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ABSTRACT

Organic Rankine Cycle (ORC) is one of the solutions to utilize a low temperature geothermal fluid for power
generation. The ORC system can be placed at the exit of the separator to extract energy from brine. Furthermore,
one of the main components of the system and very important is the pump. Therefore, in this research, the pump
rotation is examined to investigate the effect on power output and energy efficiency for low temperature geother-
mal fluid. The rotation is determined by using an inverter with the following frequencies: 7.5, 10, 12.5, 15 and
17.5 Hz, respectively. R-134 working fluid is employed with 373.15 K evaporator temperature in relation to
the low temperature of the geothermal fluid. Furthermore, the condenser temperature and fluid pressure were
set up to 293.15 K and 5 x 10° Pa, respectively. This research uses a DC generator with a maximum power of
750 Watt and the piping system is made from copper alloy C12200 ASTM B280 with size 1.905 x 10~> m and
a thickness of 8 x 10~* m. The results showed that there is an increase in mass flow rate, enthalpy and generator
power output along with increasing pump rotation. In addition, it showed that the maximum generator output
power was 377.31 Watt at the highest pump rotation with a frequency of 17.5 Hz.
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1 Introduction

The world’s electricity demand is increasing significantly due to the growing world population and fast-
paced industrialization [1]. Therefore, more advanced power generation technology is needed, one of which
is the development of Organic Rankine Cycle (ORC). ORC is a power generation technology that utilizes
low temperature sources [2]. This system may be employed in geothermal resource, biomass, ocean heat
and solar energy with a low temperature below 373.15 K [3,4]. ORC is similar to Steam Rankine Cycle
(SRC), where the organic liquid is used as a working fluid compared to SRC which uses water. The basic
components of this system include pump, evaporator, expander (turbine) and condenser [5]. There are
many applications of ORC development such as its combination with biomass energy [6,7]. Some
research also focused on the development of ORC with solar energy [8,9].
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The working principle of the ORC involves the transfer of heat from its source to the working fluid in the
evaporator (heat exchanger). This fluid enters the expander and causes an expansion and decrease in the
enthalpy between the inlet and outlet. The energy from the working fluid turns into mechanical work
which drives the steam expander while, the kinetic energy is used to rotate the generator to produce
electrical energy. Once it leaves the expander, the working fluid enters the condenser to release heat and
further changes the phase from vapour to liquid. As soon as the vapour condenses, the working fluid is
pumped back into the evaporator to create a continuous circulation and this includes as a close cycle [10].

The ORC performance is calculated based on the first and second laws thermodynamics, which is
determined by the thermal and exergy efficiency of each component. The selection of a component has a
major effect on the power output and energy efficiency. According to Kazemi et al., the ORC
performance is evaluated based on all components in its structure [5]. Furthermore, it stated that the
overall mechanical efficiency and power output depend on the properties of the fluid, expander
characteristics and thermodynamic cycle parameters [11].

Pump is one of the important components of the system which plays an important role in controlling the
cycle [12]. In addition, it plays a role as a fluid mover by increasing the fluid pressure and also converts
mechanical into fluid flow energy [13]. Although, it has a simple principle and uses various types of
pumps, it carry a lot of influence [13].

The magnitude of the pump rotation affects the mass flow rates and fluid pressure, i.e., the rotation is
directly proportional to the mass flow rate and fluid pressure [14]. Furthermore, the mass flow rate of the
working fluid and the maximum cycle pressure of the ORC system affect the efficiency of the system.
Therefore, an inverter is used to adjust the amount of pump rotation [12].

The pump rotation determines the power of the system since the rotation is directly proportional to the
power required therefore, indicating that the power consumption affects the net power output [15]. Pump
power consumption is obtained by measuring the voltage and current, while the pump shaft power is
calculated by the thermodynamic percentage at the inlet and outlet [15].

The amount of the expander rotation is affected by the pump rotation therefore, indicating that the faster
the pump rotates, the more the expander rotation increases, as well as the power output. For further ORC
design, determining the potential working fluid is important as it affects the design performance of
thermodynamics and other components. According to Xu et al. the thermodynamic performance of a
working fluid determines the ORC system performance. The selection of a working fluid depends on the
heat source and sink temperature [16]. Therefore, the following factors should be considered during the
selection of a working fluid: (1) Thermodynamic performance (2) Isentropic saturation vapor curve (3)
High vapor density (4) Low viscosity (5) High conductivity (6) Acceptable evaporation pressure (7)
Positive condensation gauge pressure (8) High stability temperature (9) Melting point (10) High safety
level [4].

