are summed for each stimuli frequency. The frequency at which the highest
total value is obtained is considered the target frequency. A detailed explanation of LASSO can be found
elsewhere [21,25,26].

CCA, that is used detection of target frequency by searching correlation between reference sinusoids and
EEG signals, is a very popular statistical method. CCA-based SSVEP detection was developed for multiple-
channel BCI [27] but also it was applied successfully to detect target stimulus in single-channel SSVEP-based
BCI [13,15,16]. Since CCA-based SSVEP detection was a revolutionary method, some upgraded versions were
developed to advance its detection performance. One of them is combination of CCA & IT-CCA method [19].
It utilizes standard CCA and templates EEG signal of subjects and it offered the highest ITR for SSVEP based
BCI [18]. In this method, that also was used for single-channel SSVEP detection [20], the total correlation value
between EEG signals and standard reference sinusoids and individual template signals are used to detect target
stimulus. A detailed explanation of CCA & IT-CCA can be found in [19].

Dataset

The developed method was evaluated using a benchmark dataset [28]. A Synamps2 EEG system with 64
channels was used to collect EEG data from 35 healthy individuals. The EEG signals sampled at 1000 samples/s
were down-sampled to 250 samples/s to reduce computation and storage costs. Only a 50-Hz notch filter was
applied to raw data.

The SSVEP-based BCI experiments were executed with 40 repetitive visual stimuli. The stimuli were
rendered on a 23.6-inch LCD monitor with a 60 Hz refresh rate. To obtain a unique stimulus property, different
combinations of frequencies and phases were used. Forty different frequency values between 8 and 15.8 Hz in
steps of 0.2 Hz were used, together with four different phase values between 0 and 1.57 with steps of 0.57. The
flicker sequence was obtained according to equation 6:

s(F,0,0) = %{1 + sin[2nf< + o) ©)

refreshrate)

where £ is the flicker frequency, @ is the flicker phase and i indicates the frame index of the sequence.

The experiments consisted of six sessions, each of which contained 40 trials that lasted for 6 s. At the
onset of the trial, a cue was presented for 0.5 s to guide the subject to the target stimulus. Afterwards, all stimuli
flickered for 5 s. At the end of each trial, a blank screen was displayed for 0.5 s. Subjects were allowed a few
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minutes to rest between sessions.
Data Analysis

Target stimulus detection by SSSA, PSDA, LASSO and CCA & IT-CCA were performed on signals
collected from Oz location. Analyses were carried out at varying epoch lengths. Because of visual latency, the
first 135 ms of each data epoch was extracted. First three harmonics were used to detect target stimulus. Target
visual stimulus detection accuracy were calculated and compared. Leave-one-run-out cross-validation was
applied to evaluate the SSSA method. Among the six sessions conducted, five were used in training to determine
references and the remaining session was considered test data.

In addition to target stimulus detection accuracy, performances of the methods were also evaluated by
ITR. The ITR is defined by equation 7:
6 (1-P)

0
ITR = - X [log,N + Plog,P + (1 — P)log, (N—l)] )

where T is time window, N is the number of stimuli and P is detection accuracy between 0 and 1.
RESULTS

The SSVEP response is time-locked to the onset of the stimulus and in the proposed method it is claimed
that this characteristic can be used as a distinctive feature. To prove this, a subject’s SSVEP phases that
corresponds to stimuli with different phase is shown in the Figure 3. In the figure, the frequencies of the stimuli
are close, about 8 Hz, but there are phase differences between them. It is seen that the SSVEP phases is related
to time difference between the stimulus onset, and it can be used to detect target stimulus. Also, SSVEP phases
related to 8 Hz 0° stimulus for 6 session of each subject was obtained then standard deviations of each subject's
phases calculated. Average of standard deviations of 35 subject's phases is 27°.

90 % 8.0Hz0°
120 60 ¥ 8.2Hz9%"
s ; 8.4 Hz 180°
Mok ¥ 8.6Hz270"
150 * 30
*
* \
180 \ X | o
210 / X 330
240 ! ; 300

270

Figure 3. SSVEP phases related to 8 Hz 0° stimulus (blue), 8.2 Hz 90° stimulus (red), 8.4 Hz 180° stimulus
(yellow), 8.6 Hz 270° stimulus (purple),

The accuracy and ITR of target stimulus detection using the SSSA, PSDA LASSO and CCA & IT-CCA
methods are presented in the figures. Statistical analysis of the accuracy of each method is also reported. Figure
4 shows the average target detection accuracy at various time windows ranging from 1 to 4 s. The SSSA method
provided higher detection accuracy when compared to the other methods for all time windows.
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Figure 4. Average detection accuracy at various time windows

Figure 5 presents a comparison of target detection accuracies obtained for each subject using the four
methods. The results were obtained from 2-s epochs. As seen in the figure, SSSA consistently outperformed
PSDA and LASSO for each of the subjects and outperformed CCA & IT-CCA for most of the subjects. The
average accuracy was 77.7%, 55.4%, 58.1% and 70.5%, for SSSA, LASSO, PSDA and CCA & IT-CCA,
respectively. For each method, the standard deviations were 20.3, 22.8, 23.5 and 24 and coefficients of variation
were 0.26, 0.41 0.41 and 0.34 for SSSA, LASSO, PSDA and CCA & IT-CCA, respectively.

100
90k
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70F%-
60
50
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Detection Accuracy (%)
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Figure 5. Target detection accuracy for all subjects at 2-s epochs

Statistical analysis was performed to compare the proposed method to the LASSO and PSDA methods.
Paired-sample t-tests (SSSA vs. LASSO, SSSA vs. PSDA and SSSA vs. CCA & IT-CCA) were used to evaluate
differences in detection accuracy. All of the results were highly significant (p < 0.0001), confirming that the
proposed method allowed better SSVEP detection.

