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Abstract

The utilization of waste heat in a power plant sgst-which would otherwise be released back to thir@mment—in
order to produce additional power increases theieficy of the system itself. The purpose of thiglyg is to present an
energy and exergy analysis of Kalina Cycle Syst&@S) 11, which is proposed to be utilized to geteesdditional
electric power from the waste heat contained inttgggonal brine water available in the Lahendong Gewnhal power
plant site in North Sulawesi, Indonesia. A modelapgplication on energy and exergy system is usetutdy the design
of thermal system which uses KCS 11. To obtainntiaimum power output and maximum efficiency, thetsgn is
optimized based on the mass fraction of workingdfllammonia-water), as well as based on the turlkixteaust
pressure. The result of the simulation is the optmtheoretical performance of KCS 11, which hashilgbest possible
power output and efficiency. The energy flow diagrand exergy diagram (Grassman diagram) was atsepted for
KCS 11 optimum system to give quantitative inforimatregarding energy flow from the heat source yetem
components and the proportion of the exergy injBsiplated in the various system components.

Abstrak

AnalisisEnergi dan Eksergi Siklus Kalina untuk Pemanfaatan Limbah Panas di dalam Air Garam untuk Ladang
Panas Bumi Indonesia. Pemanfaatan limbah panas pada sistem pembangkigaelistrik, yang sebetulnya akan
dikembalikan ke alam, untuk memproduksi tambahaagda listrik akan meningkatkan keefisienan sistenséndiri.
Penelitian ini bertujuan untuk menampilkan anal&igrgi dan eksergi Sistem Siklus Kalikaljna Cycle System atau
KCS) 11 yang kami ajukan agar dapat dimanfaatkankumenghasilkan tenaga listrik tambahan dari limpanas yang
terkandung di dalam air garam panas bumi yang patddi situs pembangkit listrik tenaga Panas Buatidndong,
Sulawesi Utara, Indonesia. Penerapan model sistergiedan eksergi digunakan untuk mengkaji rancargistem
termal yang menggunakan KCS 11. Untuk menghasikamaran tenaga listrik yang maksimal dan keefeiepang
maksimal, sistem itu akan dioptimalkan berdasaftaisi massa cairan yang digunakan (air amonia)teleanan keluar
turbin. Simulasi ini menghasilkan performa KCS Xhng optimal secara teoretis, yang menunjukkan katutenaga
listrik dan keefisienan yang paling tinggi. Diagrafiran energi dan diagram eksergi (diagram Gras}ionga disajikan
di dalam sistem KCS 11 yang telah dioptimalkanuiiuk menyediakan informasi kuantitatif tentangaadienergi dari
sumber panas menuju komponen-komponen sistem ddante proporsi masukan eksergi yang tersebar dialger
komponen dalam sistem itu.

Keywords: exergy, geothermal brine, Kalina cycle, optimization

1. Introduction

Indonesia has abundant geothermal resources that ca geothermal resources are 27,000 MWe; which means
be used for power generation and other energyeatlat that it can generate up to 27 GW of electricityisTis
applications. Official data shows that the totaldnesian one of the biggest resources in world.
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Geothermal resources, once it is explored and Ibtoug
up to the earth surface, usually produce medium
pressure steam in saturated condition. The steanbe&a
used to generate electricity in a steam turbinesggar,
and then the condensing liquid is injected backht®
earth inner surface for maintaining the geothermal
reservoir.

The steam conditions vary from one site to another.
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2. Methods

System description. The proposed KCS 11 to be utilized
as bottoming cycle in the Lahendong Geothermal Powe
Plant, North Sulawesi, Indonesia, can be seengarEi

1 below. This system has been reviewed and analyzed
usingCycle Tempo software from TU Delft.

