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ABSTRACT

Geothermal energy is one of aternative energies that should
be used as optimally as possible. Conversion of geothermal
energy to be electric energy plays important role in saving
energy resource due to advantages of utilization of electric
energy. Energy state of steam before entering turbine
significantly influence in specific output power.
Shortcoming of steam quality from geothermal well is one
factor causing most geothermal direct expansion power
plant produces low thermal efficiency.

A hybrid system is proposed to enhance geothermal system.
Modification of a conventional geothermal power plant is
conducted by combining with a gas turbine, a refrigeration-
heat pump, and organic Rankine cycles. Quality of steam
from the geothermal well should be heated before entering
the steam turbine. Organic Rankine cycle is included to
utilize low thermal energy of exhaust gas to generate
power. A refrigeration and heat pump system is introduced
to cool inlet air into gas turbine and as an additional heat
source of working fluid in an organic Rankine cycle. Most
evolved parameters are investigated such as temperature,
pressure, working fluid, and pressure ratio. The hybrid
system can improve significant efficiency from 19.85% to
be 35.83%. Fossil fuel utilization factor of the hybrid
system is up to 63.81%. Increment of net output power and
efficiency of the direct expansion cycle in the hybrid
system are 42.70% and 15.98%, respectively, compared to
the conventional geothermal power plant. The best working
fluid from thermodynamic aspect for organic Rankine cycle
and vapor compression cycle is R-600.

1. INTRODUCTION

Growth of industrial activities and increasing human life
style will influence in increasing of energy consumption
either electrical energy or fossil fuels. Growth of electric
infrastructure lower than electric energy consumption has
caused an electric energy crisis in Indonesia. Indonesian
electric generation in 2008 has shortcomings due to the
power plant backup is inadequate when peak load time.
Conseguently, this shortcoming enforces us to shut down
partia electric utilities. Besides a plan for establishing new
power plant until 2010 year around 10,000 MWe, any
shorten strategies have also been conducted by Indonesian
government such as energy saving program and time usage
diversity of industrial energy consumption by shifting
working days. Recently, total nationaly installed electric
generator capacities are more 22,000 MWe. Among of
them, 6300 MWe power plant capacity work with base of
combine cycle, 6900 MWe power plant capacity works
with base of Rankine cycle, 2700 MWe power plant
capacity works with Brayton cycle, and 3000 MW power

plant capacity works with Diesel cycle. The other power
plants are working with bases of geothermal system and
hydro system [ Statistics Indonesia: Statistics Energy, 2008].

More 80% of the energy input to a typica geotherma
generation system is wasted as heat rather than conversed
into electricity. Steam from the geothermal well should be
heated before expanding in a steam turbine since its
superheat degreeis very low. This heating way can improve
thermal efficiency of the power plant. Bidini et a. (1998)
reported their work to enhance performance of conventional
geothermal plant. Our previous work (Astina et a. 2008a)
presented a similar effort to improve performance of
conventiona geothermal. Both these research results
confirm that improvement possibility of the geothermal
system by combining with fossil fuel power plant to solve
current shortcomings. More open view to judge of
geothermal heat utilization for power generation was
discussed either on first and second law thermodynamic
analysisin our previous work (Astina 2010).

Polyzakis et a. (2008) concerned on optimal condition
design of gas turbine system in a combined cycle. It was
pointed out that the optimum gas turbine cycle to operate in
a combined cycle power plant came out to be the reheated
cycle. This performs the steam cycle efficiency of 36.6%
and the overal efficiency of 53.5%. Increase of gas turbine
system by air-inlet cooling is interesting to investigate.
Punwani et al. (2001) reported his work on implementation
of air inlet cooling for Calpine Clear Lake power plant.
Technical and economic aspects are discussed in their

paper.

A methodology for the economic evaluation of the cooling
systems was proposed by Gareta et al. (2004). This method
offers more straightforward information that alows the
cooling equipment technology to be sized or selected. In
accordance with recent economic condition, Astina et al.
(2008b)  reported  thermoeconomic  andysis  of
implementation of air-inlet cooling system for Indonesian
power plant. This result confirms that implementation of
air-inlet cooling system for Indonesian power plant gives
significantly financial benefit.

