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Abstract

The objective of the study is to compare methods that increase power generation from
conventional single flash power plants by utilizing waste heat contained in brine from
steam separators. Three different utilization methods are investigated by constructing
thermodynamical models of different power cycles and optimizing the specific net
power output for each cycle using conditions of hypothetical geothermal areas. The
cycles investigated include a conventional double flash cycle, an organic Rankine
bottoming cycle in parallell with a single flash cycle using isopentane as a working
fluid and a modification of the double flash cycle involving an added recuperator
between the geothermal brine and the steam at the high pressure turbine outlet. Also,
a model of a single flash power plant is constructed for comparison. The specific net
power outputs of the different cycles are compared along with the overall efficiency
of the cycles. Finally, an economical analysis is performed to further compare the
feasibility of the different cycles using conventional economical analysis to estimate
the cost of the final product.

The results of the study can be used to compare the different conventional methods
of utilizing geothermal energy for electrical power production with respect to the
energy content, or the enthalpy, of the geothermal fluid produced from production
wells. Also, a new method of utilizing geothermal brine by modifying the double flash
cycle is introduced and compared to the conventional cycles. The new method could
provide useful results for increased power production compared to the other cycles
and also, as a future study, provide a method of better controlling the double flash
cycle in case of changes in the fluid characteristics from production wells, which is
expected in future operation time of geothermal power plants.






Utdrattur

Markmid bessa verkefnis er ad bera saman adferdir til pess ad auka rafmagnsfram-
leidslu hefdbundinna eins prepa hvellsuduorkuvera (e. Single Flash Power Plants)
med pvi ad nyta betur varma { skiljuvatninu fra gufuskiljunum. Prjar mismunandi
vinnsluadferdir veru greindar med pvi ad dtbua varmafreedileg 1ikon af vinnslura-
sum fyrir hverja gerd orkuvers og raforkuframleidslan bestud & hverja massaeiningu
ar vinnsluholum. Skilgreint er fraedilegt jarohitasveedi med dkvednum skordum sem
tekid er tillit til vio bestun vinnuhringjanna. Vinnuhringirnir sem rannsakadir voru
eru sem hér segir; tveggja prepa hvellsuduorkuver (e. Double Flash Power Plant),
hvellsuduorkuver med tvivokva organic Rankine ras (e. Hybrid Single Flash - ORC
Power Plant) sem nytir skiljuvatnid til pess ad hita og sjoda isopentan vinnuviokva og
breytt tveggja brepa hvellsuduorkuver (e. Modified Double Flash Power Plant) med
endurhitara sem yfirhitar gufuna ar haprystihverflinum. Einnig var byggt likan af
hefdbundun eins prepa hvellsuduorkuveri til samanburdar. Bestud raforkuframleiosla
hvers hrings eru bornar saman dsamt nytni orkuveranna. Ad lokum er gert kost-
nadarmat & framleioslukostnadi fyrir hverja virkjun med adferdum hagverkfraedinnar.

Nidurstédur verkefnisins geta nyst i ad bera saman hefdbundna nytingarmdéguleika
skiljuvatnsins fra eins prepa hvellsuduorkuverum midad vid vermi jardhitavokvans
sem um raedir. Einnig er kynnt til sogunnar ny adferd vid ad nyta skiljuvatnio med
pvi ad baeta vio endurhitara i hina hefobundu uppsetningu & tveggja prepa hvell-
suduorkuveri og s& hringur borinn saman vid hina hefobundu hringi. Hin nyja adferd
geeti gefid dhugaverdar nidurstodur fyrir aukna raforkuframleidoslu og einnig, sem
framhaldsverkefni, bodid upp & styriméguleika fyrir hinn hefdbundna tveggja prepa
hvellsuduhring ef komi til verulegra breytinga & eiginleikum héhitasveedisins eftir ad
vinnsla hefst ar pvi sem gjarnan gerist vid nytingu jardvarma & jarohitasveedum.
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1 Introduction

1.1 Description of the Study

Geothermal energy has been utilized for centuries for heating and bathing and nowa-
days it is used for production of both heat and power. The possibilities for utilizing
geothermal heat is constrained by the geology of each area and there are relatively
few places worldwide where utilization of geothermal energy is currently economi-
cally viable. Iceland has an advantage over many other countries as its geographical
position places it on the top of the mid-Atlantic ridge where the North America plate
and the Eurasian plate are drifting appart. The drifting of the tectonic plates causes
both volcanic and seismic activities that result in a formation of a high-temperature
geothermal belt across the island. At such high-temperature areas, the possibility for
geothermal power production is feasible (Palmason, 2005).

Geothermal energy has been harnessed in Iceland for various purposes. Today, it
is most commonly utilized for heating purposes and for electrical power production.
The most common type of power plant in Iceland and one of the most common
type of power plant worldwide is the single flash power plant. Various technical
developements have been introduced to better utilize the energy potential in the
geothermal fluid than is done in the single flash cycle. The main developements
are the double flash cycle and the binary bottoming cycle (DiPippo, 2005). These
cycles have the potential to improve the power production from geothermal areas
considerably.

The aim of the study is to compare methods that increase the power generation from
the conventional single flash cycle by utilizing the heat in the brine from the steam
separator. Three different power cycles were examined by constructing thermody-



2 Chapter 1. Introduction

namical models of the cycles and optimizing their net specific power output for a
given enthalpy from the production wells. These cycles are; a conventional double
flash power cycle, a bottoming organic Rankine cycle coupled in parallell to the single
flash cycle using isopentane as a working fluid and a modification of the double flash
cycle with an added recuperator used to superheat the steam at the outlet of the
high pressure turbine. The comparison of the cycles for the given enthalpy range of
1000 kJ/kg to 2500 kJ/kg can be used as an indicator for what type of power plant
would be suitable for a certain geothermal area with respect to the enthalpy of the
production wells and the corresponding net specific power output. A cost estimation
of the production cost of electricity was also compared for the different cycles.

1.2 Litterature Review

Single flash cycles produce about 43% (in May 2007) of all the electricity generated
from geothermal energy worldwide (DiPippo, 2005). If the temperature of the brine
from the steam separator in the single flash unit is high enough, the brine can be uti-
lized further to produce more electricity. The double flash cycle uses the geothermal
brine by producing excess steam in a second flashing stage. The double flash cycle
has been shown to be able to produce up to 20-25% more power than the single flash
cycle (Dagdas, 2007).

Studies have shown that adding a binary unit as a bottoming cycle to the single flash
unit in areas with low- and medium enthalphies can be preferable to a flashing unit
when the composition of the geothermal fluid is likely to cause scaling in the power
plant equipment after flashing and cooling of the fluid . Studies have also showed that
the lowest cost per kilowatt hour would also be obtained using an organic Rankine
unit instead of a second flashing unit, although the efficiency would be smaller (Moya
and DiPippo, 2007). The bottoming binary cycle coupled to the single flash cycle
has shown an increased power production of 13-28% compared to the conventional
single flash cycle (Paloso Jr. and Mohantly, 1993). The Kalina technology has shown
increased efficiency from the conventional organic Rankine cycles (Heppenstall, 1998;
Wall et al., 1989). An organic Rankine cycle is often a more natural choice than the
Kalina cycle since the technology is well known (Paloso Jr. and Mohantly, 1993).

1.3 Prerequisits and Limitations of Study

The modelling of the different power cycles in this study is not associated with a
specific geothermal area that has known characteristics of the geothermal fluid and
corresponding limitations to the possibilities of utilization. Geothermal areas can
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have different characteristics depending on the geological conditions. The chemical
content of the fluid can vary greatly, both regarding dissolved minerals from the rock
formation and the amount of non condensable gases that travel with the fluid to the
surface (Palmason, 2005). The chemical content of the fluid results in some limitation
of utilization possibilities, as the minerals can percipitate and cause damage to the
power plant equipment due to scaling. Also, the amount of non condencable gasses
directly affects the net power output of the power plants as they have to be removed
from the energy conversion process with mechanical equipment such as a compressor
or an ejector (Dickson and Fanelli, 2005). If the amount of non condensable gasses is
too high, it can become economically unfeasible to produce power from the geothermal
fluid.

In the modelling of the geothermal power plants in this study, the effects of scaling
were not taken into consideration and it was assumed that the geothermal fluid could
be cooled down and flashed freely in order to achieve the maximum power output for
each power cycle. Also, the amount of non condensible gasses was assumed to be a
constant value of 1% of the total mass flow from the wells.

Another factor that affects the possible utilization of the geothermal fluid is the
productivity curve for the production well. The productivity curve descripes the
relationship between the wellhead pressure and the corresponding mass flow from
the production well. At a certain pressure, the well stops to produce any mass flow
so it is obvious that the wellhead pressure is a limiting factor in the power produc-
tion process. Production wells can have different production curves depending on
the characteristics of the geothermal reservoir. The maximum allowable wellhead
pressure for the optimization of the different power cycles was estimated using infor-
mation about typical productivity curves for production well at various locations in
Iceland (Steingrimsson, 2007). The wellhead pressure in the power plant models was
thus restricted to a maximum of 35 bar (Valdimarsson, 2008).

The results of the optimized specific power outputs for the different cycles can not
be directly used as a measure of production possibilities for all geothermal areas.
The models built in this study, on the other hand, can easily be adjusted to fit a
specific geothermal area and take into account all the limitations associated with the
reservior. The results of the present work can only be used as a measure of comparison
between the cycles and as an indication of the possible power output associating the
given average enthalpy of the geothermal wells within reasonable bounds.

1.4 Structure of the Thesis

The thesis is structured as follows:
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Chapter 2 serves as a discussion of geothermal energy in Iceland as well as the utiliza-
tion of geothermal energy for electrical power production in Iceland and worldwide.

Chapter 3 introduces in details the thermodynamical modelling tecniques used to
model the production of electricity from the four different cycles; a single flash cycle, a
double flash cycle, a single flash cycle with a binary bottoming unit and a modification
of the double flash cycle. The chapter also discusses the economical calculations
used to estimate the investment cost and the operation and maintenace cost used to
estimate the production cost of the electricity produced in each cycle.

Chapter 4 describes the optimization methods used to optimize the specific power
output for the different cycles.

Chapter 5 presents the results of the simulation and optimization and a comparison
of the different power plants is made with respect to power output and economical

considerations.

Finally, Chapter 6 includes conclusions and suggestions for future work.



2 Geothermal Energy

Geothermal energy is often referred to as the part of the Eart’s heat that mankind
is able to utilize. The total heat content of the earth is estimated to be 12.6 - 1024
MJ and only a small fraction of that energy can be exploited by modern technology
(Dickson and Fanelli, 2005). Exploitation of geothermal energy is mostly restricted
to areas where geological conditions are favourable, where heat is carried to or near
the surface in the form of a fluid creating geothermal hot spots.

