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Capacity factor

novel strategy is presented for the utilization of the excess steam
a geothermal power plant. In particular, three possible approaches are considered: dry-steam cycle, bi-
nary cycle, and Kalina cycle. Thermodynamic models of these different power cycles are defined accordingly.
The simulations are carried out using Aspen HYSYS®, used to solve the corresponding mass and energy balance
equations. The feasibility and advantages of the different approaches are discussed from different points of view,
i.e., energy, net power, and overall efficiency. Moreover, exergy analysis is used to identify the location, magni-

1 1

from the vent

d into the atmosg

tude, and origin of thermodynamic inefficiencies. Economic aspects are also considered in terms of electricity or
levelized electricity generating cost (LEGC) for the three considered cycles. Performances are quantified in terms
of Capacity Factor (CF), the ratio between the actual power produced by the generator in a given period and the
maximum output power that can be achieved according to the design capacity. The environmental impact is also

considered.

Introduction

Geothermal energy is a type of renewable energy which is derived
steam vapor wi the sub-surface of the earth and can be transformed
into electricity. The conversion of geothermal energy into electrical en-
ergy is neither a cheap nor a simple process. Thereforegzre is a real
need to use the available energy efficiently [1-3]. By far, there are three
different types of geothermal power plants which are (1) the flash cycle,
(2) the dry-steam e, and (3) the binary-Kalina cycle [4].

Compared with other geothermal cycles, the dry-steam cycle is rela-
tively simple with a less complicated compon o that the cost can be
lower than other cycles [5]. Furthermore, ﬂleg—steam cycle contains
more thermal energy due to the rich vapgondiﬁon of the steam, and it
results in higher electricity production [6]. However, geothermal with
dry-steam is very limited, estirruqi at 5% of all hydrothermal systems
with temperatures above 200°C [7]. Therefore, improvement of the cur-
rently operating dry-steam cycle is necessary for sustainable electricity
generation [8].

Some literature reported that the operating dry-steam cycle poten-
tially causes significant losses due to excess steam release in the vent
valve component [9,10]. The dry-steam from the production well in the
geothermal power plant is received by a steam receiving header (SRH),
equipped with an exhaust valve, before entering into the generating unit
to control the incoming pressure within 6.5 bars, under the flow rate
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needed. Meanwhile, the mechanism involves controlling the valve that
functions at all times to remove the excess steam into the environment
due to the contract Steam Purchase Agreement. The 10% surplus of sup-
plies aims to compensate for the load of electricity fluctuations in the
interconnection network.

Other issues that should be discussed include plant sustainability be-
cause of the condition of the geothermal reservoir, which has depreci-
ated over the operating period of more than 30 years. Suryadarma et al.
reported a decrease in the temperature of 19°C (0.7 C/year), from the
initial 245°C, the pressure drops from 34 to 9.3 bar, and the steam flow
rate diminishes up to 3% per year [11]. This situation, therefore, re-
quires that maximum utility of existing steam is a strategic road map to
ensure sustainability in futuristic electricity pro ion.

Several studies have focused on applying the excess steam from the
vent valve in smaller-scale geothermal power plants. Prananto et al. re-
searched by utilizing steam from the vent as a supply for the dry-steam
cycle, using a variation of the gas removal system (GRS) to generate
15.94 MW of additional electricity [10]. Furthermore, Pratama also de-
signed and simulated the operation of the Kalina cycle by utilizing the
exhaust steam from the vent valve, producing optimal power by up to
4,251.72 kW, with an Ammonia mass fraction of 84% and pressure of
35 bars [ 12]. However, in previous research, the use of excess steam as a
geothermal power plant only focused on how much power is generated
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Nomenclature

¢ specific heat capacity (J/kg.K)
e specific exergy (kJ/kg)
E exergy flow (kJ

h enthalpy (kJ/kg)

1 irreversibility (kW)

1t mass flow rate (kg/s)
1 efficiency (%)

N NCG fraction (%)

P pressure (bar)

5 entropy (kJ/kg.K)

T temperature ("C)

AT, pinch point temperature ("C)
power/work (kW)

y exergy destruction ratio

Abbreviation

CATT computer-aided thermodynamic table

CF capacity factor

FClI fixed capital investment

GRS gas removal system

LEGC levelized electricity generating cost

LMTD log mean temperature difference

LRVP liquid ring vacuum pump

MCWP main cooling water pump

NCG non condensable gas

ORC organic rankine cycle

PEC purchased equipment cost

REFPROP reference fluid thermodynamic and transport proper-
ties

SRH steam receiving header

TCC total capital cost

TCI total capital investment

TIP turbine inlet pressure

by a cycle designed based on energy analysis (1st Law of Thermodynam-
ics) without considering the exact losses that would occur in a system.

Exergy analysis can be used to complete and optimize the thermal
cycle analysis. This method will obtain an accurate analysis of the type,
cause, and location of losses so that improvements can be made to get
an optimal cycle design. Besides that, the performance of geothermal
power plants and economic aspects are an absolute prerequisite to be
evaluated in planning a power plant project, followed by environmental
factors that must be considered along with the issue of global warming
[1,13-16]. E

Furthermore, this research analyzes the utilization of excess steam
for smaf@-scale geothermal power plants using three different cycles,
namely the dry-steam cycle, the binary cycle, and the Kalina cycle. The
analysis will be carried out based on four criteria that are prerequisites
for the feasibility of a power plant, including thermodynamic analysis to
know which cycle is the most efficient and produces the greatest power,
analysis of plant performance that can be known by the value of Capac-
ity Factor (CF), economic analysis by comparing Levelized Electricity
Generating Cost (LEGC) generated from each cycle, as well as an analy-
sis of the environmental impacts of plant operations.

