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NOMENCLATURE

AS: Air-steam ratio (-).

C,: Constant pressure specific heat (kJ/kg K).
C,: Constant volume specific heat (kJ/kg K).
Ex: Exergy (kKW).

f: Noncondensable gas fraction (weight % of steam).
h: Enthalpy (kJ/kg).

I: Exergy loss (kW).

M: Molar mass (kg/kmol).

m : Mass flowrate (kg/s).

P: Pressure (kPa).

Ru: Universal gas constant, 8.314 kJ/(kmol K).
T: Temperature (K).

TAE: Total air equivalent (kg/s).

W : Power (KW).
x: Quality (-).

! E-mail: guldengokcen@iyte.edu.tr.
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Greek Symbols

n: Efficiency (-).

v : Volume flowrate (m?/s).

AP: Pressure drop (Pa).

Y- The ratio of the Cpcozlcvcoz (-)
@ : Humidity ratio (-).

Subscripts

A: Dry air.

ac: After-condenser.

air, A: Air inlet.

air, B: Air outlet.

aux: Auxiliary.

comp: Compressor.
cond: Condenser

CO,: Carbon dioxide.

ct: Cooling tower.

cw: Cooling water.

d: Discharge.

dem: Demister.

ex: Exergy.

fan(s): Fan(s).

gc: Gas cooler.

gen : Generator.

grs: Gas removal system.
hot,air: Hot air.

i: Indice for steam jet ejectors.
ic: Inter-condenser.

in: Inlet.

is: Isentropic.

lig: Liquid.

motor, pump: Motor pump.
motor,fan: Motor fan.
NCG: Non-condensable Gas.
net: Net.

Out: Outlet.

Overall: Overall.
pump(s): Pump(s).

s: Suction.

st: Steam.

sep: Separator.

sje: Steam jet ejector.
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tur: Turbine.

tur-gen: Turbine-generator.
total: Total.

wh: Wet bulb.

Abbreviations

CS: Compressor System.

GPP: Geothermal Power Plant.
HPC: High pressure compressor.
HS: Hibrid System.

LPC: Low pressure compressor.
LRVP: Liquid ring vacuum pump.
NCG: Non-Condensable Gas.

RS: Reboiler System.

SJES: Steam Jet Ejector System.

ABSTRACT

Non-condensable gases (NCGs), natural components of geothermal fluids, affect the
performance of a geothermal power plant (GPP) significantly. Therefore, the NCGs
should be removed from the process to optimise the thermodynamic efficiency of the
plant. GPPs require large capacity NCG removal systems that occupy large portion in the
total plant cost and auxiliary power consumption. The flashed-steam GPPs, which are
commonly used in the World, are a relatively simple way to convert geothermal energy
into electricity when the geothermal wells produce a mixture of steam and liquid. The
primary aim of this study is to develop a code for simulating flashed-steam GPPs to
examine the thermodynamic performance of NCG removal systems, which represent
major concerns at planning and basic design stages of GPPs. A single-flash GPP model is
developed and simulated to identify the effects of input variables, such as NCG fraction,
separator pressure and condenser pressure. Among the variables, NCG fraction is the
most significant parameter affecting thermodynamic performance of single-flash GPPs.
The net power output and overall exergetic efficiency of single-flash GPP are decreased
0.4% for compressor system (CS), 2.2% for hybrid system (HS), 2.5% for reboiler system
(RS), and 2.7% for steam jet ejector system (SJES) by 1% increase in NCG fraction.

1. INTRODUCTION

In flashed-steam geothermal power plants (GPPs), steam used for power generation is not
pure but contains non-condensable gases (NCGs) (CO,, H,S, NH3, N, CH,4 etc.). The NCGs
are the natural components of geothermal fluids. The amount of NCGs contained in
geothermal steam has significant impact on power generation performance of a GPP.
Depending on the resource, the fraction of the NCGs can vary from less than 0.2% to greater
than 25% by weight of steam [1,2].
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The practical problems caused by elevated levels of NCGs in geothermal power plants
are:

e The gases reduce the heat transfer efficiency of the condensers by increasing the
condenser operating pressure, which reduces turbine power output;

e NCGs contain lower recoverable specific energy than steam does;

e Higher capital and operating cost for gas removal in the cost of electricity than fossil-
fuelled power plants, and;

e Acid gases such as carbon dioxide and hydrogen sulphide are highly water-soluble
and contribute to corrosion problems in piping and equipment that contact steam and
condensate [3].

Systems and processes that degrade the quality of energy resources can only be identified
through a detailed thermodynamic analysis of the whole system. Most cases of
thermodynamic imperfection cannot be detected by an energy balance. A careful evaluation
of processes using exergy balance enables the identification of the source of inefficiencies
and waste, which leads to improved designs and resultant savings. Exergy analysis is a
technique that uses the conservation of mass and energy principles together with the second
law of thermodynamics [4]. Efficiencies that are a measure of an approach to the ideal case
can be evaluated, and the process steps having the largest losses can be identified by exergy
analysis [5, 6].

The influence of NCGs on the performance of GPPs was first studied by Khalifa and
Michaelides [7]. The authors reported that the presence of 10% NCG in the geothermal steam
results in as much as a 25% decrease in the net work output compared to a clean steam
system. Michaelides [8] proposed a flash system at the wellhead to separate the NCGs before
they enter the turbine and determined the flash temperature depending on the NCG content. It
is emphasised that NCG content in the steam is an important factor for the estimation of the
recoverable work. If NCG content is higher than 0.1%, separating the NCGs by flashing at the
wellhead results in a higher amount of work recovery. It is recommended that if NCG content
is high, NCG removal should be taken into account thermodynamically and economically for
the construction of plants. To increase power generation performance, upstream reboiler
systems are investigated as an alternative to conventional gas extraction systems [2, 9-10] and
applied in Italy on a commercial scale [11, 12].

Yildirim and Gokcen [13] considered the NCG content on each step of energy and exergy
analysis of Kizildere Geothermal Power Plant. They emphasised the importance of NCGs on
power plant performance and concluded that since geothermal power plants contain a
considerable amount of NCGs, the NCG content should not be omitted throughout the
process and dead state properties should reflect the specified state properties.