The description about the system of KCS 11 is as

Some of the geothermal resources that have been follows: the initial working fluid of ammonia waters a

exploited in Indonesia produce a dry steam flualv{hg
very low water content); while others produce wet
steam fluid, with a high two-phase saturated steam
condition. In the case of wet steam, the waterearnin
the two-phase fluid flow must be separated in a

saturated liquid comes out from ammonia condenser
with mass fraction of basic mixture. The liquidtien
pumped to the LT Recuperator, and in the LT
Recuperator the fluid is heated by the workingdfthat
comes out from the turbine. After flowing througf L

separator, where the steam can proceed to the powerRecuperator the fluid is split into two streamseTinst

station, and the brine water, as the result of retioa
process, is normally discharged back to the walice&s

the separation process does not cool down the
geothermal stream significantly, the brine watdr lsas
high temperature, which shows its potential
additional energy source. If this brine water i$ used
further by any means, then the potential heat gnigerg
the brine water would be wasted.

as

This paper studies the possibility of using Kal@gcle
KCS 11 system for utilization of waste heat in
geothermal brine water to generate electricity. KC%
one of the many variant of Kalina cycle patented by
Alexander Kalina, its inventor. It was found at thiial
investigation that KCS11 is the most suitable cyalbe
applied for geothermal site condition in Indonesia.

The geothermal resources in Lahendong site, lodated
the northern part of Sulawesi Island, Indonesia,
produces steam and brine water from the outlet of
separator as shown in Table 1 below.

This study proposes KCS 11 to be used as the bwttom
cycle in LHD-5 Geothermal Power Plant in Lahendong,
North Sulawesi, Indonesia. This cogeneration system
will be used to produce more power from the wastt h

of geothermal brine before the brine water is itgdc
back to the earth. It has been calculated thaptessure
losses in the brine separator would be 0.5 bartlnsl
temperature decrease of brine water is abS@.2

Table 1. Geothermal Data from LHD-5 field at L ahendong
Geothermal Site

Geothermal fluid parameters LHD-5
Wellhead Pressure (bar) 10.7
Enthalpy (kJ/kg) 1160
Temperature®C) 182
Dryness (%) 20
Total flow (kg/s) 63
Steam flow (kg/s) 12
Water flow (kg/s) 51

Makara J. Technol.

stream goes to HT Recuperator, and the secondrstrea
goes to the second Evaporator. In the HT Recuperato
the fluid is heated again until reaching saturatagor
condition; whereas in the second Evaporator thid ki
heated by the brine water until reaching a fullyussted
vapor. Then, the mass flow of working fluid frometh
second Evaporator and HT Recuperator is mixed into
one fluid stream before entering the first Evaparaln

the first Evaporator the working fluid is heated te
brine water until reaching superheated steam condit
This hot steam flow of ammonia-water mixture
containing 100% vapor phase goes through the vapor
turbine to produce electric power in the AC Germrat
The ammonia-water mixture that comes out from the
turbine is utilized further as a heating fluid imetLT
Recuperator and HT Recuperator in order to pretheat
ammonia-water mixture, which has a rich liquid ghas
coming out from the ammonia condenser. After passin
through the LT and HT Recuperator the working fligid
collected in the drain tank before finally goindarthe
ammonia condenser. The drain tank functions aas fl
tank to separate the vapor phase and liquid phiatte o
working fluid. The vapor stream of working fluid ¢®
into the inlet of Ammonia condenser and undergoes a
condensing process back into the liquid phase evthi
liquid stream from the Drain Tank is sprayed inte t
condenser to increase condensation efficiency. The
process is then repeated as a cycle [1].

Assumption used in the analysis. Figure 1 shows the
schematic diagram of the proposed KCS 11 to be used
as the bottoming cycle in the Lahendong Geothermal
Power Plant, North Sulawesi, Indonesia, which uses
ammonia-water mixture as a working fluid. For the
purpose of analysis the following assumptions and
constraints are made: (a) The system is in stetdg,s
(b) Temperature and pressure of brine water is °I80
and 10.2 bar, (c) Temperature and pressure coofier

is 23°C and 3 bar, (d) High temperature difference in
Evaporator -1, DLTH = BC, (e) Secondary stream fluid
comes out from condenser is fully saturated liquapor
quality = 0), (f) The discharge pressure of the amia

April 2015|Vol. 19| No. 1
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Steam
condenser
Water
flow v ngthermal
A injection well
__________________ - ==
O : Evaporator I
Geothermal i !
source well | A A :
! Ammonia 1
;' """" turbine |
1 Generator [ :
! I
! I
! I
! I
! I
1 A
. HT Y !
1 Recuperator :
! I
! I
: T4 LT Recuperatc !
! A :
: Ammonia < |
j condenser 1
|
|
1
: L p I
I Y > Ammonia pump 1
|
l ———————————————————————————— —

Figure 1. Schematic Diagram of KCS 11

condensate pump is 35 bar, (g) Low temperature Theoretical Analysis. The mass, energy, and exergy

difference in the condenser, Delta TL condenser 0< balances are used to make a system model in thie Cyc

DLTL < 4 °C, (h) Pressure drop in the heat exchanging Tempo software in each component of the system. The

equipment except secondary stream in the condenser optimization procedure is executed for the maximum

0.5 bar, (i) Mixing temperature from the two strebif power output in the turbine.