Geothermal energy has been used by man for centuries for providing heat for various
purposes. The first district heating system was constructed in France in the 14th
century but long before that time had geothermal water been used for washing and
bathing in countries where geothermal hot springs were to be found. The possibility of
generating electricity by using geothermal energy was first discovered in the beginning
of the 20th century at the geothermal field in Larderello in Tuscany, Italy, when
experimental drilling showed that the temperature of the steam in the geothermal
reservoir was high enough to be used to produce electricity in an economical way
(Palmason, 2005).

Since Larderello, technology for harnessing geothermal energy has been evolving and
feasible areas for geothermal exploitation have at the same time been growing in
numbers. New technologies for enhanced geothermal systems now make it possible
to extract heat from the earths crust where no heat carrier is present by nature and
geothermal projects are increasing in popularity due to substantial growth in energy
consumption and global environmental conserns. In May 2007, a total of about 9,500
MW, where produced in geothermal powerplants worldwide and the direct use of
geothermal energy e.g for space heating and bathing accounted for 28,268 MW, in
the year 2005 (DiPippo, 2005; Lund, 2006).

t
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In the following sections, the status of geothermal utilization in Iceland in particular
and also worldwide will be discussed further.

2.1 Geothermal Energy in Iceland

Iceland has a vast potential to utilize geothermal energy as it is accessible in a large
part of the country. The geothermal energy is originated from vulcanic activity due
to the tectonic plate boundary that forms the mid-Atlantic ridge that crosses the
country, from the southwest region to the north. The high temperature geothermal
areas are all formed within the plate boundary as the bedrock is highly fractured
and allows access to magma intrusions in the earths crust. Water circulation in the
fractured bedrock transfers the heat provided by the hot rock or magma chambers to
the surface creating so called hot spots as explained in figure 2.1. The temperatures
of the high temperature geothermal areas are typically above 200 °C on 1 km depth
(Palmason, 2005).

FRACTURED ZOME OR
VOLCAMIC CENTER PWITH CALDERA)

PRECIPITAT ION THERMAL AREA

s 1 VOLCANIC
<Dl e | FISSURES

R
l GROUNDWATER
N
b &

—

—_—
UPPER CRUST

LOWER CRLUST

Figure 2.1: The formation of high temperature geothermal areas (Iceland GeoSurvey, 2008)

The plate boundaries result in both volcanic and seismic activity and the plates are
drifting apart rouhgly one centimeter per year. As the plates drift apart, new crust
is formed and older crust that was preveously formed at the plate boundaries slowly
moves away from the volcanic zones and cools down. The older crust is still fractured
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and hot enough to be able to form low temperature geothermal areas. The low
temperature areas are defined as the geothermal areas that have temperature below
150 °C on 1 km depth (Palmason, 2005). Figure 2.2 shows the location of high and
low temperature geothermal areas in Iceland
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Figure 2.2: Geological map of Iceland showing the location of high and low temperature areas
(Iceland GeoSurvey, 2008)

In 2006, 60% of the total primary energy consumption in Iceland was based on
geothermal energy used for both power and heat production. Electricity generated
in hydro power plants accounted for approximatelly 15% of the primary energy con-
sumption and oil, mostly used for transportation, for about 17%. The last remaining
3% is energy from coal which is used as a raw material in ferro-silica production
(Flovenz, 2008). Thus, geothermal energy account for a vast majority of the primary
energy consumption in Iceland. The utilization of geothermal energy is of various
forms and apart from electricity production and district heating systems, geothermal
energy is used in swimming pools, for snow melting, fish farming, in greenhouses and
for industrial processes (Flovenz, 2008).

2.2 Geothermal Power Plants in Iceland

An overview of the excisting geothermal power plants in Iceland is given in table 2.1
along with the installed capacity of the plants and the power plant type. The most
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common type of power plant in Iceland is the single flash plant, with a total of about
290.5 MW of installed capacity. Double flash plants are operating in two places in
Iceland, at the Hellisheidi and Krafla geothermal power plants, with the combined
installed capacity of 180 MW. The binary plants such as organic Rankine cycle and
Kalina power plants are not common in Iceland, with only one Kalina power plant in
operation in Huasavik producing 2 MW of electricity and binary units at Svartsengi
producing in total about 8.5 MW of electricity. The design of the different power
plants that exist in Iceland will be discussed in general in the following sections.

Table 2.1: Installed power capacity of geothermal power plants in Iceland in January 2008
(Flovenz, 2008)

Power plant Instaled capacity Power plant type

Hellisheioi 120 MW Double flash

Nesjavellir 120 MW Single flash

Reykjanes 100 MW Single flash

Svartsengi 76 MW Single flash, ORC

Krafla 60 MW Double flash

Bjarnarflag 3 MW Single flash, back pressure
Husavik 2 MW Kalina

2.2.1 Flash-Steam Power Plants

Flash steam power plants are designed to produce power from geothermal fluid that
exists as a mixture of liquid and steam. The term flash steam power plant is derived
from the process when the fluid that is extracted from the bottom of the geothermal
well undergoes a flashing process on its way up to the surface, converting it further
into a two-phase mixture. Production wells producing a two-phase flow are the most
common geothermal wells in Iceland (Palmason, 2005).

The most common type of flash steam power plant is the single flash plant, where
the liquid and steam from the production wells are separated in a steam separator.
The steam is then led through a turbine which converts the thermal energy in the
steam into mechanical energy used to produce electricity. The liquid, or the geother-
mal brine, that is drained from the steam separator is exposed of either into the
surrounding environment or reinjected into the ground (DiPippo, 2005).

A double flash plant takes further advantage of the geothermal brine by introducing
a second flashing process after the single flash process. The brine from the steam
separator undergoes a throttling process that decreases the pressure of the saturated
fluid so that a two phase mixture is achieved at a lower pressure. The two phase
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flow produced in the throttling process is then led through a second steam separator
where the low pressure steam is separated from the brine and led towards a low
pressure turbine. The overall efficiency of the double flash power cycle is higher than
the efficiency of the single flash cycle but the need for extra equipment makes the
double flash cycle more expensive (Dickson and Fanelli, 2005).

A more complete discussion of the flash-steam power plants is found in Sections 3.1
and 3.2 where the thermodynamical equations needed for analysis of the cycles are
introduced.

2.2.2 Binary Cycle Power Plants

Binary cycle power plants use a different working fluid than water. The binary fluid
extracts heat from the geothermal fluid in a heat exchanger. The main advantage
of binary plants is the possibility to utilize lower-grade geothermal fluid with low to
medium temperatures. Another practical property of the binary geothermal power
plants is that they allow utilization of getohermal fluid that has a high concentration
of dissolved chemicals that could produce scaling if utilized in conventional flash
power plants (Dickson and Fanelli, 2005).

The binary plants are based on the conventional organic Rankine cycle and a number
of possible working fluids are available for optimum design in each case. In Iceland,
two binary plants excist; a binary plant in Svartsengi power plant that uses isopentane
as a working fluid and a Kalina plant in Husavik that uses the Kalina technology with
a mixture of ammonia and water as a working fluid. In this project, a binary plant
using isopentane is modelled and the methods are described further in Section 3.3

2.3 Geothermal Power Worldwide

Geothermal energy is utilized for power production all over the world and a total of
23 countries were producing electricity in geothermal power plants in the year 2007
(DiPippo, 2005). An overview of the installed capacity in each of these countries is
listed in table 2.2.

The countries with the greatest production of electricity from geothermal power plants
are the United States and the Philippines. Altough utilization of geothermal energy
for power production is steadily increasing, it accounts for only less than a half
precent of the total electricity generated worldwide. The growth of geothermal power
production has experienced a series of different developement periods. The 1973 and
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Table 2.2: Worldwide installed capacity of geothermal power plants in May 2007 (DiPippo,
2005)

Country MW,
Australia 0.15
Austria 1.25
China 27.6
Costa Rica 163
El Salvador 204.3
France (Guadeloupe) 14.7
Germany 0.2
Guatemala 44.6
Iceland 422.4
Indonesia 807
Italy 811.2
Japan 537.74
Kenya 130.2
Mexico 953.3
New Zealand 572.1
Nicaragua 108.9
Papua New Guinea 56
Philippines 1979.9
Portugal (The Azores) 16
Russia (Kamchatka) 79
Thailand 0.3
Turkey 27.8
USA 2555.5
Total 9513.15

1979 oil crisis drove countries to explore geothermal energy utilization, resulting in a
vast increase in the installed capacity but the annual growth has been deteriorating
ever since and from 1985 to 2007 the annual growht rate was measured only at
3.2%. However, the recent increase in oil prices could lead to an increase in the
annual growth rate in the coming years (Bertani, 2005; DiPippo, 2005). Although
the worldwide annual growth rate of geothermal power produced has been small,
countries like Costa Rica, France, Kenya, Mexico, Nicaragua, Russia and Iceland
have all increased significantly their geothermal power production percentage wise
in the years 2000-2005, with an increase varying from 11% to 250% of preveously
installed capacity (Bertani, 2005).

The most common types of geothermal power plants worldwide are the single flash
cycle and the binary cycles. The total installed capacity of single flash power plants
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was 4015.39 MW, in May 2007 which accounted for about 43% of the total installed
capacity of geothermal power plants worldwide. At the same time, binary cycles only
accounted for 4% of the total installed electrical capacity. Binary power plant units
usually produce electricity ranging from a few hundred kilowatts to several megawatts
while single flash unit can produce up to 110 MW, per unit (Dickson and Fanelli,
2005). Statistics for the generated electricity from the different types of geothermal
power plants and for the number of units for each power plant type worldwide are
shown on Figures 2.3 and 2.4 (DiPippo, 2005).

M Dry steam W Single flash @ Double flash @ Binary @Flash-Binary

4% 4%

Figure 2.3: Quverview of the different types of geothermal powerplants in 2007 by installed
capacity for each type of plant (DiPippo, 2005)

M Dry steam M Single flash @ Double flash B Binary @Flash-Binary

Figure 2.4: Qverview of the different types of geothermal powerplants in 2007 by number of
units for each type of plant (DiPippo, 2005)






3 Thermodynamical Modelling
and Economical Analysis of
Geothermal Power Plants

3.1 Modelling of a Single Flash Power Plant

Single flash power plants accounted for about 29% of all geothermal power plants in
2004 but generated almost 40% of the electricity produced from geothermal energy.
This type of power plant is often the first power plant installed at newly developed
liquid dominated geothermal areas (DiPippo, 2005).

