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1. Introduction

Abstract

In this study, the performance analysis of the Regenerative Organic Rankine
Cycle (RORC) by using the Gene Expression Programming (GEP) was car-
ried out. Working fluids R-123 and R-134a have been used in the RORC.
GEP model was developed to predict thermodynamic performances of the
RORC depending on the steam generator, condenser, subcooling, and super-
heating temperature. To investigate the accuracy of the model, root mean
square error (RMSE), mean absolute percentage error (MAPE), and coeffi-
cient of determination (R?) was employed. For R123, the optimal values of
RMSE, MAPE, and R? are 0.00004228, 0.01377, and 0.9532, respectively.
For R-134a, the optimal values of RMSE, MAPE, and R? are 0.00002413,
0.01226, and 0.9613, respectively. The results showed that the GEP model
results and actual values are in fairly well agreement. The formulas obtained
from the GEP model are relatively short, simple and reliable. So, these for-
mulas will assist engineers to very accurately and quickly estimate the ther-
mal efficiency of the regenerative organic Rankine cycle.

Keywords

Organic Rankine Cycle, performance analysis, Gene expression programming,
regenerative

The working principle of the Organic Rankine Cycle (ORC) is parallel to the traditional Rankine cycle. The basic
distinction is the use of organic items instead of water or steam as working fluid. ORC is a well-known and widely
spread form of energy production. The most important advantage of the ORC according to the traditional Rankine
cycle is suitable for lower temperature applications. Thus, biomass, geothermal, solar energy, and low-grade waste
heat for ORC can be used. Different researchers have studied for optimization and thermodynamic analysis of ORC
systems. Roy et al. [1] performed the optimization and analysis of the regenerative ORC. As working fluids; R-12,
R-123, R-134a, and R-717 were used. Working fluid R-123 provides maximum system efficiency. Kumar et al. [2]
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carried out the optimization of the ORC. Analyzes were performed using Taguchi’s method. The analysis also
shows that the turbine temperature has large effects on efficiency. Huang et al. [3] performed thermodynamic
analysis and optimization of novel ORC. Feidt et al. [4] investigated the thermodynamic performance of an ORC
using low global warming potential working fluids. Li et al. [5] carried out thermodynamic performance analyses
and optimization of subcritical and transcritical organic Rankine cycles using R1234ze (E). Zhu et al. [6] performed
parametric optimization and performance analysis of an ORC for waste heat recovery from the marine diesel engine.
Yuksel [7] performed energy and exergy analysis of integrated geothermal plant with proton exchange membrane
electrolyzer, hydrogen compression unit, organic Rankine cycles, single effect absorption cooling cycle, hot water
storage tank and a drying unit. Akbay and Yilmaz [8] carried out energy and exergy analysis of a geothermal power
generation system with a direct steam turbine and organic Rankine cycle.

Recently, different optimization techniques (artificial neural network, genetic algorithm, genetic programming,
gene expression programming, etc.) have been successfully applied to various engineering areas. The gene ex-
pression programming (GEP) model does not time-consuming and unneeded high numbers of iterations. Therefore,
researchers have increasingly preferred this model. In literature, the gene expression programming (GEP) model has
been successfully used in a lot of engineering applications. Sencan et al. [9] used the GEP model for estimating
thermodynamic properties of R513a refrigerant. The obtained results showed that this model can be used to predict
the thermodynamic properties of the refrigerant. Leon and Gayexplores [10] explored the use of GEP to predict
permanent deformation of asphalt concrete with the inclusion of aggregate angularity. Compared with regression
analysis, the permanent deformation estimation results obtained by the GEP method are satisfactory. Mattar [11]
used GEP model for estimating monthly reference evapotranspiration in Egypt. Wind speed and relative humidity
have a great impact in calculating evapotranspiration. The results showed that the GEP model is can be employed
successfully in modeling evapotranspiration. Kaboli et al. [12] used GEP model for long-term electrical energy
consumption formulating and forecasting. The results show that the higher accuracy of the GEP model as compared
with other artificial intelligence based models. Dikmen et al. [13] used GEP model to determine drying behavior of
herbal plants. The results have shown that the GEP model can be considered as an efficient modeling technique for
the prediction of moisture ratio of herbal plants. Sahin et al. [14] estimated with GEP approach thermodynamic
properties of working fluids used on Organic Rankine Cycle. The obtained results showed that the formulations are
effectively capable of evaluating the thermodynamic properties of working fluids.

As seen from literature research, performance analysis and optimization of organic Rankine systems have been
carried out by a lot of researchers. Nevertheless, there are no studies on the performance analysis of RORC systems
using the GEP model in the literature. In work, the GEP model to predict the thermal efficiency of the RORC using
working fluids R-123 and R-134a was used. The thermophysical and environmental properties of working fluids are
shown in Table 1 [1].