These al moativate us for developing cooling, heating and
power systems in implementation for geothermal power
plant. Organic Rankine cycle (ORC) is included in the
system to utilize low thermal energy for generating electric
power. A refrigeration and heat pump system is introduced
to cool inlet air gas turbine and as additional heat source of
working fluid in the ORC. Gas turbines are a great
machines producing electric power, which their power
output increases when ambient air temperature entering
compressor is decreased. This gives opportunity to sell
more electric power when the inlet air of the gas turbine
system is cooled. The electric power generating system is
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located near a heat load that utilizes the heat rejected from
the generation equipment to improve their efficiency. High
temperature of exhaust gas from the gas turbine aso gives
recovery opportunity by using heat exchanger for
increasing temperature of steam from the geothermal well
and then the heat waste is utilized by the ORC.

2.NEW GEOTHERMAL HYBRID CYCLE

The new geothermal hybrid cycle for improving geothermal
power plant is shown in Figure 1. This system consists of
geotherma steam direct expansion (STG) cycle, Brayton
cycle, vapor compression cycle and ORC. Waste heat from
the gas turbine (GT) system is recovered to heat steam from
the geothermal well in a steam heater. Remaining heat in a
hot gas from the steam heater is recovery again in an
organic heater to heat the working fluid of ORC. Vapor
compression cycle included in the hybrid system has two
functions, i.e. a refrigeration system for air entering
compressor, and a heat-pump system for heating the
organic working fluid before entering an organic heater.

3.METHODOLOGY

In order to make convenient simulation, software was
developed and it is supported by more than 15 fluid types.

thermodynamic equation of state in accordance with recent
trend of the caculation method for thermophysical
properties. The calculation method and program code was
adapted from program codes on development of equation of
state (Astina, 2003). This method was reported in our
previous work (Phommavongsa et da., 2005). Most
avallable equations of state that had been published are
included in database.

Cooling load of air in evaporator is considered as moist air
so that the psychometric relations are involved in the
calculation. Air as dry air is considered in the gas turbine
analysis and it is evaluated based on an equation of state
(Lemmon et a., 2000). The purposed cycle is established to
evaluate performance for various conditions. Any
parameter is optimized to find the best performance from
thermodynamic aspect.

All computation works are conducted in program codes.
The codes were written in C++ and software was devel oped
in friendly interface as shown in Figure 2. Any parameter
input is needed to simulate the proposed hybrid cycle.
Cycle view menu and analysis result are included in the
software.
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Figure 1: Schematic diagram of an improved hybrid and cogener ation cycle for enhanced geother mal systems
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GEOTHERMAL HYBRID CYCLE WITH VAPOUR COMPRESSION CYCLE gj

GAS TURBINE INPUT
Ambient Air Temperature 30] [°C]
Ambient Air Pressure 0.1] [MPa]
Ambient Air Relative Humidity 60] [%]
Design Temperature of Inlet Turbine 1200] [°C]
Design Pressure Ratio 12|
Fuel Heating Value 43000] [kIkg]
Turbine Inlet Temperature 1200] [°C]
Combustion Efficiency 9g] [%e]
Isentropic Efficiency of Compressor 85] [%e]
Isentropic Efficiency of Turbine 85] [%0]
Outlet Gas Temptr of Steam Heater 200] [°C]
Stack Temperature 110 [°C]
Combustor Pressure Drop 0] [%s]
GEOTHERMAL POWER PLANT INPUT
Geothermal Pressure [ 0.648| [MPal]
Geothermal Temperature [ 161.9] [°C]
Non Condensable Gas [ 0] [%0]
Superheated Steam Temperatur [ 550 [°C]
Condenser Pressure [ 0.01] [MPal]
Isentropic Efficiency of Turbine [ 86| [%0]
Steam Heater Pressure Drop [ 0] [%s]
Reinjected Water Temperature [ 25] [°C]
Initial Eff. of Geo Steam Turbine [ 70] [%]
VAPOUR COMPRESSION MACHINE INPUT
Evaporator Temperature [ 4 [°C]
Evaporator Refrigerant Pressure Drop [ 0.20] [%]
Condenser Temperature [ 30] [°C]
Condenser Pressure Drop [ 0.20] [%e]
Isentropic Efficiency of Compressor [ 5] [%0]
Evaporator Air Pressure Drop [ 0] [%]
Air Temperature Outlet Evaporator [ 15] [°C]