Cycle Modeling in Geothermal Power Plants

Aspen HYSYS® carried out the simulation to modeling three differ-
ent geothermal power plants and obtained the state properties corre-
sponding with mass and energy balance. Furthermore, the data required
was taken directly from the 24-h Log Operation History in the dry-steam
power plant control room. This data also consists of assumptions based
on the manual book in Engineering Department, as shown in Table 1.
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Ethis study, we assumed no heat loss from the heat exchanger utilities
to the environment. Moreover, the potential and kinetic energy were
neglected.

Dry-steam Cycle Modeling

The model configuration of the dry-steam cycle was designed with
the same components used currently in the observed Geothermal Power
Plant, consisting of a demister, steam turbine, generator, condenser, gas
removal system, and a cooling tower, as shown in Fig. 1. The demister
served as a filter to ensure the dryness of steam entering the turbine.
This cycle involved a gas removal system, in the form of a liquid ring
vacuum pump (LRVP), with a target to produce a turbine power greater
than the steam ejector [10].

Furthermore, the condenser used was a direct contact type with
higher efficiency and physically smaller when compared with others
[17]. Meanwhile, its pressure was assumed at 0.13 bar, which is still in
the safe range for operation (0.06-0.15 bars). Conversely, the mechan-
ical induced draft type tower equipment utilized the incoming airflow,
assisted by a fan for cooling, and the highest air temperature from the
average values in the geothermal power plant area (20°C) was applied in
the model to obtain the appropriate cooling tower capacity. There are,
however, 13 coffitions in the dry-steam cycle, and each level is listed
in Table 2. The mass, energy, and exergy balance equations used in the
Aspen HYSYS® simulation report are shown in Table 3.

Binary Cycle Modeling

In this model, the binary cycle as shown in Fig. 2, commonly called
the Organic Rankine Cycle (ORC), involves the use of Isobutene as its
working fluid (i-C4H,). This was chosen due to its critical temperature,
which was lower than the value recorded for excess steam, where the
maximum turbine intake pressure is obtained. Furthermore, the operat-
ing principle is similar to the Rankine cycle, consisting of fluid com-
pression, liquid phase change into steam, expansion process to pro-
duce power, and conversion from steam to liquid, which occurs in a
condenser. Therefore, the main equipment of this cycle includes the
preheater, evaporator, turbine, condenser, pump, and the recuperator,
which was added to utilize the residual steam, observed to possess suf-
ficiently high energy (superheat phase) levels, capable of heating the
working fluid before entering the preheater [18]. The mass, energy, and
exergy balance equations used in the Aspen HYSYS® simulation report
are shown in Table 4.

The initial parameters known as shown in Table 5 are the conditions
of geothermal steam (point a), which encompasses the heat exchanger
inlet, at a temperature of 160°C, obtained from the exhaust valve, and
the heat exchanger (point ¢), at 70°C and above. This was chosen as the
minimum because it is considered safe in instances where silica con-
tained in the fluid has not solidified (the scaling process) [19,20]. The
energy conversion occurring in each preheater and evaporator was an-
alyzed using Egs. (1) and (2) as follows:

tity € ( Ty — Te ) = ri(hy —hy) (1

tity ¢y (T, = Ty ) = tinge (hy —hy) @

iy, and ri,,; represent the mass flow rate of the geothermal and organic
working fluids, respectively T, is the temperature at which it enters the
heat exchanger, which is always known at the initiation of the calcula-
tion. Furthermore, AT, was derived from the equipment specifications,
illustrating that T;, is known from the value Ty + AT,

Kalina Cycle Modeling

The components and principles applied in the Kalina cycle are sim-
ilar to the binary type, as shown in Fig. 3. However, differences were
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Fig. 1. Schematic diagram of the designed dry-

Table 1 P
Parameter data on Kamojang geothermal power plant.
Parameter Value  Unit ‘arameter Value  Unit
Steam mass flow rate 27 kg/s pmure drop demister 0.3 Bar
Pressure 6.5 Bar urbine Efficiency 85 %
Temperature 162 C Generator Efficiency 95 o
NCG levels (%) 0.5 o Fan efficiency 70 %
Air temperature 17-20 C MCWE efficiency BO o
Air pressure 085 Bar Pump Efficiency BO o
Humidity 80 % Cooling water temperature 27 C
{7}
@
LRVP Liquid Ring Vacuum Pump
MCWP | Main Cooling Water Pump
—
= BINE
I
£ GENERATOR
8
®
g COOUNG TOWER
NN AN A LRve
VENT VALVE
CONDENSOR
o +

steam cycle.

