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Utilization of Supercritical Geothermal Fluid
Abstract

Volatile chloride (HCI) is found in geothermal fluids all over the world. When dry steam
containing HCI cools to acid dew point, the compound dissolves in the condensate and forms
hydrochloric acid. This can have tremendous consequences for piping and equipment as hy-
drochloric acid aggressively attacks steel and other metals. Severe pitting corrosion can oc-
cur and, if this happens in the turbine, cracks can form at the bottom of the pits, which will
grow larger with fatigue corrosion and lead to a stress corrosion cracking. The Icelandic Deep
Drilling Project (IDDP) is dealing with extreme circumstances with high enthalpy, superheated
geothermal steam containing HCl. Successful corrosion mitigation is essential for the feasi-
bility of the development of this promising recource. There are several possible methods for
removing HCI from geothermal steam and the goal of this work is to map the applicability of

each steam scrubbing technology, taking into account exergy conservation and cost.

Keywords: superheated steam, corrosion mitigation, volatile chloride, wet scrubbing,
dry scrubbing, IDDP






Nyting 4 yfirhitadr1 jardgufu
Utdréttur

Vetniskl6rid (HCI) er ad finna { jarShitagufu um allan heim. Pegar purr gufa sem inni-
heldur HCI koélnar nidur ad daggarmorkum, leysist sameindin upp { péttivatninu og myndar
saltsyru. Petta getur haft slemar afleidingar fyrir leidslur og btinad, par sem saltsyra getur
valdid holutaringu { stali og 6drum malmum. Ef petta gerist { hverflum, geta sprungur myn-
dast nedst i holunum, sem vaxa med preytuteringu og geta leitt spennuteringar. Islenska
djipborunarverkefnid (IDDP) er ad glima vid yfirhitada gufu med hau vermi sem inniheldur
HCI. Hagkvemni IDDP byggir ad hluta til 4 drangri adferda vid ad draga tr teringu. Pad eru
nokkrar mogulegar adferdir til ad fjarlegja HCI ur jardhitagufu og er markmid pessarar vinnu
er ad kortleggja notagildi hverrar hreinsunaradferdar, med tilliti til kostnadar og vardveislu a

exergiu.

Lykilord: yfirhitud gufa, teringarvorn, vetnisklorid, vothreinsun, purrhreinsun, IDDP
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1 Introduction

The rapidly increasing emissions of greenhouse gases from the conversion of fossil fuels to
electrical power and utilization for district heating calls for cleaner energy sources. Geothermal
energy has become an economic and reliable energy source over the past few decades, due to
technical improvements and higher electricity prices. Although the scientific community is
presently split in half regarding whether geothermal energy is sustainable or not, everyone
agrees that it is more feasible than fossil fuels, with regard to the environment.

Geothermal heat is the governing thermal energy source in Iceland. Iceland is situated on
a mid-ocean ridge with abundant volcanic activity. There are several areas in Iceland that are
categorized as high-temperature fields and many of them are already being exploited. These
fields currently provide steam for seven geothermal power plants with a total installed power
capacity of S7TSMW, [16].

Corrosion, erosion, and scale formation are the main operational problems in geothermal
power plants using high enthalpy fluids. These difficulties differ from one geothermal field to
the other, or even from one borehole to the other within the same field. The characteristic of the
problem depends on the chemical composition of the geofluid at each time. Hydrogen chloride
is an especially problematic compound that can cause severe pitting corrosion when it dissolves
in water. If this happens in a turbine, cracks can form at the bottom of the pits, which will grow
larger with fatigue corrosion and lead to a final breakdown with stress corrosion cracking.

There are methods available to remove the harmful substances and prevent such damage.
The most widely used is called wet scrubbing (WS). Other methods are also under development
and gaining attention, such as dry steam scrubbing (DSS). Binary cycles have also been intro-
duced to the discussion in this context. The cycle does not actually prevent corrosion for it may
take place in the heat exchanger instead of the turbine, but that is easier to handle. Little work
has been done in comparing the methods’ applicability with respect to exergy conservation and
cost. That is, how well do the different methods prevent corrosion, how much exergy is lost

during the process, and is it cost efficient?

The Icelandic Deep Drilling Project (IDDP) has the main goal of finding out if it is eco-
nomically and technically feasible to extract supercritical fluids from hydrothermal systems.
The intention is to access fluid at supercritical conditions and bring it to the surface as super-
heated steam (600 — 800°C) at subcritical pressure (< 220bar) [5]. One attempt has been made
to drill such a borehole, that ended in a magma intrusion at 2104m depth [22]. The shallow
depth entails downhole pressure of around 120bar, but a flowtest measured enthalpy of around
3100kJ /kg [12]. This well, IDDP-1, contains volatile chloride and other contaminants that re-



quire the geofluid to undergo special treatment before utilization.

An identified need of the IDDP that has not been extensively explored is to assess the
various power conversion or fluid utilization options possible for the geofluid once it has been
brought above ground. This study is intended to find the possible utilization methods and

compare them with respect to power production.

1.1 Structure of the Thesis

At the beginning of this study, in section 2, the reader is introduced to fundamental concepts of
power cycles, corrosion, and corrosion mitigation. It is important for the reader to be familiar
with these concepts for they are referred to later on. The IDDP is also introduced in more detail
so that the reader will fully understand its potential advantage.

Following is a more detailed description of the goals of this study, in section 3. The reader
is introduced to the combination of power cycles and corrosion mitigation methods that are
to be examined with software models, and how their comparison will be carried out. This is
accompanied with the design criteria of each model and its corresponding equations.

Next up, in section 4, the raw results from the models are presented to the reader. This
includes gross and net power production, condenser duty, exergy destruction in different com-
ponents, and of course the most important thing, exergy efficiency of each corrosion mitigation
method.

Section 5 compares and comments on the results of each model. Also, the benefits of
drilling down to depths greater than 3km for geofluids at supercritical conditions will be exam-
ined.

At last there is a simple conclusion and comments on future work, as well as appendices

and references.









2 Background

2.1 Thermodynamic Power Cycles

It is important for the reader to be familiar with the different thermodynamic power cycles, or
simply power cycles, that will be referred to in order to fully understand the study.

A power cycle is a series of thermodynamical processes that affect the properties of a fluid.
There are several different power cycles that are used in the geothermal industry, each with
their own best applicability. The expected extreme circumstances of the IDDP may require
power cycles that are not conventional for a geothermal power plant, and better yet, the extreme
circumstances could make for power cycles that to date have only existed in theory, to suddenly
become practical. Later on, these different power cycles will be referred to paired with different

corrosion mitigation methods.

2.1.1  Dry Steam Cycle

Power plants with a dry steam power cycle have a simple setup and require the smallest amount
of equipment of all conventional power cycles used in the geothermal industry. This type of
power plant can be used if the fluid at the wellhead is of perfect quality, that is, it contains no
liquid. An ideal superheated geofluid could pass directly through a turbine after going through
a rock catcher without any additional equipment. After that the steam is condensed to liquid
phase before it leaves the power plant. A simple dry steam cycle is shown in Figure 1.

Today, dry steam power plants account for 12% of all geothermal power plants in the world,

and 26% of the total installed geothermal capacity [21].

Generator

Cooling Tower

Ne—of

Condenser /4 \

| Pump
éPump

R

Wellhead Drain

Figure 1: Process diagram of a simple dry steam power cycle.



2.1.2 Single-Flash Cycle

Power plants with a single-flash power cycle account for 42% of the total installed geothermal
power capacity in the world [21]. This is frequently the first type installed at a newly developed
site for it is relatively simple and cheap to install and operate, and can easily be developed to a
more complex power plant. A typical 30MW single-flash power plant needs about 6 production
wells producing a mixture of saturated steam and liquid [21]. The two-phase flow is directed to
the power plant in pipelines. Before entering the power plant the flow goes through a separator
where the phases are parted from each other. The liquid phase leaves the power plant from
there, while the steam continues on its way towards the turbine. After that the steam is cooled
down to a liquid phase and leaves the power plant. A simple single-flash cycle is shown in
Figure 2.

Before the fluid is extracted from the ground through the production wells it is all in a liquid
phase due to high pressure. It is referred to as flashing when the liquid evaporates, turning into
two-phases, due to pressure drop. This can happen in the reservoir, in the production well or in
the gathering equipment. As the name implies, in a single flash power plant the fluid is flashed

only once.

Generator
Separator

Cooling Tower

gl e
Y g

Wellhead Drain

Figure 2: Process diagram of a simple single-flash power cycle.

2.1.3 Binary Cycle

Binary power cycle is often referred to as a closed power cycle, while single-flash is an open
power cycle. In a power plant with a closed cycle, the geofluid never goes through the turbine.
The fluid is often kept under pressure so that it doesn’t flash, but this type of power plant can
also be implemented in a way that the geothermal steam condenses in a heat exchanger. The
geofluid flows through a heat exchanger which heats up a working fluid before leaving the

power plant. The Working fluid flows in a closed cycle; it is heated up in a heat exchanger and

6



evaporates, drives the turbine, is cooled until it is saturated liquid, and is then heated up again

in the heat exchanger. A simple binary cycle is shown in Figure 3.

Generator

o [e(e)
Cooling Tower

EV 5 J

| T

Condenser

|
Y

:
Wellhead §
?

A A

Drain Pump

Figure 3: Process diagram of a simple binary power cycle.

Binary power cycles are often used when the temperature of the geofluid is too low for the
flash power plants to be efficient, due to technical constraints (below ~ 180°C). Working fluids
can be selected that evaporate at lower a temperature than water. Also, if the geofluid contains
contaminants that can cause considerable corrosion, erosion, or scaling to the turbine, it may
be convenient to use a binary power cycle to control the location of the scaling.

A typical efficiency of a binary power plant would be around 10% [21]. The reason for this
low efficiency is mainly because this type of power plant is in most cases used with a geofluid
at low temperature. But this can also be because of thermal loss in the heat exchanger.

There are some drawbacks for binary power plants to be used with a supercritical geofluid.
The high pressures of the geofluid call for a very thick-walled heat exchanger. Since the min-
imum required temperature difference of geofluid and working fluid in a heat exchanger is
proportional to the wall-thickness, this might call for an unattainable temperature difference,

or inefficient heat transfer.



2.2 Corrosion and Erosion Problems in the Geothermal Industry

To fully discern the importance of the corrosion mitigation methods described later on, the
reader must gain a good perspective on the actual problem, corrosion and erosion. In this
section the chemistry behind the corrosion will be explained along with the way that erosion
takes place.

Any acid is capable of inducing corrosion, but the following description shows how chloride

can accelerates the process.

2.2.1 Chloride Induced Corrosion

Geothermal steam containing volatile chloride is found in steam fields throughout the world,
such as Krafla in Iceland, Laraderello in Italy, Saint Lucia in Windward Islands, Tatun in Tai-
wan, and The Geysers in USA [18]. Most geothermal researchers agree that volatile chloride is
transported as hydrogen chloride, HCI, although this has only been reported a few times [18].
When HCI comes in contact with water the compounds form chlorine and hydronium ions,

as shown in the following reversible chemical reaction

HCl+H,0 — H:0" +CI™ (1)

HCl doesn’t cause any considerable damage when the steam is above dew point, but when
it goes below the acid dew point and the first droplets start to form in the gathering equipment,
it dissolves the compound since it is so soluble. Hence, the droplets may contain thousands
of ppm,, of HCI with pH levels below 2.0 units [17], causing a fast pitting corrosion. Stress
corrosion cracking can also happen in the turbine, where cracks form at the bottom of a pit
and propagate by corrosion fatigue leading to a final mechanical break [4]. HCl is usually only
threatening when small amounts of liquid are present, since its concentration can be very high
which accelerates the process of corrosion, but if large amounts of liquid are present then it will
be diluted and not of any particular concern. It must also be taken into account that although
the steam is highly superheated, there may be localized areas of heat loss where droplets can
form, such as condensate pots and flanges.

It is the simultaneous attack of hydrogen and chloride ions that is especially damaging [10].
First, the chloride ion, with reference to equation 1, breaks the magnetite film on the metal
surface inside the gathering equipment, Fe30,4, which protects the steel from damage of many

other chemicals. This is shown in the following equation.