ORC INPUT
FLUID TYPE : Pure Fluid
ORGANIC WORKING FLUID : R-600
SELECTED EO3 : Miyamoto and Yatanabe 2000
Pressure Inlet Turbine [ 2] [MPa]
Temperature Inlet Turbine [ 150] [°C]
Isentropic Efficiency of Turbine [ a6 [%o]
Isentropic Efficiency of Pump [ 70] [%e]
Recuperator Effectiveness [ 85] [%0]
Recuperator Pressure Drop [ 0.1] [%o]
Condenser Temperature [ 30] [°C]
Condenser Pressure Drop [ 0.2] [%o]
Boiler Pressure Drop [ 0] [%]
MAIN INPUT PARAMETERS
Steam Mass Flow Rate [105.1286 | [kg/s]
Generator Efficiency [96.85 | [%]
RESULTS _ view |
Overall Thermal Efficiency 34.4023 [%0]
Fosil Fuel Utility Factor 0.632997
Overall Net Power 157.267 [MW]
Overall Exergetic Efficiency (76.2069 [%0]
Direct Steam | Mech. Ref ‘ Calculate |
Gas Turbine | ORC ‘ Close |

Figure 2: Software interface of an improved hybrid and cogeneration cycle

4. DATA AND ASSUMPTIONS

Any field data and assumption are taken to conduct
simulations. Any related literature including one of
geothermal well of Kamojang Power plant as a case study
object are considered in this study. The data input of gas
turbine system covers 900°C of turbine inlet temperature
(design), 15°C of air inlet temperature (design), ambient air
condition at 30°C and 0.1 MPa, fuel heating value of 43,000
kJkg, combustion efficiency of 98%, isentropic compressor
efficiency of 85%, isentropic turbine efficiency of 86%, exit
hot gas temperature from the steam heater at 200°C, stack
temperature of 110°C, and no pressure drop in combustor.
The data for geotherma system are geothermal source
pressure and temperature at 0.648 MPa and 161.9°C,
respectively, condenser pressure at 0.01 MPa, isentropic
steam turbine efficiency of 70% for the conventional system
(before modification), no pressure drop in the steam heater
and water re-injection temperature at 25°C.

Vapor compression cycle has function as refrigeration and
heat pump system. Evaporator temperature and pressure
drop in refrigerant side are 4°C and 0.20%. Condenser
temperature and pressure drop are 30°C and 0.20%.
Compressor isentropic efficiency is 85% and no pressure
drop of air in the evaporator. The data needed for ORC
covers recuperator effectiveness of 85%, no pressure drop in
recuperator, condenser temperature at 25°C, no pressure
drop of working fluid ORC and steam in organic hesater.
Other main parameters are 105.1286 kg/s of geothermal

steam mass flow rate and 96.85% of generator efficiency
referring to the field data.

5. THERMODYNAMIC PARAMETERS

Thermodynamic evaluations for geothermal power plant
systems including energy and exergy anayses were
exploited in previous paper [Astina 2010]. In order to keep
thermodynamic consistencies and agree with a state
reference used in IAPWS (International Association of
Properties for Water and Steam), the earth is approached as
aboiler so that the cycle works as closed cycle. Efficiency of
the hybrid cycle is calculated in accordance with equation

.

WNet, GT +WNa, STG +WNa, ORC _WCOmp (1)
QGT + QGeo

istotal net output power produced by two gas

Thiybria =

Where W

Net, GT
turbine generators after it is subtracted by the compressor
work; Wie sro istotal net output electric power produced by

a steam turbine generator after it is subtracted by the pump
works; W is total net output power produced by ORC

Net, ORC
after the turbine generator is subtracted by pump power;
V\'/Cmpis power needed to drive heat-pump-refrigeration
system; Q. isinput heat rate into combustor as combustion
result. Energy input from geothermal into Rankine cycle is

Qoen = M (y =1, -
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In order to know the effect of utilization of fuel in the
conventional geothermal power plant, fossil fuel utility
factor (FFUF) isintroduced. The FFUF is defined as ratio of
increment power net of the hybrid system respect to the
energy input of fuel into the gas turbine. The mathematic
relation may be expressed as (2).

WNet,GT +WNet,ORC + AWSTG _WCOmp (2)
QGT

FFUF =

WhereAv\'/STG =W' . _WSC; - WS'TG is net output power from
geothermal power system in the hybrid system; WS"TG is net

output power from the conventional geothermal power
system (direct expansion).