Figure 6 depicts the ITR obtained from the average accuracy at various time windows. As shown in the
figure, the proposed method provided a much better ITR than the other methods. The highest ITR of 81 bits/min
was obtained at 2-s EEG epochs. As there was a 0.5-s cue duration, the detection time used in the ITR formula
for the 2-s EEG epoch was 2.5 s.
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Figure 6. Average information transfer rate (ITR) for various time windows with two harmonics

Table 1 shows the ITR obtained by SSSA at 2-s EEG epochs for each subject. The highest ITR was 125
bits/min (subject 3), and the average ITR was 85.2 + 31.8 bits/min.

DISCUSSION

When patients and caregivers are considered, an important goal for BCl is that it is easily usable by home
users, which can be achieved by successful detection through fewer measurement channels. In this regard, an
advantage of the SSVEP response is that the SSVEP signal can be detected from only one channel, allowing the
BCI to be designed with high ITR. Based on this, we developed a method that uses both SSVEP frequency and
phase in order to increase single-channel SSVEP detection accuracy. In this method, which uses the behaviour
of the SSVEP response, SSVEP phases were determined. Since several factors like individual difference,
stimulus frequency [23] affect the SSVEP response delay, optimal phases of each subject were calculated for
each stimulus frequency and its harmonics. Then subject-specific reference sinusoids were defined using the
phases. By identifying the optimal phase, the reference sinusoids better reflect an individual’s SSVEP response
than the commonly used sinusoids at zero phase [19,29]. These references were able to successfully detect the
target stimulus frequency.

Table 1. Information transfer rate (ITR) for all subjects at 2-s epochs with two harmonics.
Subject ITR (bits/min) Subject ITR (bits/min) Subject ITR (bits/min) Subject ITR (bits/min)

1 69,2 10 103,8 19 69,2 28 100,5
2 85,0 11 22,0 20 112,6 29 24,6
3 125,0 12 65,9 21 107,2 30 102,9
4 60,3 13 15,8 22 1227 31 120,5
5 108,1 14 65,3 23 75,2 32 123,8
6 119,5 15 113,6 24 118,4 33 16,6
7 67,9 16 82,1 25 78,6 34 47,4
8 96,4 17 94,8 26 100,5 35 110,8
9 61,5 18 74,5 27 120,5 Average  85.2+31.8

Taking into account that high intent detection accuracy in a short time is one of the aims of BCI,
importance of SSVEP detection methods cannot be ignored. The results showed that the SSSA method increased
target detection accuracy, yielding even more pronounced improvement when compared to the other methods.

Besides, much better detection accuracies for each of the subjects were obtained by the proposed method.
This shows that the proposed method enabled the consistent production of subject-specific sinusoids. The
standard deviations obtained by the methods were close to each other; however, as the average values of groups
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were very different, the coefficient of variation was used instead of the standard deviation to compare results.
The coefficient of variation for the proposed method was lower than the other methods. Therefore, the SSSA
method appears to be more robust against inter-user differences.

Although LASSO could successfully detect the target stimulus [25], the results obtained by this method
were at the same level as PSDA. In LASSO, also in standard CCA, target stimulus is detected by similarity
between EEG signal and reference signals. Since sine and cosine functions with zero phase are generally used
as reference, the methods don’t use temporal features of SSVEPs [30]. Therefore, they are not phase-sensitive
and don’t use SSVEP phase feature like PSDA method. When a high noise at stimuli frequencies add to EEG,
they decide this frequency as target stimulus frequency. Because they use only SSVEP frequency feature. In the
proposed method, since reference sinusoids are determined taking SSVEP phase feature into account higher
detection accuracy is obtained. The phase feature can be used with the FFT-based method [22], but the resolution
in FFT-based methods is negatively affected by short epochs.

CCA & IT-CCA method uses both frequency and phase features of SSVEP response. Standard CCA
method evaluates frequency feature of SSVEP response and IT-CCA method assess phase features of SSVEP
response. Template signals (Sy,eqn, Which is calculated in step 2) are obtained by averaging multiple trials in
training stage. Because of time-locked property of SSVEP, this template allows using phase features. But the
results showed that CCA & IT-CCA didn’t give higher detection accuracy than SSSA method. Because S),can
contains noise components in addition to the SSVEP signal. Since noise components are random, it causes
decreases in the correlation values during the test stage. This case can be seen using Sy,.qn as reference signal
for the proposed method instead of subject specific sinusoids 7. When Sy,.q, Was used as reference, the
detection accuracy decreased as seen in the Figure 7. Therefore, subject specific sinusoids can better represent
SSVEP response than template signals.
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Figure 7. Average detection accuracy using Sy,.qn as reference signal

The performance of BCls can be compared using the ITR. As the ITR is dependent on the intent detection
time, accuracy and number of choices, it allows comparison between different systems. With the SSSA method
we reached an ITR of 81 bits/min. These results are higher than those reported by other single-channel SSVEP-
based BCI studies cited in Table 2.

Bipolar referencing is a simple and efficient method to eliminate noise components. To improve the
method, optimal lead selection or a generated reference can be applied [33,34]. Also using different features that
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Table 2. Some other single channel SSVEP studies.