Furthermore, during the selection of a working principle, thermodynamic performance should not only
be considered, but the safety, availability and impact of using fluids on the surrounding environment [5,16].
The environmental selection consists of an atmospheric lifetime (ALT), ozone depletion potential (ODP) and
global warming potential (GWP). In this study, the R-134a working fluid and the pump rotation were
investigated to determine the effect on power output and energy efficiency. The pump rotation was
determined using an inverter at a motor frequency of 7.5, 10, 12.5, 15 and 17.5 Hz, respectively. The
ORC performance was examined at an evaporator temperature of 373.15 K in relation to the low
temperature of geothermal fluid. The novelty of this research is the application of ORC in geothermal
fluid which is rarely found in other studies. In addition, the use of variable motor frequency is a different
thing in this research.
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2 Method

2.1 Experimental Evaluation

Fig. 1 shows the development of the components of the ORC system which consists of a pump,
evaporator tube, heater, expander, accumulator, condenser, working fluid, generator, piping, and
measuring instruments used to determine system parameters. The rotation of the electric motor is
regulated by the inverter therefore, it rotates simultaneously with the electric motor. The expander type
used is the same as the pump, which is called scroll type.

Evaporator Condenser

” Liquid Receiver

Figure 1: ORC developed

Scroll-expanders were selected because they are good for the low capacity of the ORC system [17]. The
expander used in this research is a car AC compressor because of its suitability for low-cost ORC
applications. It rotates the pulley and belt which is forwarded to a DC generator with a maximum power
output of 750 Watt and produces electricity. In addition, this study used an air-cooling condenser, the
type commonly used in room air conditioning systems.

The liquid receiver is installed on the ORC system as a supporting component while, the receiver
refrigerant is installed between the condenser output and the pump input. The function of the receiver is
to separate the working fluid phases in the form of liquid and gas before its fluid enters the pump.
Furthermore, in the evaporator component and the piping system, an armaplex sponge is installed as an
insulator to create a closed system and avoid heat loss to the environment.

The heat is installed on the evaporator tube as a heat source and its used oil as a distributor. A thermostat
is installed in the heater circuit to adjust temperature which enables it to be controlled. The piping system of
the ORC is made of copper alloy C12200 ASTM B280 standard measuring 1.905 x 102 m with a thickness
of 8 x 10~* m. Each side of the pipe is insulated with an armaplex sponge to avoid heat loss.

The parameters measured on the ORC system are the temperature and pressure of the working fluid at
each outlet of the pump, evaporator, expander and condenser. Fluid flow rate is measured before entering the
inlet line of the pump, in addition to the evaporator temperature and the power generated from the generator.
Fig. 2 shows the work scheme used in this research.

Pressure and temperature sensors are installed at each outlet of the pump, evaporator, expander and
condenser. The fluid flow rate is measured using a flowmeter sensor while, pump and generator rotation
are measured using a tachometer. In addition, generator power is measured using a voltmeter and an
ampere meter and the results were analyzed using Engineering Equation Solver (EES) software.
According to the test, data on changes in mass flow rate, enthalpy, power and energy efficiency are
obtained at each variation of motor frequency in R-134a fluid.
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Figure 2: ORC system work scheme

The test was carried out at various motor frequencies of 7.5, 10, 12.5, 15, 17.5 and 20 Hz, with the
evaporator and condenser temperatures setting at 373.15 and 293.15 K, respectively at an initial pressure
of 5x10° Pa. This experiment uses R-134a refrigerant as a working fluid which has physical properties
as shown in Tab. 1.

Table 1: R-134a refrigerant physical properties

Physical properties of refrigerants R-134a
Environmental classification HFC
Molecular weight 102.3
Boiling point (1 atm, K) 247.094
Critical pressure (Pa) 4056185.7
Critical temperature (K) 374.15
Critical density (kg/m?) 512.591
Liquid density (294.261 K, kg/m?) 1220.607
Vapor density (kg/m?) 5.254
Heat of vaporization (kJ/kg) 217.0158
Specific heat liquid (294.261 K, kJ/kg.K) 1.409
Specific heat vapor (1 atm, 294.261 K, kJ/kg.K) 0.846
Ozone depletion potential (CFC 11 =1.0) 0

Global warning potential (CO, = 1.0) 1430
ASHRE standard 34 safety rating Al

Source: National Refrigerant [18].