Exergy of input heat rate from the geothermal energy source
can be evaluated similarly by taking dead state at py and T,
and applying the mass and exergy baances on control
volume of the earth as boiler. Change of kinetic and
potentia energies are neglected, the input exergy of heat into
a direct expansion cycle is then derived and obtained as
equation (3).

E, =m((h —hy) —To(s. - S)) 3
—m((h —hy) = To(s —s,))

Considering a dead state is a state at which is same as water
entering into the earth, the equation (3) becomes an equation
as given in equation (4).

Ein = m((he_ho)_TO(Se_So)) (4)

Here is the mass flow rate of steam from the geothermal, h
and s are enthalpy and entropy respectively, p and T are
pressure and temperature respectively, and subscriptse and i
are noticed as exit and inlet terminals. This equation may be
used, but it does not mean that the geothermal power plant is
analyzed as the open cycle, but it is a closed cycle in
keeping thermodynamic consistencies either enthalpy or
exergy properties.

The other parameters for each cycle that composes the
hybrid cycle ae evaluated in accordance with
thermodynamic formulas described in the next section.
These parameters just want to reveal from each cycle
independently. Subscript number in the formulations are
refered to the given number in the schematic diagram.

5.1 Direct Steam Parameters

Evauation parameters in the direct steam cycle consist of
turbine work, steam heater heat rate, geothermal heat rate,
and the efficiency of geothermal direct steam cycle.

e  Turbine Work Rate

W'ste = g (hy, — hyg) ®)
e  Steam Heater Heat Rate

QSH = mse(hiz - hu) = mGT (h4 - hs) (6)
e  Geotherma Source Heat Rate

QGeo = r‘nSG(hll - I”\n) (7)
In this case, net output power from all pumps in the direct
steam cycle is neglected, because it is very small compared
to the steam turbine output power.
e  Therma Efficiency

Nere = _Wsre_ L 100% )

QGeo+ SH

5.2 Gas Turbine Parameters

Evaluation parameters in the gas turbine cycle consist of
turbine work, combustor heat input, compressor work and
thermal efficiency of the gasturbine cycle.

e  Compressor Work Rate

W = (h, —hy) ®
e  Turbine Work Rate
W; =g (hy —h,) ©)
e Net Output Power
WNet,GT :WGT _WC (10

e Heat Rate from Combustion

QGT = I"T'IFLHV = mGT(hs - hz) (11)

In this case, gas mass flow of the gas turbine before and
after combustion chamber is assumed constant.
e  Therma Efficiency

W,
Ner = ST % 100% (12)

GT

5.3 Organic Rankine Cycle Parameters

Evaluation parameters in the ORC consist of turbine work,
organic heater heat rate, recuperator heat rate, pump work
and thermal efficiency of the ORC.

e  Turbine Power Output

WORC = Mpre (M —hy,) (13)
e  Organic Heater Heat Rate

Qon = mORc(hzl - h27) = mGT(hs - he) (14
e  Vapour Compression Condenser Heat Rate

QCond = mORc(hze - hzs) = Mgy (hs.z - hs.s) (15
o  Net Power

WNet, orc =Wore _WP, ORC (16)
e  Therma Efficiency
Nome = Whaore_ 10006 an
QOH + C

5.4 Vapour Compression Machine Parameters

Evaluation parameters in the refrigeration-heat pump system
consist of compressor work, coefficient of performance of
the cycle.

e  Compressor Work Rate

WComp = thef (hSZ - h&l) (18)
e Evaporator Heat Rate

QEva = My (h31 - h34) = Mg, (hm - hl) (19)

e  Coefficient of Performance of the Refrigeration

COP,,, = &= (20)
WComp
o  Coefficient of Performance of the Heat Pump
cop,, = Qoo (21)
Comp



6. RESULT AND ANALYSIS

Simulations were conducted to reveal thermodynamic
performance behaviors of the new hybrid system. The
developed software was intensively used to simulate most
important thermodynamic calculation. The results for
assessment of each cycle consisting hybrid cycle are based
on gas turbine hot gas temperature at 900°C, and working
fluid for ORC and vapor compression cycle is R-134a and 8
of pressure ratio. On the other hand, when analysis of the
integrated hybrid system, it is based on condition, i.e. 12 of
gas turbine pressure, 1200°C of the hot gas temperature, R-
600 as working fluid for ORC and the vapor compression
cycle and the same temperature of air entering the
compressor. Other conditions are referred to the previous
data and assumption.