The studies reveal that the presence of NCGs in geothermal steam results in a dramatic
decrease in the net work output compared to clean steam. Because of the elevated NCG
levels, GPPs require large capacity NCG removal systems. Therefore, selection of NCG
removal system becomes a major concern at planning and basic design stages of geothermal
power plants [14-15].

The conventional gas removal systems used in geothermal power plants are:
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e Jet gjectors, e.g. steam jet ejectors, which are suitable for low NCG flows (<3%);

e Liquid ring vacuum pumps (LRVPs);

e Roto-dynamic, e.g. radial blowers, centrifugal compressors, which are mainly used
for large NCG flows (>3%), and;

e Hybrid systems (any combination of equipment above).

The aim of this study is to model a single-flash GPP to examine the thermodynamic
performance of NCG removal systems. A model is developed for various NCG removal
system options, including:

e compressor system (CS);

steam jet ejector system (SJES);

hybrid (steam jet ejector and LRVP) system (HS), and;
reboiler system (RS).

by employing Engineering Equation Solver (EES) software [16] that solves mass, energy
and exergy balances for each plant component. The model is validated by Kizildere GPP-
Turkey data. The simulation is performed on the disturbances of input parameters, including
geothermal field (e.g., NCG fraction, and separator pressure) and plant (e.g., condenser
pressure, and turbine inlet temperature) parameters.

2. OVERVIEW OF THE SYSTEM

Figure 1 shows a schematic diagram of a representative single-flash GPP model. The
plant mainly consists of production wells, wellhead/main separator(s), turbine, condenser,
NCG removal system, cooling tower, and auxiliary equipment such as pumps and fans.
Geothermal fluid, which is a mixture of liquid, water vapor and NCGs at the wellhead, is
separated into the steam and liquid phases at the separator. Steam phase directed to the
turbine contains water vapor and NCGs. After passing the turbine, steam, condensate and
NCGs flow to the condenser where NCGs are accumulated and extracted by a gas removal
system. The rest is pumped to the cooling tower which helps the temperature of the fluid
drops down to the cooling water temperature to be re-used in the condenser. Liquid phase is
driven by circulation pumps and air is drawn into the cooling tower by fans.

3. METHODOLOGY

The plant is first modelled for four gas removal options using EES software, then energy
and exergy analysis is carried out to evaluate the net power output of the plant under a range
of NCG fraction (0-25%).

Average fluid and ambient properties are kept constant and some general assumptions are
made for modelling. The constant properties are taken from Kizildere Geothermal Power
Plant (KGPP)-Turkey which is a single-flash GPP and is a unique case in the World having
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the highest NCG fraction as a conventional GPP. Table 1 lists the general assumptions and
constant parameters which are taken from KGPP [1, 15, 17, 18-22].

Overall mass, energy and exergy balance for steady-state conditions with reference to
Figure 1 can be expressed as below [23]. The subscript numbers refer to state locations in
Figure 1.

Exhaust

Turbine Exhaust
1331 m—— Generator
Demisler, ~
‘ GAS
14 . 31
REMOVAL
SYSTEMS =
Main
Separator
10 28 U H 27 9g [I H 24
— —
- i — F
Condenser 29 25
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i i
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(1-9) Re-injection Pump 3 Cooling Pump 2
f Other uses | Tower

Figure 2. Schematic diagram of a representative single-flash GPP.

Table 1. Constant parameters and general assumptions [1, 15, 17, 18-22]

Constant Parameters

Wellhead pressure (kPa) 1426
Wellhead flowrate (t/h) 870.1
Atmospheric pressure (kPa) 95
Yearly average outdoor temp. (°C) 16
Wet bulb temperature (°C) 13
Relative humidity (%) 65
NCG fraction in steam (%) 13
CO; fraction in NCG (%) 96-99
Condenser pressure (kPa) 10
Ty (Figurel) (°C) 29
General Assumptions

MNcomp (%) 75
Tgen (%) 90
Tub (°C) 13
T21-Thotair (Figure 1) (°C) 6
Tao- T2 (Figure 1) (°C) 3
P13~ P14 (Figure 1) (kPa) 10
MNpumps MNfan (%) 70
MNmotor,pumps T motor,fan (%) 85
AP APpmp. AP APy, (kPa) 100
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Constant Parameters

Pig (kPa) 105

Tcoz (°C) Tub

P16 (Figure 1) (kPa) 0.90P¢ond

Geothermal fluid at the wellhead is saturated vapour-liquid mixture.
CO, is an ideal gas and not dissolved in the water.

Baumann Rule applies to turbine efficiency n.

At the turbine exit isentropic quality calculations consider NCGs.
Pressure ratios are equal at gas removal system stages.

mlo + rT]airA = m12 + mlSa + rT..‘ZZ + mSl + r-ﬁairB
Wnet :Wgen - Zwaux

Waux = ZWgrs +W, +Wmotor,fan +Wother

motor, pump

EXlO + EXair,A = Exlz + EX13a + EX22 + Exheatloss,pipe + EX31 + EXair,B +Wnet + Z IGPP

where

M)

)

®)

(4)

Ex . . . . .
heatloss , pipe - Excergy loss through pipe between condenser exit and cooling tower inlet,

Z | sep : Total exergy destruction.
The overall exergetic efficiency of the plant is expressed as:

Wnet
EXx,,

ﬂoverall -

(®)

The GPP is simplified into several sub-systems, each with distinct mass, energy and
exergy inflows and outflows and being approximated into steady-state flow. In the following
section, the mass, energy and exergy balance equations for all the plant components
(including separator, demister, turbine-generator, condenser, cooling tower, NCG removal

system, and auxiliary equipment such as fans and pumps) are introduced.