In this research, the R-134a refrigerant includes car air conditioning systems, water coolers, including
domestic and intermediate commercial refrigeration systems. It is the main chemical component that
stabilizes heat movement in the system therefore, making it non-flammable, odorless, non-corrosive and
non-toxix, making the environment friendlier [19]. Furthermore, it is used because of its thermodynamic
performance, safety, and material availability. Therefore, it is suitable for ORC applications.
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2.2 Thermodynamic Modeling

Four main components are analyzed in the ORC system, they include: pump, evaporator, expander,
condenser. In this research, the system efficacy was determined in a predetermined thermodynamic
equation. Meanwhile the potential and kinetic energy generated from the fluid vapor on the work and
heat transfer were neglected. The environmental effect is neglected because the piping system has been
designed to use an insulator hence the ambient temperature which has no effect on the ORC cycle.

The energy equation in the system with constant flow per unit mass is formulated as follows:
(qin - qout) + (Win - Wout) = he - hi (kJ/kg) (1)

In this case, pump and expander are assumed to be in an isentropic state, where there is no change in
temperature/entropy while, the evaporator and condenser are not affected by work. Therefore, the energy
conservation relationship for each of these components is expressed as:

Working Fluid Mass Flow Rate (kg/s)

The mass flow rate is calculated on the component after the condenser with the following formula [20]:
m=p.V )

Pump Work and Power (Watt) (q =0)

The pump power is determined by calculating the mass flow rate and the enthalpy difference at the pump
input and output.

W pump = (hous — hin) or (3)
Wpump =7 . V(pout _pin) (4)
Ppump,in =m. Woump,in (5)

Heat Input of the Evaporator

The heat input of the evaporator is determined by calculating the mass flow rate and the enthalpy
difference at the input and output of the evaporator [21,22].

Qin =m (hout - hm) (6)
Heat Output of the Condenser

The heat output of the condenser is determined by calculating the mass flow rate and the enthalpy
difference at the input and output of the condenser [21].

Qout =nm (hout - hm) (7)
Expander Work and Power Output

The expander power is determined by calculating the mass flow rate and the enthalpy difference at the
input and output of the expander.

VVturbin =1m (hin - hout) (8)

Pturbjn = Wurb.in - m (9)



1570 EE, 2021, vol.118, no.5

Energy Efficiency

The energy efficiency of the ORC system is determined by calculating the difference between the power
at the pump and at the expander. The difference in pump and expander power is a reference for determining
energy efficiency in the ORC system [20].

n:@zl_ Qout (10)
qin qin

where,

Whet = Yin — Gout = Wrurbin,out — Wpump, in (11)

3 Result and Discussion

3.1 Results of the ORC Component Measurement Parameters
Data were collected from three experiments and the average results were obtained. Cycle testing was
carried out after running for 15 min, where system was stable as described in Tab. 2.

Table 2: Results of ORC components measurement parameters

Motor frequency (Hz)

Measurement parameters 7.5 10 12.5 15 17.5

T _out_pump (K) 299.15 301.15 302.45 303.45 304.15
P_out_pump (P2) 6.90 x 105 7.30x10°  7.57x10°  791x10°  8.10x 10°
T _out_evaporator (K) 369.75 370.45 371.15 372.15 372.75
P_out_evaporator (P2) 732 x10° 7.6 x 10 7.77 x 10° 8.37 x 10° 8.52 x 10°
T out_expander (K) 333.15 335.75 339.45 340.75 344.75
P_out_expander (P2) 6.11 x 105 626 x10°  6.46 x 10°  6.60 x 10° 6.7 x 10
T _out_condenser (K) 293.45 293.75 294.15 294.45 295.15
P_out_condenser (P2) 584 x10° 594x10°  6.05x10°  629x10° 643 x 10°
q_fuig M/ 2.54x107° 280 x107° 290x 1075 3.05x107° 3.36x 107°
N _pump (rpm) 330.3 352.6 394 401.3 417

3.2 Mass Flow Rate

The mass flow rate was determined from the fluid flow rate and density when it enters the pump inlet
while, pressure and temperature from the sensor at that point were analyzed using EES. In addition, the
available data was entered into the EES to determine the fluid phase and density. Tab. 3 shows the mass
flow rate of the R-134a working fluid.