ITR (bits/min) used SSVEP feature
X. Chai et al. [16] 45 Frequency feature of SSVEP by CCA
A. Bisht et al. [13] 58.3 Frequency feature of SSVEP by CCA
D. Kim et al. [20] 72 Frequency and phase features of SSVEP by CCA & IT-CCA
S. Ajami et al. [21] 67.1 Frequency feature of SSVEP by LASSO
S.-C. Chen etal. [9] 20.6 Frequency feature of SSVEP by PSDA
A. Luoetal. [17] 34.3 Time domain signal form of SSVEP
T.H. Nguyen et al. [31] 49 Frequency feature of SSVEP by PSDA
H.J. Hwang et al. [10] 40.7 Frequency feature of SSVEP by PSDA
Q. Gao et al. [32] 21 Frequency feature of SSVEP by CCA

characterize the SSVEP response may help to detect target stimulus [35]. Finally, subject-specific sinusoids can
be used in multiple-channel SSVEP detection methods to facilitate the detection of a target stimulus.

CONCLUSION

In this study, a novel single-channel SSVEP detection method named SSSA was developed, which was
subsequently evaluated using a benchmark dataset. Subject-specific reference sinusoids were defined in the
proposed method. Due to these references, both the frequency and phase characteristics of the SSVEP response
were used in target detection. The proposed method was compared with the LASSO and well-known PSDA
methods, and was found to provide much better target detection accuracy and ITR. Thus, the SSSA method is
suitable for single-channel SSVEP-based BCI.
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Makale Bilgileri OZET

Makale Ge¢misi Organik Rankine Cevrimi (ORC), termal enerjiyi elektrik enerjisine doniistiiren, yiiksek oranda
Gelis: 22.02.2021 erisilebilir, yaygin olarak kullanilan bir enerji tiretim seklidir. ORC’de, tiirbin jeneratdrl termal enerjiyi
Kabul: 24.05.2021 once mekanik enerjiye sonra da jenerator araciligiyla elektrik enerjisine doniistiiriir. Siradan buhar
Yayn: 30.06.2021 tirbinleri ile karsilagtirildiginda; ORC sisteminde dolasan organik akigskanlar su buharinin yerini alir,

ancak sudan daha yiiksek molekiiler agirlikli organik sivilari buharlagtirarak sirkiilasyon hizini diisiiriir
ve metal pargalar lizerindeki basinci azaltir. ORC’nin ideal akiskanlar1 genellikle sifir veya pozitif egimli
Cevresel Performans, sirastyla 1slak veya yeni nesil akigskanlar olup, asir1 1sitilmasina gerek yoktur. Bu calismada diisiik
Yeni Nesil Akiskanlar, kapasiteli degisik 1s1 kaynakli, organik akiskanli ve konfigiirasyonlu ORC tasarimi ve termodinamik
Diisiik Sicaklikli Organik  optimizasyonu yapilmistir.  Bu ¢alismadaki termodinamik analiz Engineering Equation Solver
Rankine Cevrimi (ORG), kullanilarak yapilmistir. ORC’de farkli akiskan gruplarinin etkisi belirlenmistir. Akiskan tipini 6nemli
Ekserji. kilan en 6nemli etken tiirbinde akiskanin genlesmesinden sonra kuruluk oraninin akiskanin tipine gore
degismesidir. R290, R32, R152a, R134a, R125, R1270, R1234ze, R1234yf gibi yeni nesil ve 1slak
akiskanlar kullanilarak organik akiskanlarin tasarim degerlendirmeleri yapilmistir. Akiskan tiirleri kendi
aralarinda incelendiginde R152a’nin 6zellikle elde edilen tiirbin isi bakimindan R134a’dan ¢ok iyi
durumda oldugu, R1234ze’nin ise R1234yf’den 1s1l verim ve ekserji verimi bakimindan 6nde oldugu
gorulmektedir.

Anahtar Kelimeler:

Comparison of Environmental and Thermodynamic Performance of Wet and
New-Generation Fluids for Electricity Generation from Low Temperature
Heat Sources with ORC

Article Info ABSTRACT

Article History The organic Rankine Cycle (ORC) is a highly accessible, widely used form of energy generation that
Received: 22.02.2021 converts thermal energy into electrical energy. ORC converts the thermal energy of the turbine generator
Accepted.' 24'05'2021 first into mechanical energy and then into electrical energy through the generator. Compared with

- : ordinary steam turbines; Organic fluids circulating in the ORC system replace water vapor, but by
Published: 30.06.2021 evaporating organic liquids with higher molecular weight than water, it reduces the circulation rate and
Keywords: reduces the pressure on the metal parts. The ideal fluids of ORC are generally wet or new generation

fluids with zero or positive slope, respectively, and they do not need to be overheated. In this study, ORC
design and thermodynamic optimization with low capacity, different heat source, organic fluid and
configuration have been made. The thermodynamic analysis in this study was performed using

Environmental
Performance, New

Generation Fluids, Engineering Equation Solver. The effect of different fluid groups has been determined in ORC. The most
Low Temperature important factor that makes the fluid type important is that the dryness rate changes according to the type
Organic Rankine of fluid after the fluid expands in the turbine. Design evaluations of organic fluids were made using new
Cycle (ORC), Exergy. generation and wet fluids such as R290, R32, R152a, R134a, R125, R1270, R1234ze, R1234yf. When

the fluid types are examined among themselves, it is seen that R152a is in a better condition than R134a
especially in terms of turbine work achieved, and R1234ze is ahead of R1234yf in terms of thermal
efficiency and exergy efficiency.
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GIRIS (INTRODUCTION)

Organik Rankine Cevrimi (ORC) 1s1 enerjisini elektrik enerjisine ¢eviren, kullanilabilirligi yiiksek,
olduk¢a yaygin kullanilan bir enerji iiretim bi¢cimidir. ORC calisma prensibi olarak turbo jeneratoriin 1s1
enerjisini 6nce mekanik enerjiye, sonra ise bir elektrik jeneratérii vasitasiyla elektrik enerjisine
donlisiimiidiir. Normal buhar tiirbiniyle karsilastirildiginda; ORC sistemi su buhar1 yerine molekiiler
agirligi sudan yiiksek olan ve boylece daha yavas devir hizina ve metal aksamlara daha az basinca yol agan
bir organik siviy1 buharlastirir. ORC i¢in ideal akigkanlar genellikle asir1 1sinmay1 gerektirmeyen sirasiyla
sifir veya pozitif egimli 1slak veya yeni nesil akigkanlardir.