Fez04+8HCI — FeCly 4+ 2FeCl3 +4H,0 2)

After the breaking of the film, the hydrogen ion has direct access to the metal and the actual



corrosion occurs by the following electrochemical reaction [17].
Fe+2H" — Fe™ +H, (3)

The chloride ion does not participate directly in the corrosion, rather it accelerates the pro-
cess. This happens both by electrically balancing the rapid build-up of positively charged metal
ions as well as enhancement by migration of the ions beneath scale deposits, where the ions
can hydrolyze, generating HCI [17]. This happens with the following chemical reaction, where
the chlorine ions that initially parted from the hydrogen have reacted with iron(Il), the product
of the reaction shown in equation 3.

FeCly +2H>0 — Fe(OH ), +2HCI @)

The breaking of the magnetite film inside the gathering equipment, the neutralization of
the buid-up of iron(Il) (which, in other cases, hinders additional hydrogen ions to access the
corrosion) and the production of more HCI (shown in equation 4) is what makes HCl especially
problematic. It is therefore essential to both neutralize the acid and remove the chloride ions
simultaneously [10].

It should be noted that these chemical reactions may vary, depending on other chemicals
present in the steam, such as oxygen, ammonia, and boron for they may affect how the corro-

sion takes place.

An example of such a corrosion is in Krafla, Iceland. A well produced 20 — 100ppmy,
chloride in superheated steam that resulted in corrosion rates of over 20mm/year. Excessive
corrosion of 13% chromium steel turbine blade test coupons that were exposed to this steam
was also observed [17]. While typical corrosion rates for carbon steel in gathering systems is

around 0.1mm/year [13].

2.2.2 pH Buffers

The ideal pH level of water, that is being processed by traditional gathering equipment in the
geothermal industry, has been determined to be around 8.0 units [17]. Adjusting the pH level of
the acid droplets in the pipelines can be very difficult since there are many chemicals that work
as pH buffers in the steam. Some common compounds affecting the pH level in geothermal

steam are hydrogen chloride, hydrogen sulfide, boric acid, ammonia, and carbon dioxide [17].



2.2.3 Dew Point Corrosion

A dew point is the saturation temperature of a fluid in gas phase. Geothermal steam contains
many different gases that each have a different dew point, some of which are higher than that of
water vapor, such as HyCO4 [17]. That is, before water vapor, some other gases may codensate,
that may be only a small fraction of the mass flow. This will produce a few droplets which may,
as demonstrated above, dissolve chemicals such as HCI causing severe corrosion.

One way to prevent a dew point corrosion is to keep the steam above dew point temperature.

This can often be very difficult for there are many factors that affect the dew point temperature.

2.2.4 Erosion in Gathering Equipment

In many cases, geothermal steam has entrapped small solid particles (dust), which may cause
serious damage to gathering systems due to high velocities. Erosion, caused by these particles,
may be detrimental to wellhead valves, fittings, and sharp bends in the pipelines [3]. These
particles have more momentum than the steam, preventing them from taking sharp bends, in
which they will slam into the pipeline wall and carve into the metal.

Cyclone separators are often used to remove particles from geothermal steam, preventing
erosion. They make use of gravity and rotational effects in the way that the steam is forced
to take sharp bends that the particles cannot reach because of their higher momentum. In the

bends the particles are trapped and removed from the steam.

2.3 Corrosion Mitigation

It is important for the reader to know that there are many methods available in order to utilize
a corrosive geofluid, each having its own advantages and drawbacks. The following is a short
description of a few basic mitigation methods. These methods will be referred to later on in

association with different power cycles described earlier.

2.3.1 Wet Scrubbing

Wet scrubbing is presently state of the art in heavy industry for cleaning flue gas [23]. It has
been used for over 100 years with great success and undergone much development [2].

In the case of geothermal power plant working with steam containing volatile chloride, the
basic technique is to inject liquid water with dissolved NaOH into the stream of superheated
steam. The liquid cools the steam down to saturation, producing a liquid phase. After the HCI

has dissolved in the liquid phase the following reactions take place.

NaOH +HCl — NaCl+ H,O (5)
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The salt dissolves in the liquid phase and is removed from the system in the separator.
The separators efficiency is very significant for the functionality of the scrubbing, for it has
great effect on how much liquid carries over to the turbine. Small amounts of carryovers will
evaporate in the downstream pipelines, while larger amounts can cause serious damage [2].

The water used for the scrubbing is often taken from the condenser where the steam is
cooled down after expansion in the turbine. The injected water cools the steam down, result-
ing in loss of superheat. The mass of the injection liquid that enters the system makes for
conservation of enthalpy, but the loss of the superheat leads to less recoverable energy.

It should be noted that other chemicals than NaOH can be dissolved in the injection liquid.
NaOH will be used in this study for it has undergone the most development, is available in

relatively high concentration, and is cheap.

2.3.2 Dry Steam Scrubbing

Dry steam scrubbing does not require any cooling of the superheated steam. Solid or liquid
material is either injected to the stream in a length of a pipe along the pipeline or in a reactor
vessel built into the pipeline [2]. When the chemicals are mixed with the flow, the fluid is driven
through an electrostatic precipitator or a bag house filter where all the contaminants, along with
the injected material, is filtered out [2]. The waste material can be recycled to lower operational
costs and reduce waste.

There are two similar ways to implement this, absorption and adsorption. Absorption is
a chemical reaction between the contaminants and the injected material(absorbent), while the
surface of the adsorbate has fine pores that encloses the contaminants, not necessarily requiring
direct chemical reaction. It is easier to recycle the adsorbent than the absorbent, which does
not only lower operational costs but also cost of disposal [2].

Possible solid-phase absorbents to get rid of HCI are: Calcium carbonate (CaCO3), cal-
cium hydroxide (Ca(OH),), sodium carbonate (NayCO3), zinc oxide (ZnO), sodium nitrate
(NaNO3), triazole (CoH3N3), and amine. Possible solid-phase adsorbents to get rid of HCI are:
Activated carbon, activated alumina, silica gel, and zeolites. [2]

A salt dissolved in water has strong electric fields that keeps the solution in liquid phase at
conditions where water would normally evaporate. The solubility of a salt is proportional to the
strength of the electric field, that is, as the solubility of a salt increases, it can coexist in liquid
solution with a water vapor with a higher degree of superheat.

Potassium carbonate (K;CO3) is a salt with high solubility and can therefore coexist with
superheated steam to some degree. Other compounds including potassium, e.g. KOH, could
also be used, but K>CO3 is the safest to handle and is less bulky and cheaper. K>COs3 can

coexist with steam to a degree of superheat much higher than NaOH, which is used in wet
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scrubbing [15] [20].

K,COj3 can coexist with steam at much higher degree of superheat than FeCl, (see equa-
tion 4). That is, if K,CO3 is injected into superheated geothermal steam, it is certain that there
will be a liquid phase of K,CO3 in the stream before H,O, or other gases for that matter, would
condense. The reaction between K>,CO3 and HCl is the following.

K>,CO3+2HCIl — 2KCl+CO, + Hy0 (6)

KClI cannot coexist with steam up to the same degree of superheat as K,COj3. This means
that if the degree of superheat is high enough, KClI can dry out leaving solid particles in the
stream. There are a few ways to prevent this; adding other salts and chemicals into the stream
at the same time as KoCOj3 will raise the temperature of precipitation of KCI, colder water can
be injected into the steam to reduce the superheat to a degree that keeps KCl in liquid phase, or

a crystal modifying agent or salt inhibitor can be applied to prohibit the precipitation [15].

Oil scrubbing is a special form of dry steam scrubbing. As the name implies, oil is in-
jected into the superheated steam along a length of pipeline and either reacts with the unwanted
chemicals or consumes them before entering the separator where it is parted from the steam.

Again the efficiency of the separator is very important. Oil that carries over to the turbine
can cause very serious damage. It should be noted that the effect of the oil-carryover to the
turbine and downstream processing equipment hasn’t been properly studied [2].

Since oil boils at higher temperature than water, the injected oil has the potential of being
much hotter than liquid water which results in less loss of superheat. If proper oil can be
found, that reacts with the contaminants, this process has the potential to remove them while
preserving up to 95% of the superheat [2]. Equipment to recycle the oil would both lower
operational cost and prevent problems with disposal.

Since oil scrubbing has not been studied in details, it will not be a part of this study.

2.3.3 Binary Cycle

A heat exchanger that condenses a superheated geothermal steam containing HCI may suffer
severe corrosion. The corrosion hasn’t been eliminated, it may still take place inside the heat
exchanger, depending on the material of construction.

The first droplets to form in the heat exchanger will have the effects described above. Al-
though this might not actually be a corrosion mitigation, it is from the standpoint of the turbine
and is worth looking into. The reason is that heat exchangers can tolerate the same rate of
corrosion longer than turbines before breakdown, for they have no moving parts causing cor-

rosion fatigue to accelerate the process. There is also more room for material selection when
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constructing the instrument than in the case of turbines. Tests could be done to find the type of
metal that can best withstand the corrosion.

It has to be noted that when handling the dry boreholes from the IDDP it is difficult, maybe
even impossible, to keep the wellhead pressure of the geofluid such that it doesn’t flash. The
reason is that it seems that the steam in IDDP-1 is dry all out to the fractures in the rock outside
the borehole. Which is why it is assumed that the heat exchanger will have superheated steam

at the inlet and the corresponding condensate at the outlet.
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2.4 Icelandic Deep Drilling Project

The IDDP is a consortium of three major energy companies in Iceland; Hitaveita Sudurnesja,
Landsvirkjun, and Orkuveita Reykjavikur along with the National Energy Authority of Iceland,

Orkustofnun.

2.4.1 Goals

The goal is to access hydrothermal systems that are believed to exist under some of the high-
temperature areas in Iceland. Reaching these systems will probably require boreholes that are
3-5km deep. The hope is to be able to extract superheated steam at subcritical pressure. It is
expected that these systems will provide a steam with higher enthalpy and more mass flow rate
than the high-temperature systems above them. Since power output is proportional to enthalpy
and mass flow rate, the result would be more powerful boreholes.

This will not only increase expectation on the development of geothermal energy in Ice-
land, but also globally. This will increase the output potential of high temperature geothermal
reservoirs. Consequently, geothermal power would increase its share in the global electricity
production and meet demand that might otherwise be met with other more polluting energy
sources. If the IDDP is successful it will have both positive effects on the environment as well
as yielding scientific benefits.

The International Scientific Continental Drilling Program (ICDP) consists of Icelandic and
foreign parties that take part in the planning of the IDDP and has granted the IDDP a financial

support and has held a few workshops around the program.

24.2 IDDP-1

After a lot of preparation, the first borehole, IDDP-1, was constructed at Krafla Power Station
in the north of Iceland. It was originally meant to be 4.5km deep, but the drilling operation
ended in a magma intrusion at a depth of 2.104km. After two failed attempts to sidetrack the
bore to get past the intrusion, the drilling was stopped. [22]

In july, the following year, a flow test was executed giving surprising results. It turned
out that the borehole provided dry steam with much higher enthalpy than expected, close to
3100kJ /kg. There have been a lot of difficulties with the borehole and operators have never
been able to keep it open in order to get a stable flow; it is constantly changing its behavior. [7]

Results from a chemical analysis of the steam from IDDP-1 show that after the fluid became
dry, the chloride concentration seemed stabilized at 50 — 65ppmy, [12]. During flow tests,
the wellhead suffered severe corrosion and erosion, especially in bends. This caused many
problems that have, in all cases, led to termination of the tests. This is the reason for why the

borehole has never reached equilibrium.
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While the borehole is kept closed, the borehole casing seems to be undergoing corrosion.
This was inferred from the fact that chunks of steel had been coming to surface shortly after the
hole was opened, also the steam stroke was black because due to FeOS particles, entrapped in
the steam. To prevent corrosion in the surface casing, the borehole has to be able to bleed at all
times. Bleeding is when the mass flow rate is kept at the minimum required to keep the steam

dry, keeping the casing from experiencing more damage.

