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a b s t r a c t

Thermodynamic analysis of an operational 7.5 MWe binary geothermal power plant in Tuzla-Turkey is
performed, through energy and exergy, using actual plant data to assess its energetic and exergetic
performances. Eight performance-related parameters, namely total exergy destruction ratio, component
exergy destruction ratio, dimensionless exergy destruction, energetic renewability ratio, exergetic
renewability ratio, energetic reinjection ratio, exergetic reinjection ratio and improvement potential are
investigated. Energy and exergy losses/destructions for the plant and its units are determined and
illustrated using energy and exergy flow diagrams. The largest energy and exergy losses occur in brine
reinjection unit. The variation of the plant energy efficiency is found between 6% and 12%. Exergy effi-
ciency values change between 35 and 49%. The annual average energy and exergy efficiencies are found
as 9.47% and 45.2%, respectively.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Geothermal energy appears to be an attractive energy source
due to fluctuating oil prices and increasing environmental pollution
concerns, including global warming. Since the price of oil has
reached its peak and efforts are necessary to find alternative energy
resources, the use of geothermal energy is found to be more
competitive in comparison to the conventional fossil fuel systems
and the direct use of geothermal energy has increased approxi-
mately twofold in the last five years [1,2].

Three major types of power plants are widely operated: dry-
steam plants, flash-steam plants and binary-cycle plants where
the binary and combined flash/binary plants are relatively recent
designs. Geothermal energy is used to generate electricity and it
finds direct use in areas such as space heating and cooling, indus-
trial processes, and greenhouse heating. High-temperature
geothermal resources above 150 �C are generally used for power
generation. Geothermal resources that possess moderate temper-
atures (between 90 and 150 �C) and lower-temperatures (below
90 �C) are best suited for direct use applications [2,3]. Researchers
mainly focus on two research areas regarding this issue, which can
be expressed as follows: (a) economic evaluation of geothermal
power generation [4] and (b) optimum design criteria and suitable
working fluids for power cycles [5e13].
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Geothermal energy based electricity production for Turkey
achieves 100 MWe with six running plants as the first half of 2010.
Geothermal power production capacity has increased four-fold
within the past four years [14,15]. Table 1 shows existing power
plants in Turkey [14,15]. In literature, there have only been a few
studies on energetic and exergetic performance parameters for
geothermal systems. Specific exergy index, fuel depletion ratio,
relative irreversibility, productivity lack and exergetic factor have
been introduced [16e19] and applied to geothermal district heating
[16,18,20e24]. Lee [17] has proposed the parameter of specific
exergy index for some degree of classification and evaluation of
geothermal resources using their exergy. Fuel depletion ratio,
relative irreversibility, productivity lack and exergetic factor are
defined by Xiang et al. [18] for the thermodynamic analysis of some
systems. Coskun et al. [22,25] have introduced some system related
renewable energy and exergy parameters, namely energetic
renewability ratio, exergetic renewability ratio, energetic reinjec-
tion ratio, and exergetic reinjection ratio, total exergy destruction
ratio, component exergy destruction ratio and dimensionless
exergy destruction parameter for geothermal systems. In this study,
thermodynamic analysis and performance investigation of Tuzla
binary geothermal power plant located in Canakkale, Turkey, are
performed using actual plant data. The originality of this study is
the first study on investigation of eight energetic-exergetic
performance parameters namely; total exergy destruction ratio,
component exergy destruction ratio, dimensionless exergy
destruction, energetic renewability ratio, exergetic renewability
ratio, energetic reinjection ratio, exergetic reinjection ratio and
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improvement potential for a geothermal power plant. Also, an
application of considering the various outdoor temperature
distributions in the exergy calculations is presented for the first
time in this study.

2. System description

The geothermal power plant analyzed in this study is a binary
designed plant that generates a capacity of 7.5 MWe gross power.
The full power production began after the tests in the month of
February 2010. The plant operates in a closed loop with no envi-
ronmental discharge (100% reinjection). The power plant operates
on a liquid dominated resource at 175 �C. It utilizes dry-air
condensers to condense the working fluid. The geothermal field
includes two production wells (T-9, T-16) and two reinjection wells
(T-10, T-15). The plant uses isopentane as the working fluid,
circulates in a closed cycle. The schematic demonstration and
picture of the plant are given in Figs. 1 and 2.