Recuperator and Evaporator 2 must be less than the

outlet temperature of the secondary stream Evapotat The energy and exergy analysis are used to unddrsta

to avoid theemperature-cross in the heat exchanger and study the performance of KCS 11 as a bottoming
cycle. The energy and exergy balances will be used

The optimum KCS 11 is obtained by optimizing the each various apparatuses or components in thensyste

exhaust pressure of the turbine according to the

assumption and constraint above. Energy analysis. The general equation for energy
balance is

Makara J. Technol. April 2015|Vol. 19| No. 1



Q+zmnhin :W+zmouthout (1)

the mass balance can be expressed in rate form as

dom, ="M, 2)

Exergy analysis. Exergy is defined as the maximum
possible reversible work obtainable in bringing shate
of a system to equilibrium with that of environm¢af
The total exergy of a system becomes the summafion
physical exergy and chemical exergy since therarare
absence of magnetic, electric, nuclear, and surface
tension effects and considering the system is sit re
relative to the environment.
E=E™+E® 3)(
The physical exergy component is calculated ushey t
following relation:

E™ =r{(h-hy)-To(s-s,)]

The calculation procedure of the chemical exergy of

(4)
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Where 7, is a mechanical efficiency in the turbine.
Efficiency exergy is expressed as:

Pyen

”ex,gros -

(10)

Eabsobl + EabsorbZ

3. Results and Discussion

The optimum system is obtained by understanding the
constraint and the objective function analyzed gisin
Cycle Tempo software. The analysis using Cycle
Tempo simulated variations of mass fractions and
exhaust pressure of the turbine. Each variatioma$s
fraction in one set of mass fraction range hasmimal
turbine exhaust pressure values. The optimum vialue
obtained on the turbine exhaust pressure that gesvi
the biggest power output for the system as objectiv
function. This approach is selected since one @htbst
ultimate goals of any power generation installai®o
maximize the power output delivered by the power
generation equipment (e.g: turbine and generaka).
the same types of power station in consideratiomse
power output that can be generated would deliveremo

various substance based on standard chemical exergyelectricity to be sold, and thus increase the ecvcal
values of respective species has been discussed bypenefit of the installations, such as lower genenat

Bejan et al [2], Ahrendts [3]. For the analysi<alS 11
considered here, the chemical exergy of the flosvs i
calculated using the following equation:

Z 1-z
! eOCh,NH3 + ! eOCh,HZO (5)
M nH, My,0

Where eOCh,NH3 and eOCh,HZO are the standard

chemical exergy of ammonia and water respectively,
and their values are taken from Ahrendts [3].

i =m

Exergy balance in the heat exchanging equipment and
drain tank is described as:

Z q m - Z eerhe =1 h
in exit
Exergy balance in the turbine :

ze.m _zeeme :Wact + l.t

exit
Exergy balance in a pump:
D.em -
in

Power generated in the generator expressed

P

gen —

(6)

(7)

Dem, W, =1,

exit

(9)

turbin j]m,gen

Makara J. Technol.

cost, increase of revenue, and shorter paybactderi

A relationship between power output and the vanei

of ammonia mass fraction in the ammonia-water
mixture (the working fluid) is described in Figu2eThe
graph in Figure 2 shows that the maximum power
output is obtained with 83.5% ammonia mass fraction
and 9.2 bar turbine exhaust pressure. Anythingvbelo
that causes the system to be against the constraint

The power output range before optimization andrafte
optimization is increased by lowering the ammonia
mass fraction. This means for the higher massifnact
of ammonia the turbine exhaust pressure 9.9 ldose

Table2. Mass Fraction and Optimum Turbine Exhaust
Pressure

Mass fraction Pressure before Optimum turbine

ammonia optimization exhaust pressure
(%) (bar) (bar)
83.5 9.9 9.2
84 9.9 9.2
84.5 9.9 9.3
85 9.9 9.3
85.5 9.9 9.4
86 9.9 9.5
86.5 9.9 9.5
87 9.9 9.6
87.5 9.9 9.7
88 9.9 9.7
88.5 9.9 9.8