2.4.3 Future

The program participants intend to drill two boreholes, IDDP-2 and IDDP-3, in 2011-2015.
IDDP-1 is situated at Krafla power station which is a property of Landsvirkjun, so IDDP-2 and
IDDP-3 will be at the Hengill and Reykjanes area, which Orkuveita Reykjavikur and Hitaveita
Sudurnesja have the right to utilize.
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3 Method

This analysis is twofold. One part examines what corrosion mitigation method is best to exploit
IDDP-1, whilst the other analyzes the methods in general, with respect to enthalpy and power
output. The goal of the latter part is to map the applicability of each method to help future
decision makers determine which method is best suited for their circumstances. In this study
six software models are constructed and compared.

One model is of a dry steam power cycle with no corrosion mitigation. In reality, this power
cycle would suffer excessive corrosion but is interesting for comparison with the alternatives.
Three different implementations of a single flash cycle with wet scrubbing are modeled. Each
having different components in the power cycle that affect the power output. One implementa-
tion of a dry steam cycle with dry scrubbing is modeled. And finally, a binary power cycle is
modeled with water as a working fluid.

Three additional models of a binary cycle were constructed, using isopentane, isobutane,
and ammonia as working fluids. These models will not be a part of this study for they had
much lower utilization efficiency and power output than the one with water as working fluid, as
expected. Working fluid selection depends largely on finding the fluid with critical temperature
closest to the temperature of the geofluid at the wellhead; these three fluids do not fulfill this
criterion. They are not believed to contribute to the study.

This chapter will first show how important processes in the methods are modeled, and then

describe each method in more detail.

3.1 Energy Conversion Processes

This section describes how individual thermodynamic processes that are important for each
power cycle are implemented in the corresponding model, and elaborates on which assumptions

and approximations are made.

3.1.1 Separation

The separation process is modeled as an isobaric process. The quality of the stream at state 1,
referring to Figure 4, is used to find what fraction of the stream, niy, goes towards the turbine,

as shown in the following expression.

my = xX1ny (7)
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3.1.2 Turbine Expansion

Wet Expansion The conversion of thermal energy to mechanical energy takes place when
the fluid expands through a turbine. Heat transfer between the turbine and its surroundings
is ignored, as are kinetic and potential energy effects. The work produced, with reference to
Figure 4, is given by
% = (h2 —h3) (8)
Since state 2 and ni, are fixed, the work depends on the value of /3, and increases as /3
is reduced. The maximum allowed turbine work can be determined using the second law of
thermodynamics.
Because the entropy production cannot be nega-
tive, the only states that can actually be attained adi- } ye \
abatically are those with s3 > so. The state labeled ’ \
as 35 could be attained only in the limit of no inter-
nal irreversibilities, that is, with an isentropic expan-

sion through the turbine. With a fixed pressure at the

turbine outlet, 43 decreases with the specific entropy

s3. In other words, the smallest allowed value for /3 Figure 4: Temperature-entropy di-

corresponds to s3;. agram showing the process that a

In an actual turbine expansion less work than the stream undergoes during separation,
maximum is attained for s3 > s3,. This difference is Wet turbine expansion, and condensa-
. . . . tion.
measured by the isentropic turbine efficiency defined

by the following equation [14].

 hy—h
hy — h3g

When the fluid entering the turbine is saturated vapor, the Baumann rule is used in order to

9)

N:

account for degradation in performance of the turbine due to moisture which is present during
the expansion; the higher the moisture, the lower the efficiency [21]. Involving the Baumann

rule, the isentropic efficiency for a turbine operating with wet steam is

14+x3
2

where the isentropic efficiency for a turbine operating with dry steam, 1,4, is assumed to be

Niw = Mid (10)

constant at 85%, throughout this study.
The turbine outlet pressure, p3, is determined by the condenser temperature. The corre-

sponding specific enthalpy of saturated vapor and liquid, i3, and h3y respectively, are found
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from steam tables, and hs3; is calculated by

h3s = h3f +x35h3 74

where x3, 18

and h3 g 1s

h3fe = h3g — h3y

(11)

(12)

(13)

The following equation is used to determine the enthalpy of the stream at the turbine outlet

[21].

h
hy — 0.425(hy — h3,)(1 3

h3 =

_hgg—h3f)

(14)

0.425(hy — hay)
h3g — h3f

1+

Now, the work produced by the turbine can be computed with equation 8.

Dry Turbine Expansion When the fluid entering the turbine is
superheated steam, the modeling is carried out in a different way,
for at some point in the turbine expansion, the vapor will cross
the saturation curve, changing the properties of the expansion. In
the modeling, the expansion is split in two parts and is referred
to as dry expansion and wet expansion. Where the latter is the
part after the properties have crossed the saturation curve.

The pressure at state 2, referring to Figure 5, where the prop-
erties of the fluid cross the saturation curve is found by trial-and-
error. A reasonable pressure level is guessed and the correspond-
ing specific enthalpy of saturated vapor and liquid, sz, and hyy
respectively, are found from steam tables, and Ay, is calculated
as shown above.

The efficiency of the expansion is then calculated with the

following equation.

hl _h2g

(15)
h1 — hog

Nid =
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Figure 5:  Temperature-
entropy diagram showing
the how the steam crosses
the saturation curve be-
tween dry and wet turbine
expansion.



If Nyq 1s not 85%, another pressure is guessed and the calculation repeated. When the
pursued pressure has been found, the power output from the wet expansion is found as described
above. The total specific power output from the expansion is

W,
— = (h1 —ha) + (ha = h3) (16)
Mgf

where ritg ¢ 1s the mass flow rate of the geofluid.

For both wet and dry turbine expansion, the back pressure of the turbine is 0.1bar. This

gives a steam quality between 74 to 87%.

3.1.3 Condensation

After both temperature and pressure of the stream have dropped during the turbine expansion,
the fluid enters the condenser. At this stage the fluid is a mixture of saturated vapor and satu-
rated liquid. The steam is cooled down in the condenser by rejecting heat to a cooler medium
whose temperature increases. The fluid leaves the condenser at state 4 as saturated liquid, see
Figure 6 and 4. At steady state, mass and energy balances for a control volume enclosing the
condensing side of the heat exchanger give

Qout _ s _ g (17)

mgf

3| |b

Condenser

4‘ ’a

Figure 6: Process diagram for the condenser.

where Qo /1i1gy is the rate of heat transfer from the geofluid to the cooling medium. [14]
At steady state, mass and energy rate balance for the control volume enclosing the cooling
medium side of the condenser gives
S0 py—hy (18)

Mem

Energy balance across the condenser gives that Q,,; = Q;,, Which again gives
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mgf(h3 - h4) = mcm(hb - ha) (19)

3.1.4 Cooling Tower

A wet cooling tower is used to cool the medium in the condenser. The waste heat is rejected
to the atmosphere with cooling medium (in this case; water) recirculating and serving as a
transport medium for the heat transfer between the source (geofluid) and the sink (atmosphere)
[26].

A wet cooling tower is an evaporative cooler with an induced-draft counterflow. A fan at the
top of the tower draws air in from the bottom. The recirculating cooling water is sprayed down
the cooling tower from the top. During this process, a part of the cooling water evaporates,
which cools the remaining water while the temperature and moisture content of the atmosphere
increases. The cooling water is collected at the bottom of the tower and then pumped back into
the condenser. Since part of the cooling water evaporates, makeup water is added to the cycle
to keep the process going.

Energy and mass balance have to be evaluated in order to determine the mass flow of air

required to cool the cooling water.

y

Cooling Tower
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Figure 7: Process diagram for a cooling tower.

Applying the fist law of thermodynamics to the cooling tower gives the following relation,

assuming steady flow and overall adiabatic condition, with reference to Figure 7.
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In order to account for the evaporation of the cooling water and the corresponding water

uptake of the air, the mass conservation of water and air is evaluated, and is given by

mb+mwx:mc+mwy (21)

and

Mgy = may (22)

Where the former equation shows mass conservation of water, and the latter mass con-
servation of day air. 1, represents the water content of the corresponding stream and r,_
represents the dry air content of the corresponding steam. The water content of the atmospheric

streams are found with the specific humidity, ®.

iy = Myl (23)

and

Tty = Oyt (24)

Cooling towers are characterized by many parameters where range and approach are impor-
tant and are often used to determine the cooling towers performance. Range is the temperature
difference between the cooling water entering and leaving the cooling tower. Approach is the
temperature difference between the cooling water leaving the tower and the ambient wet bulb
temperature. As a general rule, the cooling tower becomes more expensive as the approach gets
smaller, due to necessary increase in its size.

A cooling tower is designed to cool a certain amount of cooling water to a certain temper-
ature. Since the wet bulb temperature is the theoretically lowest temperature that the cooling
tower can cool the cooling water down to, that is one of the most important factors to consider,
for it is determined by the environment, not the designer. As a general rule, the design wet bulb

temperature should not be exceeded for more than five percent of the time. [24]

Using data from the Icelandic Met Office for a weather station situated at Bjarnarflag,
around 8km south of IDDP-1, it was calculated that the temperature exceeded 14.5°C only
five percent of the time. On these days the average relative humidity was 60.7%, giving a cor-
responding wet bulb temperature of 10.5°C. Based on this, it is determined that the cooling
tower is to get the temperature of the cooling water down to 20°C; giving an approach of 9.5°C
on the hottest days.

With regard to the geofluid temperature of 48°C at the condenser inlet, the hotter tem-
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perature of the cooling water is determined to be 40°C. The range of the cooling tower is
consequently 20°C.

When calculating the required mass flow rate of air through the cooling tower in order to
determine its use of electricity, the average temperature over the last four years and the corre-

sponding relative humidity are used. Those are calculated to be 2.5°C and 76%, respectively.

Electricity consumption of the fan in the cooling tower is evaluated by finding the energy
required to raise the calculated mass flow rate of air through the cooling tower. The following
equation is used as an approximation; it neglects all resistance due to turbulence and fill inside

the cooling tower.

Wer = H x gy * 8 *M fan (25)

Where the fan efficiency, 1 74, is assumed to be 70% [25], and H is the height of the cooling

tower.

3.1.5 Heat Exchanger in a Binary Cycle

The analysis of the heat exchanger in a binary cycle is a straightforward application of the
principles of thermodynamics and mass conservation. Changes in kinetic and potential energies
are neglected, as well as heat transfer to the surroundings. Also, the heating/cooling process
that the fluids at either side of the heat exchanger are undergoing will be assumed to be isobaric.

The governing energy balance for the heat exchanger, with reference to Figure 18, is

mgf(hl — hy) :mwf(hb—he) (26)

Where rirg ¢ is the mass flow rate of the geofluid and 7, ¢ is the mass flow rate of the working
fluid.

When modeling a heat exchanger for a binary cycle that allows the working fluid to super-
heat, the instrument is divided into three parts; preheater, evaporator, and superheater. These
names are given in terms of what thermodynamic process the working fluid is undergoing at
each time.

The working fluid enters the preheater at state b, in liquid form, and heats up to the saturated
liquid curve, state c. As the name implies, the working fluid evaporates in the evaporator up
to the saturated vapor curve, state d. Since the geofluid has a considerate degree of superheat,
the superheater is used to heat the steam even more, to state e. The reason for this division of
the heat exchanger up to three parts during modeling is to ensure that the temperatures of the

geofluid are greater than of the working fluid at all stages.
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Knowing the properties of the fluids at states 4, b and c, the properties of the geofluid at

state 3 are found with the following energy balance across the preheater.

mgf(h3 — h4) = I’i’twf(hc — hb) 27)

Using the known properties at states 3, ¢ and d, the properties of the geofluid at state 2 are

found with the following energy balance across the evaporator.

tigr(hy — h3) = iy (ha — he) (28)

After finding the properties of the fluids at these states, it can be verified that the geofluid is
at higher temperatures than the working fluid at all times. The pinch point of the heat exchanger
never goes below 5°C. A pinch point is the smallest temperature difference between the two

fluids in the heat exchanger.

Evaluation of the area of the heat exchanger includes two different overall heat transfer co-
efficients. For the PH and EV the coefficient is taken as 1200W / m2°C [8]. In the superheater,
where both sides of the heat exchanger have superheated steam, the coefficient had to be cal-
culated from scratch, for it wasn’t found elsewhere. Neglecting conduction resistance in the
steel pipe and area difference between the two sides of the heat exchanger and assuming that
the heat transfer coefficient is the same on both sides, the equation for calculating overall heat
transfer coefficient can be simplified as following [8].