Table 2
The condition level for each dry-steam cycle.
Condition  Information m(kgs)  TCO) F (bar)
1 Steam from the vent valve 7 16213 65
2 Saturates steam enters the turbine 26.91 16026 6.2
3 Discharged brine to blow down 0.09 160.14 618
4 Turbine exhaust steam 26.91 51.18 0.13
5 NCG enters LRVP 0.134 51.18 013
[ Condensate water of the condenser 627.79 49 21
7 Cooling water from the cooling tower 601.1 7 0.85
8 Cooling air enters the cooling tower 506.28 20 0.85
9 Saturated air discharged to environment 506.28 34 0.8512
10 Cooling water enters the condenser 600.71 7 0.85
11 Water enters LRVP 0.3 7 0.85
12 Water from LEVP enters the condenser 0.3 29 0.85
12 The remaining NCG discharged to the environment 0,134 37 0.85
Tab
The mass, energy, and exergy balance of the dry-steam cycle.
Component  Mass Balance Exergy Balance
Demister sty = iy b ity 2y 4 rityfy sitgey = gy b onigey 4+ Iy
Turbine Tty 3 Wy + ringhy riyey = Wiy + nigey + Iy
Condenser sty e ring iy = i i sty iy gy iy = righy 4 nighy sitgey A ring e titges A ritgeg Lo
Tab
The mass, energy, and exergy balance of the binary cycle.
Component Mass Balance Energy Balance Exergy Balance
Preheater sitg(hy, = b} = it ey = ha) tityey 4 fuey = nie, + nines + L pieses
Evaporator iy, sy =, thy = Ry =i Gy < ) ritge, +ingey = e, + ey 4 Ig g
Turbine sitghy = Wi + ritshis titgey = Wi + titses + Truphine
Condenser ditg, vy =iy iy oChy = ey =g (hy < hg) digeg #gey = sies 4oty + e,
Fump sty = sy sitg by = Wy & rinhy ritgey = Wy b sigey = Ty,
Recuperator sy = sitg, sy, = 1ty sitg b & niv hy = rivg by 4 ity ritges 4 vy = sgeg + ey + L g g
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Table 5
The state-level of each binary cycle condition.
Condition  Information m (kgss)  T(C) P (bar)
a Geothermal fluids enter the evaporator 27 160 6175
b Geothermal fluid exits the evaporator 27 160 6175
c Geothermal fluid exits the preheater 27 160 6175
1 Working fluid presses into the recuperator 133.3 46.5 31.48
2 The working fluid enters the preheater 133.3 54 31.48
3 The saturated working fluid enters the evaporator 133.3 1259 3148
4 rking fluid saturated steam enters the turbine 133.3 1259 3148
5 working fluid exits the turbine into the recuperator  133.3 60.68 633
[ The working fluid enters the condenser 133.3 515 6.33
7 The working fluid exits the condenser 133.3 4456 633
8 Cooling water enters the condenser 991.8 27 1.013
9 Cooling water comes out of the condenser 991.8 37 1.013
ghle 6
The mass, energy, and exergy balance of the Kalina cycle.
Component Mass Balance Energy Balance Exergy Balance

Evaporator 1
Evaporator 2 s

lity = fity, Ay, = i,

sy, Hit, = Ht,

sy = k) = dit, (hy = )
sitgUhy = hy) = sty g (hy = )

titye, iy, =i e, b onine, + Ig 1

Ny, + Nty = fiyey, + ey 4 IL-,.“_WW 2

Turbine Tty = riy rivfy = Wy 4 inghy riyey = Wiy + ey + I,
Condenser tits = fitg, Mg = fity sy (s = hgl = tingglhy = his) litses + fig€y = Niges + ey + Logones
Pump Tty = rity sighy = Wy, 4, hy riyey = Wy tingeg = Lpy
Recuperator tiyy = gy, niy = gy sitg by & rirghy = mighg i by rityey 4 ey = sges +oive; L g,

| S
EVAPORATOR
i"" """ TURBINE =O
@ GENERATOR
i
-
PREHEATER
I RECUPERATOR
O ® :
v
(1) (6)
COOLING WATER
CONDEMNSER @
FEED PUMP

Fig. 2. Schematic diagram of the designed binary cycle.

observed in the working fluid used, as it employs a mixturdB Ammonia-
Water [21], and the fraction was assumed to be 84%. The mass, energy,
and exergy balance equations used in the Aspen HYSYS® simulation re-
port are shown in Table 6. After designing the model and computing the
data and assumptions, the parameters obtained are presented in Table 7.

Energy and Exergy Analysis

The first step in analyzing energy and exergy was to calculate the en-
thalpy (h) and entropy (s) in each condition, based on temperature and
pressure, using a Computer Aided Thermodynamic Table (CATT) and
Reference Fluid Thermodynamic and Transport Properties (REFPROP).
Furthermore, during the steam evaluation, non-condensable gas (NCG)

GINLRATOR

COOLING WATIR

FEED PUMP

Fig. 3. Schematic diagram of the designed Kalina cycle.

content was taken into account in Egs. (3) and (4), assuming it consists
of 100% CO,.

hy = hep(1 = N) + hyegaN (3)

Sp = Senll = N) + sypg 2N (4)

Where h,, declares the enthalpy (kJ/kg) and s, illustrates the en-
tropy (kJ/kg.K) of steam, in n condition, whereas hyq, and syeg s
states the enthalpy (kJ/kg) and entropy (kJ/kg. K) of NCG, respectively,
and N is a representation of its content on a mass basis [22].