3. Thermodynamic analysis

3.1. Assumptions

The effects of salts and non-condensable gases in the
geothermal brine are neglected for calculations. A thermal and
physical property of the geothermal water is considered as water in
the analyses. EES (Engineering Equation Solver) software program
is utilized for the determination of the thermodynamic properties
of the geothermal water and isopentane. This program is
commonly utilized for the determination of many material ther-
modynamic properties.

3.2. Analysis

The mass balance for any control volume at steady state can be
expressed by

Xn
i¼1

_min: ¼
Xn
i¼1

_mout: (1)

where _m indicates the mass flow rate. The subscripts in and out
indicate the inlet and outlet.

3.2.1. Energy analysis
The energy rate can be expressed by

_Ei ¼ _mi$ðhi � h0Þ (2)

where h indicates enthalpy. Net plant energy efficiency can be
described by using the given equation

hsys: ¼
_Enet
_Ein

(3)

where, _Ein and _Enet are input and net output energy rates and can be
found through

_Enet ¼ _WTurb: � _Wparasitic load (4)

_Ein ¼ _E1 þ _E6 (5)

Here, _WTurb: is the electricity production from isopentane cycle.
_Wparasitc load: represents parasitic load. In all plants, there are
electrical loads such as pumps fans and controls which are neces-
sary to operate the facility. Often these loads are referred to as
“parasitic loads”. Air-cooled condenser unit has a great effect on
parasitic load and occurs about 60e75% of parasitic loads for
investigated system.

The energy efficiency of the isopentane cycle can be described as

hiso: cyc: ¼
_WTurb:

ð _E11 þ _E12Þ � _E14
(6)

The energy loss for preheater-I and II can be found by

_Eloss; Pre�I ¼ �
_E18 þ _E21

�� �
_E20 þ _E17

�
(7)

_Eloss; Pre�II ¼ �
_E13 þ _E17

�� �
_E14 þ _E16

�
(8)

The energy efficiency of the pre-heaters can be written as

hPre�I ¼
_E17 � _E18
_E21 � _E20

(9)

hPre�II ¼
_E16 � _E17
_E13 � _E14

(10)

The energy loss and energy efficiency for the turbine become

_Eloss; Turb: ¼
�
_E22 � _E21

�� _WTurb: (11)

hTurb: ¼
_WTurb:

_E22 � _E21
(12)

The energy loss and energy efficiency for the vaporizer are:

_Edl:; Vap: ¼
�
_E11 þ _E12 þ _E16

�� �
_E13 þ _E22

�
(13)

hVap: ¼
�
_E22 � _E16

�
ð _E11 þ _E12 � _E13Þ

(14)

The energy loss and energy efficiency for two separators
(includes expansion valves) are

_Elose; Sep: ¼
�
_E1 þ _E6

�� �
_E3 þ _E5 þ _E8 þ _E10

�
(15)

hSep: ¼
�
_E3 þ _E5 þ _E8 þ _E10

�
ð _E1 þ _E6Þ

(16)

The energy loss and the energy efficiency for the pumps become

_Elose; Pump ¼ _WPump � �
_Eout � _Ein

�
(17)

hPump ¼
_Eout � _Ein
_WPump

(18)

The energy losses for condenser and the brine reinjection unit
are

_Elose; Cond: ¼ _E20 � _E19 (19)

_Elose; Re in: ¼ _E15 (20)

3.2.2. Exergy analysis
The specific flow exergy (j) is given by

j ¼ ðh� h0Þ � T0ðs� s0Þ (21)



Table 1
Geothermal power generation for Turkey.

Power plant Commissioned in (year) Installed capacity (MWe) Max. temperature (�C)

Dora-I Salavatli 2006 7.35 172
Dora-II Salavatli 2010 11.1 174
Ömerbeyli 2009 47.4 232
Bereket 2007 7.5 145
Tuzla-Çanakkale 2010 7.5 171
Kızıldere-Denizli 1984 17.8 243
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where T0,h0 and s0 shows the reference temperature, reference
enthalpy and entropy, respectively. The subscript 0 stands for dead
state. Multiplying specific exergy by the mass flow rate gives the
exergy rate:

_Exi ¼ _mi½ðhi � h0Þ � T0ðsi � s0Þ� (22)

The net plant exergy efficiency is written as

εsys: ¼
_Exnet
_Exin

(23)

where _Exin and _Exnet are input and net exergy rates as given below:

_Exnet ¼ _WTurb: � _Wparasitc load: (24)

_Exin ¼ _Ex1 þ _Ex6 (25)