3.1. Separator

The geothermal fluid is separated into vapor and liquid in a steam separator (Figures 2
and 3). As illustrated in Figure 2, the sequence of processes begins with geothermal fluid

under pressure at state 10 (also see Figure 1) close to the saturation curve.
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The flashing process in the well is modelled as an isenthalpic process, because it occurs
steadily, spontaneously, essentially adiabatically, and with no work involvement. Any change
in the Kinetic or potential energy of the fluid is also neglected. Thus it can be written as:

h11:h10

T Critical point

Saturation curve
10

L NT_]"IFIT“Q‘S‘(‘(! Hashmg aupernearen
liquid 13 vapour
12  —

-
GO i 14
i .lu})ﬂ]dk\ll

Liquid + Vapour \ Jurbine
mixtures
Condenser 158 15
5
Figure 3. T-s diagram for a single-flash plant [24].
to Dermister
&
13
Wellhead
PJ—»| M8
i0 v ii
12
¥
MS: Main Separator | Re-mjection
TV: Throttle valve [ Other uses

Figure 4. Main separator flow process.

(6)

The separation process is an isobaric process, once the flash has taken place. That is

()

The quality of dryness fraction, x, of the mixture that forms after the flash, state 11, can

be found from:

h11 B h12

Xy =
h13 - h12

®)
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The mass flowrate of steam that flows to the turbine from the separator is given by:

My = X;,Myy (9)
Then, the mass flowrate of the brine from the separator is written as:
my, = (1_ Xll)x my, (10)
Exergy loss and exergetic efficiency are of the form:
| =Ex,—Ex,+E
sep 10 12 X13 (11)
Ex
UEXsep = EX13
10 (12)
3.2. Demister

A demister, shown in Figure 4, is employed to remove the condensate from the steam and
make sure dry steam is introduced to the turbine. The pressure drop through the demister is
taken as 10 kPa and the flashed mass flowrate is considered as 1% of the steam flowrate [18].

mlSa =0.01x m13 (13)

Exergy loss and exergetic efficiency are of the form:

Idem = EX13 - EX14_EX13a

(14)

AFlash
13a |

4 D | Y to

from

Separator

Figure 5. Flow diagram of demister.
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Figure 6. Turbine expansion flow process.
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Figure 7. h-s diagram for the actual and isentropic processes of an adiabatic turbine

E')(14
77Ex,dem & E'X13

(15)

3.3. Steam Turbine and Generator

Turbine expansion process is illustrated in Figure 5. For a turbine under steady operation,
the inlet state of the working fluid and the exhaust pressure are fixed. Therefore, the ideal
process for an adiabatic turbine is an isentropic process between the inlet state and the
exhaust pressure (Figure 6).

Turbine power is given by the following equation:

W,

tur

=y, x(h, —hy;) (16)

The turbine isentropic efficiency (nuwr) is given by:
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Actual turbine work W

_ =— tur
Isentropic turbine work W, (17)

Thur

Usually the changes in kinetic and potential energies, associated with a fluid stream
flowing through a turbine, are small compared to the change in enthalpy, and hence can be
neglected. The work output of an adiabatic turbine therefore simply becomes the change in
enthalpy, and the equation becomes [18]:

h14 - h15

T =
hl4 - hls,is (18)

Steam turbine efficiencies are calculated by a modified Baumann rule [20];

M = 0.85% (1=1.2% (1— Xy5,)) (19)

To determine the steam turbine efficiency, it is necessary to calculate the isentropic
quality (x1s,s) at the turbine exit:

_ S15,is -5 15
15,is™
Si5 — S 15 (20)

X

The actual turbine power is calculated using the actual enthalpy of the geothermal fluid at
state 15 by using Eq. 18. Thus, the turbine power is calculated by Eq. 16. The turbine-
generator power is defined by the following equation:

gen = tur ><77gen (21)
Exergy loss and exergetic efficiency:

Itur—gen = EX14 - EXlS_Wt

ur (22)

W

tur

77 == = —
Exturfgen EX14 _ EX15

(23)
3.4. Condenser

The primary purpose of the condenser is to condense the exhaust steam leaving the
turbine. The circulating water system supplies cooling water to the turbine condensers and
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thus acts as a vehicle by which heat is rejected from the steam cycle to the environment. Its
performance is vital to the efficiency of the power plant itself because a condenser operating
at a lowest temperature will result in maximum turbine work and cycle efficiency with a
minimum heat rejection. The typical condensate temperature attained in practice is 45-50°C,
corresponding to a condenser pressure of 9.6-12.5 kPa-abs [26-26].

Figure 7 presents the temperature distribution in a condenser. The circulating-water inlet
temperature should be sufficiently lower than the steam-saturation temperature to produce
reasonable values of ATy. It is usually recommended that AT; should be between about 11 and
17°C and that ATy, should not be less than 2.8°C. The enthalpy drop and turbine work per
unit pressure drop are much greater at the low-pressure end than at the high-pressure end of a
turbine [25].

There exist two types of condensers: direct contact and surface condensers. The most
common type used in GPPs is direct-contact condensers [17]. The flow diagram of a direct-
contact condenser is shown in Figure 8. Steam leaving the turbine (15) is exhausted into the
condenser where it is mixed with a spray of cold water from the cooling tower (30) and gas
coolers of the NCG removal system (29). The steam condenses as water droplets and the
condensate drains through a barometric leg (20) into a seal pit tank to overcome atmospheric
pressure. NCGs and a small amount of steam are sucked from the condenser (16) by NCG
removal system.

The condenser heat load can be calculated using the following equation:

Qcon = mlS Xhls_mm XhlG_[ml,15 + (ms,15 - ms,l6)]x hzo (24)
The cooling water mass flowrate is calculated as:

May = (Quon = Mag X (Nyg—=N5)) /(N 50—N3y) (25)
Exergy loss and exergetic efficiency are of the form:

o = EXig + EXyg + EXgy — EX;g—EXyp (26)

- * 0
-T_ f or TTD

Circulation
water

Temperature
k=
-

Heat transfer path length

Figure 8. Condenser temperature distribution [17].
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Ex;c + EXyq + EXg

77Ex,con -

(27)

3.5. Cooling Tower

Power plants generate large quantities of waste heat that is often discarded through
cooling water in nearby lakes or rivers. In some cases, however, the cooling water supply is
limited or thermal pollution is a serious concern. In such cases the waste heat must be rejected
to the atmosphere, with cooling water re-circulating and serving as a transport medium for
heat transport between the source and the sink (the atmosphere). One way of achieving this is
through the use of cooling tower.