As the name implies, the geothermal fluid from the production wells undergoes a
single flashing process, i.e. a process where pressurized fluid is converted into a
mixture of steam and liquid by decreasing the pressure below the saturation pressure
corresponding to the temperature of the fluid. The flashing can occur in different
places in the process;

e in the reservoir itself as a result of pressure drops caused by friction when the
fluid flows through permeable rock formations

e in a production well due to pressure drops and pressure heads while the fluid
flows up to the surface, and

e at the inlet of the steam separator by a throttling process controlled by a valve
or an orifice plate (DiPippo, 2005)

13
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A simplified schematic of a single flash power plant is shown in Figure 3.1. The figure
shows the most important equipment that affects the thermodynamics of the energy
conversion process. The two phase mixture flows from the production well, W, and is
led through a steam separator, S. In a vertical separator as shown on the schematic,
the mixture enters a cyclonic vessel and due to centrifugal forces and gravitation, the
liquid phase is pressed against the seperator walls and drained from the vessel as the
steam is trapped in the middle of the separator and can be collected and led through
towards the power house which contains the turbine, T, and the electrical generator,
G. G
4 .

wW * ?
i

Y

Figure 3.1: A schematic of a simple single flash power plant

In the separation process, it is important that the steam collected is relatively dry
because liquid entrapped in the steam can cause both scaling and/or erosion of piping
and the turbine. To prevent exessive moisture in the steam, the steam is often led
through moisture removers prior to entering the turbine inlet. Also, if the separator
station is located at some distance from the power house, traps in the piping compo-
nents are implemented to capture any droplets formed by condensation at the pipe
walls prior to entering the turbine. This moisture removing equipment is not shown
on the schematic for the reason of simplification.

The turbine, T, transforms the thermal energy in the pressurized steam into useful
mechanical work when the steam hits the turbine blades causing pressure drop of
the steam (expansion) and a rotary motion in the turbine. The rotary motion can
then be converted to electricity in the generator, G. Turbine sizes in single flash
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power plants are usually less than 55 - 60 MW but steam turbine units of up to
100 MW have been designed for geothermal powerplants. The low density of the
steam at the pressure range restricted by the geothermal reservoir results in these
size limitations of the steam turbines, whereas steam turbines in conventional fuel-
fired power plants are commonly in the size range of 600 to 1,000 MW (Dickson
and Fanelli, 2005). The isentropic efficiency for a geothermal turbine is typically
81 - 85% and the mechanical efficiency of the turbine generator is approximately
96.3% (Dickson and Fanelli, 2005). Due to pressure drops in the steam across the
steam turbine, the steam quality also decreases and small droplets can form that can
damage the turbine blades. Thus, the pressure drop across the turbine is limited to
produce no less than 85% quality of steam at the steam outlet. This criteria affects
the allowable pressure at the high pressure end of the turbine as the low pressure end
is usually restricted by the condensing unit, C. Due to the presence of gases in the
steam, such as carbon dioxide (C'O3), hydrogen sulfide (H2S) and hydrogen (Hs), a
corrosive environment can occur and the turbines in geothermal power plants must
be made out of corrosion resistant materials (Thorbjornsson, 1995).

At the turbine outlet, the steam is discharged to a condensing chamber, C, that is
maintained at a very low absolute pressure, typically at around 0.10 bar. These
condensing exhaust steam turbines are far more common than atmospheric exhaust
steam turbines, where the exhaust from the turbine is discharged directly to the atmo-
sphere at atmospheric pressure. The thermodynamic improvement (greater pressure
drop across the condensing turbine) of the condensing steam turbine leads to approx-
imately twice as much power generated than from the back pressure turbine (Dickson
and Fanelli, 2005).

Shell- and tube condensers are generally used in geothermal power plants where the
amount of non-condensable gases is high (Dickson and Fanelli, 2005). The shell-
and tube condensers allow physical and chemical seperation between the geothermal
steam and the cooling water that allows more effective removal and treatment of
the non-condensable gases (DiPippo, 2005). The heat exhangers in this study were
assumed to be conventional counterflow heat exchangers and thus modelled without
correction factors needed for modelling shell- and tube heat exchangers.

An important part of the condensing process is the extraction of non-condensable
gases (NCG) that are mixed within the geothermal fluid and travel with the steam
through the energy conversion process. The non-condensable gases are mostly carbon
dioxide (CO2, often about 95% (Thorbjornsson, 1995)), hydrogen sulfide (H2S) and
hydrogen gas (H2) and the compostition varies depending on the different geothermal
fields. The amount of non-condensable gases can range from a low gas content of
about 1.5% of the total mass flow of steam from the wells up to over 12% (Dickson
and Fanelli, 2005). These gases accumulate in the condenser and must be pumped out
of the condensing unit using some gas extraction equipment such as a gas compressor,
shown on Figure 3.1 marked with the symbol CP. If the gasses are not pumped out
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of the condenser, the pressure in the condenser will accumulate and thus the power
output of the power plant will decrease (DiPippo, 2005).

The cooling tower circulates cooling water to the condensers and where the cooling
water extracts heat from the geothermal steam during the condensation process.
The most common cooling towers use partial evaporation in the precense of moving
airstream to cool the cooling water to near the wet-bulb air temperature (DiPippo,
2005). Common types of evaporation cooling towers are the crossflow and counterflow
cooling towers. In the crossflow design, the air flow is directed perpendicular to the
cooling water flow but in the counterflow design, the air flow is directed in opposite
direction of the cooling water flow. In both designs, the interaction of the air and
water flow allow a partial equalization and evaporation of the cooling water and the
air becomes saturated with water vapour as it is discharged from the cooling tower.
After the interaction with the air, the water is collected in basins at the bottom of the
cooling tower and then recirculated in the cooling water cirquit (Wikipedia, 2008a).

In the following section, the thermodynamical equations used for modelling of each
component in the single flash power plant are described and discussed further.

3.1.1 Thermodynamics of a Single Flash Cycle

Thermodynamic balancing equations

The analysis of the single flash cycle is based on thermodynamical equations that
describe the energy and mass conservation in each power plant component described
above. The mass balance equations take into account that the mass flow, 7, into
a component must be equal to the mass flow out of the component in a system at
steady state conditions. The energy balance equations state that the flow of energy
into a component must equal the energy flow out of the component. The energy
transfer in and out of the component can occur by means of:

e Energy by fluid flow, expressed as rh, accompanying the fluid as it enters or
exits the component

e Work, W, performed or consumed

e Heat, Q, flowing in or out of a component

For the thermodynamical modelling of each component in an energy conversion sys-
tem, the control volume method is applied where the principles of mass and energy
conservation is used for all entering and exiting streams to and from the control
volume boundary (Moran and Shapiro, 2002).
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Thermodynamical terminology

The processes undergone in each component of the geothermal powerplant are based
on various assumptions and simplifications that can be described thermodynamically
as follows:

e Isentropic process is a process where the entropy, s, remains a constant.
Modelling equations for turbines, pumps and compressors make use of this
assumption which is relevant when work is delivered or consumed without any
losses to the environment throughout the process.

e Isenthalpic process is based on the assumption that the enthalpy, h, is con-
stant throughout the process. In isenthalpic processes, no work nor heat is
delivered or consumed to/from the environment and the energy content of the
fluid remains constant. Throttle valves are an example of components that are
modelled as an isenthalpic process. Mixing of two or more working fluid streams
is also an isenthalpic process.

e In an isobaric process, the pressure p remains constant. This idealistic as-
sumption is used for modelling of steam seperators and heat exchangers.

The processes described above are useful for estimating thermodynamic state of the
working fluid entering and exiting different power plant components (Palsson, 2006).

Temperature - Entropy process diagram

A temperature - entropy diagram for the single flash cycle can be seen in Figure 3.2
The numbering on the diagram corresponds to the numbering in Figure 3.1.

Flashing process

The cycle begins with a pressurized geothermal fluid at state 1 seen on the schematic
on Figure 3.1 and the T-s diagram on Figure 3.2. The flashing is modeled as an
isenthalpic process, where the enthalpy of the fluid does not change in the flashing
procedure because no work or heat is extracted or added during the process. Changes
in kinetic and potential energy are also neglected, thus,

hy = ho (3.1)

Separation process
In the separation process, it is assumet that no pressure change occurs so the process
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Figure 3.2: A temperature - entropy diagram for a single flash power plant
is isobaric. The quality of the steam, z, is determined by

 ho—hy

=y T (3.2)

L2
where hg and h4 are the saturated liquid enthalpy and the saturated steam enthalpy
respectively, according to the separator pressure. Equation 3.2 gives the mass fraction
of the steam that enters the turbine after the separation process where the mass flow

of separator water and steam is defined as follows:

Th3 = (1 - CCQ)Thl (33)

m4 = .Z‘le (34)
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Turbine expansion process

In an ideal turbine the steam undergoes an isentropic process where the entropy s is
constant as seen in Figure 3.2 for the process from 4 to 5;. The enthalpy at 54 is then
calculated from the pressure and the entropy at state 55. In reality, the turbine is not
isentropic as the entropy increases to state 5 during the expansion. The isentropic
efficiency, 7, is defined as:

hy — hs

= - (3.5)

Mt

If the isentropic efficiency is known or estimated, Equation 3.5 is used to calculate
the enthalpy at state 5. Isentropic efficiency of turbines in a geothermal power plant
can range from 81 to 85% (Dickson and Fanelli, 2005)

The power output of the turbine will then be

Wy = 1y (hy — hs) (3.6)

which is the total mechanical power developed by the turbine. The total electricity
generated will then be

We = nth (37)

where 74 is the generator efficiency. The net power output of the cycle is obtained
by subtracting all auxilary power needed for driving pumps, cooling tower fans and
other electrical equipment present at the power plant.

Condensing process

The condenser is modelled as an counterflow heat exchanger. The mass flow of
cooling water required to condense the steam in the condenser is calculated by using
the energy balance equation for the heat exchanger:

EATmcoolmg = m4(h5 — h6) (38)

where ¢ is the average specific heat of the cooling water over the temperature differ-
ence in and out of the condenser, AT. The average specific heat of the cooling water
is normally taken as ¢ = 4.2kJ/kg - K.
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In order to determine the size of the heat exchanger to be used in cost evaluations,
the overall heat transfer coefficient, U, must be calculated or estimated for the heat
exchanger. The following equations can then be used to calculate the total heat ex-
change area needed for the cooling requiremets. The cooling requirement is calculated
as

Qcooling = (h5 - hG)m4 (39)

and the total heat exchange area of the condenser is calculated from

Qcoolin
A= G LMTD (3.10)

Where LMTD is the logarithmic mean temperature for the heat exchanger. For a
counter flow heat exchanger, the logaritmic mean temperature is defined as

(T5 - Tc,out) - (T6 - Tc,in)
ln((TS - Tc,out)/(TG - Tczn))

(3.11)

where Tt ;, and T, .4 are the inlet and outlet temperatures of the cooling water
(DiPippo, 2005).