6.1 Gas Turbine Performance

Figure 3 shows the any power performed in the hybrid
system changes as consequence of the gas turbine air inlet
cooling temperature. Compressor work relates to volumetric
flow of air. Therefore, for the same compressor, increase of
mass flow rate of air that caused by air inlet cooling will not
significantly affects on performance and work rate of the
compressor. Additionally, compressor is mostly designed for
15°C and 60% of RH in accordance with 1SO. This agrees
with the result in shown in Figure 4 that compressor work is
not significantly affected by theinlet air temperature.
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Figure 3: Air inlet cooling affect on gas turbine system
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Figure 4: Gasturbine performance respect to cooling

Based on 1SO condition of inlet air as areference state, most
performance parameters of the gas turbine system is
influenced by the air inlet cooling temperature as shown in
Figure 4. Cooling load increases with decreasing the air inlet
temperature into the compressor. However, this effort gives
benefit outcomes, i.e. higher thermal efficiency of the gas
turbine system and net output power of the gas turbine, even
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100 —&—Turbine Work Rate

D_D—E‘_D—D—D—D_D_D_D_D —>¢— Net Output Power

—A— Combustor Heat Rate
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though the input heat into a combustor and air mass flow
rate increases. One parameter value near constant in this
case is that compressor work rate needed since the
compressor work rate is proportionally to volumetric rate
and pressure ratio. This simulation results are varied from
30°C to 0°C of air inlet temperature, the net output power of
the gas turbine increases around 32.67%. The gas turbine
efficiency increment can also be achieved around 9.66%.

Other parameters also varied are pressure ratio in a gas
turbine system and gas temperature entering the gas turbine.
Effects of these parameters are also revealed from
performances of the gas turbine system and the total hybrid
system. In these simulations, R-290 is used as working fluid
for ORC and refrigeration systems. Figures 6 and 7 show the
behaviors of any parameters obtained from this simulation.

Behavior of net output power of the gas turbine system as
shown Figure 5 is influenced by pressure ratio and highest
hot gas temperature in the gas turbine system. This result is
obtained for exhaust hot gas temperature from the gas
turbine is 450°C and R-290 as working fluid for ORC and
refrigeration systems. Increase of pressure ratio will increase
net output power until a certain value and then the net output
power decreases again. It looks available optimum pressure
ratio that will give highest net output power of the gas
turbine system. In case of inlet hot gas temperature into the
gas turbine at 1200°C, optimal pressure ratio will exist in a
value that higher than 30.

100

——TIT=900°C
—0O—TIT =1000°C
—A—TIT=1100°C
= TIT=1200°C
—¥—TIT=1300°C

GT Net Power (MW)
3

0

8 10 12 14 16 18 20 2 24 26 28 3

Pressure Ratio

Figure5: Influence of GT pressureratioand TIT

Similar result that can be performed for net output power
and thermal efficiency of the gas turbine system also has
maximum value at a certain value of pressure ratio and at a
specified gas temperature entering into the gas turbine as
indicated in Figure 6. This result is performed for R-290 as
working fluid in ORC and refrigeration system and air inlet
temperature into the compressor at 15°C and 15% of RH.
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Figure 6: Thermal efficiency of gasturbine system
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If pressure ratio is increased then thermal efficiency of gas
turbine system will increase until finding a maximum
condition at a certain pressure ratio, and then the value will
decrease again when the pressure ratio is higher than
optimum pressure ratio. Table 1 summarizes optimal results
of thermal efficiency and pressure ratio of the gas turbine
system for different hot gas temperatures entering the gas
turbine system. This result was obtained at | SO condition for
air inlet into the compressor.