A cooling tower is an evaporative heat transfer device in which atmospheric air cools
warm water, with direct contact between the water and the air, by evaporating part of the
water [17].

The mass and energy balances between hot water and cold air entered, cold water and hot
air exiting the cooling tower are shown in Figure 9.

The circulating condensate leaving (20) the condenser is pumped by a circulating water
pump (Pumpl) to the top of the cooling towers (21). Water reaches the top of the cooling
towers with a 3°C temperature drop. As the water droplets fall down and break up into fine
droplets, a stream of air (A) flows across the water droplets thus creates cooling by
evaporation and convection-conduction mechanisms. The stream of air is created by suction

of air fans (Wfan) located at the top of the cooling towers. The water droplets eventually fall
into the cold pond from which water is transferred into the condenser inlet pipeline (23).
Some water goes to the gas cooler of the NCG removal system and the rest into the

condenser. Warm moist air leaves the cooling tower (B), driven out by air fans (Wfaﬂ). Some
condensate is lost to the air. Changes in potential and Kinetic energy and heat transfer are all
negligible. No mechanical work is done. The dry air goes through the tower unchanged. The
water vapor in the air gains mass due to the evaporated water.

Thus, based on a unit mass of dry air, and with the subscripts A and B referring to air
inlet and exit and with the subscripts 21 and 23 to circulating water inlet and exit (the air
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leaving the system at B is often saturated), and also following psychometric practice, the
equations are written for a unit mass of dry air [25]:

Air
iR )
U Aar

from 21 Fan <« . "

condenser T AR AN A ; in
e COCQLING | ———p-  gas removal system
o= | TOWER 23 and condenser
drain

Figure 10. Cooling tower flow diagram.

haA + a)A - hSA +W21 x h|z1 = haB + a)B X hSB +W23 x h|23 (28)

W — Wy =Wy —Wo, (29)

From the cooling water calculation in the condenser section, it is known that the volume

flowrate of hot cooling water entering the cooling tower is ™« (m®s). Thus, dry air mass
flowrate can be found:

ma = mcw/\Nm (30)

Exergy loss and exergetic efficiency have the form:

I = EX; + EXair,A + Wi = EXpp —EXpp — EXair,B (31)
n _ EXZl + EXair,A - Ict - EX22 - EXexhaust
Ex,ct — - -
EX21 + EXair,A (32)

3.6. NCG Removal Systems

In this study detailed energy and exergy analyses are conducted for a single-flash GPP for
four different types of gas removal systems, which are:

e Two-stage steam jet ejector system (SJES);

e  Two-stage hybrid system (steam jet ejector and LRVP) (HS);
e Two-stage compressor system (CS), and;

e Reboiler system (RS).
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3.6.1. Steam Jet Ejectors (SJES)

Steam jet ejectors remove the NCGs from the condenser and compress them to the
atmospheric pressure with the expense of steam. Since an ejector has no valves, rotors,
pistons or other moving parts, it is a relatively low-cost component and easy to operate. It
requires relatively little maintenance but consumes a considerable amount of steam. Because
the capacity of a single ejector is fixed by its dimensions, a single unit has practical limits on
the total compression and throughput it can deliver. For greater compression, two or more
ejectors can be arranged in series. Two-stage steam jet ejector system is shown in Figure 10.

Steam consumption of steam jet ejectors increases with increasing NCG fraction.
Therefore, it is important to define the steam flowrate precisely (Eg. (33) [1].

o _TAE, . _TAE,
33 AS, 1134 AS,

(33)

The corresponding potential work of steam consumed can be calculated as in Eq. (34).

Wse = m32'(h14 - h15) (34)

Exergy loss of steam jet ejectors and gas coolers is the difference between exergy input
and output and calculated by Eqg. (35).

Isje’ Igc = Z Exin Iy Z Exout (35)

The exergetic efficiency is the ratio of total exergy output (Exeut) to exergy input (Eyin) of
the steam jet ejectors and gas coolers.

_ Z EXout

Uexsjelnexgc - Z EXin

(36)

3.6.2. Hybrid System (Steam Jet Ejector + LRVP) (HS)

LRVP is a rotary compressor type device and is generally used alone in low flow
applications where large pressure ratios are not required. It has been proposed for use for
geothermal applications in series with a steam jet ejector, which provides the first stage of
compression [1]. Integration of a steam jet ejector with a LRVP is commonly referred as a
hybrid system. It is one of the more efficient methods for producing a process vacuum. The
flow diagram of the hybrid system is shown in Figure 11.

The LRVP work is calculated by Eq. (37) [1, 17].



Copyright @ 2012. Nova Science Publishers, Inc.
A1l rights reserved. May not be reproduced in any form without permission from the publisher, except fair uses permitted under U.S. or applicable copyright law.

242 Nurdan Yildirim Ozcan and Gulden Gokcen

‘;1
Iain pipe — '
from separator tnotve STE: Steam Jet Ejector
steam GC : Gas Cooler
33 34
Y ¥
—=--mZ=JE | o
H 18 ! SIE2 Ezhaust
I v
i Vi ; \ : {3 3 4
' 171 ' 194 i
] | ' ¥ '
] 1 1 M [
16, g ( L__pl '
from G(_jl I GCz Lo
condenser 28 l 27 - . 3
to condenser  from cooling to condenser  from cooling
tower tower
Figure 10. Flow diagram of two-stage steam jet ejector system.
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Figure 11. Flow diagram of hybrid system.

oy RUToo | (P )
Y Y 2" ) 2
Wigye = |: :| = = [dj -1

r-1 nLRVP'MCOZ P,
(37)
where WLRVP is the liquid ring vacuum pump work.
For liquid ring vacuum pump, the exergy loss is:
ILRVP = EX18 - EX19 +WLRVP (38)

The exergetic efficiency of the liquid ring vacuum pump is calculated as:
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_ EX19 — EXlB

Nexrvp = W
LRVP

(39)

3.6.3. Centrifugal Compressors (CS)

Increasing NCG fraction increases steam consumption of steam jet ejectors and
consequently operational cost becomes uneconomic. Centrifugal compressors, although
expensive to install, have overall efficiencies in order of 75%. When dealing with large
guantities of NCGs this makes them the preferred option compared to the other systems. A
two-stage compressor system flow diagram is shown in Figure 12.