Gas extraction process

Since the high-temperature geothermal fluid always contains some amount of non-
condensable gasses, there is a need for gas extraction in the condenser. During the
extraction process, some amount of steam will always be extracted along with the
non-condensable gasses because the steam is mixed along with the gasses. The gas
mixture is then assumed to be saturated with steam when it is extracted from the
condenser. If the gas content of the geothermal fluid is known, the mass flow of steam
travelling with the non-condensible gasses can be calculated as (Palsson, 2006)

Myps

My —p) (8.12)

My =

where 1hg, 11, My and M, are the mass flows and molar masses of the gas and vapour
respectively, p. is the condenser pressure and p; is the saturation pressure of steam at
the gas outlet temperature, Ts. In order to minimize the amount of steam traveling
with the gasses out of the condenser, the temperature T at the gas outlet should be
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lower than the average temerature in the condenser so that most of the vapour phase
would be condensed before entering the gas extraction process (Pélsson, 2006).

The power needed for compressing the gasses can be calculated as an ideal isentropic
process between the condenser pressure, p., and the atmospheric pressure, py¢m. The
properties of the gas mixture are calculated as follows:

psM,
Cp = Cpg + Cpy — C — 3.13
P Pg ( P pg)pc(Mg +Mv) ( )
psM,
R=R;,+ (R, — Ry))——F——7— 3.14
g ( q)pc(Mg+Mv) ( )

where ¢, is the specific heat of the gas and vapour mixture that is pumped out of
the condenser and R is the ideal gas constant for the mixture. The ideal enthalpy
change of the fluid when compressed to atmospheric pressure is given as

Patm £
Ah = ¢, Ty(( . )er — 1) (3.15)

C

The required pumping power is then calculated as

Ah
e

W, = (g + 11,) (3.16)

where 7. is the compressor efficiency.
Pumping power requirements

In order to calculate the power needed for the pumps in the power plant, the pressure
head produced by pumping from the low pressure state pioy to the higher pressure
state ppignh needs to be known. Then, the pumping power requirements are calculated

by

(U (phigh - plow) : mwf

W =
p np

(3.17)

where Wp is the pumping power, v is the specific volume of the working fluid that
needs to be pumped, ppigh and piow are the pressure states in kPa, 7yt is the mass
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flow of the working fluid and n, is the pump efficiency taken to be 50% in this project.
The enthalpy of the pressurized state after the pumping process can be calculated as:

W,
hhigh = hiow + mip (3.18)

wi

where how is the enthalpy at the low pressure state and hnign is the enthalpy at the
high pressure state. The energy content of the fluid has thus been incresed by the
amount of energy that was needed for the pumping process. Equations 3.17 and 3.18
can be used for every pump located within the power plant.

Efficiency

The thermal efficiency of the single flash cycle can be calculated as the rate between
the power output and the heat added to the cycle (Moran and Shapiro, 2002):

W
MNth = —= (319)
Qin
where W, is defined in Equation 3.7 and Q;, can be calculated as
Qin = h1riny (3.20)

The performance of the entire plant can be estimated using the second law of thermo-
dynamics by comparing the actual power output to the maximum theoretical power
that could be produced from the given geothermal fluid, or the exergy of the geother-
mal fluid. The specific exergy, e, of the geothermal fluid at a given pressure, p, and
temperature, T, in the precense of an ambient temperature, Ty, and ambient pressure,
Do, is given as:

€= h’(Tap) - h(TOaPO) - TO(S(T7p) - S(Tg,pg)) (321)

The exergy, or the maximum theoretical power that could be extracted from the fluid
is then

E =1me (3.22)
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and the second law (exergetic) efficiency is defined as

Wnct
E

nr = (3.23)

3.2 Modelling of a Double Flash Power Plant

The double flash cycle is a thermodynamical improvement of the single flash cycle,
where the waste heat in the geothermal brine from the separator is flashed in a throt-
tling process that decreases the pressure of the brine allowing it to boil to produce
steam that can then be used to drive a low pressure turbine. A schematic of a typical
double flash cycle is shown in Figure 3.3.

Double flash powerplants can be found in various countries around the world and they
account for about 1.5% of all geothermal power plants (DiPippo, 2005). In Iceland,
this type of powerplant has been installed at Hellisheidi and in Krafla.

The process is similar to the single flash cycle discussed in Section 3.1. After the
geothermal fluid has been separated in the high pressure steam separator, HPS, the
brine is flashed by using a throttle valve, TV, that decreases the pressure of the brine
and a two phase fluid is produced. The two phase fluid is then led through the low
pressure separator, LPS, to separate the steam from the brine. The brine is then
disposed off to reinjection wells or out to the natural surroundings. The low pressure
steam from the separator is then combined with the steam from the high pressure
turbine, HPT, which has been set to operate at the same low pressure conditions as
the low pressure separator. The combined mass flow of steam is then led through a
moisture remover (not shown on the figure for simplification) before entering the low
pressure turbine, LPT, producing a pressure drop down to the condenser pressure at
0.1 bar. The condensing process, non-condensible gas extraction and cooling circuit
processes follow the same procedure as described for the single flash cycle, see Section
3.1

3.2.1 Thermodynamics of the Double Flash Cycle

The temperature-entropy diagram for the double flash cycle can be seen in Figure
3.12. The thermodynamical equations for the double flash cycle are similar to the
equations used to model the single flash cycle. Below, only the components present
in the double flash cycle that are not common with the components in the single
flash cycle will be discussed. The equations in Section 3.1 for the mutual components



Chapter 3. Thermodynamical Modelling and Economical Analysis of
24 Geothermal Power Plants

Figure 3.3: A schematic of a double flash power plant

between the single flash and double flash cycles are valid for modelling of the double
flash cycle. The mutual components include the high pressure separator HPS, the
high pressure turbine HPT, the cooling tower CT, the condenser C, the gas extraction
unit CP and the pumps P.

Flashing and separation processes
The second flashing process in the double flash cycle is modelled the same way as the

flashing process in the single flash cycle. The thermodynamical equations are based
on that the process is isenthalpic, thus

hs = he (3.24)
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Figure 3.4: A temperature - entropy diagram for a double flash power plant

and the steam quality after the flashing becomes

 he — hy

== 1 2
he T (3.25)

Z6

where h; is the enthalpy of the saturated liquid at state 7 and hg is the enthalpy of
the saturated steam at state 8 given at the separation pressure pg

The mass flow of liquid and steam after the separation process are given respectively
as

m7 = (1 - x6)m6 (326)

and

m8 = Igmf; (327)

Expansion process in the high- and low- pressure turbines
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The mass flows from the high pressure turbine and the low pressure separator are
combined into a single stream at state 9 before entering the low pressure turbine.
The mixing of streams 5 and 8 is modelled with both energy and mass conservation
equations as

mmixed = m5 + mS (328)

Mmixed Pmixed = Mshs + 1hghg (3.29)

Before entering the low pressure turbine, excess moisture is removed in a moisture
remover. The steam quality after the mixing of streams is calculated as:

hmixed - hmoisture
Tmixed = h h (330)
9 — Ilmoisture

Here, hmoisture is the enthalpy for saturated liquid and hg is the enthalpy for saturated
steam at state 9.

Then, the mass flow of steam entering the turbine, g and the mass flow of moisture
removed, Myeisture are defined as:

mmoisture = (1 - xmixed)mmixed (331)

and

m9 = xmixedmmixed (332)

The power generated in the high- and low pressure turbines is calculated the same
way as in Section 3.1 where the power output of the high pressure turbine is defined
as

Wipt = 174 (hy — hs) (3.33)
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and the low pressure turbine produces a power output of

Wips = 1hg(hg — hig) (3.34)

The enthalpy hs is calculated as before in Equation 3.5 where the isentropic efficiency
of the turbine, 7y = 7npt, is known. Similarily, the enthalpy hio is calculated as
follows:

hg — hig
== 7 3.35
Mt = g —haos (3.35)
The total power generated in the double flash cycle is then
Wtotal = Whpt + Wlpt (336)
and the total electricity generated is
We = nthotal (337)

The net electrical power output of the cycle is calculated by subtracting the electricity
requirements of pumps, fans and compressors that are present at the power plant.

3.3 DModelling of an Organic Rankine Bottoming Unit

Adding a binary bottoming cycle is an alternative utilization method to the double
flash cycle to utilize the waste heat in the brine from a single flash cycle. This
alternative could be preferable to the double flash cycle if mineral concentration in
the brine is relatively high which could cause scaling if the brine would be flashed as
it would in the double flash cycle.

An organic Rankine cycle is a binary cycle using an organic working fluid such as
isopentane or isobutane to produce power. Organic Rankine cycle is based on the
ideal Rankine cycle that operates in a closed loop cycle that includes a boiler, a
turbine, a condenser and a pump as seen in Figure 3.5 with water as the working
fluid. A temperature-entropy diagram of the ideal Rankine cycle is shown in Figure
3.6. The cycle is based on the following series of internally reversible processes:
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Process 1-2: Isentropic compression in a pump.

Process 2-3: Constant pressure heat addition in a boiler.
Process 3-4: Isentropic expansion in a turbine.

Process 4-1: Constant pressure heat rejection in a condenser.

Boiler

Turbine

Pump 4

Condenser

Figure 3.5: A schematic of the ideal Rankine cycle

The actual Rankine cycle differs from the ideal Rankine cycle due to irreversibilities
in various components such as fluid friction and heat loss to the surroundings (Cengel
and Boles, 2006). Another important cause for irreversibilities are the pump and the
turbine, that cannot operate with 100% efficiency as the turbine produces less work
output and the pump requires more work input due to irreversibilities. Under ideal
conditions, these processes are isentropic as shown with the red lines on the T-s
diagram in Figure 3.6, but in reality the processes are not isentropic and cause an
increase in entropy, making the vertical lines 1 - 25 and 3 - 4, become skewed (lines
1-2and3-4).

An Organic rankine cycle uses an organic working fluid instead of water in the Rank-
ine cycle. The organic fluids have an advantage over water as a working fluid due to
the shape of the saturation curve as seen for isopentane in Figure 3.8. The shape of
the curve eliminates the need for superheating, as is required when water is used as
a working fluid since the vapour becomes superheated at the outlet of the turbine.
This results in avoiding any formation of moisture during the turbine expansion and
thus reducing erosion of the turbine blades. The organic working fluids also typically
have lower boiling temperatures than water, making them well suitable for utilizing
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Figure 3.6: A Temperature entropy diagram of the Ideal Rankine process with water as the
working fluid

lower temperature geothermal brine for power production.