1 h
U= i+ (Ain(ry Jr)) ] 27kD) + (ArJAg) (L) — 2 (29)

Using steam at temperature and pressure of 300°C and 50bar, respectively, flowing at 30m /s

and a pipe diameter of 25mm, the heat transfer coefficient is found to be h = 170W /m?°C giv-
ing an overall heat transfer coefficient of U = 85W /m2°C. This overall heat transfer coefficient

is used to evaluate the area of the SH.

3.1.6 Feed Pump in a Binary Cycle

In order for the working fluid to be able to expand in a turbine repeatedly, its pressure has to be
raised with a pump after each expansion. Heat transfer between the pump and its surroundings
are ignored, as are kinetic and potential energy effects. The work, W), required to raise the

pressure of the working fluid between points a and b, with reference to Figure 18, is given by

14
= =y —hy (30)
m

Since state a and r1 are fixed, the work depends on the value of A, and decreases as h;,
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is reduced. The minimum allowed work required can be determined by the second law of
thermodynamics.

Since entropy production cannot be negative, the only states actually attainable are those
where s, > s,. The state where s;, = s, referred to as s, could be attainted only in the limit of
no internal irreversibilities, that is, with an isentropic compression in the pump. With a fixed
pressure at the pump outlet, 4, decreases as the specific entropy s, decreases. In other words,
the smallest allowed value for A, corresponds to the state where s, = .

In an actual pump compression, more work is required since the process is not isentropic.
The isentropic efficiency of the pump, 80%, is used to calculate /; with the following expres-
sion.

hy — hy

n[) = hb _ha (31)

s

3.1.7 Injection of Alkali Liquid in Wet Scrubbing

In order to apply wet scrubbing on superheated steam, it has to be cooled down to a state where
its quality is approximately 98% [18]. This produces a liquid flow, equal to 2% of the steam
flow, out of the separator.

The following energy balance for the node 1-2-7, with reference to Figure 11, is used to
determine how much water at 77 is required in order to get the desired quality at state 2. The

cooling is assumed to be isobaric and adiabatic.

mihy = mohy + myhy (32)

This energy balance shows that although the steam is colder at state 2 than state 1, the in-
crease in mass flow rate makes for conservation of enthalpy. The following expression gives
the exergy of a system at a given state, neglecting kinetic, potential, and chemical exergy [14].
It shows that although the enthalpy is conserved, the cooling of the steam causes exergy de-
struction due to change in entropy, but is partly compensated by the increase in mass flow

rate.

3.1.8 Exergy Analysis

Exergy analysis is one way to discern losses in a power cycle. The exergy of the geofluid at the
each state in the power cycle is found using equation 33, where the dead state is liquid water at
atmospheric pressure and 2.5°C. Knowing these values, the calculations are a straightforward

application of addition and subtraction to determine the losses between each state.

E :I’h(/’l—ho—To(S—So)) (33)
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Both the geofluid and injection fluid, where appropriate, are taken as inputs to the system,
while electricity consumption of pumps and cooling tower fan are taken as outputs.

The exergy analysis is applied on the case of IDDP-1, with a wellhead pressure of 50bar.
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3.2 Description of Individual Models

This section describes, step by step, how each method is modeled. It lists the processes that
each method consists of, and shows the combination of power cycles and corrosion mitigation
methods.

3.2.1 Dry Steam Cycle without Corrosion Mitigation

A process diagram and the corresponding T-s diagram

of the power cycle are shown in Figures 9 and 8, re-
spectively.
The superheated steam is led into a steam turbine 1
where the expansion begins dry but crosses the satu-
ration curve and becomes wet, and takes place as de-
scribed in section 3.1.2
After that the fluid enters the condenser and un- 5 )

dergoes a process as described in section 3.1.3. A

description of the cooling tower can be found in sec-

ton 3.1.4. Figure 8: Temperature-entropy dia-

gram of a dry steam power cycle.

Generator

Cooling Tower

Ne—o—of

Condenser /4 ;\

—

3 I | Pump
Pump

oo

Wellhead Drain

Figure 9: Process diagram of a dry steam power cycle.
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3.2.2 Single-Flash Cycle with Wet Scrubbing

A process diagram and the corresponding T-s diagram
of the power cycle are shown in Figures 11 and 10,
respectively.

Before the superheated steam enters the sepa-
rator in the power cycle, enough liquid water is
injected into the steam to cool it down, isobari-
cally, to a point where its quality is 98%. This
is process is described in section 3.1.7. As de-
scribed in section 2.3.1, the injected water con-

tains dissolved NaOH in order to fight corro-

/X

Figure 10: Temperature-entropy di-

agram of a s

ingle flash power cycle

with wet scrubbing.

Generator

Turbine T T
Cooling Tower

Ne—of

sion.
3
Separator
B
1 2
7 _
L | | Pump
£y = 8
Y 5
j( Chemicals |g Y_
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Condenser

—
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Figure 11: Process diagram of a single flash power cycle with wet scrubbing.

After that the fluid undergoes separation as described in section 3.1.1. Since the liquid at

state 3 contains no significant superheat, the turbine expansion is assumed to be solely wet.

Such an expansion is described in section 3.1.2

Next, the fluid enters the condenser and undergoes a process as described in section 3.1.3.

A description of the cooling tower can be found in section 3.1.4.
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Figure 10 shows the entropy destruction that takes place during wet scrubbing which affects

the exergy of the geofluid. This applies to all implementations of wet scrubbing.

3.2.3 Single-Flash Cycle with Wet Scrubbing and Heat Recovery

Before the superheated steam undergoes traditional

wet scrubbing, it enters a heat exchanger where
it cools down isobarically. This is a steam-
only heat exchanger which might require a very
large surface area and could be hard to con-
struct due to thick walled piping required to with-
stand the high pressures, and also provide a suit-
able corrosion allowance.  This study will not ,

cover that in more detail, and from this point

on it is assumed that the equipment is avail-
able Figure 12: Temperature-entropy of

a single flash power cycle with wet
scrubbing and heat recovery.
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4
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Figure 13: Process diagram of a single flash power cycle with wet scrubbing and heat recovery.

At the outlet of the heat exchanger, the fluid has 20°C of superheat, which is enough to
ensure that no condensation takes place. Figure 13 and 12 show a schematic diagram and the
corresponding T-s diagram of the power cycle. Knowing the pressure and temperature at point

2, the corresponding enthalpy is found from steam tables.
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Next, enough liquid water is injected into the steam to cool it down, as demonstrated in
section 3.1.7.
The pressure and quality at state 4 are used to find the temperature and enthalpy of the

steam from steam tables, and r14 is found by

Hl4 = X3113 (34)

When the stream has undergone separation, as described in section 3.1.1, the steam enters
the heat exchanger and gains superheat again. The following energy balance is used to calculate

the enthalpy of the stream at state 5.

my (hy — hy) = g (hs — hyg) (35)

Expansion of superheated steam in the turbine is described in section 3.1.2.
After that the fluid enters the condenser and undergoes a process as described in sec-

tion 3.1.3. A description of the cooling tower can be found in section 3.1.4.

In the evaluation of the heat exchangers area, an overall heat transfer coefficient of 85W / m2°C
is used. Derivation of the coefficient was shown in section 3.1.5.
Since the steam does not condense in the heat exchanger, it is assumed that it is made of

stainless steel.

3.2.4 Single-Flash Cycle with Wet Scrubbing and an Additional Turbine

Before the superheated steam enters the traditional
setup of wet scrubbing, it expands through a turbine
without condensing. A process diagram and the corre-
sponding T-s diagram are shown in Figures 15 and 14,
respectively. At the turbine outlet, the fluid has 20°C
of superheat, which is enough to ensure that no con-
densation takes place. The turbine expansion is similar 34

to the one described in section 3.1.2. The difference is

that this is solely a dry expansion, and in order to keep

a 20°C superheat at the turbine outlet, the pressure at
Figure 14: Temperature-entropy di-
agram of a single flash power cycle

with wet scrubbing and an additional
20°C higher. turbine.

which the fluids properties would have crossed the sat-

urated vapor curve is raised so that the temperature is

After the steam has expanded through the turbine it undergoes wet scrubbing as described

in section 3.1.7. It then enters the separator and expands through a turbine as described in
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Figure 15: Process diagram of a single flash power cycle with wet scrubbing and an additional
turbine.

sections 3.1.1 and 3.1.2, respectively. At last the fluid condenses, as described in section 3.1.3.

A description of the cooling tower can be found in section 3.1.4.

3.2.5 Dry Steam Cycle with Dry Steam Scrubbing

A process diagram and the corresponding T-s diagram

of the power cycle are shown in Figures 17 and 16,
respectively. 2,1
The superheated steam at state 1, enters a reac-
tion vessel. The reaction vessel is a reference to any
sort of equipment where chemicals are injected into
the stream and react with or consume (absorption or
adsorption) the HCI, where the injected material is in
4 3

solid or liquid form. The mixed flow is then passed
through some sort of separator, such as a bag house fil-

ter or electrostatic precipitator. The spent reactant may Figure 16: Temperature-entropy dia-
gram of a dry steam cycle with dry

then be recycled after being separated from the steam .
steam scrubbing.

[2].

It is hard to estimate the losses in this setup, since it has not been applied often, therefore
it is assumed that they are similar to the ones in the laboratory bench tests that were conducted
at Thermochem Laboratories in California, USA. The total heat loss for the processes ranged
from 0 — 0.5%, in this case they are assumed constant at 0.5%. Also, the total pressure drop

was 0.14bar and that is also assumed constant. There was no measurable reduction in mass
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Figure 17: Process diagram of a dry steam cycle with dry scrubbing.

flow. [19]

After this, the geofluid expands through the turbine as described in section 3.1.2. After
that it is cooled down as shown in section 3.1.3. The cooling tower process is described in
section 3.1.4.

The author did not find enough articles that commented on the recycling of the used reactant
in order to give a fully supported description. It will have to suffice to say that it is possible to

recycle the reactant, and some reactant materials are better suited for recycling than others [2]

3.2.6 Binary Cycle with Condensation of Geofluid in Heat Exchanger

A process diagram and the corresponding T-s diagram
of the power cycle are shown in Figures 19 and 18,
respectively.

The process that takes place in the heat exchanger
in the binary cycles is described in detail in sec-
tion 3.1.5. After the working fluid has received heat

from the geofluid, it expands through a turbine as 3 2

demonstrated in section 3.1.2. After that it is cooled E/
down and pumped up to a higher pressure, as shown 4 /

in sections 3.1.3 and 3.1.6, respectively. The cooling

tower process is described in section 3.1.4. Figure 18: Temperature-entropy dia-

In order for the heat exchanger in the binary cycle gram of a binary cycle.
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Figure 19: Process diagram of a binary cycle.

to withstand corrosion it has to be constructed from certain alloys. Determination of what alloy
does best withstand the attack of HCI is not part of this study. But for the sake of performing

economic analysis, a heat exchanger made of titanium is assumed to be the best choice.
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3.3 Economic Analysis

In order for the reader to get a feeling for the economical feasibility of each corrosion mitiga-

tion, a simple economic analysis is carried out.

For IDDP-1, the overnight capital cost of a power plant using a dry steam cycle without any
corrosion mitigation system is used as a reference point, and is considered to be $2500/kW.
Overnight capital cost is the total capital cost assuming that the power plant would be built
overnight. Other power cycles on the same geothermal field that produce less power cannot use
the same value for capital cost, since the well field costs would be the same regardless of the
power output. Therefore a 0.6 exponent is introduced.

As an example, a dry steam cycle with a turbine of A kW would cost $2500 % A. Another
power cycle, working on the same well field, with a turbine of B kW and a corrosion mitigation
system that costs $X would have a total capital cost of $2500(A/B)?®B +X.