Power consumption of the compressors is calculated as Eqg. (40).

W omp =M A (40)
LPC : Low Pressure Compressor
HPC : High Pressure Compressor
LPC HPC GC : Gas Cooler
L,‘-” i ' Ezhaust
] [ ]
. : ' 119 4
' 17 | 12 4 : 1 N
1 { i i
i L] ]
¢ i GC 1 ) GC2 |
/ L == -————
' .
6 27 . 4
! 28 -
from to fram ta frorn
condenser condenser cooling condenser cooling
tower tower

Figure 12. Flow diagram of two-stage compressor system.
Exergy loss of the compressors is calculated with reference to Figure 12 as:
I pe = EXjg — EX7 +Wipe
lipe = EXig = EXig +Wippc (41)

where W\ pc and Wypc are the compressor work of the low and high pressure compressors.
The performance criteria are:

_ Ex; —EXg
UEXLPC - W
LPC
_ EX19 — EX18
eXHPC
W
HPC

(42)
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3.6.4. Reboiler System (RS)

Reboiler systems offer the only technology available for removing NCGs from
geothermal steam upstream of the turbine. Reboiler technology (vertical tube evaporator type)
has been applied at the pilot level at the Geysers, California. During more than 1000 h of
accumulated test time, the average H,S removal efficiency obtained was 94% [27]. Later, the
same reboiler system was tested at the Cerro Prieto Geothermal Field in Mexico. The nominal
capacity of the equipment was 0.4 t/h of steam and after more than 200 test runs and 3000
operating hours, a mean value of 94% of gas removal efficiency was obtained [28].

A tray-type direct contact reboiler system was applied to 40 MW, Latera Geothermal
Power Plant in Italy where the NCG content is 3.5% at the wellhead. This is the first
application to the geothermal industry in the World of the reboiler concept on a commercial
scale. It was started up in early 1999 and abundant in 2003 because of the environmental
problems [29].

A packed bed direct contact reboiler test process was applied to Kizildere GPP in Turkey.
A 3-month test program with an accumulative test run time of approximately 260 hours was
completed in January 1999, demonstrating the performance of a bench-scale packed bed
direct contact reboiler. The test unit located at the KD 14 wellhead where the NCG content is
at the design level (10%). During the tests CO, removal efficiency was obtained as
76.3 22.6% for a wide range of reboiler parameters [30].

In this study, a vertical tube evaporator reboiler is used (Figure 13). A vertical tube
evaporator is a heat exchanger where the entering geothermal steam is condensed on the shell
side. A small amount of the uncondensed steam flows out from the top of the shell side in a
vent stream. The condensate is pumped to the top of the heat exchanger, where it enters the
tube side and evaporates through the tubes. The clean steam leaving the reboiler contains a
small amount of NCGs so that the capacity of steam ejector system is reduced. The rejection
of NCGs to vent stream and steam/NCG weight ratio in vent gas are taken as 98% and 50%-
50%, respectively. Reboiler system requires at least 330 kPa pressure drop between the
separator and turbine inlet according to a study for KGPP [2-3, 31].

Myce a6 = 0-98XMycq 14

(43)
ms,36 = mNCG,ae (44)
M, 4o = (M 13, —M; 55) x0.01 (45)

.
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30 4—y
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dermister 13h steatn jet ejector
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40 N y 42 32
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= to turbine

35 14
reboiler clean steam

Figure 13. Flow diagram of reboiler system.
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Figure 14. The inter-condenser flow diagram.

Exergy loss and exergetic efficiency are of the form:

Ireboiler = EX13b - EX35 - EX36

(46)

EX,
EXl3b

77Ex,reb0iler =
(47)

3.6.5. Inter and after-Condensers

In a multi-stage turbine system, inter and after-condensers are typically used between the
stages. By condensing the vapor prior to the next stage, the vapor load is reduced. This allows
smaller NCG removal systems to be used, and reduces steam consumption. After-condenser
can also be added to condense vapor from the final stage. Adding an after-condenser will not
affect the overall system performance, but may ease disposal of vapor and act as a noise
suppressor [18, 32].

Inter-Condenser (I1C)

Flow diagram of inter-condenser is shown in Figure 14.
Inter-condenser heat load has the form:

Qi =My, th,l7+mNCG,l7 XhNCG,17_ms,18 th,ls_mNce,la XhNCG,lB

- [(ms,17 - ms,lS)]X hyg (48)
The cooling water mass flowrate is:

I”hcw 1= Qic
Y (hzs_h27) (49)

Exergy loss and exergetic efficiency are of the form:
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I, = EX,; + EXy; — Exs — EXyg (50)

_ E)(17 + I:;)(27 - Iic
T B v Ex,

(51)
After-Condenser (AC)

In Figure 15, flow diagram of after-condenser is presented. Similar to inter-condenser
calculations, heat load is of the form:

Qe =My 4 th,19+mNCG,19 ><thcs,lg_mNcG,e.l XhNCG,31_ms,19 x hyg

(52)
from the second
stage of the gas Exhaus: /
remmowval system CO, plant
: 4
h 2
19 .
L] [}
t-» AC T_l[_,:
25 | 24
to from
rondenser roolng tower
Figure 15. The after-condenser flow diagram.
Cooling water mass flowrate is:
mcw,z = Qac
(h25_h24) (53)
Exergy loss and exergetic efficiency have the form:
l. = EXg + EX,, — EXy; — EXy (54)
n — EXio + EXpy — 1o
Ex,ac — 0 >
Ex, + EX,, (55)

3.7. Water Circulation Pumps and Cooling Tower Fans

In a GPP, pumps play an important role in the cooling process. A representative single-
flash GPP employing three water circulation pumps is considered, as shown in Figure 16.
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Figure 16. Water circulation pumps in the GPP.

