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ABSTRACT
In this study, modeling and thermodynamic analysis of an

NOMENCLATURE

Organic Rankine Cycle using geothermal heat source in Aydin, Q (kW] Heat transfer rate
Turkey has been made and optimum operation conditions were? (kW] Power

determined by developing simulation software. The model has?h H:;//';]g] fﬂgigf;fgfv?gt':'py
been validated using an existing study. In consequence, theg, (kW] Flow exergy rate
differences between existing study data and the model seemsx [kJ/kg] Specific flow exergy
reasonable close, so the model was verified. Simulation of E, [kw] Exergy destruction rate
model has been made by using EES software. In simulation the” [°C] Temperature

effect of minimum and maximum pressure an.d Wor.king fluid {t?/i]g.K] g;iisiﬁéeemmpy
changes to the system performance has been investigated. OR¢ [KW] Irreversibility rate

using working fluids R141b and R123 and Isopentane has beenx []
simulated for selected input values separately. Because of usingFES
Iso'pentane paused gepthermal re-injection temperatyre deprgasgpecial characters
to inconvenient level, it has not been used as working fluid in , (%]
simulation. For R141b and R123, maximum and minimum 7 [%]
pressure values have been changed from 500 kPa to 3500 kPa

Quality
Engineering Equation Solver

Exergetic efficiency
Energy efficiency

and from 100 kPa to 300 kPa, respectively. 2331 kW of net Svldbscript

Cooling water

work obtained at 3184 kPa maximum pressure and 2749 kW of geq Geothermal
net work obtained at 100 kPa minimum pressures for R141b.p Pump

For R123, 1798 kW of net work obtained at 3184 kPa ! Turbine
maximum pressure and 2119 kW of net work obtained at 100 ¢ E‘é?]zzrnastg
kPa minimum pressures. It has been seen that reducingys Working fluid
minimum pressure effects net work more than increasing th Therma
maximum pressure and R141b has a better performance tharn Inlet
R123, especially in the way of net work production. g ml"’r‘:m”mm

INTRODL_JCTION_ ) Organic Rankine Cycles and obtained a thermal efficiency
Organic Rankine Cycle (ORC) is a vapour power cycle that ange of 9 8 -16 for different heat source temperatures [3].

use low temperature heat sources, such as waste heat, solghgjlin developped a dynamic model for solar and waste heat
energy, geothermal energy, biomass etc. These cycles have 0w, rced Organic Rankine Cycles and analyzed the time rate of
operational cost and low Carbon emission since necessary hea&hange of this system in his PhD thesis [4]. Bundela and
is obtaln(_ed without combustion process. Also fossile fuel cpgawia pointed out that Organic Rankine Cycle was feasible
consumption can be decreased by the use of ORC. _ for low and medium temperature waste heat recovery in a
Inliterature, Quoilin et.al. developed Organic Rankine cement factory in Japan [5]. Li etal. performed energy and
Cycle applications for geothermal energy, solar energy and for gyergy analysis of Organic Rankine Cycles for different heat
biomass and for waste heat sources and made technoeconomigyrce temperatures in between 70 °C and 100 °C [6]. Wu et.al.
analysis of Organic Rankine Cycles [1]. Huijuan et.al. analyzed reqjized an optimization study for optimal compression point
different working fluids that can be used in Organic Rankine temperature difference of evaporator in heat recovery
Cycles for determining the effectiveness of organic working appjications. In this study the effect of flow exergy losses on
fluids for different conditions and applications [2]. Dipippo compression point temperature difference were analyzed [7].
studied on ideal thermal efficiencies of geothermal sourced | ;i et al. analyzed the performance analysis of ORC systems
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for different hydrocarbon working fluidsyhere the geothermal
inlet temperature was in between 100 & 150 °C and the
exit temperature was 70 °C [8].

In this study a simulation was done for analyzing
utilization of geothermal energy in electricity production
using an ORC in Aydin, Turkey. The temperature rang
geothermal source in Aydin varies in betwe203 °C and
232 °C. Although the maximum reversible (Carnot) ther
efficiency was calculated as % 38,92 #03 °C heat source
temperature and 17,7 °@verage ambient temperature
Aydin, there are many other parameters that affects tl
thermal efficiency gch that maximum and minimum cyc
pressures, working fluid types, besides the heat sourct
ambient temperature.