The energy analysis shows the total power, obtained by the calcu-
lation of power generated by the turbine, multiplied by its efficiency
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Table 7
The state of each condition in the Kalina cycle.
Condition  Information m (kgss)  T(C) P (bar)
a Geothermal fluid enters evaporator 2 27 160 6175
b Geothermal fluid enters evaporator 1 27 160 6175
c Geothermal fluid exits evaporator 1 27 9302 6175
1 The working fluid enters the evaporator 1 &0 8405 31
2 The working fluid enters the evaporator 2 &0 105.4 31
3 rated vapor working fluids enter turbines &0 158.3 31
4 working fluid exits the turbine into the recuperator 60 1095 9
5 The working fluid enters the condenser &0 4901 9
[ The working fluid exits the condenser &0 2792 9
7 Working fluid presses into the recuperator &0 2851 31
8 Cooling water enters the condenser 842.5 27 1.013
9 Cooling water comes out of the condenser 842.5 4139 1013
Table 8
Recapitulation of power calculations and efficiency of three geothermal power plant.
Turbine power (W,,  Generator Power (W,.,)  Parasitic Load  Total power (W,,)  Energy Efficiency  Exergy Efficiency
Cycle kw kw kw kw o o
Dry-steam 13,529 12,852 33z 12,520 16.86 58.95
Kalina 9,438 966 1154 7,811 10.49 36.98
Binary 5310 5,045 1103 3,942 5.3 18.66
and that of the generator, which was further reduced by parasitic load Table 9
or the power consumed by the supporting components, as shown in Eq. The composition of parasitic load for each cycle.
(5) follows: Parasitic load ~ Dry-steam Cycle  Binary Cycle  Kalina Cycle
= [ ( Fu Pon 0 kw 731.48 kW 795 kw
Wlmul - [I'(l (hmll.lurhin -~ hin.l\lrhin }X Miurbin * '1_|;cmr;nm'] - Wp;lr;uilic load Mcn"'gp P::; 206 W 208.78 kKW 193.88 kW
(3) LRVF power 39.05 kw 0kw 0kw
Fan Power 123 kw 114 kW 116 kW

In calculating the exergy analysis, its balance was carried out in
Eq. (4), stating that a change equivalent to the total, is transferred
through the system boundary and that which was destroyed in the unit
due to their irreversibility [23]. E described the exergy flow (kI) as
shown in Eq. (6), while e described the specific exergy (kJ/kg) obtained
by Eq. (7).

<ctzE<ot >, —<ct>E<ot >,

—<et>E<ot > = A< > E<ot > (6)

e=h —hy—T,(s; - 5) o

The exergy destruction < ¢t > E < ot >, in the components can be
compared with its rate in the whole system < ¢t > E < ot >y, this com-
parison is called as destruction ratio yj, in Eq. (8):

<ct>E<ot >,

DT T fom—
<ct>BE<ot >, o

ge exergetic efficiency is defined as the ratio between the quantities
of an exergy product, based on the balance in the rate of a system, as
stated in Eq. (9):

<ct=E<ots>
San o

¥ <et=E<ot>
in

¥ (8)

n=

Results and Discussion

Based on the data obtained, the net power (W) can be calculated
from each cycle of the turbine power and parasitic load originating from
the supporting components of a generator. Meanwhile, the efficiency of
the vent steam was obtained through the comparison of W, with the
energy and exergy value, as seen in Table 8.

Table 8 shows that the dry-steam cycle could convert the highest
energy among the three sequences designed. In this case, excess steam

enters the cycle through the demister component, which is then directly
used to turn the turbine. With the turbine output condition set to vac-
uum, it is possible to obtain a large specific enthalpy and exergy dif-
ference in the turbine and produce high power. Furthermore, this high
turbine power was caused by a simpler design with minimal exergy elim-
ination and reduced parasitic load, comparatively, as listed in Table 9.

A comparison with the current dry-steam cycle at the existing
Geothermal Power Plant showed the energy efficiency designed to have
the same level, within the range of 16-17%, and the venting process
of steam was attributed to low efficiency. Hence, the steam supplied
is incapable of being fully utilized due to the fluctuations in pressure
and excess steam occurring. In addition, the dry vapor series involved
implementing as many zero venting systems as possible. Regarding par-
asitic load, the dry-steam cycle only consumes 332 kW or 2.65% of the
power generated. This value is very different from the other two cycles
because dry-steam cycle does not require a feed pump or pump to
increase the working fluid pressure until it reaches the desired Turbine
Inlet Pressure as in the binary and Kalina cycles.

Table 10 describes the amount of exergy that enters, leaves, and is
destroyed in the dry-steam cycle component. After passing through the
demister component, dry-steam enters the turbine with an exergy of
20,987.51 kW. It undergoes an expansion process with two outputs in
the form of a turbine power of 13,529 kW and the remaining steam
to be condensed at 5635 kW. The turbines are the elements with the
highest exergy destruction in this sequence as they are influenced by
the design and construction, including flow transitions between levels,
leakage around the blade tip and seal, and the final blade length. In
addition, the pressure in the condenser component (vacuum) enhanced
the likelihood of outside air leakages due to the presence of cracks in
the expansion joint, which is estimated to increase the condenser load.

The red line in Fig. 4 describes an inverse correlation between the
pressure of the condenser and turbine power. An increase in pressure
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Table 10
Calculation results of dry-steam cycle exergy.

Exergy enter  Exergy out  Exergy wasted  Irreversibility  Irreversibility ratio
Component kW kw kw kw @
Demister 2123982 20987 .51 10,03 24228 1.14
Turbine 20987 .51 18957.61 2029.90 9.67
Condenser 5635.01 3624.82 2010.19 35.67
Table 11
Calculation results of binary cycles exergy.
Exergy enter  Exergyout  Exergy wasted  Irveversibility — Irreversibility ratio
Component kw kw kw kw %
Evaporator 3512046 3400397 1116.49 il8
Preheater 23628.83 13959.17 5596.02 4033.64 17.07
Turbine 1638474 10677.39 2096.676 11.40
Condenser 11061.01 7186.203 1984.BE9 1689918 17.09
Pump B332.183 7186.203 1145.98 13.75
Recuperator 1872438 18713.05 11,3305 0.06
15,400 0556 6000 |
15,200 | - = - 0854
15000 | e = 0.852 000
E 14500 | L. - Logs = I~ ’
~ = =
5 14600 | - 0.848 :
£ 14400 | | 0.846 ?— —=— Turbine Power (KW) 'E 4000 |
S 1200 | > < 054 gl b Vipox e z
£ 1ao00 | - T fogaz ® £ 3000
= & ~ uw
13,800 | — . 054 ]
13,600 | - - | 0,838 £ 2000 |
13,400 1 L o538 a
006 008 a1 a1z 014 1000 b
Condenser Pressure (bar)
0 L
Fig. 4. Effect of condenser pressure on turbine power. 8 13 18 23 28 33 38