Pumpl: from the condenser exit to the cooling tower inlet;
Pump2: from the cooling tower exit to the condenser inlet;
Pump3: for makeup water to the cooling tower inlet.

Make-up water must be added to the cycle to replace the water loss due to evaporation
and air draft. To minimize the water carried away by the air, drift eliminators are installed in
the wet cooling tower above the spray section [33].

The makeup water flowrate is calculated by

m =1.22 x Evaporation loss

make up

(56)

The evaporation loss rate is 1-1.5% of the total circulating water flowrate. Blowdown is
normally 20% of evaporation loss, but sometimes the value is similar to evaporation loss,
depending upon the content of chemicals and various minerals, and the size of the plant. The
drift loss is approximately 0.03% of the total circulating water flowrate [17].

Evaporation loss = m, x (w, — @,)
Drift and blowdown losses = 0.22 x Evaporation loss (57)

The following equations are used to calculate the power of water circulation pumps

Woimp :
. V, x AP
Woimp =———
17 pump (58)
: W
Wmotor,pump ="

77mot0r, pump (59)
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Exergy loss and exergetic efficiency are of the form:

I pump — EXin - Exout +Wpump (60)
E'Xin — Exout
77Ex,pump = W—
pump (61)

The air circulation in the cooling tower is provided by fans, and the power of the fans is
determined in similar way with water circulation pumps by using Egs. 58-61.

4. RESULTS

4.1. Mass and Energy Balances

A detailed mass and energy balance of a single-flash GPP is provided to compute the net
power output, total auxiliary power, and specific steam consumption of the plant for various
NCG removal system alternatives.

Table 2. Input parameters of the model

Parameter Value
Geothermal field | Flowrate (kg/s) Wells 281.6
Pressure (kPa) Wells 1,800
Wellhead 1,330
Separator 460
Temperature (°C) Wells 204.7
NCG fraction (%) At the main separator exit 13
Power plant Pressure (kPa) Condenser 10
Pressure drop between main separator exitand | 10
turbine inlet
Pressure drop throughout the reboiler 320
Pressure drop of fans/circulation pumps 0.1
Power plant Pressure (kPa) NCG removal system final stage discharge 105
pressure
Temperature (°C) Water at cooling tower exit 29
Efficiency (%) Generator 90
Compressor 75
LRVP 40
Fans/Circulation pumps 70
Fans/Circulation pumps motor 85
Environmental Pressure (kPa) Dead state 95
Temperature (°C) Dead state 16
Relative humidity (%) | Dead state 65
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Table 3. Main results of the mass and energy balance of the plant with Kizildere
operational data

NCG Removal System CS SJES | HS RS

Separator Pressure (kPa) 460 460 460 460

Condenser Pressure (kPa) 10 10 10 10

Auxiliary Power Compressor /LRVP 1262 1299

(kw) Steam Jet Ejector * 6666 | 3038 | 180
Water Circulation Pumps 346 3724 | 360.3 192
Cooling Tower Fans 86.3 915 89.8 47.2
Other 150 150 150 150
TOTAL 1844 7279 4936 569.2

Net Power Output (kW) 10235 | 5466 7447 5667

*Consumed motive flow rate is converted into power in KW.

Kizildere GPP-Turkey operational data and main assumptions are listed in Table 2. The
main results of the mass and energy balance of the plant are presented in Table 3.

35
in — .
25 = B S 8 =
0 20 A
SRR RSN
10 - - Bl [ f R - 115C
i
4 5 & 7 B 910 11 12 13 14 15 16 17 18 19 20
Condemear Presars (KPa)

Figure 17. Condenser pressure vs. AT;.

4.1.1. Condenser and Separator Pressures

The temperature regime in the condenser is one of the limiting factors for determining of
condenser pressure. The difference between saturated temperature and cooling water inlet
temperature (AT;) should be between about 11 and 17°C [25]. Condenser pressure range is
taken as 4-20 kPa to check the AT;, and the results are illustrated in Figure 17. The Figure
indicates that recommended temperature range falls into 8-10 kPa condenser pressure range.
Therefore, the range for condenser pressure is taken as 8-10 kPa for simulation.

Net power output of the plant is calculated for condenser and separator pressures of 8-10
kPa and 100-1000 kPa, respectively, to evaluate the effects of condenser and separator
pressures on thermodynamic performance of the plant. The net power output versus separator
pressures is shown in Figure 18 at 13% NCG fraction.
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Figure 18. Net power output of the plant for various separator and condenser pressures.

Table 4. Main results of mass and energy balance of the plant at
optimum separator pressures

NCG Removal System CS SJES HS RS
Optimum Separator Pressure (kPa) 220 500 340 580
Condenser Pressure (kPa) 10 10 10 10
Compressor /LRVP 1749 1518
Steam Jet Ejector * 6239 3645 370
Auxiliary Power Water Circulation Pumps 486 353 424 252
(kw) Cooling Tower Fans 121 87 106 62
Other 150 150 150 150
TOTAL 2506 6829 5843 834
Net Power Output (kW) 11436 5476 7712 6294

* Consumed motive flow rate is converted into power in kW,
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Figure 19. Net power output and total auxiliary power of the plant for various condenser pressures for
optimum separator pressures.

Figure 18 indicates that increasing separator pressure increases the net power output up to
a peak value, which corresponds to optimum separator pressure. Further increase in separator
pressure shows a dramatic decrease in net power production caused by a consequent decrease
in steam flowrate. Optimum separator pressures obtained from Figure 18 are 220 kPa for CS,
500 kPa for SJES, 340 kPa for HS, and 580 kPa for RS at 13% NCG fraction.