The exergy efficiency of the isopentane cycle is
Fig. 1. Schematic layout of the Tu
εiso: cyc: ¼
_WTurb:

_ _ _
(26)
ðEx11 þ Ex12Þ � Ex14

The exergy destructions for preheater-I and II are

_Exdl:; Pre�I ¼ �
_Ex18 þ _Ex21

�� �
_Ex20 þ _Ex17

�
(27)

_Exdl:; Pre�II ¼ �
_Ex13 þ _Ex17

�� �
_Ex14 þ _Ex16

�
(28)

The exergy efficiencies of both pre-heaters are defined as

εPre�I ¼
_Ex17 � _Ex18
_Ex21 � _Ex20

(29)

εPre�II ¼
_Ex16 � _Ex17
_Ex13 � _Ex14

(30)

The exergy destruction and exergy efficiency for the turbine is
zla geothermal power plant.



Fig. 2. Tuzla geothermal power plant.
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_Exdl:; Turb: ¼
�
_Ex22 � _Ex21

�� _WTurb: (31)

εTurb: ¼
_WTurb:

_Ex22 � _Ex21
(32)

The exergy destruction and exergy efficiency for the vaporizer
become

_Exdl:; Vap: ¼
�
_Ex11 þ _Ex12 þ _Ex16

�� �
_Ex13 þ _Ex22

�
(33)

εVap: ¼
_Ex22 � _Ex16

_Ex11 þ _Ex12 � _Ex13
(34)
Table 2
Thermal properties of the plant state and their energy and exergy rates.

State
no

Fluid type Mass flow rate _m
(kg/s)

Temperature T
(�C)

Pressur
(kPa)

0 Air e 25.4 101
0 Isopentane e 25.4 101
0 Water e 25.4 101
1 GW. 79.11 156.8 570
2 GW. þ S. 79.11 142.8 391
3 GW. 75.75 142.8 391
4 GW. 75.75 142.9 772
5 S. 3.36 142.8 391
6 GW. 23.42 164.2 687
7 GW. þ S. 23.42 142.8 391
8 GW. 21.31 142.8 391
9 GW. 21.31 142.9 728
10 S. 2.11 142.8 391
11 S. 5.47 141.5 377
12 GW. 97.06 142.6 550
13 GW. 102.53 116.5 320
14 GW. 102.53 90.6 240
15 GW. 102.53 90.7 540
16 Isopentane 77.80 103.5 967
17 Isopentane 77.80 49.0 967
18 Isopentane 77.80 32.8 967
19 Isopentane 77.80 32.7 120
20 Isopentane 77.80 38.4 122
21 Isopentane 77.80 60.2 126
22 Isopentane 77.80 121.4 967
A1 Air 3554 25.4 101
A2 Air 3554 33.0 106

GW: Geothermal water; S: Steam.
The exergy destruction and exergy efficiency for the separator
(includes expansion valves) are

_Exdl:; Sep: ¼
�
_Ex1 þ _Ex6

�� �
_Ex3 þ _Ex5 þ _Ex8 þ _Ex10

�
(35)

εSep: ¼
�
_Ex3 þ _Ex5 þ _Ex8 þ _Ex10

�
ð _Ex1 þ _Ex6Þ

(36)

The exergy destruction and the exergy efficiency for the pumps
are

_Exdl:; Pump ¼ _WPump � �
_Exout � _Exin

�
(37)
e P Enthalpy h
(kJ/kg)

Entropy s
(kJ/kg�C)

Energy rate _E
(MW)

Exergy rate _Ex
(MW)

25.5 0.089 e e

�349.1 �1.687 e e

106.6 0.373 e e

692.0 1.959 46.311 8.871
691.8 1.986 46.295 8.218
601.2 1.769 37.466 5.911
601.9 1.769 37.519 5.964

2737 6.903 8.838 2.291
794.0 2.214 16.099 3.233
793.8 2.231 16.094 3.110
601.2 1.769 10.540 1.663
601.8 1.769 10.553 1.676

2737 6.903 5.550 1.439
2735.4 6.915 14.380 3.701
600.4 1.766 47.928 7.583
489.1 1.490 39.218 5.043
379.7 1.200 28.001 2.699
380.3 1.201 28.062 2.730

�153.2 �1.111 15.241 1.869
�293.3 �1.512 4.341 0.279
�331.6 �1.633 1.362 0.108
�332.4 �1.632 1.299 0.022