ORC sayesinde yiiksek verim elde edilir: %2.5’lik bir 1s1 kayb1 diginda termal yagdan %76.5
oraninda termal gii¢ 1s1ya, %21 ise elektrige g¢evrilir. Bunun sonucu olarak ORC giivenilir, verimli bir
elektrik iiretme yoludur. Ozellikle biyokiitle ve jeotermal alaninda 6nemli biiyiime firsatlarina ve 1s1 geri
kazanimi, atigin enerjiye doniisiimil ve giines enerjisi uygulamalarindaki iistiin islevlerine sahiptir.

Literatiir incelendiginde ORC analizi ve akiskan se¢imi hakkinda yapilmis farkli ¢alismalarin oldugu
gorilur. Wang vd [1]; Hidrofloroeter kullanilarak tasarlanan ORC sisteminin termodinamik analizini
yapmislardir. EES planindan yararlantyorlar. HFE7000, HFE7100 ve HFE7500 organik sivilarinin birincil
verimliligi, net giicii ve tiirbin boyutu faktori tiirbin giris sicakligi ile karsilagtirilir. Uusitalo vd. [2], ORC
sisteminin termodinamik performansinin belirlenmesinde organik akigkan tiiri ve akiskanin termofiziksel
ozelliklerinin etkisini arasgtirmigtir. Akiskanin kritik sicakliginin ve molar kiitlesinin sistem {izerindeki
etkisi belirlenmistir. Calisma sonunda, buhar basinci akiskanin kritik basincindan daha diisiik oldugunda
kritik sicakligi yiiksek bir akigkan i¢inde yiiksek verim elde edilebilecegi belirtildi. Ancak, yiiksek kritik
sicakligin tiirbinde yiiksek bir genlesme oranina yol agtig1 gézlemlenmistir. Florokarbonlarin ve diisiik
sicaklik kritik hidrokarbonlarin diisiik sicakliktaki ORC uygulamalarinda; siloksanlar ve yiiksek kritik
sicakliklara sahip hidrokarbonlarin yiiksek sicaklik ORC uygulamalari i¢in uygun oldugu bulunmustur.
Erglin [3] doktora g¢alismasinda, Canakkale Ayvacik ilgesine bagli Tuzla koyiindeki jeotermal ORC
santralinin termodinamik analizini yapmistir. Analiz sonucunda, sistemdeki en yiiksek kayip degerinin
kondenserde 24410 kW ile tespit edilmistir. Eyidogan [4] doktora arastirmasinda biyokiitleden elde edilen
termal yagi elektrik ve 1s1 (sicak su) lretmek i¢in kullanan ORC cihazinin enerji ve ekserji analizini
yapmistir. Arastirmanin temelini olusturan veriler, entegre ahsap sektoriinde faaliyet gosteren bir sanayi
firmasinin ORC departmanindan gelmektedir. ORC cihazinin ana ekipmani olan evaporatér, kondenser,
tirbin ve rejeneratdriin enerji ve ekserji analizleri alt1 farkli calisma kosulunda (tam yiik ve kismi yiik)
analiz edilmistir. Giuffrida [5], yeni nesil organik sivilar kullanan ORC'de 2 kW spiral kompresor
kullanarak sistemin performansini ¢cevresel faktorler nedeniyle analiz etti. Sonuglar1 su anda kullanimda
olan R245fa sivis1 ile karsilastirdi. Inceleme sivisi; R1234yf, R1234ze(E), R1234ze(Z), R1243zf,
R1336mzz(Z), R1224yd(Z), R1233zd(E). REFPROP yazilimi akigkan 6zellikleri icin kullanilir. R245fa
sivisinin GWP degeri 858 olmasina ragmen, secilen tiim sivilarda degerin 1'den kiiciik oldugu
belirtilmektedir. Calismada 1s1l verimlilik agisindan R1224yd(Z) ve R1233zd(E) sivilarinin R245fa sivist
kullanan sistemlere gore daha iyi sonuglar verdigi goriilmiistiir. Yang vd. [6], ORC sistemi analizinde iki
siviy1 karsilagtirarak deneysel bir ¢calisma yiiriitmiistiir. Sistem, mevcut sistemde kullanilan R245fa sivisi
yerine iyi ¢evresel 6zelliklere sahip R1233zd(E) sivisini kullanmaktadir. Deneysel ¢alismada, R123 3zd(E)
stvist kullanan sistemin 1s1l veriminin %3.8, elektrik giiciliniin ise %4.5 arttig1 tespit edilmistir. Elde edilen
verilere gore, R1233zd(E) s1visinin R245fa s1visinin yerine gecen bir sivi oldugu sdylenebilir. Behzadi vd.
[7] Tahran ORC entegre enerji santralinin ¢ok amagli optimizasyonu ve ekserji ekonomik analizi
gergeklestirildi. MATLAB tabanli GA tabanli ¢ok amag¢h optimizasyon teknolojisini kullanirlar.
Bademlioglu ve ark. [8], ATpp.e'nin ORC'nin ekserji performansi iizerindeki etkisini aragtirmigtir. Tepe'yi 5-
20 °C arasinda degistirmenin farkli organik akigkanlarla hazirlanmig sistemler {iizerindeki etkisini
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belirlenmigtir. Sahin vd. [9], ORC performansinda akiskan se¢iminin rolii ekserji analizi yapilarak
belirlenmistir. Calisma sonucunda, en yiiksek 1sil verim %7.78 ve ekserji verimine %41.05 R290
akigkaninin ulastig1 goriilmiistiir. R290 akigkaninda olusan tersinmezligin %60’ 1min evaporatdrde oldugu,
%30’unun da kondenserde oldugunu belirlemislerdir. Xi vd. [10], R123, R11, R245ca, R245fa, R113 ve
R141b olmak iizere alti farkli organik akiskanin performansi karsilastirilmistir. R245fa’nin net giig
maksimizasyonu i¢in en iyi degere ulastigi goriilmiistiir. R141b ve R11 akiskanlarinin daha iyi
termodinamik performans verdiklerini tespit etmiglerdir. Rahbar vd. [11], ORC’de kiigiik 6lgekli radyal
tiirbinin performansi 8 organik akiskan kullanilarak incelenmistir. Calisma sonucunda, radyal tiirbin
veriminin %82.9 ile %84 arasinda oldugu belirtilmistir. Sarkar [12], ORC’de maksimum 1s1 geri kazanimi
icin ATppe tasarimi ve optimizasyonu iizerinde ¢alismistir. Optimum noktalarda diisiik kiitlesel debi
gereksinimi, yiiksek ekserji gerimi, diislik tiirbin boyutu bakimindan amonyak akigkaninda; yiiksek gii¢
ciktis1 ve 1s1 geri kazanimi verimi bakimindan ise izopentan akigkaninda en iyi sonuglara ulasgilmistir. Li
vd. [13], gevresel Ozellikleri iyi durumda yeni nesil organik bir akigkan olan R1234ze ile tasarladiklari
kritik altt ORC ve transkritik ORC sisteminin performans analizini yapmislardir. Is1 kaynagi giris sicakligi
100-160 °C olan sistemler i¢in kritik altt ORC’nin; 160-200 °C olan sistemler igin ise transkritik ORC’nin
uygun oldugu tespit edilmistir. Zhu vd. [14], ORC performansinda organik akiskanlarin Gnemini
incelediler. Caligma sonunda, daha yiiksek bir net giic degeri elde etmek i¢in organik akigkanlarin kritik
sicakligi ile 1s1 kaynaginin sicakligi arasindaki farkin kiigiik olmasi gerektigini belirlediler. Velez vd. [15],
ORC sisteminin analizi i¢in su, bazi hidrokarbonlar ve sogutucular gibi farkli akiskanlar iizerinde
calismiglardir. Calismalarinda, basing orani ve tiirbin giris sicakliginin artist ile sistem 1si1l veriminin
arttigin1 belirtmislerdir. Maksimum 1s1] verim degeri ise %9 olarak belirlemislerdir. Javanshir ve Sarunac
[16], Islak, izantropik ve kuru akiskan gruplarindan olmak tizere 23 farkli akiskan ile ¢alisan ORC’nin
performansi 1sil verim ve net giic ¢iktis1 bakimindan analiz edilmistir. Caligma sonucunda izantropik
akigkanlarin veriminin kuru ve 1slak akigkanlara gore daha iyi oldugu sonucuna varilmistir.