MATHEMATICAL MODEL

The ORC model in this study was shown in Figure 1. It
geothermal energy as heat source and has four
components such as evaporator, turbine, condenser and

The assumptions, that were done for the thermodyn
solution of ORC model, were gineas follows

- Cycle operates in steady state steady flow cond

- Heat losses in pump, evaporator and condenser
neglected [9],

- The heat loss from turbine was taken %5 due to a
similar study which was done by Li et al(],

Geothermal Fluid
out 8 7 * in

| PN
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6 out
A2 q i
Condenser Cooling Fluid
Pump
| 5 in

S

Figure 1 Organic Rankine Cyc

- Isentropic and dry fluids was taken as working fluid:
analysis,

- Since superheat was not necessary for isentropic ar
fluids, the state at turbine inlet was taken as saturated v

- Working fluid wastaken as saturated liquid at pump ir

- The isentropic efficiencies of turbine and pump was t:
as % 85 and % 80 respectively,

- Geothermal source was hot water,

- Thermophysical properties of working fluids ar
geothermal source was assumed as constant,

- The effect of pressure reduction does not a
evaporation temperature,

- Evaporator and condenser were shell and tube type
exchangers,

- Dead state was taken as 17,7 °C 20,3 kP.
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The thermodynamic equations that will be used
simulation were given in Table 1. By using these gover
equations energy and exergy analysis of each compon
ORC was done.

Table 1 Mathematical model governing equati

Sub System Energy Equations Exergy Equations
Ex; — Ex,
. Ee =7 =,
Evaporator Qe = thye(hy — hy) Ex; — Exg
Expe = (Ex; — Exg) — (Ex; — Ex;)
W,
. & = E‘ '7 E.
Turbine W, = 0,95m,¢(h; — h,) X3 7B
Exp, = (Exs — Ex,) — W,
Ex, — Ex,
. T W
Pump W, = tiy(hy = hy) P
Expp = W, — (Ex, — Ex;)
_ E'xb - E'xs
. . y == —
Condenser Q¢ = my¢(hy —hy) Exy — Exy
Expc = (Ex, — Ex;) — (Exg — EXs)
SIMULATION

The simulation was done by usiEES® software which
was developed by Ehart Softwar Corporation. It was
efficacious software for thermodynamic analysis, sil
thermodynamic properties of variosubstances were inside.

For the simulation of ORC, necery codes were written in
EES by taking the governing equations and assumption:
consideration. In this simulation, the effects of diffel
working fluids and minimum and maximum cycle pressure
the net work and thermal and exergetic efficiencie cycle
were analyzed.

Validation of M athematical M odel

The mathematical model used in simulation was valid
by using the input and output data of a previously done
for exergy analysis of ORC b¥alinci et.al. [11]. The
schematic view of the OF was given in Figure 2 and the
geothermal fluid inlet temperatt and pressure were 140 °C
and 1600 kPaespectively. The mass flowrate geothermal
fluid was 64,87 kg/s andhe return temperature and pressur
geothermal fluid wereB0 °C and 1600 kPa. The isentropic
efficiencies of turbine and pump were selecte® 85 and %
80.

5

Q> 1
AC - Air condenser EV - Evaporator PH - Prcheater
EN - Fan FP - Feed pump GN - Generator
@ IW - Injection well PW - Production well TB - Turbine

IP - Injection pump HP - High pressure pump

Figure 2 Reference ORC that was used in valida[11]
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Isopentane was used as working fluid with a mass flov
of 36,04kg/s. The maximum and minimum pressures of ¢
were 700 kPa and 95 kPa respectivilyair cooled condense
the inlet and exit temperatures of air, which has a mass flo
of 1414,12 kg/s, were 15 °C and 25 °C.