16.2 �0.495 28.420 0.747
55.7 �0.376 31.493 1.058

139.9 �0.353 38.044 7.075
25.5 0.089 e e

33.1 0.115 27.122 0.572



Fig. 3. Energy flow diagram.
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εPump ¼
_Exout � _Exin

_
(38)
WPump

The exergy destructions for condenser and the brine reinjection
unit result in

_Exdl:; Cond: ¼ _Ex20 � _Ex19 (39)

_Exdl:; Re in: ¼ _Ex15 (40)

3.2.3. Energetic and exergetic parameters
Van Gool’s improvement potential on rate basis, denoted IP,

shows how much potential for improvement exists for the system
[16]:

IP ¼ ð1� εÞ� _Exin � _Exout
�

(41)
Fig. 4. Exergy flo
Coskun et al. [22,25] have introduced some system related
renewable energy and exergy parameters, namely energetic
renewability ratio, exergetic renewability ratio, energetic reinjec-
tion ratio, exergetic reinjection ratio, total exergy destruction ratio,
component exergy destruction ratio and dimensionless exergy
destruction parameter for geothermal systems.

The energetic renewability ratio is defined as the ratio of useful
renewable energy obtained from the system to the total energy
input (renewable and non-renewable altogether) into the system.
The energetic renewability ratio for the system is given by below
equation:

RRenE
¼

_WTurb:
_Ein þ _Wparasitc load:

(42)

The exergetic renewability ratio is defined as the ratio of the
useful renewable exergyobtained fromthe systemto the total exergy
input (renewable and non-renewable altogether) into the system.
The exergetic renewability ratio for system is written as follows:
w diagram.



Table 3
Energetic and exergetic performance data of the power plant components.

System component Heat loses (MW) Exergy Destruction/Loss (MW) Energy efficiency (%) Exergy efficiency (%) Improvement potential rate (kW)

Vaporizer 0.287 1.035 98.75 83.41 172
Preheater-I 0.093 0.140 96.96 54.97 63
Preheater-II 0.317 0.754 97.17 67.84 242
Turbine 0.616 0.082 90.60 98.60 2
Pumps 0.030 0.038 86.16 82.81 7
Separator IeII 0.016 0.801 99.97 90.24 78
Condenser 27.121 0.725 e e e

Reinjection 28.062 2.730 e e e
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RRenEx
¼

_WTurb:
_ _

(43)

Exin þWparasitc load

The energetic reinjection ratio is defined as the ratio of renew-
able energy discharged to environment or re-injected to the well
from the system to the total geothermal energy supplied to the
system. The energetic reinjection ratio for system is then

RReinE
¼

_E15
_Ein þ _Wparasitc load:

(44)

The exergetic reinjection ratio is defined as the ratio of renew-
able exergy discharged to environment or re-injected to the well
from the system to the total geothermal exergy supplied to the
system. The exergetic reinjection ratio for system is given by below
equation:

RReinEx
¼

_Ex15
_Exin þ _Wparasitc load:

(45)

The total exergy destruction ratio (TExDR) is described as the
ratio of total exergy destruction/loss of the system to the total
exergy input to the system as given below:

TExDR ¼
_ExTot: dl:
_ExTot: in:

(46)

The component exergy destruction ratio (CExDR) is described as
the ratio of exergy destruction/loss of any component of the system
to the total exergy input to the system as given below:

CExDR ¼
_Exi; dl:
_ExTot: in:

(47)

where i stands for any component of the system.
Fig. 5. Component exergy destruction ratio for system components.
The dimensionless exergy destruction (DExD) is described as the
ratio of exergy destruction/loss of any component of the system to
the total exergy destruction of the system as follows:

DExD ¼
_Exi: dl:

_ExTot:; dl:
(48)
4. Uncertainty analysis

Errors and uncertainties in the experiments can arise from
instrument selection, condition, calibration, environment, obser-
vation and reading, and test planning [26]. In the present study,
temperatures, mass flow rates and pressures were measured and
total uncertainties for all these parameters were individually
calculated. The accuracy of temperature measuring equipments
(temperature transmitters) were �% 0.675 �C. The accuracy of the
mass flow rate (ultrasonic flow matter) was �%0.5 kg/s. The accu-
racy of the pressure was �%1 kPa. According to all these uncer-
tainties and errors, a detailed uncertainty analysis was performed
using the method described by Holman [27].