April 2015|Vol. 19| No. 1



42 Nasruddin, et al.

to the optimum value number. The exergy analysis ca
explain why the optimization procedure takes place
the turbine not in the other apparatus in the syste
Most of the exergy losses or irreversibilities tgiace

in the turbine, and this is the biggest losses @e1
with other components. This high exergy losses is
mainly caused by isentropic efficiency and, to ltheer

extent by mechanical efficiency. The

exergy flow

diagram or Grassman diagram in Figure 3 explaihed t
exergy flow and also exergy losses in each componen

in the system KCS 11.

3150
3100

3050 1

3000 4 —4-Before

2950

2900

2850

Turbine Power Output (kW)

2800

2750

—B- After Optimization

Optimization

Ammonia Mass Fraction (%)

Figure 2. Turbine Power Output

The Grassman diagram above shows exergy flow in the
KCS 11 in the optimal condition. Apparatuses are
denoted in Roman numerals. Number | is Evaporator 1
number Il is turbine; number Il is a mixer; numbgr

is Evaporator 2; number V is HT Recuperator; number
VI is splitter; number VII is LT Recuperator; nunmbe
VIII is a pump; number IX is a drain tank; and nwenb

X is condenser. All the unit is in kW. The lossedeat
exchanging equipment such as apparatuses number
1,IV,V,VIl and X are caused by pressure drop.

59 4

58 1

57 4

Exergy Efficiency (%)

53 4

52

56 1

55 4

54 4
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—>— Ammonia Mass Fraction 87.5%

—®— Ammonia Mass Fraction 88.5%

9.2 93 9.4 95 9.6 9.7 9.8
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Figure 4. Exergy Efficiency
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Figure 3. Physical Exergy Diagram KCS 11 for Optimal Condition
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Figure 4 describes the relationship between gross
exergy efficiency and turbine exhaust pressure for
various ammonia mass fractions in the working fluid

Referring to Figure 4, for a specific ammonia mass
fraction in consideration, the optimum conditionsuld

the one that results in the highest exergy efficyehe
highest exergy efficiency is obtained at the lowest
possible turbine exhaust pressure. This is dubddact

that the highest irreversibilities occur in thebine, so

the turbine is the most critical part to be optiatz
compared to other apparatuses. However, the turbine
exhaust pressure itself can not be set as low ssilpe

due to some inherent constraints in the condenser
design, cooling water inlet temperature and cooling
water temperature rise. The last two factors ansety
related to the environmental conditions where the
installation takes place.

Figure 5 describes the relationship between exergy
losses and turbine exhaust pressure for variouscatiam
mass fractions in the working fluid. In the samesma
fraction line, we can see that for the bigger eshau
pressure the exergy losses is getting lower; this i
caused by the decreasing entropy production in the
turbine. Figure 5 explains the consequences that beu
taken to determine the correct parameter for thgirta.

3400 | 17500
1784.17 | 5.0866(s)

P = 3146.69 kW
n,=70%
N, =99 %

34.00
1784.17| 19.606

[0} = 17516 kw|

Hirans

(5}
&)

Evaporatoh 1 9.700] 100.00

419.75) 51.000

o

Evaporator|2
34.00] 97.98

890.75 19.606

Mne =

9.700| 100.00
419.75| 51.000

34.00| 102.88
959.91| 12.479

8.200
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60.00
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8700 [ 75
75.35(X)| 19.6§6

3450 =3349.99
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335.64| 51.000 3_700‘ 75.00
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BRINE WATER
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RICH MIXTURE

P, = 3115.23 kW|
%

mo0 | 225 /N /\ ossso]" 2346
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The increasing of the entropy causes the increasing
the irreversibility/losses.

Figure 6 describes the KCS 11 optimum conditiore T
diagram shows that the system can produce theaketic
electric power of 3115 kW in the turbine generaidre
pumping power for working fluid is about 114 kW,dan
the pumping power for the cooling water circulatisn
186 kW. Thus, the net power produced by the system
should be 2815 kW.