The value of mass flow rate was determined from the fluid flow rate and density. Density changes are
affected by increased temperature and pressure due to increased pump rotation. Meanwhile, the mass flow
rate continued to show an increase along with the increase in the frequency of the pump motor.
Furthermore, increasing the pump motor frequency produced an increase in pump speed. The results
indicated that the lowest mass flow rate of 3.166 kg/s was obtained at the pump motor frequency of 7.5
Hz while, the highest mass flow rate value of 4.173 kg/s was obtained at the highest pump motor
frequency of 17.5 Hz.
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Table 3: Mass flow rate of R-134a working fluid

Motor frequency (Hz)

Measurement parameters 7.5 10 12.5 15 17.5

T _out_cond (K) 293.45 293.75 294.15 294.45 295.15

P _out_cond (Pa) 5.84 x 10° 5.94 x 10° 6.05 x 10° 6.43 x 10° 6.43 x 10°
rho (kg/m?) 1224 1223 1222 1221 1218

V_1 (m’/s) 0.002586 0.002853 0.002961 0.003114 0.003426
rh_ wt (kg/s) 3.166 3.489 3.618 3.802 4.173

P$ Liquid Liquid Liquid Liquid Liquid

According to Quoilin et al., the size of the pump rotation also affects the flow rate of ORC working fluid
[14]. The faster the rotation in a pump, the higher the mass flow rate in each fluid. This is because the faster
the pump rotates, the fluid flow rate and pressure also increase therefore, affecting the mass flow rate of each
fluid which also increases.

3.3 Enthalpy Characteristic

Each type of fluid has different thermodynamic characteristics, which affects the amount of enthalpy in
working fluid. The enthalpy in the ORC system is determined from each main component output, which are
pump, evaporator, expander and condenser output. The temperature and pressure data from the test were
processed using EES. Tabs. 4-8 show the availability of enthalpy data.

3.3.1 Motor Frequency of 7.5 Hz

Table 4: Enthalpy of R-134a working fluid at a motor frequency of 7.5 Hz

Component Temperature (K) Pressure (Pa) Enthalpy (kJ/kg) Phase
Pump outlet 299.15 6.90 x 10° 87.83 Liquid
Evaporator outlet 370.45 7.30 x 10° 334.60 Superheated
Expander outlet 333.15 6.11 x 10° 299.80 Superheated
Condenser outlet 293.45 5.84 x 10° 79.75 Liquid

3.3.2 Motor Frequency of 10 Hz

Table 5: Enthalpy of R-134a working fluid at a motor frequency of 10 Hz

Component Temperature (K) Pressure (Pa) Enthalpy (kJ/kg) Phase
Pump outlet 301.15 7.30 x 10° 90.69 Liquid
Evaporator outlet 370.75 7.60 x 10° 335 Superheated
Expander outlet 335.81 6.26 x 10° 302.20 Superheated

Condenser outlet 293.75 5.94 x 10° 80.17 Liquid
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3.3.3 Motor Frequency of 12.5 Hz

Table 6: Enthalpy of R-134a working fluid at a motor frequency of 12.5 Hz

Component Temperature (K) Pressure (Pa) Enthalpy (kJ/kg) Phase
Pump outlet 302.45 7.57 x 10° 92.57 Liquid
Evaporator outlet 371.15 7.77 x 10° 335.50 Superheated
Expander outlet 339.48 6.46 x 10° 305.50 Superheated
Condenser outlet 294.15 6.05 x 10° 80.73 Liquid

3.3.4 Motor Frequency of 15 Hz

Table 7: Enthalpy of R-134a working fluid at a motor frequency of 15 Hz

Component Temperature (K) Pressure (Pa) Enthalpy (kJ/kg) Phase
Pump outlet 303.45 7.91 x 10° 94.01 Liquid
Evaporator outlet 371.75 8.37 x 10° 335.90 Superheated
Expander outlet 340.81 6.60 x 10° 306.50 Superheated
Condenser outlet 294.45 6.43 x 10° 81.16 Liquid

3.3.5 Motor Frequency of 17.5 Hz

Table 8: Enthalpy of R-134a working fluid at a motor frequency of 17.5 Hz

Component Temperature (K) Pressure (Pa) Enthalpy (kJ/kg) Phase
Pump outlet 304.15 8.14 x 10° 95.02 Liquid
Evaporator outlet 372.15 8.52 x 10° 336.30 Superheated
Expander outlet 344.75 6.74 x 10° 310.30 Superheated
Condenser outlet 295.15 6.43 x 10° 82.15 Liquid

Fig. 3 shows that the ORC system has the highest average enthalpy value at the motor frequency of
17.5 Hz (the highest pump rotation speed). The highest temperature and pressure are obtained in this
motor while, the lowest average enthalpy value is at the motor frequency of 7.5 Hz (the lowest pump
rotation speed) and produces the lowest temperature and pressure. Phase changes occur in the working
fluid in the condenser, from the superheated phase to the liquid phase. Furthermore, in the evaporator, it
changes from the liquid phase to the superheated.