For modelling a bottoming binary cycle, an organic Rankine cycle was coupled in
parallell to the single flash cycle as shown on Figure 3.7. The brine from the steam
separator is then led through a heat exchanger, or a boiler B, that transfers heat
to the working fluid, causing it to boil. The saturated vapor of the working fluid is
then led through a turbine, BT, and the superheated vapor from the turbine outlet
is pre-cooled in a recuperator, R, that preheats the compressed working fluid at state
13. Then, the superheated vapour is condensed in the condenser, BC and finally
through a pump to the appropriate working pressure of the power cycle.

The thermodynamical relationships needed to model the Organic Rankine bottoming
cycle are discussed thouroughly in Section 3.3.1.
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Figure 3.7: A schematic of a single flash power plant with an ORC bottoming unit

3.3.1 Thermodynamics of the Organic Rankine Bottoming Cy-
cle

The thermodynamical modelling of the single flash unit of the hybrid flash-binary
plant is the same as described in Section 3.1.1. The modelling equations for the
bottoming Organic Rankine unit will be discussed in this section.

Heat transfer to binary working fluid

The heat transfer between the geothermal brine and the working fluid takes place
in the boiler, B. The heat tranfer has to be modelled in two stages as the working
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Figure 3.8: A temperature - entropy diagram of the Organic Rankine bottoming cycle using
isopentane as a working fluid

fluid both undergoes a heating process and a boiling process, causing the pinch in
the heat exchanger to be located at the end of the heating process and beginning of
the boiling process, as seen in Figure 3.9. The first equation is the energy balance in
the heating process, given as

Th3(h3 — h3_7) = mwf(hg — hg_g) (338)
The second equation gives the energy balance for the boiling process as

m3(hz_7 — hr) = 1y f(hs—o — hg) (3.39)

Here, 3 is the mass flow of geothermal brine from the steam separator in the single
flash unit and 772, s is the mass flow of the working fluid. The enthalpy of the working
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fluid at the end of the heating process and beginning of the boiling process is denoted
as hg_g and is calculated as the saturated liquid enthalpy for the operating pressure
of the binary cycle. The corresponding enthalpy of the brine is denoted as h3_7. The
pinch in the heat exchanger is chosen to be 5°C.

100% 0%

Temperature

0,
B Heat exchange 100%

Figure 3.9: A temperature - quality diagram of the heat exchange between the geothermal
brine and the binary working fluid

The binary turbine

The modelling of the binary turbine is the same as for the steam turbine. The power
output of the binary turbine is calculated as

Wit = 17t (hg — h1o) (3.40)

Here, the turbine is assumed to have an isentropic efficiency of about 85% as for
the steam turbine, although turbines for binary cycles can be designed as a single



3.3 Modelling of an Organic Rankine Bottoming Unit 33

stage turbine with higher efficiency due to the small enthalpy drop across the turbine
(Dickson and Fanelli, 2005).

The enthalpy at state 10 can be calculated the same way as was done for the single
flash turbine in Equation 3.5.

Recuperator

Studies show that having an internal heat exchanger (recuperator) between the su-
perheated stream at the turbine outlet and the compressed working fluid after con-
densation, can increase the efficiency of the cycle (Drescher and Bruggemann, 2007).
The recuperator preheates the compressed working fluid before it enters the boiler
to better utilize the geothermal brine. The balancing equation for the recuperator is
given as:

M f(hio — h11) = Mg (hs — his) (3.41)

The pinch in the recuperator is usually located at the cold end of the recuperator but
its location is not guaranteed and has to be monitored during the thermodynamical
modelling.

Binary condenser

The balancing equations for the binary fluid condenser are similar to the ones for the
single flash condenser described in Section 3.1.1 but here the condenser must cool the
superheated vaopour prior to condensation and thus, the process has to be divided
into two steps. First, the cooling of the superheated vapour is modelled as

EA,I‘Cooling"’ncooling = mwf(hll - h11712) (342)

Second, the condensation of the working fluid vapour can be described as

EATcondensingmcooling = mwf(h11—12 - h12) (343)

where AT cooling and ATcondensing are the temperature differenses of the cooling water
in the cooling and condensing processes respectively, m.cooling 15 the mass flow of the
cooling water and hy1_12 is the enthalpy of the working fluid at saturated vapour
state. The pinch point in the condenser is located at the saturated vapour state of
the working fluid and chosen to be 5°C.
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The heat exchanger area can be calculated as before by using the logarithmic mean
temperature difference (LMTD) described preveously in Section 3.1.1 and the overall
heat transfer coefficient, U, must be estimated or calculated for the specific heat
exchanger and working fluids.

Working fluid and cooling water pumps

The pumping processes for the working fluid and the cooling water are identical to
the process described with Equations 3.17 and 3.18 in Section 3.1.1.

3.4 A Modification of the Double Flash Power Plant

A modification of the double flash cycle can be seen in Figure 3.10. The modification
involves adding a recuperator, R, that uses a fraction of the waste brine from the
high pressure steam separator, HPS, to reheat the steam from the outlet of the high
pressure turbine, HPT. The rest of the brine from the high pressure separator is then
flashed and used for the low pressure turbine as done in the conventional double flash
cycle.

The recuperator R is a heat exchanger that transfers thermal energy from the sep-
arator brine to the steam from the high pressure turbine. The temperature of the
separator brine in the recuperator, 17, is higher than the temperature of the steam
from the turbine, T5, so the steam can be heated up to approximately the same tem-
perature as the brine in the heat exchanger. The minimum temperature difference
or the pinch in the recuperator can be located either at the steam inlet (cold end)
or the steam outlet (warm end) and is defined as 5 °C in this study. The possible
improvement compared to the conventional double flash cycle is due to superheating
of the steam from the high pressure turbine which has a possibility to improve the
power output of the low pressure turbine.

3.4.1 Thermodynamics of the Modified Double Flash Cycle

The idea of the modified double flash cycle is to increase the overall efficiency of
the double flash cycle by superheating the steam from the high pressure turbine to
enhance the power output of the low pressure turbine. The idea is similar to the idea
behind an reheat Rankine cycle which will be described below.

From thermodynamics, the ideas behind increasing the efficiency of a rankine cycle
are all based on increasing the average temperature at which heat is transferred to
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Figure 3.10: A schematic of a modified double flash power plant with added recuperator

the working fluid in the boiler, or decrease the average temperature at which heat is
rejected from the working fluid (Cengel and Boles, 2006). This can be done by various
methods such as lowering the condenser pressure, increasing the boiler pressure or
superheating the steam to high temperatures. Lowering of the condenser pressure or
increasing the boiler pressure is restricted by the moisture content of the steam at
the turbine outlet, as it could reach unacceptible levels. To avoid that the moisture
in the steam becomes to great, the reheat Rankine cycle has been introduced.

The reheat Rankine cycle allows higher pressures in the boiler without sacrifizing
the steam quality as the steam is reheated after a certain pressure drop in a high
pressure turbine and then led through a second turbine, the low pressure turbine. A
temperature - entropy diagram for the reheat Rankine cycle can be seen on Figure
3.11. The reheat Rankine cycle is commonly used in modern conventional steam
power plants (Cengel and Boles, 2006).

For geothermal power plants the fuel for the power cycle is the geothermal working
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Figure 3.11: A temperature - entropy diagram for the reheat Rankine cycle

fluid itself and thus, no boiler is present to transfer thermal energy to the working
fluid as in the ideal Rankine cycle. The geothermal fluid is commonly a mixture of
liquid and steam and thus the steam is not naturally in the superheated vapor area
in the T-s diagram, although it is known that some dry steam wells can produce a
slightly superheated steam (DiPippo, 2005). The possibility to produce power from
superheated steam is thus limited in geothermal power plants.

In a double flash power plant, where there is access to waste heat in the geothermal
brine from the high pressure separator, the possibility for superheating arises. After
the steam has been exhausted from the high pressure turbine, it is at a lower pressure
and temperature than before entering the turbine as can be seen at state 5 in Figure
3.12. At the same time, the waste heat in the separator brine at point 3 is at the same
temperature as the steam was before entering the turbine. This gives the possibility
to transfer heat from the separator brine to the low pressure steam in a recuperator
as explained before. By reheating the steam at a constant pressure up to almost the
same temperature as the separator brine, the steam is superheated to state 13 and
the thermodynamic gain is represented by the area under the superheated curve in
Figure 3.12. The downside to this reheating process is that the brine discharge from
the recuperator is at a slightly higher temperature than the discharge from the second
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flash steam separator, causing the average temperature at which heat is rejected from
the working fluid to rise. Then the question is if the increase in power output due
to the reheating process is larger than the decrease in power production due to the
increase of the average discharge temperature from the cycle.

To investigate if the reheating process gives increased power output compared to the
conventional double flash cycle, the possibility to use a fraction of the brine for the
reheat process and the rest for the second flashing state is introduced by optimizing
the amount of brine mass flow going through the recuperator and the second flashing
state.
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Figure 3.12: A temperature - entropy diagram for the modified double flash cycle

The setup of the modified double flash cycle is almost identical to the conventional
double flash cycle. Only the possibility to extract some of the separator brine to a
recuperator has been added. The thermodynamic balancing equations for the added
equipment are given below.

Division of the brine between the recuperator and the second flashing
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state

The division of the stream from the high pressure separator is modelled as

ms = g + mr (344)

where the amount of mass flow that is led through the recuperator, 77 is defined as

m7 = frchcatm?) (345)

The constant fieneat defines the fraction of the mass flow from the high pressure
separator to be used in the reheating process.

The recuperator

The energy balance equation for the recuperator is given as

mz(h7 — hg) = mia(hiz — hi2) (3.46)

The pinch point can be located on either the cold or the hot end of the heat ex-
changer, but due to similar temperatures and thus, similar average heat capacity of
the streams, the slope of the heating and cooling processes is similar and the pinch
could appear simultaneously on both ends of the recuperator.

The size calculations for the recuperator are identical to those described in Equations
3.9 to 3.11 where the heat transferred is defined as

Qreheat = 112 (h1g — ha2) (3.47)

and the size of the recuperator ban be calculated as

. Qreheat
A= LMD (348)

Except for Equations 3.44 to 3.48 described above, the thermodynamical equations
for the modified double flash cycle is identical to the conventional double flash cycle
described in Section 3.2.
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3.5 Economical Analysis

The capital an operating and maintenance (O&M) costs for each power plant type
was estimated with conventional methods of economical analysis for geothermal power
plants. The production cost of the final product, the electricity, was then evaluated
for each power plant. In the following sections, these methods will be described within
the scope of the study.