in a specific state will cause an increase in the enthalpy and entropy
values of these conditions so that the difference between the exergy
entering and leaving the turbine components will be smaller and reduce
the turbine power. However, the blue line illustrates the vapor fraction
of steam in the varied condenser pressure, which indicates an entirely
different tendency, as the decline further reduced the steam output of
the turbine. However, it does not directly impact the power produced. A
lower mass fraction of the vapor is related to the elevation in the liquid
phase at the output, which further causes erosion within, after the cycle
operates for a long time. In this case, the possible condenser pressure
under actual conditions and following environmental conditions at the
Kamojang geothermal power plant ranges from 0.1 to 0.13 bar. Based
on these several possibilities, the optimal condition was chosen, which
produces the highest turbine power and a fairly high steam fraction in
the achievable range, namely at 0.1 bar condenser pressure, producing
a net power of 13,160 kW.

In the binary cycle, the exergy that enters the evaporator component
is 35,120 kW which comes from excess steam exergy of 21,121 kW, and
exergy of Isobutane, which has been preheated by the preheater until it
reaches a saturated liquid state of 13,999 kW. In the evaporator, [sobu-
tane does not increase in temperature. [t changes in phase from liquid
to saturated vapor and produces an exergy annihilation value of about
1116.49 kW. The exergy of the geothermal steam coming out of the
evaporator is then used for preheating the Isobutane in the preheater
from a temperature of 54°C to 125.9°C. The irreversibility in the pre-
heater components was highest among other components, as shown in
Table 11. This is probably caused by several reasons, including the varia-
tion in temperature between the hot and cold fluid, the friction observed
during a pass through the tube, and heat dissipation to the environment.
In terms of the amount of power produced, the binary cycle is far behind
the dry-steam variety. Therefore, several steps are taken to optimize the
cycle, including variations in the turbine inlet pressure (TIP), with the
results plotted in Fig. 5.

Turbine Inlet Pressure (bar)

Fig. 5. Relationship between turbine inlet pressure (TIP) and turbine power.

10000 |

$000 | ”%..

=
g 00 M
g
S 4000 | 000000
£
£ 2000
0\
2 1 6 8 10

Turbine Outlet Pressure (bar)

Fig. 6. Relationship between turbine exit pressure and turbine power.

In Fig. 5, an increase in turbine power was observed in the TIP, from
13 to 31 bars, which became smaller through the exhibition of a decreas-
ing line. This can, however, be analyzed from the properties of [sobutane
enthalpy and entropy that are unstable near the critical pressure. Hence,
the optimal TIP was obtained as 31 bars.

Conversely, optimization is also conducted with variations in the ex-
haust turbine, known to have a fairly large exergy of 10,977.39 kW.
This was carried out by varying the output pressure in the ranges of 3—
10 bars, indicating that a reduced value correlates with an elevation in
power produced as shown in Fig. 6.

In the Kalina cycle, the turbine is a component with the largest ex-
ergy destruction value of 2769.6 kW, as shown in Table 12. Therefore,
the system needs to be optimized based on parameters with greater in-
fluence, including ammonia mass fraction, TIP, and turbine exit pressure
to obtain the maximum output power and efficiency.




P. Sundari, P.S. Darmanto, B. Rudiyanto et al.

Table 12
Calculation results of Kalina cycle exergy.