UF ¼
"�

vF
vz 1

u1

�2
þ
�

vF
vz 2

u2

�2
þ.þ

�
vF
vz n

un

�2
#0:5

(49)

Total uncertainty was carried out for energy and exergy rate as
0.84% and 1.21%, respectively. Also, total uncertainty for energy and
exergy efficiency was 1.14% and 1.65%, respectively.
5. Results and discussion

The Tuzla geothermal power plant is investigated for different
days and outdoor temperatures. It is found out that two main
factors namely; outdoor temperature and operating condition
directly affect to energy and exergy efficiency of the system.
Fig. 6. Dimensionless exergy destruction for system components.



Fig. 8. Distribution of system energy efficiency for annual season.
Fig. 7. Improvement potential for system components.
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Outdoor temperature has a dominant effect on system efficiency.
New calculation program is written in EES computer program by
using actual data. Then, system net energy and exergy functions are
determined depend on outdoor temperature as a parameter. These
relationships are obtained by the following formulas:

εi ¼ 47:52� 0:0465$T � 0:00448$T2 � 0:000079$T3 (50)

hi ¼ 10:94� 0:0936$T � 0:00044$T2 � 0:000006$T3 (51)

where “ε”, “h” and “T ”stand for the exergy and energy efficiency (%)
and the reference environment temperature (�C), respectively. It is
found that energy and exergy efficiency values of the system
decrease with increasing outdoor temperatures. The design power
production capacity of the system is foreseen as 7.5 MW. The daily
electricity production capacity is determined by the contract of the
daily electricity purchase tender directly placed with the con-
tracted electricity plant and the system is thus provided. Note that
the electricity tariff varies depending on on and off-peak hours. As
of the period when the investigation was carried out, it was gath-
ered that the electricity selling prices vary between 2 and 25 piaster
per kW. The lack of a fixed price agreement constitutes several
difficulties during the operation of the system.

The actual operational thermodynamic data for a chosen day are
given to show calculation procedure (see in Table 2). Temperature,
pressure, mass flow rate, enthalpy, entropy, energy and exergy rates
for geothermal water and isopentane are given according to their
state numbers as specified in Fig. 1. The exergy rates are calculated
for each state with respect to the reference condition of 25.4 �C and
101 kPa (actual temperature and pressure for studied day).
Geothermal water enters the vaporizer unit at about 142 �C with
a total mass flow rate of 102.53 kg/s. Pre-heaters extract additional
heat from the brine by dropping the temperature of the brine down
to 90.6 �C. The brine leaving from preheater-II is directed to the
reinjectionwells and it is re-injected back into the ground. 77.80 kg/
s of isopentane circulates through the cycle. Isopentane enters
Table 4
Some energetic and exergetic parameters for power plant.

Net plant energy efficiency (%) 8.28
Net plant exergy efficiency(%) 42.67
Energy efficiency of isopentane cycle (%) 17.30
Exergy efficiency of isopentane cycle(%) 69.13
Energetic renewability ratio (�) 0.0865
Exergetic renewability ratio (�) 0.4610
Energetic reinjection ratio (�) 0.4496
Exergetic reinjection ratio (�) 0.2255
preheater-II at 49 �C and leaves at about 103.5 �C. It then enters the
vaporizer and leaves at 121.4 �C. The working fluid then passes
through the turbine. The power output from the turbine is
5935 kWe. The working fluid leaving the turbine enters preheater-I
at 60.2 �C and leaves at 38.4 �C and then enters to the condenser
unit for condensation. Following the condenser unit, the working
fluid is pumped to preheater-I at 967 kPa. As of the date that the
investigation was carried out, a power production of 5.935 MW has
been observed. Parasitic loads for the system is determined as
770 kW. Net power output from the plant obtained by subtracting
total parasitic power from the total electricity production. Net
energy output is 5.165 MW. The energy and exergy flow diagrams
are given in Figs.3 and 4. Some energetic and exergetic performance
data for the power plant component are determined and given in
Table 3. The improvement potential, energy efficiency, exergy
efficiency, heat loss and exergy destruction/loss for each system
component are calculated and given in Table 3. The exergy
destruction/loss distribution for each component can be deter-
mined from the component exergy destruction ratios (CExDR) in
Fig. 5. As it can be seen from Fig. 5, exergy destruction for the Brine
reinjection unit, Vaporizer, Separators, Preheater-II, Condenser,
Preheater-I, Turbine and Pump unit is determined as 22.6, 9.1, 6.6,
6.2, 5.9, 1.2, 0.7 and 0.3% of the exergy input to the plant, respec-
tively. Also, the exergy destruction/loss distribution for each
component based on the total exergy destruction/loss can be found
by using the dimensionless exergy destruction (DExD) parameter in
Fig. 6. Improvement potentials for the system components are
calculated and given in Fig. 7. This graphic shows that pre-heaters,
Fig. 9. Distribution of system exergy efficiency for annual season.
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vaporizer and separator have high improvement capacity values.
These devices can be evaluated and redesigned.