3.5.1 Capital and O&M Cost of the Power Plants

The capital cost is the initial investment cost of the power plant that is needed to
purchase land, build all the necessary facilities and purchase and install the required
equipment. The difference in capital investment of the different geothermal power
plants lies mainly in the purchased equipment cost. For this study, the purchased
equipment cost was estimated for all the different power plants in order to make a
cost comparison of the different energy conversion systems. Also, the cost of the
geothermal well was taken into account to calculate the total production cost of the
electricity produced in the geothermal plant.

The total purchased equipment cost was estimated from classified actual data and
levelized before it was used for the cost comparison. To estimate the cost of the
machinery, the price and the size of the component have to be known or estimated
to be able to give a price estimation to the same component of another size. The
effect of size on equipment cost can be found by plotting all available cost data versus
the equipment size on a log-log plot and it has been shown that the data correlation
normally results in a straight line within a given capacity range (Bejan et al., 1996).
The slope of this line, o, represent an important cost estimating parameter such that
the cost of a component of any size can be estimated by knowing the cost for the
same component for a given size, given by the relation

Sizeequipment a
Cequipment = Cbase ( 7) (349)
S1Z€pqgse

where Cequipment and Sizeequipment is the cost and size of the equipment to be esti-
mated and Cpuse and sizepgse is the known cost and size for the same component.
The scaling exponent, «, for the main components in the goethermal power plants
studied in this project is given in Table 3.1

The cost of drilling the geothermal well is estimated to be about 250 million ISK for a
2 km deep geothermal well. In order to adapt the cost of drilling to the unit mass flow
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Table 3.1: Typical values for the scaling component «

Component Sizing Exponent «
Compressor Power 0.95
Cooling tower Cooling water rate 0.93
Heat Exchanger, shell and tube Surface area 0.66
Pump, centrifugal Power 0.37
Separator, centrifugal Capacity 0.49
Steam turbine, condensing Power 0.9

Source (Bejan et al., 1996)

analysis of the power plants, the specific cost of geothermal drilling was calculated
by dividing the cost for a single well with the average mass flow from actual wells
connected to the Svartsengi geothermal power plant located in the southern peninsula
in Iceland. The specific cost of the geothermal well was then estimated to be 115.000
US$ per unit mass flow.

For the operating and maintenance (O&M) cost for the geothermal power plants, a
rule of thumb was used to estimate the annual O&M expenses. The rule of thumb
states that the O&M cost for a geothermal power plant can be estimated as rouhgly
2% of the total purchased equipment cost (Geirsson, 2008).

The purpose of the cost estimation in this project is to compare the difference in final
production cost of the electricity and not to give a realistic view of the total cost
associating the building and operating of a geothermal power plant. The capital cost
of land, civil, structural and architectural work, piping, installation of equipment,
instrumentation and controls and electrical equipment and materials are roughly
estimated as 2/3 of the total capital cost and the purchased equipment cost accounts
for 1/3 of the total capital cost.

The capital investment is the part of the capital cost that investors put into the
project. The capital investment was assumed to account for 30% of the total capital
cost of the different power plants, and a 70% loan was assumed to cover the rest of
the required capital cost.

To calculate the annual cost of the capital investment and the annual cost of loan,

the initial investment cost and the loan must be divided into equal-amount money
transactions, Acquql, Which can be calculated as

Aequat = P - CRF (3.50)
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where P is the present worth of tha capital cost and C'RF is the capital recovery
factor used to determine the equal amounts A of a series of n money transactions
that have the present value equal to P. The C'RF is defined as

i(140)"

CRE = -1

(3.51)

Here, i is either the required rate of return for the investment capital, chosen to be
15% in this study, or the loan interest rate, chosen as 6% for the loan for the capital
cost (Valdimarsson, 2008). Inflation and escalation also affect the value of the annual
equal amount over the project lifetime. The effect of inflation and escalation were
neclected in this study for reasons of simplification as they do not greatly affect the
cost comparison between the power cycles.

Similar calculations would have to be done for the O&M costs for the entire power
plant. Due to cost escalation, the estimated O&M cost increases from year to year
causing nonuniform annual payments. By neglecting the effects of cost esxalation,
the O&M costs can be assumed to be fixed over the lifetime of the project as was
done in this study.

The annual revenue needed to cover the investors requirements of return, costs asso-
ciated with operation and maintenance of the power plant and costs associated with
the downpayments of loan can then be calculated as:

Are'uenue = Areturn + Aloan + AO&M (352)

To evaluate the required cost of the product, the annual required revenue, A,cypenue, 18
divided by the net annual power production to get the cost per kWh for the electricity.
The amount of kWh produced where calculated as

Wiwn = Waet. top (353)

where t,, is the total annual operating time of the power plant in seconds. In this
project, the operating time was estimated as 3600 - 8040 seconds by assuming 30
days of downtime due to preventive maintenace of the plant.






4 Optimization of Net Power
Output

The optimization of the maximum net power output for each cycle was done by
interaction between the thermodynamical calculations in the software Engineering
Equation Solver (EES) and an optimization routine in Matlab by using the function
fmincon. This was done due to problems of restricting the optimization problem in the
optimization routine provided in EES. The Matlab function fmincon uses constrained
nonlinear optimization and is an effective tool for this kind of optimization.

The interaction between EES and Matlab was in the form of a dynamic data exchange
(DDE). Dynamic Data Exchange is a technology for communication between multiple
applications under Microsoft Windows software operating system and its primary
function is to allow Windows applications to share data (Wikipedia, 2008b). The
DDE interaction between Matlab and EES allows the possibility to use EES as a
database for thermodynamical values and solve the balancing equations used to model
each power plant and send the solutions to Matlab where the optimizations routine
can process the data and find the optimized values for each cycle.

In the following sections, the optimization problems and limitations for each power
cycle are described.

43
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4.1 Optimization Variables and Constraints

4.1.1 Single Flash Cycle

Optimization of the power output of the single flash cycle is based on choosing the
optimum wellhead (or separator) pressure that gives the maximum power output
for the cycle. The optimization routine is relatively simple since there is only one
optimization variable and it can be determined from varying the value of the wellhead
pressure to locate the power output maximum.

The steam quality at the output of the turbine is a constraint in the optimization
problem, as the quality may not go below z = 0.85 and that limits the maximum
wellhead pressure allowed as can be seen on a temperature-entropy diagram for the
single flash process, e.g. in Figure 3.2.

4.1.2 Double Flash Cycle

For optimizing the power output of the double flash cycle, two optimum pressure
states, ps and pg, need to be found. Thus, an extra degree of freedom has been added
to then optimization routine compared to optimization of the single flash cycle that
makes the procedure more complicated. For each value of the operating pressure of
the high pressure separator HPS, an optimum pressure value can be found for the low
pressure separator LPS. The problem is then to find the two corresponding pressures
at which the double flash cycle gives the highest net electrical power output Wies.

The constraint in the optimization process is, as for the single flash cycle, the steam
quality at the outlet of each turbine. This constraint affects the allowable pressure at
the high pressure state of each turbine. Thus, there are two steam quality constraints
for the double flash cycle; constraints for the steam quality at state 5, x5 and at state
10, 10

4.1.3 Hybrid Single Flash Cycle with Organic Rankine Bot-
toming Unit

There are two different optimization variables for the hybrid single flash plant with
the organic Rankine bottoming cycle. First, the wellhead pressure must be optimized
as for the other cycles and second, the pressure in the organic Rankine bottoming
cycle needs to be optimized.
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For this cycle, only the steam quality at the outlet of the steam turbine becomes
a constraint due to the fact that the isopentane vapour at the outlet of the binary
turbine is superheated and thus, no moisture is present.

4.1.4 Modified Double Flash Cycle

Four optimization variables where used to optimize the net power output of the
modified double flash cycle. First, the separator pressures, ps and py have to be
optimized as well as the constant describing the fraction of mass flow taken from the
separator brine and used for reheating, freneq:- The temperature of the waste brine
at the cold end of the recuperator, Tg, was also optimized to monitor the location of
the pinch point in the recuperator.

4.1.5 Overview of the Optimization Problems

An overview of the optimization variables and contraints for each power cycle can be
seen in Table 4.1.

Table 4.1: Optimization variables and constraints for each power cycle

Power cycle Optimization variables Constraints
Single flash D2 x5 > 0.85
Double flash D2,D6 x5 > 0.85, x19 > 0.85
Hybrid single flash and ORC D2,p13 x5 > 0.85
Modified double flash D2,09, freheat, 18 x5 > 0.85, w14 > 0.85

4.2 Wellhead Pressure Limitations

The wellhead pressure directly affects the mass flow from the well. A typical geother-
mal well productivity curve for a water fed well and a well producing two phase flow
is shown in Figure 4.1. As the pressure increases, the mass flow produced by the well
will eventually decrease to a point that the well is completely closed and no mass flow
is produced. That is why production curves for the wells connected to the geothermal
power plant must be available before optimization of the wellhead pressure is deter-
mined. At a specific pressure range, the mass flow from the well with the two phase
flow is relatively stable with a low decrease in the production. This pressure range is
different from well to well and depends on the geothermal reservoir. In Iceland, some
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high-enthalpy wells at the high temperature field at Namafjall in northen Iceland can
hold a steady production up until 40-50 bars before the mass flow begins to decrease
(Steingrimsson, 2007).

ater- fed well

2-phase fed well
\\‘

Flowrate

T T

Pressure  p = max discharge pres.

Figure 4.1: Productivity curves for geothermal wells producing two phase flow and liquid
flow(Iceland GeoSurvey, 2008)

In this project, the optimization of the wellhead pressure is not dependant on produc-
tion curves and the power output is calculated as specific power production (Power
produced per unit mass flow) in kW/(r) where  is in kg/s. These calculations will
determine the specific power output for the cycle whilst varying the energy output of
the production wells. The wells are modelled as a single well with a given enthalpy
ranging from hy = 1000kJ/kg to hg = 2500kJ/kg. The upper range of the well
enthalpy is relatively high but such high enthalpies can occur in high-enthalpic high-
temperature areas with steam dominated wells and even in deep drilling projects.



5 Results

5.1 Assumptions

For the optimization of the different cycles, some assumptions had to be made re-
garding the behavior of the geothermal reservoir and the limitations and restrictions
in the power plant equipment. These assumptions are listed in the sections below.

5.1.1 Geothermal Reservoir

The following general assumptions regarding the behaviour of the geothermal system
were made during the thermodynamical modelling of the different power cycles:

e The maximum wellhead pressure of the production wells was restricted to 35
bar.

e The amount of non-condensible gases in the geothermal fluid was assumed to
be 1% of the total mass flow from the wells.

e The possibility of scaling due to high concentrations of minerals in the geother-
mal fluid was neglected.

e Enthalpy of the production wells varied from 1000 - 2500 kJ /kg.

e Production wells where modelled to produce 1 kg/s to estimate the specific
power output of the different cycles.