Energy Nexus 7 (2022) 100114

Exergy enter  Exergyout  Exergy wasted  Irveversibility  Irreversibility ratio
Compaonent kw kw kw Kw %
Evaporator 1 7BO55.89 T7023.83 1932.06 2.44
Evaporator 2 61239.63 57834.6 B899.37 2505.66 4.09
Turbine 69078 56870.4 2769.6 401
Condenser 4992792 47244.6 2636.27 47.0545 0.094
Pump 48247 .8 47244.6 1003.2 2.08
Recuperator 104323.2 102918 1405.2 1.35
10000 Table 13
f%\‘ Summary of the results of optimization carried out in each cycle.
9000
5 Cycle  Before Optimization After Optimization
2 — —— P =20 bar
5 oo A———— - PeiiEha Diy- Wt 13,520 kW Wt 14,260 kw
; I—-—.—-—-..___._._‘_.__‘__. a— P=35bar steam  Wett 12,512 kW Wett 12,160 kW
s 7000 | P57 e Efficiency 1 16.86% Efficiency 1 17.98%
£ —— . . . P = 30 ba Efficiency I 58.95% Efficiency I  62.83%
= 6000 b .ll b“ Binary Wt 5310 kw Wt B274 kW
’ oo Wett 3942 kW Wett 7170 kw
S000 Efficiency I 5.3% Efficiency 1 9.63%
7% 80 82 84 8 88 90 92 Efficiency I 1B.66% Efficiency I 33.91%
Ammonia Mass Fraction (%) Kalina Wt Q438 kW Wt 11,510 kw
Wett TB11 kw Wett 10,355 kw
Fig. 7. Effect of ammonia mass fraction and TIP on turbine power. Efficiency I 10.49% Efficiency I 13.91%
Efficiency I 36.98% Efficiency I 49.03%
12000
11500 } -+,
¥y .
< 11000 L 2. 3
z
*
< 10500 | LZ Table 14
2 *e Component sizing for each eycle.
2 10000 L2 P & i
B 5
2 9s00 | ”0 e Type of Cycle  Component Information Value
'E 9000 | ha 7Y Drry- Demister Diameter 1.76 m
= steam Turbine Power 13,160 kW
8500 | Cycle MCWP Power 186.4 kW
8000 LRVP Capacity of NCG  150.36 cfin
6.5 7 15 8 85 9 95 10 Cooling tower  Air capacity 13,800 GPM
Condenser Surface area 5,832 m?
Turbine Outlet Pressure (bar) Binary Evaporator Surface area 267 m?
Cycle Preheater Surface area 513 m?
. . . . . . 2
Fig. 8. Relationship between turbine exit pressure and turbine power. Recuperator Surface area 447 m
Condenser Surface area 3,317 m?
Turbine Power 8,274 kW
. . . . Pump Power 731 kw
Fig. 7 shows the effect of ammonia mass fractions, taken at intervals MCWP Power 208 kW
between 80-90% and TIP, on a scale of 20-31 bars on the turbine power. Cooling tower  Air capacity 15,895 GPM
However, the difference in the amount contained in the mixture affects Kalina Evaporator 1 Surface area 1613 m?
T Vs 2
the temperature and the entropy value produced. Therefore, based on Cycle :‘ap‘)ramrz 2”:3‘* area ";; ;’ -
i : P . ecuperal:or urface area
the graph, it can be concluded that the most f)pturlal conditions, W:lﬂl Condenser Surface area 6995 m?
the greatest yield, were observed at 31 bars, with an 84% mass fraction Turbine Power 11,510 ki
of ammonia. Pump Power 795 kw
The optimization of turbine exit pressure was in the range of 7-9.9 MCWP Pawer 193 kw
bars [19]. Hence, utilizing a 31 bar TIP and 84% ammonia mass fraction, Cooling tower  Alr capacity 13,311 GPM
the highest power was observed as 11,510 kW at the 7 bar exit pressure,
as seen in Fig. 8. This increase in power will be followed by an increase
in energy efficiency and generator exergy efficiency.
Optimization has been carried out from the three geothermal power
plant cycles by ing parameters hypothesized to affect turbine power Component Sizing

significantly. The results of the optimization are then summarized in

Table 13.
Economic Analysis

In determining electricity production/LEGC prices from a genera-
tor, identifying component sizing as a basis for establishing the cost of
spare parts is the first step conducted. However, due to the limitations
of related detailed information, the values were obtained through some
literature involving a component capacity scale approach [24].

The component capacity determination was interpreted into several

parameters according to its type, e.g., the heat exchanger. Furthermore,
the value of the heat transfer surface area (A) is needed, which is known
by the Log Mean Temperature Difference (LMTD) method. However,
pumps and turbines require a capacity or power value [25], and the
cooling tower component obliges the air capacity (calculation of cool-
ing tower refers to the rule of thumb in wet cooling tower design [26],
and the demister uses the Souders-Brown equation. Hence, the results
of component sizing calculations are summarized in Table 14.
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Table 15
The results of calculating the total capital and investment in the dry-steam
cycle.

I. Fixed capital investment

Energy Nexus 7 (2022) 100114

Table 16
The results of caleulating the total binary cycle capital investment.

I. Fixed capital investment

A Direct Cost
AL Direct Cost 1 Onsite Costs
1 Onsite Costs Purchased Equipment Cost Cost
Purchased Equipment Cost Cost - Evaporator 66222
. Demister 19201 Preheater 111465
Turbine 4330934 Recuperator 197739
Condenser 730367 Condenser 495502
Liquid Ring Vacuum Pump 9335 Tutbine 3129704
MCWP 65772 Pump (feed pump + MCWF) 332214
Cooling Tower 343872 Cooling Tower 291520
Total purchased-equipment cost (PEC) 5155611 Total Purchased-equipment cost (PEC) 4332848
Piping (10% of PEC) 515561 Piping (10% of PEC) 4332848
Total Onsite Cost 5671172 Total Onsite Cost 4766133
2 Oiffsite Cost 2 Offsite Cost
Land i} Land 1]
otal offsite cost 1] otal offsite cost 1]
Total Direct Cost 5671172 Total Direct Cost 4766133
B. Indirect Cost B. Indirect Cost
Engineering + supervision (8% of DC) 453603 Engineering + supervision (8% of DC) 381290
Construction cost {15% DC) BS0675 Construction cost (15% DC) 714920
tingency (20% of above the sum) 260873 ant[ngency (20% of above the sum) 219242
‘otal Indirect Cost 1565243 otal Indirect Cost 1315452
Fixed Capital Investment (FCI) 7236416 Fixed Capital Investment (FCI) B0B1586
11. Other Outlays 11. Other Outlays
A Start-Up 125328 A Start-Up 107857
B. Working capital 47288 B. Working capital 47288
C. Cost of licensing, research, and development 1974000 C. Cost of licensing, research, and development 1241100
D. Allowanee for funds used during construction BRE537 D. Allowance for funds used during construction 328862
Total other outlays 3035154 Total other outlays 1725107
Total capital investment 10271570 US § Total capital investment 7806694 US §
16000 35.00
Purchased Equipment Cost — 000
fu— ¢ | e | ft 1
Based on the results of component sizing, it is possible to estimate Ao 2500
purchased equipment cost (PEC) from the heat exchanger components 10000 ) ey N}
using Eq. (10), while the power was assessed using Eq. (11) in Dorj [27]. S000 20.00
Meanwhile, the demister and cooling tower components used the ratio pm— ﬂ 15.00
method, based on the graph obtained from the chemical process design 6000 | |
! 10.00
[22]. 4000 & ﬂ ﬁ | Al
Cequipment = Co-(size_of_equipment)” (10) 2000 500
o 0.00
Ceguipmens = Co.(power_capacity )" (11) —+— Kalina Cycle —s— Binary Cycle —— Dry Cycle Steam Mass Flow Rate (kg/s)

Total Capital Investment

The calculation of total capital investment (T'CI) uses several assump-
tions and methods, obtained in Dorj [27], with the results shown in
Table 15, Table 16, and Table 17.