Bu c¢alismanin amaci ORC sisteminde 1slak ve yeni nesil akiskanlarin sistem parametreleri
iizerindeki etkilerini belirlemek, akiskanlarin sistem {izerindeki ¢evresel ve termodinamik etkilerini
karsilastirmaktir. Caligmada 8 farkli akigskan kullanilmis olup belirlenen sistem parametreleri icin en iyi
performans gdsteren farkli siniflardan akigkanlar belirlenmistir.

MATERYAL VE METOT (MATERIALS AND METHODS)

Bu caligmada 1slak ve yeni nesil organik akiskanlar kullanilarak tasarlanan ORC'nin termodinamik analizi
ve Ozellikleri Engineering Equation Solver (EES) belirlenmistir. EES yazilimini kullanma nedenleri; veri
tabaninda bulunan bir¢ok organik sivinin termofiziksel 6zelliklerini igermesidir. Termodinamik analiz i¢in
gerekli denklemler sisteme girilerek, ayn1 anda bir¢ok parametrede meydana gelen degisikliklere yanit olarak
istenen sonuglar elde edilebilir. Farkli sivilar kullanmanin sistem performans: iizerindeki etkisini gormek
kolaydir. EES yazilimi, geri dondiiriilemez iliskiyi sistemle isleyerek, geri dondiiriillemez degeri belirli bir
sicaklik veya basing araliginda negatif bir degere ulasan bilesenleri tespit etmek i¢in denklem ¢6ziicii islevini ve
termodinamik verilerini kullanir. Bu sekilde hazirlanan modelin termodinamigin ikinci yasasina uygunlugu
kontrol edilmistir.

ORC’de ii¢ farkl tip akigkanin sistem performansindaki etkisi belirlenmistir. Sekil 1’de ORC caligma
prensibi gosterilmistir. Organik akigkan (ara sivi) diisiik basingtan yiiksek basinca pompalanir. Akiskan sivi
halde oldugu i¢in, pompa az miktarda enerji girisi gerektirir. Yiiksek basinglt sivi, sabit bir basingta biiyiik bir
1s1 kaynagi tarafindan isitildigr ve doymus kuru buhar haline geldigi kazana girer. Gerekli giris enerjisi, bir
entalpi-entropi tablosu (h-s diyagrami veya Mollier diyagrami) kullanilarak grafiksel olarak kolayca
hesaplanabilir veya gerekli giris enerjisi, bir buhar 6lger kullanilarak dijital olarak kolayca hesaplanabilir.
Doymus kuru buhar fazindaki ¢aligma sivisi, enerji lireten bir tiirbin tarafindan genisletilir. Bu, sivi ve buhar
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basincini diisiiriir ve biraz yogunlagmaya neden olabilir. Islak buhar, yogunlastiriciya (yogunlastirici) girer ve
sabit bir basmgta doymus bir siviya yogunlasir. Sonug olarak termal enerji mekanik enerjiye donistiiriilerek
elektrik enerjisi elde edilmis olur.