Table 1: Maximum thermal efficiency of GT system

T max (°C) net, %0 Pressure ratio
900 24.49 10
1000 26.86 14
1100 28.92 16
1200 30.81 20
1300 32.49 26

Figure 7 shows influence of the air inlet temperature
entering compressor for gas turbine inlet hot gas temperature
variation. This result is that R-290 as a working fluid in
ORC and refrigeration system, and 450°C of exhaust hot gas
temperature, and the pressure ratio referring the optimal
result in Table 1. For the same study parameters, influence
of both air inlet temperature and hot gas temperature
entering gas turbine respect to thermal efficiency of gas
turbine system is shown in Figure 8.
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Although additional power needed to drive compressor for
refrigeration system and increase of input heat in the
combustor, those all aso increase therma efficiency of gas
turbine system. Main numerical values of this simulation are

summarized in Table 2. Significant performance changes
respect to hot gas temperature and air inlet temperature
cooling.

Table 2: Gasturbine power and efficiency

SO Condition Cooling 0°C

Condition
Ul Whet.gT nGT o Whet.oT
w  (MW) - (Mw)

900°C,r=10 2449 3275 25.82 38.21
1000°C,r=14 2686  46.17 28.32 53.95
1100°C,r=16 2892  60.53 30.26 69.89
1200°C,r=20 3081  79.98 32.16 92.03
1300°C,r=26 3249 106.26  33.90 122.28

6.2 Performance of Direct Expansion Cycle

In this simulation, any parameter is varied in accordance
with possibility in the object of the case study and the
purposed cycle. Important interesting parameter to be
presented is the steam temperature entering the steam
turbine. As summary in Table 3, increasing the steam
temperature as consequence oh heating in steam heater can
increase the steam turbine power and thermal efficiency of
the direct expansion cycle. In this smulation for any
parameter varied, the maximal power and efficiency of the
direct expansion cycle are 78.4988 MW and 22.82%,
respectively.

Table 3: Power and efficiency of direct expansion cycle

T12 (°C) Wsrg (MW) nsre (%)
200 57.2996 19.85
250 60.683 20.57
300 64.5209 20.75
350 68.7902 21.37
400 73.4593 22.07
450 78.4988 22.82

6.3 Perfor mance of ORC

ORC parameters may be varied in the integrated hybrid
system, in which is concerned in this research. The
parameters are superheated vapor working fluid entering
turbine, working fluid type, and maximal pressure in ORC.
Heat recovery from the steam heater should consider gas
temperature will enter the organic heater. Following results
are simulated for the same main data of simulations.

Figures 9 to 10 show that influence of saturated vapor
temperature and working fluid types on performances of
ORC. Great power can be performed when R-600 is
operated as a working fluid. In contrast, smaller output
power isyielded when R-143ais operated as a working fluid
in ORC. Similarly, result was obtained for thermal
efficiency of ORC. R-600 gives highest thermal efficiency
and R-143a gives lowest therma efficiency. Numerical



values of the results for maximal efficiency and output
power are given Table 4.

. 8000
i mﬁA—A—H——A—A——A—A—*—‘__‘
5 00000888 _, cxy
Dg_m *—o—¢ o 5 5 : ——R-152a
o] 4000 —A— R-600
3 3000 - O—O0—0—0—0—0—O0—0—0—0—0 ——R-600a
o 2000 —o0—R-143a
1000
0

120 130 140 150 160 170 180 190 200 210 220
Turbine Inlet Temperature of ORC (°C)

Figure 9: Net power VS highest temperaturein ORC
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Figure 10: Thermal efficiency of ORC

Table4: Maximal power and efficiency (GT TIT 900°C)

ORC fluid ~ Whe (kW) To-opt Norc Tet-opt
(°C) (%) (°C)

R-290 4427.44 120 23.89 120
R-152a  5908.82 180 31.02 150
R-600 7384.74 130 39.12 120
R-600a  6789.08 120 36.30 120
R-143a  3030.43 120 16.50 120

Referring to previous result, R-600 is used as working fluid
for ORC, smulation with various pressures and
temperatures of the working fluid exiting from the organic
heater. It was conducted for temperatures from 150°C as
consequence of using recuperator in ORC. The recuperator
used to recovery heat of condensing process in the
condenser. Therefore, the organic working fluid temperature
is not lower than the compressor exited refrigerant
temperature so that the temperature satisfies for the
requirement is temperature from 150°C. The steam
temperature is assigned at 450°C as used in the previous
simulation result.