After identifying the TCI value, as well as the operating and main-
tenance costs from each cycle, the price of electricity production
(cents/kWh) was then determined, considering economic conditions
such as the fiscal age of the plant (30 years) used in Indonesia, and a Dis-
count rate of 10%. Furthermore, the results of the LEGC were listed in
Table 18, using Eq. (12) and assuming the rupiah exchange rate against
the US dollar is Rp. 14,000,/US 8.

m L+M, +F, -t
_ E‘=l ( {1+ ')
- TRl E,
E El:l m
LEGC is the cost of production per kWh (US $/kWh), [, is the total
investment expenditure per year, M, is the annual operation and mainte-

nance cost, F, depicts fuel costs, E, is the amount of electricity generated
yearly, r is the discount rate, and n is the age of the generator [28].

LEGC (12)

Fig. 9. The effect of steam mass flow to the turbine power.

Performance Analysis

The power plant perfd@fiance is expressed by the value of the Capac-
ity Factor (CF), which is the ratio between the actual power produced
in a given period with the maximum output power of its design capac-
ity. The value of CF is very dependent on steam mass flow (as a fuel)
and the power plant design. Considering that the energy pairs or the
steam used in the three cycles are the same, which has changed every
time, it is necessary to analyze the effect of steam fluctuation on the
output power of the three types of geothermal power plant cycles with
the results described in Fig. 9.

Based on the graph obtained from the simulation of three types of
geothermal power plant cycles for three days, it can be seen that the
three cycles experienced fluctuations in turbine power which were in-
fluenced by changes in the mass flow rate of steam. In the dry-steam
cycle design, it is due to the direct use of steam to turn the turbine.
As for the binary cycle and the Kalina cycle, steam is used to heat the
working fluid Isobutane or the Ammonia-Air mixture through a heat
exchanger, which has a fixed capacity with a pinch point according to
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Table 17
The caleulated results of the total capital investment of the Kalina cycle.

I. Fixed capital investment

A. Direct Cost
1 Onsite Costs
Purchased Equipment Cost Cost
- Evaporator 1 278421
Evaporator 2 145662
Recuperator 274317
Condenser Q00307
Turbine 3066893
Fump 349371
Cooling Tower 342280
Total Purchased-equipment cost (FEC) 5357255
Piping (10% of PEC) 535725
Total Onsite Cost 5892980
2 Offsite Cost
Land o
otal offsite cost 0
Total Direct Cost 5892980
B. Indirect Cost
Engineering + supervision (8% of DC) 471438
Construction cost (15% DC) BE3947
Contingency (20% of above the sum) 271077
Total Indirect Cost 1626462
Fixed Capital Investment (FCI) 7519443
IL. Other Outlays
AL Start-Up 155110
B. Working capital 47288
A. Cost of licensing, research, and development 1726500
B. Allowance for funds used during construction 598583
Total other outlays 2325083
Total capital investment 9844526 US §
Table 18
Prices for electricity production from three geothermal power plant
cycles.

Geothermal Power Plant  Levelized Electricity Generating Cost (LEGC)

Dry-steam Cycle 7.48 ¢ US $/kWh IDR 1048/kWh

Kalina Cycle 9.30 ¢ US $/kWh IDR 1303/kWh

Binary Cycle 1151 ¢ US§/kWh  IDR 1612/kWh
Table 19

Capacity factor (CF) of three different cycle.

Cycle Dry-Steam  Binary Kalina

Capacity Factor  57,07% 67,33%  60,79%

the initial design conditions. In both cycles, the power generated also
follows the mass flow rate of the steam supply in the heat exchanger be-
cause the smaller the steam mass flow rate, the lower the temperature
reached by the working fluid to rotate the turbine.

Geothermal power plants generally serve as a base load, hence the
need to design a new geothermal power plant cycle for a constant oper-
ation to attain maximum capacity. The power plant performance is then
represented by the CF value, which is also considered in subsequent eco-
nomic analyses. The Capacity Factor value can be calculated using the
Eq. (13) with the result in Table 19.

Total amount of energy produced during period of lime

CF = (13)

Amount energy produced at full capacity

Environment Impact Analysis

As a form of renewable energy, geothermal is a potential environ-
mental pollutant obtained from substances within the earth and mo-
bilized by steam to the surface, despite the smaller percentage. Steam
from geothermal fields contains non-condensable gas dominated by CO,
of 95-98% and H, S of 2-3%.
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Table 20
The emissions of CO, and H,S in three cy-
cles.
Capacity Emissions (gr/kWh)
Cycle (MW)  Co, H,S
Dry-Steam 13.4 3464 0.069
Binary 6.7 o o
Kalina 9.94 o o

Calculations of CO, and H,S emissions used in this study adopted
the method of K.K. Bloomfield and J.N Moore in Yuniarto [29]. With
an estimated NCG content in geothermal steam of 0.5% consisting of
99.8% CO2 and H2S of 2%, the results of the calculation of emissions
released for each cycle can be seen in Table 20.