47
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Dead-state assumptions for exergy calculations

The conditions at dead state where exergy of the working fluid is said to be zero were
taken as Ty=>5 °C and pp=1 bar.

5.1.2 Power Plant Equipment

The power plants consist of various components of complicated design and restrictions
to their working conditions. The following restrictions were estimated for the different
power plant components:

Isentropic efficiency of turbines, compressors and pumps

The turbines, pumps and compressors do not operate at 100% efficiency. The effi-
ciencies for these components are given in Table 5.1 (Dickson and Fanelli, 2005).

Table 5.1: Isentropic efficiency of different power plant equipment

Equipment  Isentropic efficiency

Turbines 7 = 85%
Compressor Neomp = 85%
Pumps 1p,=50%

Overall heat transfer coefficient in heat exchangers

The overall heat transfer coefficients used to calculate the total heat exchanger
area for each heat exchanger in the modelled power plants are given in Table 5.2
(Valdimarsson, 2008).

Table 5.2: Overall heat transfer coefficient U for various heat exchangers

Fluids U [W/m? K]
Water-Water 2000
Steam-Water 2000
Water-Isopentane 1200
Isopentane-Isopentane 1200

Pinch assumptions in heat exchangers

Pinch assumptions restrict the maximum allowable effectiveness of the heat exchang-
ers and ensure that the heat exchanger surface does not become excessively large.
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The minimum pinch assumptions for the heat exchangers in the power cycles are
given in Table 5.3

Table 5.3: Minimum pinch in various heat exchangers

Heat exchanger Minimum pinch
Recuperator, water 5C
Recuperator, isopentane 8C
Boiler and preheater, water-isopentane 5C
Condeser, water 5C
Condenser, isopentane 5C

Condenser pressures

The condeser pressures in the different cycles were chosen as:

e 0.1 bar for the steam condenser in the flashing units.

e 1 bar for the isopentane vapour condenser in the ORC bottoming unit.

Cooling water circuit

The following assumptions were made when modelling the cooling water circuit:

e The cooling water enters the condensers at 5°C.

e The cooling tower fan was estimated to consume 0.25 kW per unit mass flow
of cooling water according to power requirements in the cooling tower fans in
Hellisheidi geothermal power plant.

e Evaporation of the cooling water was neglected.

5.2 Optimization of Net Power Output

The objective function of the optimization problem for each power cycle was the
specific net power output of each cycle. The specific power output is calculated for
unit mass flow (1 kg/s) from the production wells and the net output was calculated by
withdrawing all power requirements of the modelled equipment such as compressors,
pumps and fans. In the following sections, the results for each cycle are presented and
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discussed and finally, the cycles are compared with respect to their optimum power
output and wellhead pressures, exergetic efficiency and the product cost of electricity
generated in each cycle.

5.2.1 Single Flash Cycle

The optimized specific net power output for the single flash cycle can be seen in
Figure 5.1. The specific power output ranges from 82.9 kJ/kg to 459.1 kJ /kg as the
enthalpy of the production wells increase from 1000 kJ/kg to 2500 kJ /kg.
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Figure 5.1: Optimized net power output from the single flash cycle

The optimum wellhead pressure is shown in figure 5.2. The optimum pressure quickly
becomes restricted to 6.6 bars as the enthalpy increases due to the restriction of the
steam quality at the outlet of the steam turbine as seen in figure 5.3. At approxi-
matelly 1260 kJ /kg, the steam quality drops to 85% as can be seen on figure 5.3 and
the pressure becomes a constant value for all the entalpies above.

5.2.2 Double Flash Cycle

The double flash cycle has increased power output compared to the single flash cycle
due to better utilization of the geothermal brine. The optimized specific net power
output of the double flash cycle can be seen in Figure 5.4 and the corresponding
pressure optimization is given in Figure 5.5. Here, the upper limit of the pressure was
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Figure 5.2: Optimized wellhead pressure for the single flash cycle
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Figure 5.3: Steam quality at the turbine outlet for the single flash cycle
set to 35 bar due to assumed reservoir pressure restrictions. As the wellhead pressure
becomes restricted, the pressure in the lower pressure step begins to decrease slowly

to obtain the highest power output of the cycle.

The steam qualities at the turbine outlets are shown in Figure 5.6. It can be seen
that the constraint for the steam quality is never active in the optimization process
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Figure 5.4: Optimized net power output from the double flash cycle
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Figure 5.5: Optimized wellhead pressure and second flashing pressure for the double flash
cycle

due to the pressure restrictions of the geothermal reservoir. As the wellhead pressure
becomes restricted and the working pressure of the low pressure turbines begins to
decrease, the steam quality at the high pressure turbine, x5, starts to decrease due
to a larger pressure drop in the high pressure turbine, placing the point on the T-s
diagram denoting the state at the turbine outlet (point 5 on the T-s diagram in Figure
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3.4) further down under the saturation curve and further away from the saturated
vapour line. At the same time, the pressure drop in the low temperature turbine
decreases as the condensing pressure is kept constant, resulting in increasingly higher
steam quality at the low pressure turbine outlet, x1¢.
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Figure 5.6: Steam quality at the turbine outlets for the two turbines in the double flash cycle

5.2.3 Single Flash Cycle with Organic Rankine Bottoming
Unit

The results for the optimized combined specific net power output and the individual
turbine power output of the hybrid single flash and organic Rankine cycle is shown
in Figure 5.7 and the optimum working pressures in the power plant can be seen in
Figure 5.8.

The net power output of the ORC bottoming unit decreases as the enthalpy increases
due to the decrease in mass flow of brine from the steam separator and also because
the enthalpy in the geothermal brine becomes constant when the wellhead pressure
becomes constant as seen in Figure 5.8. When the mass flow of brine decreases
and the enthalpy of the fluid remains constant, the heat transferred to the ORC
binary unit decreases resulting in lower power output. So the highest power output
from the binary unit is obtained when the production wells produce large amount of
geothermal brine due to low steam quality at low enthalpies.

The power output of the single flash unit in the hybrid cycle is similar to the power
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output from the single flash power plant without the bottoming unit. Thus, the
bottoming unit has very little effect on the power output of the single flash cycle and
only adds to the total power production of the power plant by utilizing the waste
heat in the geothermal brine.
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Figure 5.7: Optimized net power output from the hybrid single flash - ORC plant and the
individual power output from each unit
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Figure 5.8: Optimized wellhead pressure of the single flash unit and the optimum pressure
of the isopentane in the ORC bottoming unit

The steam quality at the steam turbine outlet is shown in Figure 5.9. The quality
becomes a restriction to the process at an enthalpy input of 1280 kJ/kg, similar as
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for the conventional single flash cycle. This restricts the maximum working pressure
allowed in the cycle to 6.6 bar.
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Figure 5.9: Steam quality at the steam turbine outlet in the single flash unit in the hybrid
single flash-ORC power plant

5.2.4 Modified Double Flash Cycle

The specific power output of the modified double flash cycle with the added recuper-
ator is shown in Figure 5.10 along with the power outputs from each turbine. The
corresponding pressure optimization is given in figure 5.11. The upper limit of the
wellhead pressure, ps, was set to 35 bars as preveously explained for the double flash
cycle. The steam quality at the turbine outlets is shown in figure 5.12.

The working pressure of the high pressure turbine increases rapidly as the enthalpy
of the production wells increases, until it reaches the estimated pressure restriction of
the geothermal reservoir of 35 bars. The working pressure of the low pressure turbine,
denoted as pg, increases at first, but as the pressure in the high pressure step becomes
constant, the optimum working pressure of the low pressure turbine starts to decrease
until the steam quality after the low pressure turbine, x14, becomes a constraint to
the pressure decrease as it reaches 85% steam quality. After the enthalpy of the wells
reaches about 1880 kJ/kg, both of the working pressures remain constant throughout
the enthalpy change.

The modification made on the double flash cyle is based on diverting a part of or
all of the geothermal brine from the steam separator to a recuperator that transfers
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Figure 5.10: Optimized net power output from the modified double flash cycle and the in-
dividual power output from the high pressure turbine, Wy, and the low pressure turbine,
Wip

heat to the steam after it has undergone a pressure drop in the high pressure turbine.
The mass fraction, frepeat; Was optimized for each case of enhtalpy inoput from the
production wells and the result can be seen in Figure 5.13. For low enthalpies, the
mass fraction is low and starts at about 12% for the lowest enthalpy production wells
that give a large amount of water for the low pressure flashing. As the enthalpy of the
production wells increases, the mass flow to the recuperator increases exponentially
until all of the separator water is used for the reheating process.

The temperatures in and out of the recuperator can be seen on Figure 5.14. As a result
of the changes in working pressures throughout the simulation, the temperatures of
the geothermal brine from the high pressure steam separator, 77, and the steam
from the high pressure turbine, 7)o, change accordingly. At first, when both working
pressures (py and pg) are increasing as seen on Figure 5.11, the temperatures of the
brine and the steam also increase. When the wellhead pressure becomes restricted,
the temperature of the geothermal brine from the high pressure steam separator
becomes a constant at about 242.6 °C, but due to the corresponding decrease in the
lower pressure, pg, the temperature of the steam also decreases. As a result, the
geothermal brine is cooled further down in order to be able to fully reheat the steam
into the superheated region. When the lower pressure becomes a constant due to the
steam quality restriction on z14, the temperature of the steam from the high pressure
turbine becomes a constant of about 115.6 °C.

The temperature of the superheated steam after the reheating process in the recuper-
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Figure 5.11: Optimized wellhead pressure and second flashing pressure for the modified double
flash cycle
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Figure 5.12: Steam quality at the turbine outlets for the two turbines in the modified double
flash cycle

ator, T3, suddenly begins to decrease after being held constant at enthalpies ranging
from 1880 kJ/kg to 2340 kJ/kg. At such high enthalpies and at the corresponding
wellhead pressure of 35 bars, the steam quality from the production wells is high
and at 2340 kJ/kg the steam quality at state 2 is about 74%. This means that the
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Figure 5.13: The mass fraction of geothermal brine that is led from the separator to the
recuperator in the modified double flash cycle

mass flow of liquid travelling with the steam and thus, the mass flow of brine from
the high pressure separator is relatively low. Due to the low mass flow of the brine
from the separator, the heat needed to fully reheat the steam is not sufficient even
though all of the brine is led through the recuperator. This results in the decresing
temperature of the superheated steam, but the recuperator still manages to transfer
enough heat so that the steam becomes sligthly superheated before entering the low
pressure turbine.