Economic analysis for hypothetical geothermal wells, producing steam that carries the same
amount of HCl as IDDP-1, is carried out slightly differently. It is assumed that two wells, both
producing steam at 50bar but one with steam at enthalpies of 2900kJ/kg and the other of
3600kJ /kg, have the exact mass flow rate to produce SOMW of electricity with a dry steam
power cycle without corrosion mitigation. The mass flow rate, along with the specific power
for each corrosion mitigation method shown below, is used to calculate the power output of

each method. The costs are calculated in the same way as for the case of IDDP-1.

Monthly operational and maintenance costs are assumed to be 0.45/kW for both cases.
For a power cycle using wet scrubbing, the operational cost is slightly higher. At the Aidlin
power plant in the Geysers, USA, the monthly operational cost for cleaning 30ppm of HCl
from a steam flow of 50kg/s using NaOH was $5,800 [19].Taking into account the fact that
IDDP-1 contains twice the amount of HCI, the additional operational cost of wet scrubbing is
considered to be $11,600

Switching from wet scrubbing to dry scrubbing using CaCO3 at the Aidlin power plant was
estimated to lower operational costs to $2500 [19]. Again, taking into account the difference in
amount of HCI, this is considered to be $5,000.

The following equations are used as an approximation to calculate the cost of a heat ex-
changer made of stainless steel and titanium, respectively, where A is the area of the equipment
in m? [11].
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cost[$] =3.5xA%¥ % 1,300 (36)

cost[$] = 5,0+« A% % 1,300 (37)

In order to estimate the cost of the additional turbine in one implementation of wet scrub-
bing, a 4SMW turbine (including generator and controls) is considered to cost $18 % 10°. The

following equation is used to scale the cost for other MW ratings [1].

new MW rating )0.9
45MW

The cost of installing wet scrubbing and dry steam scrubbing is estimated to be $200.000

Scaled cost = $18%108(

(38)

and $1.000.000, respectively, regardless of enthalpy and pressure. There is not much data
available to perform a good cost estimation of the installing cost of the scrubbing technologies,

this is considered acceptable for this study.
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3.4 Design Criteria for Modeling of IDDP-1

In order to analyze which corrosion mitigation method is best for IDDP-1 the input parameters
in the models mimic the ones of the borehole.

The enthalpy at the wellhead has been measured to be around %,ejipeqq = 3100kJ /kg for
different pressures, which will be taken as a constant for the IDDP-1 case.

To realize the order of magnitude of ex-

tractable power output from IDDP-1, the

B0

Fitted Curve

mass flow rate profile of the borehole is o Measurements
needed. The mass flow rate profile shows 1
the relation between mass flow rate of the ge-
ofluid with respect to wellhead pressure. Be-

cause of all the troubles that where described

Wyellhead Mass Flow Rate [kyfs]

in section 2.4.2, the borehole has never been

at complete steady state. This entails that

there is no good mass flow rate profile avail- o] = T T
able for the borehole.

The best data available for the mass flow Figure 20: Measured mass flow rate at IDDP-1
in August 2011. The figure also shows a curve
that has been fitted to the data.

Wyellhead pressure [bar]

rate profile of the borehole where collected
in August, 2011. These measurements are
shown in Figure 20. The figure also shows
a curve that has been fitted to the date in order to get a better spectrum of the flow rate profile.
The MATLAB Basic Fitting Tool was used to fit the measured data with an exponential func-

tion.

3.5 Examination of the Methods Applicability

In order to map the applicability of each method, the models are applied on two different
enthalpies, namely h = 2900kJ/kg and h = 3600kJ/kg. For each enthalpy, the results are
shown for a range of wellhead pressures; 10 — 150bar. These values are selected with the goals
of the IDDP in mind; to access geofluid at subcritical pressures with temperatures up to 600°C
(geofluid at h = 3600kJ /kg and p = 150bar has T = 607°C).

Many parameters, such as specific power, utilization efficiency, and condenser duty are
recorded for each instance. This gives an overall view of how the relative applicability of the

methods changes.
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4 Results

In this section, the results for each individual model are presented. First, results are shown for
a geofluid with h = 2900kJ /kg, then for h = 3600kJ /kg and at last for the IDDP-1 conditions.
While this section displays results for individual models, the next section, Discussions, will

compare them and comment on the difference.

The results from the model of a single-flash cycle with wet scrubbing were verified by
comparing them to a model that Mannvit Engineering, an engineering consulting company,
had made. The results from the two different models where almost identical, which supports

the assumptions made in this study.

4.1 Dry Steam Cycle without Corrosion Mitigation

States of the geofluid, that are of interest, are shown in Figure 21 for a geofluid with h =
2900kJ /kg at pyelihead = 10bar and pyejinead = 150bar, and h = 3600kJ /kg at the same wellhead
pressures. The figure shows the highest and lowest wellhead pressure investigated for the two
enthalpies that will be analyzed. It can be seen that superheat increases with enthalpy as well

as pressure.

700

600 -
—— h=2900kJ/kg, P=10bar

500} —— h=2900kJ/kg, P=150bar

h=3600kJ/kg, P=10bar

— h=3600kJ/kg, P=150bar

400

300+

200

100 [

0 L
0 2 4 6 8 10

Figure 21: States that are of interest of geofluids with h = 2900kJ /kg at pyelinead = 10bar and
Pwellhead = 150bar, and h = 3600kJ /kg at the same wellhead pressures.
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Figure 22: Properties of dry steam cycle working with a geofluid that has enthalpy of h =
2900kJ /kg. Each property is shown as a function of wellhead pressure. The color of each line
corresponds to the color of its axis.

Figure 22 shows interesting properties of the power cycle for enthalpy of h = 2900kJ/kg
at pressures ranging from 10 — 150bar. The figure shows how the specific net power increases
with wellhead pressure. The reason is that at constant enthalpy, the superheat of the geofluid
increases with the wellhead pressure. This can be seen in Figure 21, where the superheat of the
geofluid is much greater when the pressure is 150bar than 10bar at the same enthalpy.

The same goes for the utilization efficiency, as shown in Figure 22, it increases with the
wellhead pressure. Recalling that the efficiency of dry expansion in a turbine is higher than the
one of wet expansion, it is easy to see that as the superheat increases, a larger portion of the
expansion takes place with higher efficiency resulting in better total utilization efficiency.

Figure 22 also shows that the specific condenser duty decreases with increasing wellhead
pressure. The reason is the increase in utilization efficiency. That is, less energy needs to be

disposed because more is converted to electrical energy.

Figure 23 shows interesting properties of the power cycle for enthalpy of h = 3600kJ /kg at
pressures ranging from 10 — 150bar. The relation between properties and wellhead pressure is
similar to the one shown in Figure 22 for h = 2900kJ /kg.

Comparing figures 22 and 23, it can be seen that a higher enthalpy leads to higher net

specific power output. This is not surprising, for enthalpy is a measure of the total energy
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Figure 23: Properties of dry steam cycle working with a geofluid that has enthalpy of h =
3600kJ /kg. Each property is shown as a function of wellhead pressure. The color of each line
corresponds to the color of its axis.

0.68

0.67

S
2]
=]

Utlization Efficiency

0.64

0.63r

0.62

0.65r

Condeser Duty [MW]

T
B
o

120

r 100

o]
o

o)]
(=]

201

45¢

S
o

[#4]
(4]

Net Power Output [MW]

-k
o

[#]
o

]
w

n
o

e
(4]

20 40 60 80 100 120 140
Wellhead Pressure [bar]

Figure 24: Properties of dry steam cycle working with a geofluid that has enthalpy of h =
3100kJ /kg, (similar to IDDP-1). Each property is shown as a function of wellhead pressure.
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41



Table 1: Results from economic analysis of dry steam cycle without corrosion mitigation

Case Net Power [MW] | Overnight Capi- | Monthly  O$M | Cost per kW
tal Cost [$10°] Cost [$* 10°] [$/kW]
IDDP-1 40.1 99 130 2500
h=2900kJ/kg | 50.0 130 160 2500
h=3600kJ/kg | 50.0 130 160 2500

content of the fluid. Also, superheat increases proportionally to enthalpy of a fluid at constant
pressure, and as stated above, the total turbine efficiency increases with superheat. Note that
the exergy of the geofluid increases as the enthalpy increases, see equation 33. So, a geofluid
with higher exergy and a process with higher utilization efficiency results in more net power
output.

In the same two figures, it can also be seen that the specific power increases with wellhead
pressure. Although a larger fraction of the turbine expansion is wet expansion, resulting in a
lower turbine efficiency, the exergy increases with pressure, due to lower entropy, increases
the specific power output. The entropy can be seen in figure 21, and its relation to exergy in
equation 33.

Figure 23 also shows that the specific condenser duty decreases with increasing wellhead

pressure. Again, the reason is the increase in utilization efficiency.

The mass flow rate for IDDP-1, shown in Figure 20, is used to find the net power output if
the dry steam power cycle would be applied on the borehole. This, along with other properties,
is shown in Figure 24. It can be seen that the highest power output, 40.1MW, is obtained by
using a wellhead pressure of 50bar. This clearly shows the tremendous potential of the IDDP;
a conventional well produces about 8 times less power, or SMW [21].

Although the utilization efficiency is not at its highest level, the decrease in mass flow rate
at higher pressure makes for this shift in optimum pressure.

Figure 24 also shows that the condenser duty decreases with increasing wellhead pressure.

The reason is the decrease in mass flow rate; less hot water to cool down.

The results from the exergy analysis are shown in a Grassmann diagram in figure 25. All
arrows pointing upward show the amount of exergy lost in each process. While the arrow point-

ing rightward shows the electrical production.
Table 1 shows results from economic analysis carried out for the power cycle. The reason

for the similarity between the cases with different enthalpies is because of the presumptions

stated in section 3.3.
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Figure 25: Results from exergy analysis for a dry steam cycle without corrosion mitigation.
The Grassmann diagram shows the amount of exergy lost in each process in the power cycle.
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4.2 Single-Flash Cycle with Wet Scrubbing

States of the geofluid, that are of interest, are shown in Figure 26 for a geofluid with h =
2900kJ /kg at pwelihead = 10bar and pyeinead = 150bar, and h = 3600kJ /kg at the same wellhead
pressures. The figure shows the thermodynamical process for the marginal cases in this study.
It shows the highest and lowest wellhead pressure investigated for the two enthalpies that will
be analyzed. It can be seen that superheat increases with enthalpy as well as pressure.

Figure 27 shows interesting properties of the power cycle for enthalpy of h = 2900kJ /kg
at pressures ranging from 10 — 150bar. The figure shows how the specific net power increases
with wellhead pressure. The reason is that at constant enthalpy, the superheat of the geofluid
increases with the wellhead pressure. This can be seen in Figure 26, where the superheat of the
geofluid is much greater when the pressure is 150bar than 10bar at constant enthalpy.

The utilization efficiency increases with wellhead pressure up to 80bar then it decreases
again, as shown in Figure 27. As said above, the exergy of the fluid increases with wellhead
pressure. The reason for this decrease in utilization efficiency at higher pressures is the larger
fraction of the turbine expansion that takes place in the wet region, resulting in a lower turbine
efficiency. So as the exergy of the geofluid increases, the specific net power output stays similar
due to lower turbine efficiency, resulting in a lower utilization efficiency.

Figure 27 also shows that the specific condenser duty decreases with increasing wellhead

700

600 -

— h=2900kJ/kg, P=10bar
500 h=2900kJ/kg, P=150bar
h=3600kJ/kg, P=10bar
h=3600kJ/kg, P=150bar

400 -

300

200

100

Figure 26: States that are of interest of geofluids with h = 2900kJ /kg at pweiinead = 10bar and
Pwellhead = 150bar, and h = 3600kJ /kg at the same wellhead pressures.
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Figure 27: Properties of single-flash cycle with wet scrubbing working with a geofluid that has
enthalpy of h = 2900kJ/kg. Each property is shown as a function of wellhead pressure. The
color of each line corresponds to the color of its axis.

pressure. The reason is the increase in utilization efficiency. That is, less energy needs to be
disposed because more is converted to electrical energy. Note that as the utilization efficiency

decreases again at higher pressures, the condenser duty increases.

Figure 28 shows interesting properties of the power cycle for enthalpy of h = 3600kJ /kg at
pressures ranging from 10 — 150bar. The relation between properties and wellhead pressure is
similar to the one shown in Figure 27 for h = 2900kJ /kg.