Table 1. The thermophysical and environmental properties of working fluids [1]

Property R-123 R-134a
Molecule weight (g/mol) 152.93 102.03
Boiling temperature (°C) 27.85 -26.15
Critical temperature (°C) 183.79 101.06
Critical pressure (bar) 36.74 40.56
Ozone depletion potential (ODP) 0.012 0
Global warming potential (GWP) 120 1300
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2. Regenerative Organic Rankine Cycle

The Regenerative Organic Rankine Cycle (RORC) is like the traditional Rankine cycle. As shown in Figure 1, the
RORC consists of a steam generator, a turbine, a condenser, a regenerator, and a pump. The thermal efficiency of
the RORC can be found depending on different operating parameters.

Following assumptions are given for performance analysis of the RORC:

e The pressure loss in system components and piping are neglected.

o System components are considered under steady-state steady-flow conditions.

The thermodynamic equations for the RORC seen in Fig.1 are described as follows.

Pump: The pump power is given by:

Steam Geng-
rator R
—7
4 -
5 y
! Y

Regenerator

Condensg

4+~

z
N

Figure 1. Configuration of a regenerative Organic Rankine Cycle.

W =1 (h, ~h) (1)
Steam Generator: The heat transfer rate for the steam generator is given by:

Qs =m(h, —hs) )
Turbine: The turbine power is given by:

W, =m(h, —hy) (3)
Condenser: The heat transfer rate in the condenser is given by:

Q =m(h—h,) (4)
The thermal efficiency of the RORC system can be expressed as:

77=WT 5WP _(h—hs)—(h,-hy) 5)
Qs (h,—hs)

Figure 2 and Figure 3 show the variation of thermal efficiency with evaporator and condenser temperatures for
R-123 and R-134a fluids, respectively. As seen in Figure 2 and Figure 3, the thermal efficiency increased with the
increase of the evaporator temperature. The thermal efficiency of the system decreases when increasing the con-
denser temperature.
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Figure 3. Thermal efficiency varying with evaporator and condenser temperature for R-134a.

3. GEP Model Development

Gene expression programming (GEP) was invented by Ferreira in 1999 [12]. GEP is the natural development of
genetic algorithms (GAs) and genetic programming (GP). There are two main players in GEP. These are the
chromosomes and the expression trees. The flowchart of a GEP algorithm is shown in Fig. 4. More detailed in-
formation about GEP can be obtained in the References [15-18].

Optimization and performance analysis of ORC systems in literature was carried out. In this work, the GEP
method was used to estimate the thermal efficiency of the regenerative organic Rankine cycle running with R-123
and R-134a working fluids. The thermal efficiency of the regenerative Organic Rankine Cycle is mainly influenced
by the steam generator, condenser, subcooling, and superheating temperature. Hence, generator temperature (TG),
condenser temperature (TC), subcooling temperature (TSC) and superheating temperature (TSH) are for input
parameters and the thermal efficiency predicted () for output parameter. The input-output values were collected
from Solkane Software. The Solkane Software is a powerful calculation program for refrigerants properties, heating,
cooling, and ORC cycles [19]. Various GEP parameters were used to achieve excellent topology. The optimal GEP
algorithm parameters for the prediction of the thermal efficiency for both working fluids are presented in Table 2.
GeneXproTools program for the performance analysis of the RORC was used in this study [20].
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Figure 4. The GEP Algorithm.

Table 2. The GEP model parameters

GEP model parameters

Refrigerant

R134a R123
Generation number 975152 6144
Chromosome number 50 50
Gene number 3 3
Head length 8 8
Link feature Addition Addition
Ratio of mutation 0.044 0.044
Ratio of inversion 0.1 0.1
Ratio of one point combination 0.3 0.3
Ratio of two point combination 0.3 0.3
Ratio of gen combination 0.1 0.1
Gen transposition ratio 0.1 0.1

Function set

+,—, %/, e, power, 10% In,sin,
cos, tan

—,+,/,*, N, power, 10%, In, sin, cos,

tan,1/x
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To evaluate the performance of the developed GEP model, root mean square error (RMSE), mean absolute
percentage error (MAPE), and R-square (R?) are used. Equations (6-8) represent the RMSE, MAPE, and R?, re-
spectively.

(6)

(")

R? =

(nYap->a pi)z ®)
(“Zaiz -(2a )2 (”Z p’=(2p )2)
where a= actual value, p= predicted value and n = data number.
4. Results and Discussion

In this paper, to estimate the thermal efficiency of the regenerative Organic Rankine Cycle, the GEP model is
used. R-123 and R-134a as the working fluid for the present study are considered. The mathematical formulations
obtained from the GEP model for R-123 and R-134a are given in Egs. 9-10, respectively.

_ 1 (Tsy —sin (In \/ﬁ))—TSH ) 1
1 golC , ;
Triz3 Tey/In(ele-2Tsy) (Tc—Tsc _TG)+(TSH +TT5_€1) ©
JTC
In (ln2-3026) cos ((T6=T¢)) JTc
Mr134a = 53020 T Tep 0 (T0) + - (TESC) + tan (0.1924 —tan ?) (10)

23026~ T tT6)

In Figs. 5-6, the predicted results from the GEP model are compared to the actual results for R-123 and R-134a,
respectively. As seen in Figs. 5-6, the correlation coefficient obtained for R-123 and R-134a are 0.9532 and 0.9631,
respectively. The obtained results show that the GEP model exhibits a successful performance for predicting the
thermal efficiency of RORC.
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Figure 5. Correlation between actual thermal efficiency and estimated R-123.
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Figure 6. Correlation between actual thermal efficiency and estimated R-134a.