Pressure, temperature, enthalpy, entropy and flow e
values for each state of reference study were given in T

Table 2 Referencevalues for selected applicati[11]

State no. Fluid i (kg/s) P (kPa) T(°C) h (KI/kg) s (kIjkg) ex (kI/kg) Ex (kW)
0 Geothermal 101.325 15 6301 02242

o Isopentanc 101.325 15 3124 1766

1 Geothermal 64.87 1,600 140 590 1738 91.05 5,906
2 Geothermal 64.87 1,600 104 4372 1351 49.66 3.221
3 Geothermal 64.87 1.600 80 336.6 1074 2833 1.838
4 Tsopentane 36.04 95 25 ~350 ~1.69 0382 1377
5 Isopentane 36.04 700 25.32 3488 1.689 1.375 4955
6 Isopentane 36.04 700 98.62 - 167 ~1.146 26.86 968.1
7 Isopentane 36.04 700 98.62 108.1 0.406 88.85 3,202
8 Isopentane 36.04 95 54.33 463 -0373 17.33 624.7
9 Air 1414.12 101.325 15 288.5 5661 0

Air 1414.12 101.325 25 298.6 5695 0.308 435.55

In reference study, the exergetic analysis of each comp
was done by using above values. In this analysis, flow exe
at inlet and exit, exergy destructions and exergetic efficie
of each component were calculated and given in Ta

Table 3 Calculated exergy values for selected applice[11]

Component Ex;, (kW) Ex,,. (kW) 1 (kW) £ (%)
Feed pump 44.34 35.78 8.56 80.69
Preheater 1,383 918.55 464.45 66.42
Evaporator 2,685 2223.90 461.10 82.83
Turbine 2577.30 2229.00 348.30 86.49
Condenser 610.93 435.55 610.93 71.29
Ecyele (%) 44.78
Esys (%) 30.84

In reference paper, the thermal and exer efficiencies of
ORC were given as % 11,06 and % 5S,8dpectively

For the validation of the mathematical model, input dai
the reference paper were given in simulation software that
developed in this study. The results obtained by the simul
software were given in Table 4.

Table 4 Simulation results for selected reference s

State P (kPa) T (°C) h (kJ/kg) s (kJ/kgK) ex (kJ/kg) Ex (kW)
1 1600.0 140.00 590.0 1.7380 90.92 5898.00
2 1600.0 104.30 438.4 1.3540 49.88 3236.00
3 1600.0 80.00 336.2 1.0740 28.31 1836.00
4 95.0 26.01 -347.8 -1.6820 0.45 16.25
5 700.0 26.33 -346.5 -1.6820 145 52.11
6 700.0 98.62 -167.0 -1.1460 26.77 964.70
7 700.0 98.62 108.1 -0.4063 88.64 3195.00
8 95.0 54.33 46.3 -0.3727 17.12 617.10
9 101.3 15.00 288.5 5.6610 0 0
10 101.3 25.00 298.6 5.6950 0.17 240.90

The simulation software gave results for thermal
exergetic efficiencies as % 13,3 and 3% respectively. The
comparison and the deviations of these values given in
Table 5.
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Table5 Comparison of reference and calculated v

Real Values Calculated Values Deviation
Energy Efficiency (%) 11,06 13,30 2,24
Exergetic Efficiency (%) 5,34 570 0,36

Since the deviations in thermal efficiel and exergetic
efficiency were very sma the mathematical model was
validated.

TRENDS AND RESULTS

By using the validated simulati software, the analysis of
ORC with geothermal heat source in Aydin Turkey was ¢
by the data given in Table 6. By this analysis the change i
work, in thermal efficiency and in exergetic efficiency w
respect to maximum and minimum cycle press for two
different working fluids of R141b and R123 were determi

Table 6 Data for geothermal sourced ORC in Aydin Turkey

TgeoF 203'C | tig=92kgls | P;=R=101,3 kPa
Tew;=15C T, = 100 Kg/: P=P,=101,3 kPa
X3: 1 l'hwf: 50 kg/' P2:P3:2000 kPa
X:= 0 1,= 0,8( P,=P,=200 kPa
nr= 0,85

By using the developed simulation software, net po
thermal and xergetic efficiencies of ORC we calculated for
turbine inlet pressure of 2000 kPa and turbine exit presst
200 kPadue to data given in Table The results were obtained
for two different working fluids R141b and R123 separal
For R141b net power, thermal and exergetic efficiencies
calculated as 2103 kWb 15,52 an 47,78 respectively. On
the other hand foRR123 net power, thermal and exergetic
efficiencies were calculated 1614 kW, % 15,18 and % 45,78.