Comparing figures 27 and 28, it can be seen that a higher enthalpy leads to higher net
specific power output. The amount of injection water required to cool the steam below the
saturated vapor curve increases proportionally to enthalpy, resulting in more mass flow rate.
This is not surprising, for the quantity of liquid at T < Tgeofiuia required to cool the geofluid
increases with the geofluids’ energy content. Note that the specific net power is given with
respect to mass flow rate of geofluid. That is, amount of power per unit mass flow rate of
geofluid, not essentially the total mass flow rate though the turbine.

In the same two figures, it can also be seen that the specific power increases with wellhead
pressure. Although a larger fraction of the turbine expansion is wet expansion, resulting in a
lower turbine efficiency, the exergy increases with pressure, due to lower entropy, increases

the specific power output. The entropy can be seen in figure 26, and its relation to exergy in
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Figure 28: Properties of single-flash cycle with wet scrubbing working with a geofluid that has
enthalpy of h = 3600kJ /kg. Each property is shown as a function of wellhead pressure. The
color of each line corresponds to the color of its axis.
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Figure 29: Properties of single-flash cycle with wet scrubbing working with a geofluid that
has enthalpy of h = 3100kJ /kg, (similar to IDDP-1). Each property is shown as a function of
wellhead pressure. The color of each line corresponds to the color of its axis.

46



equation 33. Figure 28 also shows that the specific condenser duty decreases with increasing

wellhead pressure and opposite. Again, the reason is the utilization efficiency.

The mass flow rate for IDDP-1, shown in Figure 20, is used to find the net power output
from the power cycle. This, along with other properties, is shown in Figure 29. It can be seen
that the highest power output, 36.1MW, is obtained by using a wellhead pressure at S0bar.
Although the utilization efficiency is not at its highest level, the decrease in mass flow rate of
geofluid at higher pressure causes this shift in optimum pressure.

Figure 29 also shows that the condenser duty decreases with increasing wellhead pressure.

The reason is the decrease in mass flow rate; less hot water to cool down.

The results from the exergy analysis are shown by a Grassmann diagram in figure 30.
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Figure 30: Results from exergy analysis for a single flash cycle with wet scrubbing. The
Grassmann diagram shows the amount of exergy lost in each process in the power cycle.

Tables 2 and 3 show results for economic analysis carried out for the power cycle. The
changes in the latter table, columns 2, 3, and 5, are with reference to dry steam cycle without
corrosion mitigation. Using the presumptions stated in section 3.3, the overnight capital cost
does not change significantly with enthalpy. It can be seen that change in cost per kW increases
with enthalpy.
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Table 2: Results from economic analysis of single flash cycle with wet scrubbing

Case Net Power | Cost of Corrosion Miti- | Overnight Capi- | Monthly  O$M
[MW] gation System [$ x 10°] | tal Cost [$10°] Cost [$ % 107]

IDDP-1 36.1 0.20 95 130

h=2900kJ/kg | 48.1 0.20 120 170

h=3600kJ/kg | 40.7 0.20 120 150

Table 3: Additional results from economic analysis of single flash cycle with wet scrubbing

Case Change in Overnight | Change in | Cost per kW | Change in Cost
Capital Cost [$*10°] | Power [MW] | [$/kW] per kW [$kW]
IDDP-1 -3.8 -3.9 2700 200
h=2900kJ/kg | -1.7 -1.9 2600 100
h=3600kJ/kg | -9.6 -9.3 2800 300
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4.3 Single-Flash Cycle with Wet Scrubbing and Heat Recovery

States of the geofluid, that are of interest, are shown in Figure 31 for a geofluid with h =
2900kJ /kg at pwelihead = 10bar and pyeinead = 150bar, and h = 3600kJ /kg at the same wellhead
pressures. The figure shows the thermodynamical process for the marginal cases in this study.
It shows the highest and lowest wellhead pressure investigated for the two enthalpies that will
be analyzed. It can be seen that superheat increases with enthalpy as well as pressure. This will
be referred to later on.

Figure 32 shows interesting properties of the power cycle for enthalpy of h = 2900kJ/kg
at pressures ranging from 10 — 150bar. The figure shows how the specific net power increases
with wellhead pressure. The reason is that at constant enthalpy, the superheat of the geofluid
increases with the wellhead pressure. This can be seen in Figure 31, where the superheat of the
geofluid is much greater when the pressure is 150bar than 10bar at constant enthalpy.

The utilization efficiency increases with wellhead pressure up to around 120bar then it
decreases again, as it did for single flash power cycle with wet scrubbing. When compared
to Figure 27 it is interesting to see how the heat recovery has decreased this down swing and
shifted it to higher pressures.

Figure 32 also shows that the specific condenser duty decreases with increasing wellhead

pressure, which happens for the same reasons as described above. Note that the condenser duty
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Figure 31: States that are of interest of geofluids with h = 2900kJ /kg at pwelinead = 10bar and
Pwellhead = 150bar, and h = 3600kJ /kg at the same wellhead pressures.
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Figure 32: Properties of single-flash cycle with wet scrubbing and heat recovery working with a
geofluid that has enthalpy of h = 2900kJ /kg. Each property is shown as a function of wellhead
pressure. The color of each line corresponds to the color of its axis.

does not increase again at higher pressure as it did for the single flash power cycle with wet

scrubbing.

Figure 33 shows interesting properties of the power cycle working with geofluid with en-
thalpy of h = 3600kJ /kg at pressures ranging from 10 — 150bar. The relation between proper-
ties and wellhead pressure is similar to the one shown in Figure 32 for h = 2900kJ /kg.

Comparing figures 32 and 33, it can be seen that a higher enthalpy leads to higher net
specific power output. In the same two figures, it can also be seen that the specific power
increases with wellhead pressure. This happens for the same reasons as described above.

Figure 33 also shows that the specific condenser duty decreases with increasing wellhead
pressure. Again, the reason is the relationship between utilization efficiency and condenser

duty.
The mass flow rate for IDDP-1, shown in Figure 20, is used to find the net power out-
put from the power cycle. This, along with other properties, is shown in Figure 34. It can be

seen that the highest power output, 38.5MW, is obtained by using a wellhead pressure at SObar.

The results from the exergy analysis are shown by a Grassmann diagram in figure 35.
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Figure 33: Properties of single-flash cycle with wet scrubbing with heat recovery working
with a geofluid that has enthalpy of h = 3600kJ /kg. Each property is shown as a function of
wellhead pressure. The color of each line corresponds to the color of its axis.
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Figure 34: Properties of single-flash cycle with wet scrubbing and heat recovery working with
a geofluid that has enthalpy of h = 3100kJ /kg, (similar to IDDP-1). Each property is shown as
a function of wellhead pressure. The color of each line corresponds to the color of its axis.
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Figure 35: Results from exergy analysis for a single flash cycle with wet scrubbing with heat
recovery. The Grassmann diagram shows the amount of exergy lost in each process in the
power cycle.

Tables 4 and 5 show results for economic analysis carried out for the power cycle. The
changes in the latter table columns 2, 3, and 5, are with reference to dry steam cycle without
corrosion mitigation. Using the presumptions stated in section 3.3, the overnight capital cost
changes with enthalpy, as can be seen for the cases of h = 2900kJ /kg and h = 3600kJ /kg. It
can be seen that change in cost per kW increases with enthalpy. The heat exchangers area used
in the economic analysis was 5,000m? for the case of IDDP-1 but 1,100m? and 13,000m? for
cases with h = 2900kJ /kg and h = 3600kJ /kg, respectively.
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Table 4: Results from economic analysis of single flash cycle with wet scrubbing and heat

recovery
Case Net Power | Cost of Corrosion Miti- | Overnight Capi- | Monthly  O$M
[MW] gation System [$ % 10°] | tal Cost [$10°] Cost [$ % 10°]
IDDP-1 38.5 4.3 100 140
h=2900kJ/kg | 47.9 1.4 120 170
h=3600k]J/kg | 48.7 9.1 130 170

Table 5: Additional results from economic analysis of single flash cycle with wet scrubbing
and heat recovery

Case Change in Overnight | Change in | Cost per kW | Change in Cost
Capital Cost [$ * 10°] Power [MW] [$/kW] per kW [$kW]

IDDP-1 2.6 -1.7 2700 200

h=2900kJ/kg | -0.76 -2.1 2600 100

h=3600kJ/kg | 7.7 -1.3 2700 200
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4.4 Single-Flash Cycle with Wet Scrubbing and an Additional Turbine

States of the geofluid, that are of interest, are shown in Figure 36 for a geofluid with h =
2900kJ /kg at pwelihead = 10bar and pyeinead = 150bar, and h = 3600kJ /kg at the same wellhead
pressures. The figure shows the thermodynamical process for the marginal cases in this study.
It shows the highest and lowest wellhead pressure investigated for the two enthalpies that will
be analyzed. It can be seen that superheat increases with enthalpy as well as pressure.

Figure 37 shows interesting properties of the power cycle for enthalpy of h = 2900kJ /kg
at pressures ranging from 10 — 150bar. The figure shows how the specific net power increases
with wellhead pressure. The reason is that at constant enthalpy, the superheat of the geofluid
increases with the wellhead pressure. This can be seen in Figure 36, where the superheat of the
geofluid is much greater when the pressure is 150bar than 10bar at constant enthalpy.

The utilization efficiency increases with wellhead pressure. Figure 37 also shows that the
specific condenser duty decreases with increasing wellhead pressure. Note that again, the con-
denser duty does not increase again at higher pressure as it did for the single flash power cycle

with wet scrubbing.

Figure 38 shows interesting properties of the power cycle working with geofluid with en-

thalpy of h = 3600kJ /kg at pressures ranging from 10 — 150bar. The relation between proper-
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Figure 36: States that are of interest of geofluids with h = 2900kJ /kg at pyelinead = 10bar and
Pwellhead = 150bar, and h = 3600kJ /kg at the same wellhead pressures.
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Figure 39: Properties of single-flash cycle with wet scrubbing and an additional turbine work-
ing with a geofluid that has enthalpy of h = 3100kJ /kg, (similar to IDDP-1). Each property is
shown as a function of wellhead pressure. The color of each line corresponds to the color of its
axis.

ties and wellhead pressure is similar to the one shown in Figure 37 for h = 2900kJ /kg.
Comparing figures 37 and 38, it can be seen that a higher enthalpy leads to higher net
specific power output. In the same two figures, it can also be seen that the specific power
increases with wellhead pressure. This is the same behavior as described above.
The mass flow rate for IDDP-1, shown in Figure 20, is used to find the net power out-
put from the power cycle. This, along with other properties, is shown in Figure 39. It can be

seen that the highest power output, 38.1MW, is obtained by using a wellhead pressure at SObar.
The results from the exergy analysis are shown by a Grassmann diagram in figure 40.

Tables 6 and 7 show results for economic analysis carried out for the power cycle. The
changes in the latter table columns 2, 3, and 5, are with reference to dry steam cycle without
corrosion mitigation. Using the presumptions stated in section 3.3, the overnight capital cost
changes significantly with enthalpy, as can be seen for the cases of h = 2900kJ/kg and h =
3600kJ /kg. Also, the cost per kW increases with enthalpy.
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Figure 40: Results from exergy analysis for a single flash cycle with wet scrubbing with an
additional turbine. The Grassmann diagram shows the amount of exergy lost in each process in

the power cycle.

Table 6: Results from economic analysis of single flash cycle with wet scrubbing and an addi-

tional turbine

Case Net Power | Cost of Corrosion Miti- | Overnight Capi- | Monthly  O$M
[MW] gation System [$* 10%] | tal Cost [$10°] Cost [$ % 107]

IDDP-1 38.1 5.8 100 130

h=2900kJ/kg | 46.4 0.85 120 160

h=3600kJ/kg | 48.2 16 140 170

Table 7: Additional results from economic analysis of single flash cycle with wet scrubbing
and an additional turbine

Case Change in Overnight | Change in | Cost per kW | Change in Cost
Capital Cost [$ * 10°] Power [MW] [$/kW] per kW [$kW]

IDDP-1 3.6 -2.1 2700 200

h=2900kJ/kg | -2.8 -3.6 2600 100

h=3600kJ/kg | 14 -1.8 2900 400
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4.5 Dry Steam Cycle with Dry Steam Scrubbing

States of the geofluid, that are of interest, are shown in Figure 41 for a geofluid with h =
2900kJ /kg at pwelihead = 10bar and pyeinead = 150bar, and h = 3600kJ /kg at the same wellhead
pressures. The figure shows the thermodynamical process for the marginal cases in this study.
It shows the highest and lowest wellhead pressure investigated for the two enthalpies that will
be analyzed. It can be seen that superheat increases with enthalpy as well as pressure. This will
be referred to later on.