5.3 Comparison of the Power Cycles

5.3.1 Net Power Output and Efficiencies of the Cycles

The optimized net specific power production from each of the powerplants discussed
above is shown in Figure 5.15. The single flash cycle, where the geothermal brine
is disposed of after the steam separator, has the lowest power production of all the
cycles. For low enthalpy areas which produce a two phase flow with relatively low
temperature range, the hybrid flash-binary power plant using an organic Rankine
cycle as the bottoming unit in parallell to the single flash cycle gives the best result
for the maximum power production. The hybrid single flash - ORC plant is superior
to the other cycles for enthalpies lower than 1300 kJ/kg, where the fluid from the
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Figure 5.14: The temperature differences in both ends of the recuperator. Tr and Tis are the
temperatures at the inlet of the geothermal brine and outlet of the superheated steam, whereas
Ty and Th2 are the temperatures of the return brine and the saturated steam respectively

production well consists of over 70% liquid and 30% steam at temperatures under
163 °C for the optimum wellhead pressure for the single flash cycle. For the optimum
wellhead pressure of the two double flash cycles, the mass flow of steam from the
production wells is only up to 20% of the total mass flow and has temperatures
under 209 °C. The power output of the hybrid single flash - ORC will continue to
produce more power than the single flash cycle throughout the enthalpy range but
the difference between the two cycles decreases steadily as the enthalpy increases,
causing them to produce almost the same amount of power for enthalpies around
2500 kJ/kg, when the steam fraction is over 80% of the produced mass flow from the
wells for the given optimized wellhead pressure of 6.6 bar and there is only a small
amount of brine available for the ORC unit.

At enthalpies higher than 1300 kJ /kg, the two double flash cycles start to exceed both
the single flash cycle and the hybrid cycle and the difference steadily increases with
the increased enthalpy from the production wells. At higher enthalpies, the double
flash cycles have a clear superiority and can produce over 35% more electricity than
the other cycles. The reason for the increased power output of the double flash cycles
is that the single flash cycle and the hybrid cycle immediately become restricted
because the steam quality at the outlet of the turbine quickly falls to 85% which puts
a restriction on the maximum allowable wellhead pressure. The optimum wellhead
pressures for the different cycles can be seen on Figure 5.16.

The modified double flash cycle has a small advantage over the conventional double
flash cycle with respect to the net power produced. The modified double flash cycle
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Figure 5.15: A comparison of specific net power output for the different cycles that were
modelled

produces from 1% to 2.5% more power than the conventional double flash cycle.

The exergetic efficiency for the different cycles are compared in Figure 5.17. The
difference in the exergetic efficiency correlates at some extent to the difference in the
net specific power output for each cycle. The exergetic efficiency of the single flash
cycle is the lowest one for all the different cycles, varying from 35% to 57.7%. The
exergetic efficiency for the combined single flash and ORC bottoming unit varies from
47.6% to 58.5% and is superior to all the cycles for enthalpies ranging from 1000-
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Figure 5.16: A comparison of the optimum wellhead pressure for the the different power
cycles

1600 kJ/kg. The exergetic efficiencies for the two double flash cycles are similar for
all enthalpies, ranging from 41.3% to 64.5% for the conventional double flash cycle
and 42.5% to 65.6% for the modified double flash cycle. The modified double flash
cycle is superior to all the other cycles at higher enthalpies than 1600 kJ/kg.

The discontinuous behaviour of the efficiency curves are related to preveously dis-
cussed restrictions and constraints in the optimization, e.g. wellhead pressure re-
strictions and steam quality constraints.
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Figure 5.17: A comparison of the thermal efficiency for each cycle

5.3.2 Economical Comparison Between Cycles

A case of 100 MW, power production

An estimate of the total production cost for the electricity generated from each cycle
was calculated with methods of economics explained in Section 3.5. A case of 100
MW, production was simulated for each cycle to be able to compare the production
cost of electricity based on the cost estimation for the purchased equipment cost
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and the cost of constructions, drilling of wells and the operation and maintenance
cost. The equipment cost was estimated based on actual data and levelized due to
confidentiality. The base for levelization was the cost for producing 100 MW, in the
single flash cycle with an enthalpy input of 1000 kJ/kg. The results of the estimated
levelized production cost for each cycle can be seen in Figure 5.18 where the total
production cost is plotted against the enthalpy of the geothermal fluid coming from
the production wells.
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Figure 5.18: A comparison of the product cost for each cycle

The single flash power plant carries the least production cost for a net power output
of 100 MW, for almost the whole enthalpy range. This is due to the fact that the
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single flash cycle has a simpler setup with fewer components compared to the other
cycles and thus, carries the least purchased equipment cost.

The hybrid single flash and ORC unit has a lower production cost for low enthalpies
than the two double flash cycles. At approximatelly 1300 kJ /kg, the production from
the hybrid flash-binary plant first becomes more expensive than for the conventional
double flash cycle. Thus, at lower enthalpy areas, it would be more feasible to con-
struct a hybrid flash-binary plant than a double flash cycle, but at higher enthalpies,
the double flash cycles become more economically viable.

At high enthalpy input to the power plant, the modified double flash cycle gives the
minimum production cost for the 100 MW, production. This is due to the fact that
the total mass flow from the steam separator is led through the recuperator instead
of the second flashing state so there is no longer need for the low pressure steam
separator as for the conventional double flash cycle. This leads to a considerable
decrease in the purchased equipment cost for the reheating cycle and the production
cost decreases as a result of that. At lower enthalpies than approximatelly 2300
kJ/kg, the conventional double flash cycle is less expensive than the modified cycle
due to less cost for required equipment.

Another intresting result from simulation of the 100 MW, case is the difference in
mass flow required from the production wells. The result for the required mass flow is
shown in Figure 5.19. The single flash cycle always requires the greates mass flow from
the production wells which results in a need for drilling more production wells than
for the other cycles, also adding to the capital cost of the power plant. The hybrid
single flash and ORC power plant requires the least mass flow for lower enthalpies
and the two double flash cycles require the least mass flow from the production wells
for the higher enthalpies. The type of power plant chosen to be constructed at a
certain geothermal area can thus be restricted to the awailable mass flow from the
production wells. If the area does not support the mass flow required to produce
these 100 MW, from the cheapest available technology, the single flash cycle, which
requires more mass flow than the more expensive cycles, then the choice will have
to be to increase the production cost by using more complicated technologies with
increased efficiency.
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Figure 5.19: A comparison of the required mass flow from production wells to produce 100
MW, for each cycle






6 Conclusion

The focus of this study was to investigate the possibilities of optimizing the utilization
of geothermal fluid from geothermal production wells by making use of the brine that
travels with the steam to the surface as it enters the geothermal power plants. The
brine is separated from the high pressure steam before it enters the power plant and is
often discharged back into the reservoir or to the open natural surroundings without
utilizing it furter. Such power plants are called single flash power plants.

Three different power cycles that utilize the geothermal brine for increased power
production where modelled in order to compare the different utilization possibilities
and these cycles where compared to the conventional single flash cycle. One of the
cycles that where modelled in this study is a modification of a conventional double
flash cycle where the possibility of superheating the geothermal steam in a recuperator
after the expansion in the high pressure turbine is introduced. The results for the
modified double flash cycle are promising and gave the best results for the amount
of specific power output of all the different cycles. The superiority of the modified
double flash cycle over the conventional double flash cyle was not measured in large
numbers, as it produces about 1-2.5% more power than the conventional double flash
cycle. The scaling potential of the geothermal fluid could potentially restrict the use
of the recuperator as too much scaling in the recuperator could be a result of the
reheating process.

By adding a bottoming binary unit parallell to the single flash cycle, the geothermal
brine is utilized further and gave the best results for low enthalpy wells where the
mass fraction of brine is relatively high and the temperatures corresponding to the
wellhead pressures of the single flash cycle are low. Binary units are well known for
their ability to utilize low temperature geothermal energy and this study confirmed
that common knowledge.

67
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The difference in production cost are associated with the difference in the total pur-
chased equipment cost of the power plants. The two double flash cycles and the hybrid
cycle require more equipment than the conventional single flash cycle which results
in a higher price per produced kWh. But as these cycles also produce more power
than the single flash cycle, the total revenue from selling the product increases which
often justifies the increased production cost. The highest production cost for lower
enthalpies was achieved in the two double flash cycles where the modified double flash
cycle carried a sligthly higher cost than the conventional double flash power plant.
The difference between the two increased with higher enthalpies until the enthaly
reaches 2300 kJ/kg. The reheat cycle then makes it possible to discard of the low
pressure steam separator as the entire mass flow of separator water is used for the re-
heating process. The reheat cycle then becomes the most economically viable option
due to the increse in the total purchased equipment cost. The cost estimate of the
hybrid flash-binary power plant showed that it is more economically viable than the
double flash cycles for enthalpies under 1300 kJ/kg. The slope of the production cost
for the hybrid cycle is much lower than for the flash cycles at low enthalpies as seen
in Figure 5.18, which can lead to the conclusion that at even lower enthalpies than
1000 kJ/kg, the hybrid flash-binary power plant could carry even lower production
cost than the traditional single flash power plant, making it the most economically
viable options for low-enthalpic areas.

The results of this study can be used as a guide to estimate which power plant
technology could provide the greatest power output and the best utilization of the
geothermal fluid from the wells. Usually, studies like this one are carried out with
a specific geothermal site in mind. The results of this study are restricted to the
assumtions that had to be made regarding chemical content and pressure limitations
of the hypothetical geothermal reservoir on which the models are based on. The
thermodynamical models that were constructed can easily be adopted to specific
limitations of a known geothermal reservoir and the results used as an estimate of
the possible power production from that specific site.

6.1 Further Studies

Although the difference between the power output of modified double flash cycle intro-
duced in this study and the conventional double flash cycle is not great, the modified
double flash cycle could deserve some additional attention as it introduces the possi-
bility to control the amount of massflow that is led towards the second flashing stage
without compromising the thermal energy by discharging the brine immediately as it
comes out of the power conversion system. Often, when geothermal reservoirs have
been exploited for some time, the reservoir behavior changes, for example by pres-
sure declining, that affect the production of the power plants. Equipment such as the
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turbines in the geothermal power plants are designed for some fixed design consid-
eration and if the inital conditions change drastically after production has started,
the turbines will not operate at their full capacity. The addition of the recuperator
with the possibility to superheat steam could then serve as a backup system if such
changes in the reservoir occur.

Another interesting result for the reheat cycle is the developement of the power cycle
for higher enthalpies, as the low pressure steam separator is no longer needed and it
becomes more efficient to use the total mass flow of separator water for the reheating
process resulting in lower production cost of the electricity generated. A restriction
of the use of the recuperator could be the concentration of dissolved chemicals in the
geothermal fluid that is under consideration as the reheating process could become
unachiaveble due to too much scaling in the heat exchanger equipment. If the possi-
bilities of the modified double flash cycle would be investigated further it could lead
to some interesting results.
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