To compare the thermodynamic performance of the plant with operational and optimum
separator pressures, the net power output and auxiliary power are calculated at optimum
separator pressures of each NCG removal system, and the results, summarized in Table 4,
show that the net power outputs increase between 0.2-11.7% by using optimum separator
pressures.

The effect of condenser pressure on the net power output and the auxiliary power is
evaluated for a range of 8-10 kPa (Figure 19). Figure 19 exhibits that increasing condenser
pressure causes an increase in the net power output for SJES and HS while a decrease
encountered for CS and RS. On the other hand, increasing condenser pressure decreases the
auxiliary power requirement as well as the O&M costs. As an example, changing the
condenser pressure from 8 kPa to 10 kPa results in a 2.5% (296 kW) decrease in net power
output of CS, and a 14% (406 kW) decrease in auxiliary power. Because a higher auxiliary
power allows for a larger equipment size and a higher cost, the 10 kPa condenser pressure is
selected as optimum pressure with the lowest auxiliary power.
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Figure 20. Turbine power output, net power output and auxiliary power of the plant vs. NCG fraction.
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Figure 21. Separator pressure vs net power output of the plant for various NCG fractions.

4.1.2. NCG Fraction

The effect of NCG fraction on the turbine power output, auxiliary power and net power
output is plotted in Figure 20 for a 0-25% range of NCG fraction. The Figure indicates that
the auxiliary power increases and the net power output decreases with increasing NCG
fraction. An increase in NCG fraction (1%) causes a net power output loss of 0.4% for CS,



Copyright @ 2012. Nova Science Publishers, Inc.

A1l rights reserved. May not be reproduced in any form without permission from the publisher, except fair uses permitted under U.S. or applicable copyright law.

254 Nurdan Yildirim Ozcan and Gulden Gokcen

2.2% for HS, 2.5% for RS, and 2.7% for SJES. Especially, SJES has a dramatic decrease in
net power output by NCG fraction. On the other hand, it is interesting to observe that the
turbine power output of CS increases with increasing NCG fraction. The reason for that is the
increase in steam quality at the separator by the existence of NCG in the steam. Therefore,
separator pressure has vital importance for maximizing the net power output. Figure 21 shows
the separator pressure versus the net power output of the plant for various NCG fractions (0-
25% by weight of steam) at 10 kPa condenser pressure.

Figure 21 shows that each NCG removal option exhibits the same behavior for a zero
NCG fraction except RS. This is because RS requires at least 330 kPa pressure drop between
the separator and turbine inlet, while the other NCG removal systems require 10 kPa. Figure
21 shows that the optimum separator pressures, which maximize the net power output, change
with the NCG fraction.

4.2. Exergy Balance

For given data of KGPP and the assumptions made, an exergy analysis is conducted to
evaluate four different conventional gas removal options under a range of NCG fraction (0-
25%). Representing the operational conditions of KGPP, NCG content and turbine inlet
pressure are taken as 13% and 450 kPa, respectively. Exergy distribution throughout the plant
for each gas removal option is evaluated and an example is given in Figure 22 for compressor
gas removal option. Figure 22 exhibits that production wells provide a total exergy of 52968
kW at the wellhead. Major exergy destruction locations are separator (steam+liquid exits),
turbine and generator, cooling tower, condenser and gas removal system.

F xXp Valve
and
Sepiraior .
3298 kW Tuhine s
o 5 water from Compressor
TF 5482 kW Ganerator
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Figure 22. Exergy flow chart of the geothermal power plant with compressor gas removal system.
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Figure 23. Overall exergy balance of CS.

Overall exergy balance of the system is shown in Figure 23.

As the geothermal fluid is flashed into steam and brine in the separators, a total exergy of
3298 kW is destroyed during the separation process itself, and this loss corresponds to 6.2%
of the total exergy input.

The remaining brine at relatively low temperature and pressure is first sent to the silencer
and then is re-injected or directed to the other direct use applications. A total exergy of 24366
kW, which amounts 46% of the total exergy input, is corresponding to brine. The demister is
located between separator and turbine. Assuming a 10 kPa pressure drop between separator
and turbine, the exergy loss of the demister is calculated as 107 kW and 1% of the steam is
flashed in the demister wasting 253 kW of exergy. The exergy loss of the turbine is 5482 kW,
which amounts as 10.3% of the total exergy input. The exergy further destroyed in the
generator during the conversion of the mechanical shaft work to the electrical energy. This
accounts for 2.5% of the total exergy destruction. Cooling tower and condenser are the other
vital components with 1968 and 1672 kW exergy destruction, respectively. The pipe between
the condenser exit and cooling tower inlet is assumed to have 3°C temperature drop.
Therefore, the exergy destruction with heat loss is calculated as 1147 kW.

For the gas removal system, the exergy loss is 206 kW for the compressor and 347 kW
for gas coolers. The total exergy loss of the gas removal system is 554 kW, which is 1% of
the total exergy input. A further usage of exergy output is consumed by internal devices such
as auxiliaries, pumps, fans and control systems. This parasitic load is calculated as 582 kW
and compressor work is 1262 kW. The total exergy destruction of the plant is 42763 kW,
which is 80.7% of the total exergy input. The remaining 10205 kW leaves the plant as the net
power output. Exergy loss distribution of the plant components for each gas removal option
are summarised in Table 5 for 450 kPa turbine inlet, 10 kPa condenser pressures and 13%
NCG fraction.