$ 4

Evaporator

Jenerator

j
71

TC.O T(,l

Sekil 1. Organik Rankine Cevrimi Calisma Prensibi

Bu calismada ORC’de farkli akiskan gruplarinin etkisi belirlenmistir. Akiskanlar doymus buhar
egrisinin egimine gore Sekil 2 *de gosterildigi gibi kuru, yeni nesil ve 1slak olmak iizere ti¢ grupta incelenir.
Akigkan tipini 6nemli kilan en 6nemli etken tiirbinde akiskanin genlesmesinden sonra kuruluk oraninin
akigkanm tipine gore degismesidir. Akiskanlarin T-s diyagramlarindaki doyma egrilerinin egimi pozitif
oldugunda akigkan kuru, negatif oldugunda 1slak ve sonsuz oldugunda ise izantropik olarak isimlendirilir.

Organik akiskanlar 1slak ve yeni nesil olmak {izere iki farkli kategori altinda siniflandirilarak
performansi karsilastirilmistir. Islak akigkanlardan 6, yeni nesil akiskanlardan 2 olmak iizere toplam
8 akiskanin performansi ayni tasarim parametreleri altinda belirlenmistir. Bu akigkanlar Tablo 1°de
belirtilmistir.

ORC’nin jeotermal 1s1 kaynakli uygulamalar1 kapsaminda 1s1 kaynagi sicakligi 110 °C olarak
sabit belirlenmistir. Sogutma suyu sicakligi ise 25 °C, tiirbin ve pompa izantropik verimleri de %75
olarak ele alinmustir. Olii nokta basinci ve sicakligi sirastyla 100 kPa ve 25 °C olarak kabul edilmistir.
Bu boéliimde yapilan diger kabuller asagida belirtilmistir.

e Biitiin prosesler kararli sartlardadir.

o Evaporator ve kondenserdeki basing kayiplar: ihmal edilmistir. Boru hatlarindaki kayiplar ihmal
edilmistir.

e Analizde tiim ekipmanlar adyabatik olarak kabul edilmis ve ylizeyleri ile ¢evre arasinda bir 1s1
transferinin olmadig1 varsayilmstir.

e Potansiyel ve kinetik enerji degisimleri ihmal edilmistir.
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Sekil 2. Organik Akiskanlarin T-s Diyagraminda Gésterimi a) Kuru, b) Izantropik, c) Islak
[17].

Tablo 1. Farkli Kategorilerden Belirlenen Organik Akigkanlar

Islak Akiskanlar Yeni Nesil Akiskanlar
R290 R1234ze
R32 R1234yf
R152a
R134a
R125
R1270

ORC’nin termodinamik analizinde kullanilan denklemler asagida belirtilmistir.

Asagidaki cizelgede verilen denklemlerde; n: ve 1, sirasiyla tiirbin ve pompanin izantropik
verimleri, Tni ve Tho sirastyla 1s1 kaynagi girig-gikis; Tc; Ve Tco ise sirasiyla sogutma suyu giris-¢ikis
sicakliklaridir. Tablo 2°de verilen Th ve T¢ ise denklem (1) ve (2)’de tanimlanmustir.

T = (Thi — Tho )/ I (T — T, ) 1)
Tr: = [:Tc,z' - Tc,ﬂj:‘lff‘n (Tc,z' - Tc,o:] (2)

BULGULAR (RESULTS)
Organik Akiskanlarin Termofiziksel Ozelliklerinin Degerlendirilmesi (Evaluation of
Thermophysical Properties of Organic Fluids)

Tablo 3’de ORC tasariminda kullanilan 1slak ve yeni nesil akiskanlarin termofiziksel 6zellikleri
karsilastirilmigtir. Segilen 1slak akigskanlardan kaynama noktasi sicakligi en diisiik olan akiskan R32, yeni
nesil akiskanlarda ise R1234yf olarak belirlenmistir. Kritik sicaklik degeri 1slak akigkanlar arasindan en
yiiksek olan akigskan R152a, yeni nesil akiskanlar arasinda ise R1234ze oldugu belirtilmistir. R125 ve
R32'nin kritik sicaklikta daha diisiik degerlere sahip oldugu, diger akiskanlarin birbirine yakin oldugu
gorulebilmektedir. 30 “Cye karsilik gelen tiim akigkanlarin yogusma basincini ve 100 “C'lik buharlagma
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basincini kontrol ederken, 1slak akigkanin diger akigkan tiirlerinden daha yiiksek bir basing degerine sahip
olduguna dikkat etmek onemlidir. Islak sivida R152a ve R134a en diisiik basing degerine ulasir.

Tablo 2. ORC Termodinamik Analiz Bagintilar

BIiLESENLER ENERJI ANALIZi EKSERJi ANALIiZi
Pompa Isi (kJ/kg) Pompa Tersinmezligi (kJ/kg)
Pompa wy = (hy — hy) = (hag — hy) /M, iy = Tpls, —5,)

; Evaporator 1s1 girdisi (kJ/Kg) Evaporator Tersinmezligi (kJ/kg)
Evaporator qe = (hy — h:% ig =Tp[ls3 — 520 = (hy — hy)/T]
Tiirbi Tiirbin Isi (kJ/kg) Tiirbin Tersinmezligi (kJ/kg)

urbm wy = (hg —hy) = (hy —hysne i = Tyls, — 53
Kond Kondenserde Atilan Is1 Miktar1 (kJ/kg) Kondenser Tersinmezligi (kJ/kg)
ohaenser g: = (hy — hy) iy = Tp[lsy — s) + (hy — R J/T,]
Toplam Tersinmezlik (kJ/kg)
i troplam = g T i+ i+ 1
Net Is (kJ/kg)
Wher = e — 4 ..
ne T Harcanan Ekserji (kJ/kg)
Isil Verim Eharcanan = [1 - TD.’rTH]qp'l'wn
Sistem
Nizl = wr!pl.‘."rqp