Resultsfor Working Fluid R141b

At the first stage, in which the isentropic working fluid
R141b was used, the net power of ORC were calculate
simulation software, for maximum cycle pressure va
between 500 kPa and 3500 kPa, while keeping minimum
pressure constant 200 kPi. As it can be seen from Figure 3,
the maximum net power of 2331 kW was achievec
maximum pressure of 3184 k
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Figure 3 The change imet power with respect to maximum
cycle pressure for R141b
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Figure 5 The change imet power with respect to minimum

cycle pressure for R141b

140

The change in thermal and exergetic efficiencies with

respect to maximum cycle pressure, which varies between 500respect to minimum cycle pressure, which varies between 100
kPa and 3500 kPa, while keeping minimum cycle pressure kPa and 300 kPa, while keeping maximum cycle pressure

constant at 200 kPa, was given in Figure 4. Maximum thermal constant at 2000 kPa, was given in Figure 6. Maximum thermal

and exergetic efficiencies was achieved at 3500 kPa as % 17,1@&nd exergetic efficiencies was achieved at 100 kPa as % 18,55
and % 54,19 respectively. The increase in maximum cycle and % 59,01 respectively.

pressure, which raises the turbine inlet temperature, increase
both thermal and exergetic efficiencies of ORC. As it can be
seen in Figure 4, the effect of maximum cycle pressure increase
in exergetic efficiency was much higher than that was in
thermal efficiency due to the quality rise of working fluid
energy with respect to temperature.

06 . .
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Figure 4 The change in thermal and exergetic efficiencies with
respect to maximum cycle pressure for R141b
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Secondly, for the isentropic working fluid of R141b, the net
power of ORC were calculated for minimum cycle pressure
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Figure 6 The change in thermal and exergetic efficiencies with

respect to minimum cycle pressure for R141b

140

Resultsfor Working Fluid R123
At the first stage, in which the dry working fluid of R123

was used, the net power of ORC were calculated by simulation
software, for maximum cycle pressure values between 500 kPa
and 3500 kPa, while keeping minimum cycle pressure constant
at 200 kPa. As it can be seen from Figure 7, the maximum net
power of 1798 kW was achieved at maximum pressure of 3184
kPa.

values between 100 kPa and 300 kPa, while keeping maximum
cycle pressure constant at 2000 kPa. As it can be seen from

Figure 5, the maximum net power of 2749 kW was achieved at
minimum pressure of 100 kPa.
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Figure7 The change in net power with respect to maximum Figure 9 The change imet power with respect to minimum
cycle pressure for R123 cycle pressure for R123

The change in thermal and exergetic efficiencies with  The change in thermal and exergetic efficiencies with
respect to maximum cycle pressure, which varies between 500respect to minimum cycle pressure, which varies between 100
kPa and 3500 kPa, while keeping minimum cycle pressure kpa and 300 kPa, while keeping maximum cycle pressure
constant at 200 kPa, was given in Figure 8. Maximum thermal constant at 2000 kPa, was given in Figure 10. Maximum
and exergetic efficiencies was achieved at 3500 kPa as % 16,88hermal and exergetic efficiencies was achieved at 100 kPa as
and % 56,29 respectively. % 18,09 and % 55,63 respectively.

96 ' ' ; ' : Comparison of Simulation Results for the Working Fluids

In previous section the change in net power and efficiencies
with respect to maximum and minimum cycle pressure changes
were analyzed separately for two different working fluids
R141b and R123. For making a comparison between these two
different working fluids, the graphs that show the change in net
power with respect to maximum and minimum cycle pressure
changes were combined.

0.6

!

500 1000 1500 2000 2500 3000 3500

Prrax ‘i 04l Ecycle
Figure 8 The change in thermal and exergetic efficiencies with ~ “.
respect to maximum cycle pressure for R123 03
Secondly, for the dry working fluid of R123, the net power Gl MNth

of ORC were calculated for minimum cycle pressure values T ]
between 100 kPa and 300 kPa, while keeping maximum cycle \\
pressure constant at 2000 kPa. As it can be seen from Figure 9 0.1 . :
the maximum net power of 2119 kW was achieved at minimum 109 b 18

pressure of 100 kPa.