The performance of the GEP model is presented in Table 3. The thermal efficiency values obtained from the
models provide perfect agreement with actual results. The minimum value of R2 and the maximum value of MAPE
and RMSE are 0.9532, 0.01377, and 0.00004228, respectively, all for the results.

Table 3. The results of statistical calculations

Refrigerant
Statistical parameters

R134a R123
MAPE 0.01226 0.01377
RMSE 0.00002413 0.00004228
R? 0.9613 0.9532

Tables 4 and 5 present a random comparison of the actual thermal efficiency with the results of the GEP method
of the RORC for R123 and R-134a respectively. It can be seen that in most cases, the error is within an acceptable
range. The maximum percentage difference is 7.72%.

Figure 7 and Figure 8 present a random comparison of the actual thermal efficiency values with the results of the
GEP method of the RORC in the different condenser and steam generator temperatures for R123 and R-134a re-
spectively. As can be seen in Figure 7 and Figure 8, the actual results agree with the results obtained from the GEP
model. In addition, Figure 7 and Figure 8 show the variation of the thermal efficiency (n) of the regenerative Or-
ganic Rankine Cycle with the condenser and steam generator. As can be seen from Figure 7 and Figure 8, the
thermal efficiency of the system increases when the steam generator temperature increases. The thermal efficiency
of the system decreases with increasing condenser temperature.

Table 4. A random comparison of actual and GEP estimated thermal efficiency of the RORC for R123

R123
0 0 0 0 n
Tc(°C) Tc(C)  Tsu(C)  Tsc(°C) )
Actual GEP Model Error Percentage difference (%)
40 8 5 5 0.10 0.1035 0.0349 3.49
55 15 10 10 0.11 0.1104 0.0004 0.36
60 9 10 10 0.13 0.1391 0.0091 6.99
65 9 10 10 0.14 0.1469 0.0069 4.93
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70 30 15 15 0.11 0.1185 0.0085 7.72
75 25 15 15 0.13 0.1325 0.0025 1.91
80 25 10 7 0.14 0.1384 0.0016 1.16
85 8 5 5 0.18 0.1823 0.0023 1.29
90 10 8 9 0.18 0.1803 0.0003 0.18
95 25 5 10 0.16 0.1632 0.0032 2.02
Table 5. A random comparison of actual and GEP estimated thermal efficiency of the RORC for R-134a
R134a
0, 0 0 0, n
Tc(C) Tc(C)  Tsu(C)  Tsc(°C) .
Actual GEP Model Error Percentage difference (%)
50 10 8 8 0.11 0.1098 0.0001 0.12
55 8 8 8 0.12 0.1256 0.0056 4.72
65 20 5 5 0.11 0.1122 0.0024 2.04
70 15 10 10 0.13 0.1318 0.0018 1.42
75 30 5 5 0.11 0.1103 0.0003 0.33
80 25 10 7 0.13 0.1260 0.0039 3.06
85 30 5 5 0.12 0.1245 0.0045 3.77
90 10 8 9 0.16 0.1676 0.0076 4.75
95 8 10 10 0.17 0.1738 0.0038 2.21
0.5 0,25 :
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Figure 7. GEP approach compared with the actual values for R-123.
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Figure 8. GEP approach compared with the actual values for R-134a.
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4. Conclusions

In this study, the GEP method for thermal efficiency forecasting of the RORC using two different working fluids
is developed. The developed model was based on actual data collected from the Solkane software. The values ob-
tained from the GEP model demonstrate agreement with actual values. The results of R?, MAPE, and RMSE have
demonstrated this situation. For R123, the finest values of RMSE, MAPE, and R? are 0.00004228, 0.01377 and
0.9532, respectively. For R-134a, the finest values of RMSE, MAPE, and R?are 0.00002413, 0.01226, and 0.9613,
respectively. It was observed that the GEP model can be an appropriate approach for the assessment of the thermal
efficiency of the RORC. The formulas obtained from the GEP model are relatively short and simple. Also, no
software is required for these formulas. These formulas will assist engineers for very correct and quick forecasting
of the thermal efficiency of the regenerative organic Rankine cycle.

List of symbols

GEP gene expression programming
h specific enthalpy, kJ/kg
m mass flow rate, kg/s
MAPE mean absolute percentage error
RORC regenerative Organic Rankine Cycle
RMSE root mean square error
R? coefficient of multiple determination
Q heat transfer rate, kKW
T temperature, oC
W power, KW
n thermal efficiency
Subscripts
p Pump
C condenser
G steam generator
T turbin
SC subcooling
SH superheating
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