3.4 Energy Efficiency Comparison

Energy efficiency using the R-134a working fluid decreases with increasing pump rotation, i.e., the
pump rotation is directly proportional to the pump power. If the increase in pump power is not
proportional to the increase in expander power, it will cause a decrease in energy efficiency. This result is
in accordance with that of Xi et al. which shows a decrease in isentropic efficiency with increasing pump
rotation [23].
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Figure 3: Enthalpy change R-134a

In testing the ORC system, the highest and lowest efficiencies are at the pump motor frequencies of 7.5
and 17.5 Hz, respectively. A pump motor frequency of 7.5 Hz records an efficiency of 10.82% and a motor
frequency of 17.5 Hz records an efficiency of 5.43%.

3.5 Generator Power Output

Power output is the amount of power generated by the generator. A DC generator with a maximum
power of 750 Watt is installed in the ORC system with a source of rotation from the expander rotation.
The expander rotation is forwarded to the generator using a pulley and belt. The faster the generator
rotates, the more power is generated.

Generator power is measured by the multiplication product of the voltage and ampere generated by the
generator using a voltmeter and an ampere meter. Tab. 9 shows the generator output power of the R-134a
working fluid at each motor frequency. In addition, pump rotation and generator rotation are measured
using a tachometer to compare the rotation speed of the pump and generator when using the R-134a
working fluid.

Table 9: Power output with R-134a working fluid

Motor frequency

Measurement parameters 7.5 10 12.5 15 17.5
Pump speed (rpm) 330.3 352.6 394 401.3 417
Generator speed (rpm) 856 954 985 1010 1107
Voltage (Volt) 32 36.90 38.50 39.50 44.55
Current strength (Ampere) 6.08 7.01 7.31 7.5 8.46

Fig. 5 shows an increase in power output occurs at each increase in pump rotation speed i.e., when the
pump rotates faster, the fluid flow rate also increases. An increase in fluid flow rate causes the expander
rotation to speed up due to an increase in pump rotation speed. Meanwhile, an increase in the expander
speed causes the generator rotation to increase because the source of the generator rotation is the
expander rotation. Furthermore, an increase in generator speed causes the resulting power output to
increase as well. According to Imran et al., the generator power output increases with increasing pump
speed [24]. The lowest power output with R-134a working fluid occurs at a pump motor frequency of
7.5 Hz which is the lowest frequency at 194.67 Watt. Meanwhile, the highest generator power output is at
the highest pump motor speed of 17.5 Hz at 377.31 Watt.
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Figure 5: Generator power output

Increasing the pump rotational speed increases the power output however, the results are still less
profitable. From Fig. 4, it was observed that an increase in motor frequency actually affects a decrease in
system efficiency. Therefore, an increase in pump rotational speed as an increase in capital energy is not
proportional to the increase in energy gained. This indicates that the energy capital needed to drive the
pump is not completely converted by the system. Therefore, a decrease in efficiency occurs due to an
increase in mechanical friction losses, fluid flow friction losses, fluid leaks and other losses that are
undetectable.

4 Conclusion

Based on this research, it was discovered that the ORC system processes low heat sources such as in low
temperature geothermal fluid into electrical energy by using organic fluids. One of the main and most
important components of the system is the pump which has a rotation effect on the system performance
i.e., mass flow rate, enthalpy and generator power output are directly proportional to pump rotation.

The results showed that the maximum generator output power of 377.31 Watt occurred at the highest
pump rotation speed of 17.5 Hz. Meanwhile, the lowest generator output power of 194.67 Watt occurred
at the pump motor frequency of 7.5 Hz. In contrast to generator power output, energy efficiency is
indirectly proportional to the pump speed. Therefore, indicating that the highest and lowest energy
efficiency of 10.82% and 5.43% occurred at pump motor frequencies of 7.5 and 17.5 Hz, respectively.
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