Influence of operating pressure and temperature on ORC net
output power is shown in Figure 11. Higher operating
pressure will give higher the output power. Thorough
observing the curve, it can be reveded that significant
improvement of efficiency is performed by increasing the
pressure. This result confirms that it is better to assign at
higher pressure of organic heater. The net output power that
can be achieved at 3.5 MPa and 190°C is 8049.08 kW. If the
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temperature is increased again, then the power will be drop.
The ORC efficiency has similar behavior, even though the
maximal value occurs at different temperature of saturated
vapor organic working fluid. The detail result isillustrated in
Figure 12.
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Figure 12: ORC Efficiency for any pressure

6.4 Performance of the I ntegrated Hybrid System

This section represents total performance of the integrated
hybrid system. As shown in Figure 1, mass flow rate in the
gas turbine system was obtained from mass and energy
balance in the steam heater. The remaining heat energy after
heating the steam is then used to heat a working fluid of
ORC in the organic heater. Vapor compression cycle works
as both refrigeration system and heat pump, in which work
for cooling air before entering the compressor and work for
heating an organic working fluid before entering the organic
heater, respectively.

Any parameter of gas turbine system is varied and it is
investigated from performance of the integrated hybrid
system. Main simulation data are made as same as the
previously simulation. Following is summarized for the
different parameters used in the simulation. Hot gas
temperature entering gas turbine is varied from 900°C to
1300°C; the pressure ratio is varied from 8 to 34; ambient
temperature is assumed at 30°C; steam entering the steam
turbine is at 550°C for the same geotherma well pressure;
exhaust hot gas from the steam heater is 200°C; working
fluid operated in ORC is R-600 with highest operating
temperature and pressure at 150°C and 2 MPa; and working
fluid for the vapor compression cycleis R-600.

Vapor compression cycle is operated in accordance with
cooling load of air before entering the compressor of the gas
turbine system. In case of air temperature is assigned at
lower, cooling load of refrigeration system increases.
Consequently, compressor work of the refrigeration system
becomes larger. Thisresult is shown in Figure 13 for several
temperature of hot gas entering the gas turbine. Thisresult is
for exhaust hot gas from the gas turbine at 550°C and
working fluid in the ORC and heat-pump refrigeration
system are R-600.Total energy rate for the compressor and
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cooling load are utilized to preheat the working fluid in the
ORC.

Simulation results of effect to additional power for varied
TIT hot gas temperature and the exiting gas from gas turbine
at 550°C respect to fuel energy into the system is shown in
Figure 14. This result also shows that effect of pressure ratio
of gas turbine system on FFUF. Lower temperature of air
entering the gas turbine system causes the net output power
of the hybrid system increases as shown in Figure 15. This
result confirms that the air inlet cooling also causes the net
power of hybrid system increasing; it is not only for the gas
turbine system. The hot gas temperature entering the gas
turbineisincreased; it will give higher the net output power.
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Figure 13: Refrigeration compressor work and cooling
air inlet temperatures
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Figure 15: Total net output power of hybrid system

For the same simulation data, therma efficiency of the
hybrid system is also investigated and the result as shown in
Figure 16. Higher thermal efficiency is achieved when the
air inlet cooling temperature is lower. This result is as an
indicator that the hybrid system is prospect from
thermodynamic aspect. At the 1SO condition of air entering
the compressor of the gas turbine system, influence of
pressure ratio of the gas turbine in the thermal efficiency of
the developed hybrid system is shown in Figure 17. This
result also confirms that there is an optimal ratio pressure of
the compressor for a certain value of hot gas temperature.
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Figure 16: Thermal efficiency of the integrated hybrid
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Figure 17: Thermal efficiency of the integrated hybrid
system

As comparison of using fossil fuel as conducting in a
combined cycle, an indicator FFUF as defined in Section 5
are used to judge the developed hybrid system. Figure 18
shows influence of the air inlet cooling temperature and the
hot gas temperature in FFUF. This value range confirms that
performance of the integrated hybrid is better alternative
than using fossil fuel separated from geothermal system such
as the combined cycle.
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Figure 18: FFUF of hybrid system



Figure 19 shows optimal pressure ratio assessed from FFUF
aspect. Two temperature sets of the air inlet cooling are
introduced to observe pressure ratio behavior. There is also
an optimum value of pressure ratio in gas turbine system.