Ekserji Verimi

N = 1 = iropiam/ ®harcanan

Tablo 3. Kendi kategorilerinde en iyi performans gésteren akiskanlarin ve yeni-nesil organik akiskanlarin ¢evresel

etkisi [18]
Abagkanlar/ Ozellikler | R290 | R32 | R125 | R1270 | R152a | R134a | R1234yf | R12347¢
](‘g;’rffé‘l”)‘l Agirhgr 4410 | 5202 | 12002 | 4208 | 6605 | 10208 | 11404 | 114.04
Kaynama Noktasi (°C) | -42.1 -51.7 -48.1 -47.7 -24 -26.1 -29.3 -18.8
f(’fg;’k Sicaklik Degeri | g7 | 781 | 66 924 | 1133 | 1011 | 9485 | 10052
Kritik Basing Degeri |y o5 | 578 | 362 | 466 452 4.06 3.38 3.63
(MPa)
ASHRAE standartlart | pq | a9 Al A3 A2 Al A2L A2L
giivenlik sinifi
ODP 0 0 0 0 0 0 0 0
GWP 20 | 675 | 3500 20 124 1430 4 6

Organik Akiskanlarin Cevresel Ozelliklerinin Degerlendirilmesi (Evaluation of Environmental
Properties of Organic Fluids)

Tablo 4’de ORC tasariminda kullanilan kuru ve izantropik akigkanlarin gevresel oOzellikleri
karsilagtirilmistir. Ozon Yok Etme Potansiyeli (ODP) 8 akigkan igin 0 oldugu ve Kiiresel Isinma Potansiyeli
(Global Warming Potential-GWP) degerinin en yiiksek R125 akiskaninda oldugu goriilmektedir.
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Tablo 4. Islak ve Yeni Nesil Akiskanlarin Cevresel Ozellikleri [18]

Alaskanlar/ R200 R32  RI52a RI134a  RI125  RI1270 RI1234yf R1234ze
Ozellikler

A“SHRI.AE standartlari A3 A2 A2 Al Al A3 A2L A2L
giivenlik simifi

oDP 0 0 0 0 0 0 0 0
GWP 20 675 124 1430 3500 20 4 6

Bu boliimde ORC tasariminda kullanilan akigkanlarin gevresel ozellikleri kapsaminda GWP ve
ASHR giivenlik smifi belirtilmistir. ASHR giivenlik smifina dair gruplandirma da Sekil 3’de verilmistir.

Guvenlik Gruplandirmasi

Yiksek
Yanicilik — —
Ty
.
< Dosik  |.....__. S — —
x Yanicilik AZL" Ba2L*
(3]
-
5 Yanicihk Yok Al B1
-

Daguk Toksisite Yiksek Toksisite

Toksisite Artis1 ~
Sekil 3. Akiskanlarin ¢evresel ozelliklerini belirleyen giivenlik gruplandirmasi

*Sekil 3°de A2L ve B2L diisiik yanicilik degeri olan ve maksimum yanma hizi 10 cm/s olan akigkanlar ifade etmektedir.

Organik Akigkanlarin Termodinamik Performanslarimin Belirlenmesi (Determination of
Thermodynamic Performance of Organic Fluids

Bu boliimde 1slak ve yeni nesil akiskanlarin ORC performansina etkisi belirlenmistir. Performans
parametreleri pompa isi(kJ/kg), tirbin isi(kJ/kg), 1s1 girdisi(kJ/kg) 1s1l verim ve ekserji verimi olarak
belirlenmistir. Is1 kaynagi sicakligi jeotermal uygulamalari kapsaminda 110 °C olarak belirlenmistir.
Buharlagma sicakliginin 65-100 °C arasinda degismesinin sistem performansi {izerindeki -etkisi
belirlenmistir.

Sekil 4’de goriildigii tizere 1slak akiskanlarin 100 “C buharlagma sicakligi altinda ulastiklar1 analiz
sonucglart dikkate alinarak en iyi performans gosteren 2 1slak akigkanin R152a ve R134a oldugu
gorililmektedir. Isil verim ve ekserji verimi yoniinden en iyi degerlere R152a’da ulasildig1 ve ayni zamanda
sadece R134a’da belli bir buharlagma sicakligi degerinden sonra (98 “C) 1s1l verim ve ekserji veriminin
azalmaya basladig1 gbzlenmemistir.
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En diisiik performans degerlerinin R125°1i sistemde elde edildigi, tiirbin isi performansi bakimindan
en iyi degerlere R290 ve R1270’li sistemde ulagilmasina ragmen, yiiksek 1s1 girdisi ihtiyacindan dolay1 1s1l
verim siralamasinda R152a ve R134a’nin gerisinde kaldig1 belirlenmistir. R134a’nin yiiksek 1s1l verim ve
ekserji veriminin olmasinin yani sira toplam tersinmezlik degerinin de diisiik oldugu goriilmektedir. Yeni
nesil akigkanlarda ise 1s1l ve ekserji veriminde R1234ze akigskanin yiiksek oldugu goriilmektedir.