Figure 42 shows interesting properties of the power cycle for enthalpy of h = 2900kJ/kg
at pressures ranging from 10 — 150bar. The figure shows how the specific net power increases
with wellhead pressure. The reason is that at constant enthalpy, the superheat of the geofluid
increases with the wellhead pressure. This can be seen in Figure 41, where the superheat of the
geofluid is much greater when the pressure is 150bar than 10bar at constant enthalpy.

The utilization efficiency increases with wellhead pressure. Figure 42 also shows that the
specific condenser duty decreases with increasing wellhead pressure. This happens for the

same reasons as described above.

Figure 43 shows interesting properties of the power cycle working with geofluid with en-

thalpy of h = 3600kJ /kg at pressures ranging from 10 — 150bar. The relation between proper-
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Figure 41: States that are of interest of geofluids with h = 2900kJ /kg at pyelinead = 10bar and
Pwellhead = 150bar, and h = 3600kJ /kg at the same wellhead pressures.
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Figure 42: Properties of single-flash cycle with wet scrubbing and heat recovery working with a
geofluid that has enthalpy of h = 2900kJ /kg. Each property is shown as a function of wellhead
pressure. The color of each line corresponds to the color of its axis.
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Figure 43: Properties of single-flash cycle with wet scrubbing with heat recovery working
with a geofluid that has enthalpy of h = 3600kJ/kg. Each property is shown as a function of
wellhead pressure. The color of each line corresponds to the color of its axis.
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Figure 44: Properties of single-flash cycle with wet scrubbing working with a geofluid that
has enthalpy of h = 3100kJ /kg, (similar to IDDP-1). Each property is shown as a function of
wellhead pressure. The color of each line corresponds to the color of its axis.

ties and wellhead pressure is similar to the one shown in Figure 42 for h = 2900kJ /kg.

Comparing figures 42 and 43, it can be seen that a higher enthalpy leads to higher net spe-
cific power output. In the same two figures, it can also be seen that the specific power increases
with wellhead pressure. Figure 43 also shows that the specific condenser duty decreases with
increasing wellhead pressure. This behavior is explained in detail above.

The mass flow rate for IDDP-1, shown in Figure 20, is used to find the net power out-
put from the power cycle. This, along with other properties, is shown in Figure 44. It can be
seen that the highest power output, 39.7MW, is obtained by using a wellhead pressure at 50bar.

The results from the exergy analysis are shown by a Grassmann diagram in figure 45.

Tables 8 and 9 show results for economic analysis carried out for the power cycle. The
changes in the latter table columns 2, 3, and 5, are with reference to dry steam cycle without
corrosion mitigation. Using the presumptions stated in section 3.3, the overnight capital cost do
not change with enthalpy, as can be seen for the cases of h = 2900kJ /kg and h = 3600kJ /kg.
The cost per kW is the same for all enthalpies and does not vary significantly from dry steam

cycle without corrosion mitigation.
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Figure 45: Results from exergy analysis for a dry steam cycle with dry scrubbing. The Grass-
mann diagram shows the amount of exergy lost in each process in the power cycle.

Table 8: Results from economic analysis of dry steam cycle with dry scrubbing

Case Net Power | Cost of Corrosion Miti- | Overnight Capi- | Monthly  O$M
[MW] gation System [$ % 10°] | tal Cost [$10°] Cost [$ % 10°]

IDDP-1 39.7 1.0 99 130

h=2900kJ/kg | 49.5 1.0 130 170

h=3600kJ/kg | 49.1 1.0 130 170

Table 9: Additional results from economic analysis of dry steam cycle with dry scrubbing

Case Change in Overnight | Change in | Cost per kW | Change in Cost
Capital Cost [$ * 10°] Power [MW] [$/kW] per kW [$kW]

IDDP-1 0.50 -0.50 2500 0

h=2900kJ/kg | 0.46 -0.54 2500 0

h=3600kJ/kg | 0.12 -0.88 2500 0
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4.6 Binary Cycle

States of the geofluid, that are of interest, are shown in Figure 46 for a geofluid with h =
2900kJ /kg at pwelihead = 10bar and pyeinead = 150bar, and h = 3600kJ /kg at the same wellhead
pressures. The figure shows the thermodynamical process for the marginal cases in this study.
It shows the highest and lowest wellhead pressure investigated for the two enthalpies that will
be analyzed. It can be seen that superheat increases with enthalpy as well as pressure.

Figure 47 shows interesting properties of the power cycle for enthalpy of h = 2900kJ /kg
at pressures ranging from 10 — 150bar. The figure shows how the specific net power increases
with wellhead pressure. The reason is that at constant enthalpy, the superheat of the geofluid
increases with the wellhead pressure. This can be seen in Figure 46, where the superheat of the
geofluid is much greater when the pressure is 150bar than 10bar at constant enthalpy.

The utilization efficiency increases with wellhead pressure. Figure 47 also shows that the
specific condenser duty decreases with increasing wellhead pressure. This behavior is ex-

plained above.

Figure 48 shows interesting properties of the power cycle working with geofluid with en-
thalpy of h = 3600kJ /kg at pressures ranging from 10 — 150bar. The relation between proper-

ties and wellhead pressure is similar to the one shown in Figure 47 for h = 2900kJ /kg.
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Figure 46: States that are of interest of geofluids with h = 2900kJ /kg at pyelinead = 10bar and
Pwellhead = 150bar, and h = 3600kJ /kg at the same wellhead pressures.
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Figure 49: Properties of binary cycle with condensation in heat exchanger that has enthalpy
of h = 3100kJ /kg, (similar to IDDP-1). Each property is shown as a function of wellhead
pressure. The color of each line corresponds to the color of its axis.

Comparing figures 47 and 28, it can be seen that a higher enthalpy leads to higher net spe-
cific power output. In the same two figures, it can also be seen that the specific power increases
with wellhead pressure. Figure 48 also shows that the specific condenser duty decreases with

increasing wellhead pressure. Again, this is the same behavior as explained earlier.

The mass flow rate for IDDP-1, shown in Figure 20, is used to find the net power out-
put from the power cycle. This, along with other properties, is shown in Figure 49. It can be
seen that the highest power output, 37.1MW, is obtained by using a wellhead pressure at SObar.

The results from the exergy analysis are shown by a Grassmann diagram in figure 50.

Tables 10 and 11 show results for economic analysis carried out for the power cycle.
The changes in the latter table columns 2, 3, and 5, are with reference to dry steam cycle
without corrosion mitigation. Using the presumptions stated in section 3.3, the overnight
capital cost do change with enthalpy, as can be seen for the cases of h = 2900kJ/kg and
h = 3600kJ /kg. As does the cost per kW. The area of the heat exchanger used in the eco-
nomic analysis was 23,000m? for the case of IDDP-1 but 22,000m? and 35,000m? for the
cases with h = 2900kJ /kg and h = 3600kJ /kg, respectively.
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Cooling Liguid Pumg: 0.8 [%]

Turbine Power
37 [MW] 61.0 [%]

Figure 50: Results from exergy analysis for a binary cycle. The Grassmann diagram shows the

amount of exergy lost in each process in the power cycle.

Table 10: Results from economic analysis of binary cycle

Case Net Power | Cost of Corrosion Miti- | Overnight Capi- | Monthly ~ O$M
[MW] gation System [$* 10%] | tal Cost [$10°] Cost [$ % 107]

IDDP-1 37.1 20 120 120

h=2900kJ/kg | 47.7 20 140 160

h=3600kJ/kg | 47.4 28 150 160

Table 11: Additional results from economic analysis of binary cycle

Case Increase in Overnight | Change in | Cost per kW | Increase in Cost
Capital Cost [$ % 10°] Power [MW] [$/kW] per kW [$kW]

IDDP-1 17 -2.9 3200 700

h=2900kJ/kg | 17 -2.3 3000 500

h=3600kJ/kg | 25 -2.6 3200 700
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5 Discussion

After analyzing each mitigation method in detail it is interesting to observe their power outputs
in the same figure, for comparison. This way it can be determined what method is best for a
given enthalpy and wellhead pressure. Future decision makers, dealing with corrosive bore-
holes, have the possibility of using the enthalpy of their borehole and the wellhead pressure,
that gives the highest mass flow rate, and see what mitigation methods suit them best.

5.1 Comparison of the Mitigation Methods

5.1.1 Geofluid with Enthalpy of 2900kJ/kg
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Figure 51: Specific net power output from each mitigation method. The figure shows which
method gives the most power output for a given wellhead pressure. The power output is given
for a geofluid with enthalpy at wellhead of 2900kJ /kg.

Figure 51 shows the specific net power output for all the mitigation methods. These are the
same curves as shown in figures 22, 27, 47, 32, 37, and 42, only together this time.

Dry scrubbing gives the highest net power output at a given moment, as expected. At low
wellhead pressures, the difference is smallest but increases with the pressure. This is of course

because dry scrubbing offers the smallest destruction of superheat.
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Wet scrubbing is similar to dry scrubbing at low pressures, but as the pressure increases, so
does the difference. At high pressures the power output seems to have reached its asymptote,
for all excess superheat gained by higher pressures is destroyed by injection of water preventing
the net power output from increasing.

Wet scrubbing with heat recovery doesn’t affect the net power output significantly. The
power curve lies close to the one for wet scrubbing without heat recovery. The superheat
of geofluid with enthalpy of 2900kJ /kg is so little that there is no essential conservation of
superheat by adding the heat exchanger into the power cycle. The extra capital cost of the heat
exchanger could not be justified for a geofluid with this enthalpy.

For wet scrubbing with an additional turbine it can be seen that as the pressure increases
it gets more feasible with respect to the other methods. Maybe it would be a better choice at
pressures higher than 150bar, as it has almost reached wet scrubbing and wet scrubbing with
heat recovery. The extra capital cost of adding another turbine into the power cycle could not
be justified for a geofluid with this enthalpy.

The binary cycle produces the lowest power at low pressures. At 30bar it exceeds the wet
scrubbing with an additional turbine, and at 50 — 60bar it exceeds both wet scrubbing and wet

scrubbing with heat recovery.
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Figure 52: Ratio of mass flow rate of geofluid (working fluid) through condenser and the mass

flow rate of geofluid (2900kJ /kg) at the wellhead,. Note that lines corresponding to direct use
and dry scrubbing coincide, for there is no change in mass flow rate.
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The ratio between the mass flow rate through the condenser and at the wellhead is propor-
tional to the ratio of cooling requirement between corrosion mitigation methods. For example,
5% increase in mass flow rate through a condenser requires the same increase in cooling, re-
quiring a larger cooling tower. Figure 52 shows that the traditional setup of wet scrubbing

requires around 4-12% more cooling than the other mitigation methods.

5.1.2 Geofluid with Enthalpy of 3600 kJ/kg
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Figure 53: Specific net power output from each mitigation method. The figure shows which
method gives the most power output for a given wellhead pressure. The power output is given
for a geofluid with enthalpy at wellhead of 3600kJ /kg.

Figure 53 shows the specific net power output for all the mitigation methods. Again, these
are the same curves as shown in figures 23, 28, 48, 33, 38, and 43, only together this time.

Dry scrubbing gives the highest power output out of the five mitigation methods, but at
pressures of 10bar it is the same as wet scrubbing with heat recovery and wet scrubbing with
an additional turbine.

Wet scrubbing has the lowest power output of all the mitigation methods. It gives around
16% less power than the other methods. The asymptote at this enthalpy seems to lie around
IMW/(kg/s).

Wet scrubbing with heat recovery is just as good as dry scrubbing at lower pressures. As the

wellhead pressure increases, the method gets relatively worse. It is clear that when the geofluid
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has a considerable amount of superheat, heat recovery system with traditional wet scrubbing
can have a great affect on the power output of the cycle.