Figure 24 exhibits the overall exergetic efficiency of gas removal systems depending on
NCG fraction at operational turbine inlet pressure of the KGPP. Among the gas removal
options, the compressor system accounts the highest overall exergetic efficiency. Reboiler
system is the worst option for low NCG fractions, for high NCG fractions it becomes more
efficient than steam jet ejector system.
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Table 5. Exergy losses of the NCG removal systems

Components CS SJES HS RS

(kw) (%) (kw) (%) (kw) | (%) kw) | (%)
Exergy losses of main 38524 72.8 34447 65.1 36679 | 69.3 40353 | 76.3
equipment
Expansion valve+Separator | 3221 6.1 3221 6.1 3221 6.1 1174 2.2
Brine 24384 46.1 24384 46.1 24384 | 46.1 33339 | 63.0
Demister 107 0.2 107 0.2 107 0.2 41 0.1
Turbine 5496 104 2767 5.2 4252 8.0 2941 5.6
Generator 1342 25 676 13 1038 2.0 673 13
Condenser 1707 3.2 859 1.6 1321 2.5 930 1.8
Cooling tower 1924 3.6 2063 3.9 1999 38 1065 2.0
Pumpl 176 0.3 189 0.4 183 0.3 97 0.2
Pump2 168 0.3 181 0.3 175 0.3 93 0.2
Reject to the atmosphere or | 309 0.6 307 0.6 308 0.6 3236 6.1
river
Rejection from cooling 14 0.0 12 0.0 0.0 15 8 0.0
water
Flashing to the atmosphere | 253 0.5 253 0.5 0.5 278 184 0.3
CO, discharge 42 0.1 42 0.1 0.1 49 1 0.0
Vent from reboiler 3043 5.8
Heat loss 1147 2.2 1233 2.3 1194 2.3 637 1.2
Pipe 1147 2.2 1233 2.3 1194 2.3 637 1.2
Other 300 0.6 1683 3.2 328 0.6 907 1.7
NCG removal system 556 1.0 9165 17.3 5059 9.6 1735 3.3
Compressors/SJES 206 0.4 3623 6.8 2426 4.6 93 0.2
LRVP/Reboiler 540 1.0 1501 2.8
Inter and after condensers 349 0.7 5542 10.5 2093 4.0 142 0.3
Auxiliary power 1844 35 614 12 1899 3.6 389 0.7
Parasitic load (pumps, fan 582 11 614 12 600 11 389 0.7
etc.)
Compressor work/LRVP 1262 24 1299 25

25

Figure 24. Overall exergetic efficiency of gas removal systems depending on NCG fraction at
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operational turbine inle pressure of KGPP.
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Table 6. Comparison of exergetic efficiencies of the main components of the plant for
different gas removal options at13% NCG fraction and 450 kPa turbine inlet pressure.

Exergetic Efficiency
Component C 3 (%)HS RS
S ES

Expansion 47 47 47. 34

valve+separator .8 8 8 8
Turbine-generator 63 63 63. 62.

9 9 9 6
Condenser 76 87 81. 78.

Table 6 lists the exergetic efficiencies of main component of the plant for different gas
removal options at operational conditions of KGPP (13% NCG fraction and 450 kPa turbine
inlet pressure). Under the given conditions, turbine-generator and cooling tower exhibit a
similar performance, while expansion valve+separator and condenser are more sensitive to
gas removal system change.

Production wells provide a total exergy of 52915 kW at the wellhead. Major exergy
destructions occur due to the separation of steam from geothermal fluid, the discharge of the
geothermal fluid from the separator, turbine and generator, cooling tower, condenser and
NCG removal system.

CONCLUSIONS

A deterministic and static model of single-flash GPPs is developed and a code written in
EES software is employed to examine the effects of NCGs and gas removal systems on GPP
performance. The modeled NCG removal system alternatives include compressor system
(CS), steam jet ejector system (SJES), hybrid (steam jet ejector and LRVP) system (HS), and
reboiler system (RS). The model is firstly run with Kizildere GPP input parameters. Then
plant is simulated based on various input variables, such as separator pressure, condenser
pressure and NCG fraction.

The main conclusions derived from the analysis are:

1. NCG fraction is the most influencing factor on GPP performance.The net power
output and overall exergetic efficiency of a single-flash GPP is decreased by;

e 0.4% for CS;

o 2.2% for HS;

e 2.5% for RS, and;

e 2.7% for SJES by a 1% increase in NCG fraction.
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[1]

[2]

The compressor system is the most efficient and robust system where the influence
of the NCG fraction is limited. On the other hand, steam jet ejectors are highly
affected by increasing NCG fraction since motive steam flowrate to the steam jet
ejectors is directly related to NCG fraction. Thus they exhibit as the worst case.
Hybrid system is responded late to the change in NCG fraction because the LRVP is
more efficient since its performance lies between compressors and steam jet ejectors.
The optimum separator pressure, corresponding to the maximum net power output, is
highest for SJES and lowest for CS at the same NCG fraction. Net power output of
the plant decreases with increasing separator pressure with a decrease in steam
flowrate feeding the turbine. This makes the situation more dramatic for steam jet
ejectors in a feasibility study. To increase the power output, steam flowrate should be
increased by drilling more wells, which leads to the higher cost of field development.
Thermodynamic performance of a single-flash plant can be improved by 0.2-11.7%
with the optimum separator and condenser pressures. GPPs should be operated in
design conditions to generate optimum net power.

While the pressure drop between the separator and turbine inlet is as low as 10 kPa
for the first three options, 330 kPa should be maintained for reboiler system.
Therefore, separator pressure is the highest for reboiler option at the same NCG
fraction. Increase in separator pressure results in a decrease in steam flowrate thus
yields a lower power output per unit of steam feeding the turbine.

An examination of the exergy destruction throughout the plant reveals that the largest
exergy destruction occurs from the brine discharge after flashing processes in the
separators. For operational turbine inlet pressure (450 kPa) and 13% NCG fraction, it
accounts for 63% for reboiler system and 46.1% for the other systems of the total
exergy input. Therefore, alternative cycles (such as combined cycle, double flash,
binary plant etc.) should be considered to save considerable amount of the exergy
loss from brine discharge.

Exergy analyses indicate that the exergetic efficiency is 61.5% for the cooling tower
and around 63.9% for turbine-generator couple for 450 kPa turbine inlet pressure and
13% NCG fraction. The results show that cooling tower and turbine-generator couple
are the major exergy consumers and they have the largest improvement potential.
According to the results of the exergy analyses, while the compressor system has the
highest overall exergetic efficiency of 19.3%, steam jet ejector system has the lowest
with 10.3% for operational condition of KGPP. The overall exergetic efficiencies of
hybrid and reboiler gas removal systems are 14% and 10.7%, respectively.
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