Sekil 5’te tiim akiskanlarin 100 °C buharlasma sicakligi altinda tiirbin giris basmci, buharlasma
entalpisi(hg), tiirbin ¢ikis1 buharin kuruluk derecesi gibi degerler belirlenmistir. En yiiksek Tiirbin girig
basinci 1slak akigkanlarda R32°de yeni nesil akigkanda ise R1234yf’de oldugu belirlenmistir. Islak
akigkanlarda buharlagsma entalpisi degeri en fazla R290 en diisilk R125 de gozlemlenirken yeni nesil
akiskanlarda ise R1234ze’nin, R1234yf den fazla buharlagsma entalpisi degerine ulastigi belirlenmistir.
Incelenen diger bir parametrede ise tiirbin ¢ikis kuruluk derecesi en fazla R134°a de gézlemlenirken yeni
nesil akigkanda ise R1234ze’de gozlemlenmistir.

TARTISMA VE SONUCLAR (DISCUSSION AND CONCLUSIONS)

Bu caligmada, organik akigkan secimi 3 farkli kriter iizerinden degerlendirilmistir. Bunlar
termofiziksel ozellik, ¢evresel 6zellik ve termodinamik performanstir. Bu ¢caligmada EES, 1slak ve yeni
nesil organik akigkanlar kullanilarak tasarlanan ORC'in termodinamik 6zelliklerini belirlemistir. R290,
R32, R152a, R134a, R125, R1270, R1234ze, R1234yf gibi yeni nesil ve 1slak akiskanlar kullanilarak
organik akiskanlarin tasarim degerlendirmeleri yapilmistir. Aym1 zamanda islak akigkanlar icin
buharlagsma sicakligi degisiminin performans parametreleri tizerindeki etkisi gozlemlenmistir.

Belirlenen akigkanlarin ¢evresel 6zellikleri incelendiginde tiim akigkanlar igin ODP degerlerinin
0 oldugu goriiliirken, GWP degerlerinde yeni nesil akigskanlarin islak akiskanlara gore daha disiik
degerlere sahip olduklar1 belirlenmistir. ASHRAE standartlar1 gilivenlik smifina gore en diisiik
yanicilik ve toksisite degerlerine R134a ve R125 sahip iken bu akiskanlar ayn1 zamanda en yiiksek
GWP degerlerine de sahip olduklar1 goriilmiistiir.

Bu calisma sonucunda yeni nesil organik akiskanlarin islak akiskan tiiriine yakin 6zellikler
sergiledigi goriilmiistiir. Fakat yeni nesil organik akiskanlarin daha diisiik yogusma ve buharlasma
basing degerlerine sahip oldugu ve daha az pompa giiciine ihtiyag duydugu dikkat ¢ekmektedir.
Performans parametreleri altinda ise 6zellikle R1234ze’nin R134a’dan daha iyi fakat R152a’dan ise
daha diisiik performansa sahip oldugu goériilmektedir.

Tiim akigkanlarm 100 °C buharlasma sicaklig1 altinda 1s1l verim, tiirbin isi, ekserji verimi ve toplam
tersinmezlik degerleri belirlenmistir. Akiskanlar kendi kategorilerinde incelendiginde R152a’nin 6zellikle
elde edilen tiirbin isi bakimindan 33.05 kJ/kg ile R134a’dan (18.03 kJ/kg) daha iyi performans gosterdigi,
R1234ze’nin ise R1234yf’den 1s1l verimde sirasiyla %9.77 ve %8.23, ekserji veriminde sirasiyla %52.3 ve
%45.98 olarak onde oldugu goriilmektedir.
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Sekil 4. Kuru ve islak akigkanlarin termodinamik performanslarinin karsilastirilmasi a)

Pompa f;i, b) Tiirbin f§i, ¢) Giren Isi, d) Isil Verim, e) Ekserji Verimi

Islak akigkanlarin kaynama noktasi sicakliklarmin diger tiir akigkanlara gore ¢ok diisiik oldugu
goriilmektedir. En diisiik kaynama noktasi sicakliginin -51.7 °C ile R32’de oldugu belirtilmistir. Kritik
sicakliklarda ise R125 ve R32’nin diisiik degere sahip oldugu, diger akiskanlarin ise birbirine yakin oldugu
goriilmektedir. Tiim akiskanlarin 30 °C’ye karsilik gelen yogusma basinglari ile 100 “C’deki buharlagma
basinglar incelendiginde diger tiir akigkanlara kiyasla 1slak akigkanlarin yiiksek basing degerlerine sahip
oldugu dikkat cekmektedir. Islak akiskanlar igerisinden ise en diisiik kritik basing degerine R152a 4.52
MPa ve R134a 4.06 MPa olarak goriilmiistiir.
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Sekil 5. Kuru ve islak akiskanlarin termodinamik performanslarinin karsilastirilmast a) Tiirbin giris
basinci, b) Buharlasma Entalpisi (htg), c) Tiirbin ¢ikist buharin kuruluk derecesi

R123’lii sistemde olusan basing farki R152a’li sistemde olusan basing farkindan %75 daha azdir,
ayrica 6zgiil hacmi de %38 daha az olarak tespit edilmistir. Hem basing farkinin hem de 6zgiil hacminin
diisiikk olmasindan dolayr R123’lii sistemin pompa isi R152a’li sistemden %85 daha az bulunmustur.
R1234ze’li sistemde de yiiksek basing farki goriilmesine ragmen yine de R152a’11 sistemden %13 daha az
bir basing farkina sahiptir. Ayrica 6zgiil hacmi de %22 daha azdir. Bundan dolay1r R1234z¢’li sistemde
R152a’1l1 sistemden %32 daha diisiik pompa isi tespit edilmistir.

Bu ¢aligmada Organik Rankine Cevrimi’nde akiskan seciminin sistem performasindaki dnemi belirtilmis
olup; farkli tiirden akigkanlarin ¢evresel ve termodinamik Gzellikleri belirlenen performans parametreleri ile
karsilastirilmiglardir.
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