0.645
0.64 -
0.635 -
5
T 063
w @/ ——T1=5C
0.625 ;// O0—T1=15C
062 P ——T1=25°C

0.615

6 10 14 18 2 26 30 4
GT Pressure Ratio

Figure 19: Optimal pressureratio based on FFUF

The last figure 20 shows second law assessment of the
hybrid cycle with variation of hot gas temperature in gas
turbine system and air inlet temperature into compressor of
the gas turbine system. This result confirms that highest
temperature of hot gas of gas turbine can not performs the
best second law efficiency. However, lower air temperature
entering compressor of the gas turbine system also gives
higher exergitic efficiency. These values show that the
relative value of the thermal efficiency of the hybrid cycle
respect to theidea Carnot cycle.
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Figure 20: Exergetic efficiency of the hybrid cycle

7. DISCUSSION

As described in the previous result that the proposed hybrid
system for enhancing geotherma power plant gives
propective result. Overall efficiency of the system performs
significant efficiency improvement, i.e. the vaue from
19.69% up to 35.83%. However, this value can not be
revedled in further, since the recent technology fossil fuel
power plant can perform 50% of therma efficiency.
Therefore, judgment of which economical alternative
systems whether in case of using fuel as single heat source
such as be used in combined cycle or integrated with
geothermal power as proposed in this study.

Alternative judgment in comparison of both systems, the
FFUF can be used as an indicator to judge in consideration
of better system. This indicator may reveal the effectiveness
of implementation of fuel whether it is used in an integrated
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system with geothermal or in separated system such as in
combined cycle. As shown in the previous result, the
proposed hybrid system can perform 63.81% of FFUF for
case of the steam temperature before expanded in the turbine
at 550°C and the highest temperature in the gas turbine
system up to 1200°C as shown in Figure 2. This value is
significant higher than thermal efficiency in the combined
cycle. This means that it is more effective to combine fossil
fuel in the proposed hybrid system.

Higher superheated steam before entering the steam turbine
will give opportunity to use high efficiency of the steam
turbine. Commonly situation in geothermal steam turbine
requires low turbine efficiency in order to avoid the working
fluid exhausted from the turbine at low quality. Low steam
quality will cause erotion in the steam turbine blades. This
technica aspect contributes in advatange of the hybrid
system. This opportunity will increase the overall thermal
efficiency and aso FFUF. Of course, higher structure
strength of steam turbine should be required to support
higher operation temperature.

Consequence of overal thermal efficiency improvement, it
will give increasing of net output power of the hybrid
system including net output power of direct expansion of
geotherma steam turbine. The increment of the net output
power of geothermal steam turbine can be performed up to
42.7%. This value strictly depends on superheat degree of
steam heater recovery heat from the exhaust gas of the gas
turbine.

ORC operates bases of any constrain of other cycle in the
proposed hybrid cycle. It should be noticed that most
working fluids applicable from thermodynamic aspect for
these temperature ranges have specific enthalpy different in
turbine expansion is very small so that recovery heat from
exhaust gas from steam heater requres high mass flow rate.
This concequence, in order to get large ORC capacity,
several ORC should be paralel installed.

8. CONCLUSION

The proposed hybrid system performs higher efficiency than
conventional geothermal cycle. The overal efficiency can be
formed up to 35.83% and the FFUF up to 63.81%.
Increment of net power of geothermal direct expansion
steam turbine can be performed up to 42%. Increase in inlet
air temperature from 15°C to 30°C increases heat rate,
which causes a decrease in fuel efficiency by about 3% for
generating the same amount of the net power. The hybrid
system can avoid this effect and it can even help to increase
fuel efficiency by cooling theinlet air to below 15°C. R-600
is a best working fluid to achieve highest thermodynamic
performance in the proposed hybrid system. Technical and
thermodynamic aspect considerations of the hybrid system
give more benefit than combined cycle or conventional
geothermal steam power plant.

NOMENCLATURE

Symbols:
COP: coefficient of performance

FFUF: fossil fuel utilization factor
LHV: lower heating value
P: pressure

Q: heat
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RH: relative humidity

I : pressureratio

T: temperature

TIT: gasinlet temperature into turbine
W: work

Subscripts:

Comp: compressor of avapor compression cycle
C: compressor of a gas turbine system
F: fuel

Geo: geothermal

GT: gasturbine

max : maximum

Net: net energy rate

ORC: organic Rankine cycle

OH: organic heater

P: pump

SH: steam heater

STG: steam turbine of geothermal

SG: steam from geothermal well

Super scripts:
O initial condition, without modification

": after modification

- .rate with time base
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