The energy efficiency of the binary geothermal power plants is
generally lower than its corresponding exergy efficiency as it varies
between 5 and 15%, depending on the temperature of the
geothermal source [13,28,29]. Kanoglu [13] has investigated the
isopentane utilized as a working fluid power plant. Geothermal
source temperature is similar with this study. He investigated net
energy and exergy efficiency 8.9% and 34.2%. Following the calcu-
lations, the net energy efficiency of the Tuzla geothermal power
plant is determined as 8.28%. The energetic and exergetic reinjec-
tion ratios are given in Table 4.

The monthly outdoor temperature distribution for Çanakkale is
determined using the method proposed by Ref. [30] and then, it
loaded to program. The annual energy and exergy distribution
appertaining to this reference outdoor temperature distribution is
calculated and given in Figs. 8 and 9. There are many studies
[31e33] about effect of reference temperature on exergy efficiency
in the literature. The application of considering the variant outdoor
temperature distributions in the exergy calculations is presented
for the first time in this study. It is possible to find monthly average
exergy efficiency. Through the utilization of this approach, it is
aimed to gain new blood in the determination of the exergy effi-
ciency distribution. The net exergy efficiency of the system varies
between 34% and 48%, for annual period taking into account the
regional outdoor temperature distribution.

6. Conclusions

The most significant losses in the use of the geothermal fluid
have been determined in the reinjection unit as a result of this
investigation. It appears that the necessity to reduce the tempera-
ture of the utilized geothermal fluid as much as possible becomes
evident in order to increase the energetic and exergetic efficiencies
of the systems. There is a strong need to enhance the use
geothermal options for various applications, such as greenhouse
heating, thermal spring path, geothermal heat pump, etc.,
depending on the temperature levels. Some key findings of the
study are listed as follows:

� Considering outdoor temperature distributions, the mean
exergy efficiency becomes 45.2% which is 4.77 times greater
than the corresponding energy efficiency.

� The highest energy and exergy losses/destructions take place
in the brine reinjection unit. If the re-injected geothermal
liquid is used, one can provide 16.7 MW for heating and
domestic hot water, 3.2 MW for cooling with a single effect
absorption cooling system, and 28.3 MW for greenhouse
heating. The energetic and exergetic efficiencies of the power
plan can be improved by using the integrated multiple
generation energy system comprising of heating, cooling and
greenhouse heating.

� The present system uses air-cooled condenser units nearby the
seawhich are affected by drastically by the weather conditions.
The efficiencies are then affected. Using water-cooled
condensers will eliminate/minimize such potential problems.

To improve geothermal system efficiency, geothermal energy
based multi-generation systems and their economic analyses will
be conducted in the future.
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Nomenclature

CExDR Component Exergy Destruction Ratio (�)
DExD Dimensionless Exergy Destruction (�)
_E Energy rate (kW)
_Ex Exergy rate (kW)
h Specific enthalpy (kJ/kg)
_IP Improvement potential rate (kW)
_m Mass flow rate (kg/s)
P Pressure (kPa)
_Q Net heat input rate
RReinEx

Exergetic reinjection ratio (�)
RRenE

Energetic renewability ratio (�)
RRenEx

Exergetic renewability ratio (�)
RReinE

Energetic reinjection ratio (�)
s Specific entropy (kJ/kg�C)
T Temperature (�C or K)
TExDR Total exergy destruction ratio (�)
_W Work input rate (kW)

Greek letters

h Energy efficiency (%)

ε Exergy efficiency (%)
j Specific flow exergy (kJ/kg)

Subscripts
Cond. Condenser
CS Cooling season
dl destruction/loss
gw Geothermal water
HS Heating season
i Successive number of elements
in Inlet
iso. cyc. isopentane cycle
nd Discharged to environment or re-injected to the well
out Outlet
Pre-I Preheater-I
Pre-II Preheater-II
Re in brine reinjection unit
Sep. Separator
Sys. System
Turb. Turbine
Tot. Total
Vap. Vaporizer
0 Reference (dead) state
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