0 220 260 300

Pmin

Figure 10 The change in thermal and exergetic efficiencies
with respect to minimum cycle pressure for R123

Firstly, the effect of maximum cycle pressure change on net
power production for two different working fluids R141b and
R123 were compared. As it can be seen in Figure 11, R141b
shows better performance than R123 for all maximum cycle
pressure values. Moreover the slopes of curves for R141b and
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R123 in graph show that, the working fluid R141b is more investigated. ORC using working fluids R141b and R123 has
sensitive to increase in maximum cycle pressure than R123. been simulated for selected input values separately.
At first, by using the developed simulation software, net

2500 : : . : : power, thermal and exergetic efficiencies of ORC were

,,,,,,,,,, - calculated for turbine inlet pressure of 2000 kPa and turbine
S exit pressure of 200 kPa due to data given in Table 6. The
R141b q—,,-"/ results were obtained for two different working fluids R141b

& and R123 separately. For R141b net power, thermal and
1800 7 exergetic efficiencies were calculated as 2103 kW, % 15,52 and
wad l % 47,78 respectively. On the other hand for R123 net power,
o thermal and exergetic efficiencies were calculated as 1614 kW,
/ R123 % 15,18 and % 45,78.
i Later, the maximum and minimum cycle pressures of ORC
ooy s were changed in a selected range for optimizing the operation
/ conditions. The upper limit of maximum cycle pressure was
750 . . determined as 3500 kPa by considering the critical pressures of
500 1000 1500 2000 2500 3000 3500 working fluids. On the other hand, the lower limit of minimum
Pmax cycle pressure was determined as atmospheric pressure of
100 kPa for preventing undesired vacuum effect during
operation.

At first, by keeping minimum cycle pressure constant at
200 kPa and by changing maximum cycle peressure, net power,
. : : ; thermal and exergetic efficiencies for working fluid R141b
net power production for two different working fluids R141b were determined as 2331 kW, % 17.10 and % 54,19, For R123

and R123 were compared. As it can be seen in Figure 12, .
R141b shows better performance than R123 for all minimum these values were also determined as 1798 kW, % 16,88 and
% 56,29 respectively.

cycle pressure values. Moreover the slopes of curves for R141b S dlv. by keepi . | tant at

and R123 in graph show that, the working fluid R141b is a little ZOOOeCkOPn Y, dy beepizng maximum cycle pr?ssure constan at

bit sensitive to decrease in maximum cycle pressure than R123. a and by changing minimum cycle peressure, ne
power, thermal and exergetic efficiencies for working fluid

S0 as a result, for the data of Aydin geothermal field, the o)\ oo qetermined as 2479 kW, % 18,55 and % 59,01, For

working fluid R141b is a better selection for the ORC, due to .
its high sensitivity to changes in maximum and minimum cycle R123 these values were also determined as 2119 kW, % 18,09
and % 55,63 respectively.

Figure 11 The change in net power with respect to maximum
cycle pressure for R141b and R123

Secondly, the effect of minimum cycle pressure change on

Pressures. As it can be seen from above mentioned simulation results,
A5 ; ' : : net power, thermal and exergetic efficiencies in ORC can be
2500_\“\\ increased by increasing maximum cycle pressure or by

g decreasing minimum cycle pressure as expected. However the
2400+ My 1 decrease in minimum cycle pressure was more effective that the
increase in maximum cycle pressure.
g R 200 Furthermore, in this study the effect of working fluid on
§ 20000 ORC performance was also analyzed. As compared with R123,

the performance of working fluid R141b was better, especially
in power production, for the selected geothermal field in Aydin
Turkey. This shows that working fluid selection in ORC was
very important and has to be done according to the quality of
geothermal energy resource, thus temperature of it.

s . . As a future work, numerical studies have to be supported by
100 140 180 220 260 300 experimental studies, which consider the external heat losses

1800+

16001

Pmin and pressure losses from each component and piping in ORC.
Figure 12 The change in net power with respect to minimum  Besides heat transfer analysis has to be done especially for the
cycle pressure for R141b and R123 evaporator and condenser of such Organic Rankine Cycles.
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