1120
1100

1080

1060

Exergy losses (kW)

1040

—e— Ammonia Mass Fraction 83.5%
—B— Ammonia Mass Fraction 84.5%
—a— Ammonia Mass Fraction 85.5%

Ammonia Mass Fraction 86.5%
—¥— Ammonia Mass Fraction 87.5% °
—&— Ammonia Mass Fraction 88.5%

1020

1000

95 9.6 9.7 9.9 10

Optimized Pressure (bar)

9.2 9.4

Figure 5. Exergy Lossesin the Turbine

p|T
hjo,
p = Pressure [bar]
T = Temperature [°C]
h = Enthalpy [kd/kg]
> = Mass flow [kg/s]
P = Pow er [KW]
n, = Isentropic efficiency [%]
Npe = Mechanical*Bectrical eff. [%]
& =Mass fraction [-]
Dy ans = Transmitted heat flow [KW]
P =Mechanical Pow er [kW]
Pe‘ = Hectrical Pow er [kW]
X =Vapour quality [%]

Ny = Mechanical efficiency [%] P= -186.09 kW|
s = Entropy [kJ/kg.K] n,=75%
Nt = 90 %
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Figure 6. KCS 11 Optimum Condition (using Cycle Tempo Simulation) [4]
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Table 3. State Properties of the Stream of KCS 11 for the Optimal Condition

Flows Temperature Pressure Mass flow NH3 Concentration siPélyExergy Chemical Exergy  Total Exergy
(S (bar) (kg §) (%) (kw) (kw) (kw)
1 180 10.2 2.83 0 6179.86 0 6179.86
2 60 345 19.6 83.5 4333.91 324440 328773.88
3 23.46 8.1 19.6 83.5 4131.35 324440 328571.32
4 112.88 9.2 19.6 83.5 6639.67 325983.5 332623.15
5 175 34 19.6 83.5 10893.96 325983.5 336877.44
6 24.25 35 19.6 83.5 4206.76 324440 328646.73
7 75 8.7 19.6 83.5 4744 .48 325983.5 330727.96
8 60 345 12.48 83.5 2758.45 206582.2 209340.63
9 56 8.2 19.6 83.5 4277.64 325983.5 330261.12
10 102.88 34 12.48 83.5 4276.36 207565 211841.35
11 100 9.7 51 0 1545.68 0 1545.68
12 80 9.2 51 0 835.58 0 835.58
13 56 8.2 0.079 83.5 26 1313.913 1339.913
14 56 8.2 19.527 83.5 4258.83 324769.4 329028.19
15 49.4 8.1 5.8 54 297.61 62093.96 62391.574
16 23 3 500 0 271.37 0 271.37
17 32 2.5 500 0 88.39 0 88.39
18 32.03 5 500 0 214.27 0 214.27
19 60 34.5 7.127 83.5 1575.46 117973.7 119549.12
20 91.23 34 7.127 83.5 2198.17 117973.7 120171.83
21 45.74 8.1 13.8 99.6 4107.23 272496.9 276604.16
22 97.98 34 19.6 83.5 6465.21 325983.5 332448.69

4. Conclusions

The following conclusions can be presented based on
the result of simulation and analysis: 1) For thecific
Lahendong geothermal site conditions (brine water,
climate, cooling water source, etc.), the Kalinxley
KCS 11 system will yield the optimum operating
conditions at 83.5% ammonia mass fraction in the
ammonia-water mixture and 9.2 bar turbine exhaust
pressure. This optimum operating conditions will
produce 3115 kW gross electrical power, having 3.5
gross exergy efficiency, and total turbine exergsskes

of 1107 kW; 2) For a specific ammonia mass fraction
value in consideration, the highest exergy efficien
will be obtained at the lowest possible turbine aadt
pressure; 3) The lower the ammonia mass fractiadhén
working fluid, the higher the power output that das
obtained in the turbine generator; 4) The mostnogin
thermodynamic cycle tends to be obtained at low
ammonia mass fraction and low turbine exhaust
pressure. However, one can not lower these two
parameters as low as imaginably possible, becdgse t
selection of these two parameters in dependentten s

Makara J. Technol.

specific conditions, such as climate, available liogo
water temperature, and cooling water temperatige ri
permitted by the environmental regulations; 5) The
biggest irreversibilities causing the biggest eyelags
occurred in the Turbine. This phenomenon makes
optimization in the turbine more critical than ither
apparatuses. For planning a new KCS-11 power gatatio
it is necessary to select the most efficient tugbin
order to maximize the overall exergy efficiencytbé
system.
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