The gas removal system at drysteam cycle possibly released
8.088,98 Ton/year of CO, and 16,18 Ton/years H,S to the atmosphere
where the other system, binary and Kalina cycle, bring the gas for rein-
jection system to the earth. This is due to the dry-steam cycle technol-
ogy, the steam that has been used to rotate the turbine and then enters
the condenser still contains NCG, which is then sucked in by the LRVP.
In the LRVP, NCG mixes with the service liquid and will be separated
by a separator where the NCG is discharged directly into the air while
the service liquid returns to the condenser.

Global warming is a current concern for most countries, including
Indonesia. Indonesia is committed to reducing emissions by 29% (834
million tons of CO,) by 2030. Thus, a special policy is needed to control
the amount of carbon emissions in the atmosphere and to serve as an
incentive approach in the form of a special levy, e.g., a tax, imposed by
the government for every ton of CO, emission released.

Many countries in the world have implemented this policy which is
commonly referred to as Carbon Tax. Taxes imposed by the government
will motivate industry /emitters to reduce CO2 emissions if the costs they
incur are less than having to pay enormous taxes each year. Several
countries in Europe and Australia have implemented a carbon tax of 20
US$/ton of CO,. If the carbon tax scenario is applied in Indonesia, with
emissions emitted by the dry-steam cycle of 8088.98 tons, the tax to be
paid will be 161,780 USS/year or more than Rp 2.26 billion/year.

Assessment and Comparison of Three Different cycles

Various analyses have been carried out on the three designed cycles:
thermodynamics, plant performance, economic, and environmental im-
pact. In this section, an assessment will be conducted with parameters
including energy efficiency, exergy efficiency, exergy destruction, ca-
pacity factor (CF), capital costs, generated electricity costs, and envi-
ronmental impacts, summarized in Table 21.

In terms of the generator’s thermodynamic efficiency and the gener-
ator economics, the dry-steam cycle is superior to the other two cycles.
Still, it has a weakness in the performance of the generator, namely the
value of the capacity factor due to large power fluctuations. In addition,
this cycle is also the only cycle that has an environmental impact by
emitting CO2 and H2S emissions.

While the Kalina cycle is the second option in selecting the right cy-
cle for the utilization of excess steam, the use of ammonia as a working
fluid is currently avoided due to its high toxicity. In addition, this cy-
cle also does not have any environmental impact similar to the binary
cycle. While the binary cycle has a weakness in cycle efficiency, the ca-
pacity factor value is the best among the other two cycles even though
its application is less profitable from an economic point of view due to
expensive component prices and low power generated.

Conclusion

Based on the data and analysis conducted in this study, conclusions
can be drawn as described below:
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Table 21
Assessment of three geothermal cycles from some parameters.

Energy Nexus 7 (2022) 100114

Quality  Energy and Exergy Efficiencies  Exergy Destruction  Capacity Factor ~ Capital Cost  LEGC Environmental Impact
3 Dry-Steam Dry-Steam Binary Dry-Steam Dry-Steam Binary

2 Kalina Kalina Kalina Kalina Kalina Kalina

1 Binary Binary Dry-Steam Binary Binary Dry-Steam
Geothermal Cycles  Dry-Steam Cycle  Binary Cycle  Kalina Cycle

Value 15 10 13

The thermodynamic analysis was carried out in three different cy-
cles. The dry-steam cycle generates total power (W) of 12,520 kW,
while the energy and exergy efficiency reached 16.86% and 58.95%,
respectively, with the turbine as the largest source of irreversibility
at 2029 kW. Kalina cycle generates less power of 7.811 kW, with
energy and exergy efficiency of 10.49% and 36.98%, respectively.
Turbine and evaporator 2 are the main sources of exergy destruction.
The binary cycle produces the smallest power of 3942 kW, while its
energy and exergy efficiencies reached 5.3% and 18.66%, respec-
tively. The preheater is the component with the largest irreversibil-
ity, by 4033 kW.

Optimization was conducted to elevate the total power obtained.
Meanwhile, lower condenser pressure indicates the possible produc-
tion of higher turbine power using the dry-steam cycle. However,
this was carried out in the binary variety with variations in the tur-
bine inlet and exit pressure, with the ideal conditions of 31 and 3.4
bars. Furthermore, the optimization results showed an increase in
the total power of 7170 kW while in the Kalina cycle. This was car-
ried out by varying the concentration of Ammonia-Water, which in-
creased turbine power by 24%.

The economic analysis was conducted by calculating each cycle’s
total capital cost (TCC) and Levelized Electricity Generating Cost
(LEGC). Therefore, the construction of a geothermal power plant
with a dry-steam cycle requires an investment value of 10,271,570
US 8, while that of binary and Kalina cycles were 7,806,694 US $
and 9,844,526 US $, respectively. Furthermore, the lowest produc-
tion price observed in the dry-steam version was 7.48 ¢ US $/kWh,
while the others were 9.30 ¢ US $/kWh and 11.51 ¢ US $/kWh,
respectively.

The performance of each cycle is evaluated by the value of capacity
factor (CF) with the results of the Kalina cycle of 60.79%, the binary
cycle of 67.33%, and the dry-steam cycle of 57.07%

Environmental analysisis done by evaluating CO, and H,S emissions
released into the air. The dry-steam cycle releases 34.64 g/kWh CO2
and 0.069 g/kWh H2S into the air, while the other two cycles pro-
duce zero emissions.

The results showed the advantages of the dry-steam cycle, both in
terms of energy efficiency and plant economics. Whereas the Kalina
cycle and binary cycle have the advantage of minimum environmen-
tal impact by not releasing emissions into the air.
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