Wet scrubbing with an additional turbine is similar to dry scrubbing at all pressures. It is
clear that an additional turbine in the power cycle makes for almost no losses, compared to
direct use.

The binary cycle in this case produces more power than wet scrubbing at all pressures,
but slightly less than the other methods. It can be seen that wet scrubbing with heat recovery
collides with the binary cycle at 150bar, giving the sense that a binary cycle might be more

appealing at higher pressures.
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Figure 54: Ratio of mass flow rate of geofluid (working fluid) through condenser and the mass
flow rate of geofluid (3600kJ/kg) at the wellhead. Note that lines corresponding to direct use
and dry scrubbing coincide, for there is no change in mass flow rate.

In figure 54 it can be seen that as the enthalpy of the geofluid increases, so do the cooling
requirements of the corrosion mitigation methods. The most significant increase is in the tradi-
tional setup of wet scrubbing, in this situation it requires around 35-45% more cooling than the

other mitigation methods.

5.1.3 IDDP-1

Figure 55 shows the net power output for all the mitigation methods using the deliverable

curve for IDDP-1 and enthalpy of 3100kJ /kg. Again, these are the same curves as shown in
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figures 24, 29, 49, 34, 39, and 44, only together this time.
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Figure 55: Net power output from each mitigation method using the deliverability curve for
IDDP-1 and enthalpy of 3100kJ/kg. The figure shows which method gives the most power
output for a given wellhead pressure.

It is clear that the optimum wellhead pressure lies between 40 — 50bar. At those pressures,
the power output of the mitigation methods differs by around SMW. Figure 55 shows evidently
the potential of IDDP, for the corrosion mitigation method with the lowest power output, still

delivers power an order of magnitude higher than a conventional well [21].

Figure 56 shows that the traditional setup of wet scrubbing requires around 15% more cool-

ing than the other mitigation methods.

It can be seen on the Grassmann diagrams shown in figures 25, 30, 35, 40, 45, and 50,
that the dry steam cycle without corrosion mitigation has the least amount of losses due to the
isentropic turbine efficiency. The reason is that the turbine in this power cycle has the highest
degree of superheat at its inlet. Consequently, it has the biggest fraction of dry expansion of all
the power cycles. This is supported by the fact that dry steam cycle with dry scrubbing has the
second lowest losses due to the isentropic turbine efficiency.

It surprising to see how little exergy is lost in the wet scrubbing process. The losses are

compensated by the increase in mass flow rate due to the injection liquid.
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5.2 Selection of a Power Cycle for Geofluid with Enthalpy of 3600kJ/kg and

Pressure of 10bar

Figure 21 shows the thermodynamic process that a geofluid with h = 3600kJ /kg at p = 10bar
would undergo in a dry steam cycle without corrosion mitigation. Comparing this with Fig-
ure 36, it can be seen that the process that the geofluid undergoes does not change much between
the two methods. It can be argued that if a well with such an enthalpy were to be exploited at
low pressures, corrosion mitigation such as wet scrubbing might, in theory, not be needed. Dry
steam cycle without corrosion mitigation, where the steam is not allowed to condense in the

turbine, might give the best power output to cost ratio.

5.3 High utilization efficiency

Figures 22, 23, 24, 27, 28, 29, 32, 33, 34, 37, 38, 39, 42, 43, 44, 47, 48, and 49. show the
utilization efficiency of the power cycles for different enthalpies. This high efficiency, ranging
from 46-73%, may come as a surprise to the reader, but the reason for this is the high value
of the incoming exergy. It has to be pointed out, however, that the first law efficiency (the
efficiency of the energy conversion process as defined by the first law of thermodynamics,
expressed as the net produced work, divided by the energy input) is around 20-35% for all

power cycles.

5.4 Cost Analysis

The tables in this section compare the results from tables 1, 2, 3,4, 5,6, 7, 8,9, 10, and 11.

5.4.1 Geofluid with Enthalpy of 2900kJ/kg

The capital and monthly operational and maintenance costs are shown in tables 12 and 13. A
good and efficient implementation of dry steam scrubbing has the potential of increasing the
power output by 1.4MW , with respect to wet scrubbing, but at the same time increasing the
capital cost per kW produced and keeping similar O&M costs. At such a low enthalpy, wet
scrubbing with Heat recovery, wet scrubbing with an additional turbine, and a binary cycle do

all give lower power output than wet scrubbing for higher costs.
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Table 12: Comparison of results from economic analysis on the different models for the case
of enthalpy of 2900kJ /kg

Method Power Cost of Corrosion Miti- | Overnight Capi- | Monthly  O$M
[MW] gation System [$ % 10°] | tal Cost [$10°] Cost [$ % 107]

Direct Use 50.0 - 130 160

WS 48.1 0.20 120 170

WS with | 47.9 1.4 120 170

Heat Rec.

WS with an | 46.4 0.85 120 160

Add. Turb.

DSS 49.5 1.0 130 170

Binary cycle | 47.7 20 140 160

Table 13: Additional comparison of results from economic analysis on the different models for
the case of enthalpy of 2900kJ /kg

Method Increase in Overnight | Change in | Cost per kW | Increase in Cost
Capital Cost [$* 10°] Power [MW] [$/kW] per kW [$kW]

Direct Use - - 2500 -

WS -1.7 -1.9 2600 100

WS with | -0.76 -2.1 2600 100

Heat Rec.

WS with an | -2.8 -3.6 2600 100

Add Turb.

DSS 0.46 -0.54 2500 0

Binary cycle | 17 -2.3 3000 500

5.4.2 Geofluid with Enthalpy of 3600kJ/kg

The capital and monthly operational and maintenance costs are shown in tables 14 and 15. A

good and efficient implementation of dry steam scrubbing has the potential of increasing the

power output by 8.4MW | with respect to wet scrubbing, and at the same time lowering the

capital cost per kW produced and O&M costs significantly. At these enthalpies, wet scrubbing

with heat recovery seems to be a feasible alternative to wet scrubbing from an economic point

of view. wet scrubbing with an additional turbine produces 7.5MW more than wet scrubbing,

but the high capital costs tone down the feasibility of the method. Again, binary cycle does not

seem to be a feasible option.
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Table 14: Comparison of results from economic analysis on the different models for the case
of enthalpy of 3600kJ /kg

Method Power Cost of Corrosion Miti- | Overnight Capi- | Monthly  O$M
[MW] gation System [$ % 10°] | tal Cost [$10°] Cost [$ % 107]

Direct Use 50.0 - 130 160

WS 40.7 0.20 120 150

WS with | 48.7 9.1 130 170

Heat Rec.

WS with an | 48.2 16 140 170

Add. Turb.

DSS 49.1 1.0 130 170

Binary cycle | 47.4 28 150 160

Table 15: Additional comparison of results from economic analysis on the different models for
the case of enthalpy of 3600kJ /kg

Method Change in Overnight | Change in | Cost per kW | Increase in Cost
Capital Cost [$* 10°] Power [MW] [$/kW] per kW [$kW]

Direct Use - - 2500 -

WS -9.6 -9.3 2800 300

WS with | 7.7 -1.3 2700 200

Heat Rec.

WS with an | 14 -1.8 2900 400

Add Turb.

DSS 0.12 -0.88 2500 0

Binary cycle | 25 -2.6 3200 700

5.4.3 IDDP-1

The capital and monthly operational and maintenance costs are shown in tables 16 and 17.

It is obvious that dry steam scrubbing possesses much potential for improvement in corrosion

mitigation systems. A good and efficient implementation of DSS has the potential of increasing

the power output from IDDP-1 by 3.4MW , with respect to wet scrubbing, and simultaneously

lowering capital cost per kW produced and keeping similar O&M costs. A binary cycle with a

heat exchanger made out of titanium seems to be the most expensive corrosion mitigation.
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Table 16: Comparison of results from economic analysis on the different models for the case

of IDDP-1
Method Net Power | Cost of Corrosion Miti- | Overnight Capi- | Monthly  O$M
[MW] gation System [$ % 10°] | tal Cost [$%10°] | Cost [$*103]
Direct Use 394 - 99 130
WS 35.5 0.20 95 130
WS with | 37.7 4.3 100 140
Heat Rec.
WS with an | 37.3 5.8 100 130
Add. Turb.
DSS 38.9 1.0 99 130
Binary cycle | 36.5 20 120 120

Table 17: Additional comparison of results from economic analysis on the different models for
the case of IDDP-1

Method Change in Overnight | Change in | Cost per kW | Change in Cost
Capital Cost [$ * 10°] Power [MW] [$/kW] per kW [$kW]

Direct Use - - 2500 -

WS -3.9 -3.9 2700 200

WS with | 2.6 -1.7 2700 200

Heat Rec.

WS with an | 3.6 -2.1 2700 200

Add Turb.

DSS 0.50 -0.50 2500 0

Binary cycle | 17 -2.9 3200 700
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5.5 Benefits of Drilling Deeper

It is seems that deep drilling possesses potential for the geothermal industry, for the first bore-
hole may be an order of magnitude more powerful than a traditional one. But as the devel-
opment goes on, and enthalpy of accessible geofluids from new boreholes comes closer and
closer to 3600kJ /kg, the development of scrubbing technologies to replace wet scrubbing be-
comes ever more important. It has been shown that a good and efficient implementation of dry

steam scrubbing may increase the power output of a single borehole significantly.
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6 Conclusion

As IDDP will get closer to its goals of even higher temperatures and enthalpy, the availability
of other corrosion mitigation methods than wet scrubbing becomes more important. It has been
shown that the destruction of superheat, caused by wet scrubbing at high enthalpies, may result
in loss of considerate power. At low enthalpies and high wellhead pressures, wet scrubbing
with an additional turbine does not seem to be a feasible option because of the low degree of
superheat in the steam. On the other hand, at higher enthalpies, where the degree of superheat
is very high, it may be uneconomic to use wet scrubbing and a second turbine step in the power
cycle; the dry turbine expansion extracts most of the power anyway. A binary cycle seems to
be more expensive than the other methods, regardless of enthalpy of the geofluid. It has been
shown that dry steam scrubbing gives the highest power output for all enthalpies and wellhead
pressures, and at the same time keeps the best $/kW ratio.

It is the destruction of superheat, rather than exergy, that causes wet scrubbing to produce
less power with increasing enthalpy, with respect to the other methods examined. The increase
in mass flow rate in the wet scrubbing minimizes the total loss of exergy in the stream, while

the destruction of superheat decreases the efficiency in the turbine.
It is clear that the IDDP may possess potential for development in the geothermal industry.

It has been shown that the first well, IDDP-1, is expected to produce around 8 times more power
than a traditional borehole.
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7 Future Work

In this study, six different implementations of power cycles with corrosion mitigation were an-
alyzed and compared. It would be interesting to take parts of this study and examine them even
further. Below are a few things that the author believes would be both interesting, and valuable

to further development of corrosion mitigation in the geothermal sector.

There are many things to consider when constructing a steam-to-steam heat exchanger. Spot-

ting the difficulties, examining them and overcoming, is essential for further development.
The cost of installing wet scrubbing and dry steam scrubbing has to be examined in more detail.

The value for capital cost, $2,500/kW used in the economic analysis should be reevaluated,
for it has been estimated that IDDP-wells are more expansive to construct than traditional ones.
However, since they may be around 8 times more powerful the cost per kW might be lower.
This affects the total capital cost of the corresponding power plant. A better value than the one

above, will give more conclusive economic analysis.

This economic analysis covered only one type of wet and dry steam scrubbing, that is, using

one injection material. A more detailed analysis might include other chemicals.

The wellhead pressure for IDDP-1 is not selected solely with respect to the highest power out-
put. Other chemicals than HCl may precipitate at certain pressures. This has to be analyzed
in more detail and examined as to whether it supports the wellhead pressures suggested in this
study.

More research on dry steam scrubbing is essential to get more conclusive results for the power
cycle. The estimations made in this study, described above, are considered to give acceptable

results, but more can be done to support them.

A more thorough chemical analysis on how different materials for dry steam scrubbing react

with HCl, and what affect other gases in the stream may have on the reaction.
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