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ABSTRACT

PERFORMANCE ASSESSMENT OF A BINARY CYCLE
GEOTHERMAL POWER PLANT

An air cooled binary cycle GPP is thermodynamically modeled by using the
design data of an actual plant. Effects of design parameters are investigated to plant
performance. The modeling binary cycle power plant is produced 6514 kW, by using
542.65 ton/hour brine, 22.45 ton/hour steam and 33.4% NCGs content of steam at 157.9
°C geothermal resource temperature and 17.1 °C average ambient air conditions. The
thermal efficiency of the model plant is found 11.32 %. The performance equations and
the theoretical net power correction factors of the plant are created by using the
thermodynamic model. According to this model, the net power generation of the plant
increases with an increase in brine temperature, and mass flow rates of brine and steam;
decreases with an increase of ambient air temperature and NCGs content of the steam.

Furthermore, regression analysis of DORA-1 GPP is conducted using actual
plant data to assess the plant performance. The annual multiple linear regression models
are developed from 2006 to 2012 to estimate the performance of a geothermal power
plant by using three measured dependent variables: the ambient air temperature, the
brine flow rate and temperature. These models are tested by using classical assumptions
of linear regressions, positive serial autocorrelation is found in all models.
Autocorrelations are eliminated by using Orcutt-Cochran method. Although the
performance model trends from 2006 to 2008 are found to be close, the performance
status of the plant is generally variable from year to year. According to perennial
regression models, the plant performance has started to decline with 270 kW, electricity
generation capacity since 2009. The total degradation of the plant performance reached
to 760 kW, capacity by 2012. Additionally, the statistical net power correction factors
are calculated using regression model of 2008.

Consequently, the net power correction factors for thermodynamic model and
regression analysis are compared with DORA-1’s manufacturer, Ormat, correction
factors. Although there are some minor differences, all of the net power correction
factors have similar trends. The comparison shows that Ormat’s correction factors don’t

exactly express the performance status of the DORA-1 GPP.



OZET

CIFT AKISKANLI BIR JEOTERMAL GUC SANTRALININ
PERFORMANS DEGERLENDIRMESI

Gergek bir jeotermal elektrik santralinin tasarim parametreleri kullanilarak hava
sogutmali ¢ift akigkanli bir jeotermal elektrik santrali tasarlanmis ve tasarim
parametrelerinin teorik santral performansina etkisi incelenmistir. Teorik santral 157.9
‘C’deki 542.65 ton/saat jeotermal akiskan, 22.45 ton/saat buhar ve %33.4 oranda
yogusmayan gazlar ile 17.1 °C dig ortam sicakliginda 6514 kW, elektrik
tiretebilmektedir. Teorik santral modelinin 1s11  verimi %11.32 bulunmustur.
Termodinamik model kullanilarak santralin performans denklemleri ve net gii¢ tiretimi
diizeltme faktorleri bulunmustur. Bu modele gore net gii¢ iiretimi jeotermal akigkan
sicakligi, debisi ve buhar debisinin artmasi ile artmakta; dis hava sicakligi ve
yogusmayan gazlar oraninin artmasi ile dismektedir.

Ayrica, santral performansimin durumunu degerlendirebilmek icin DORA-1
jeotermal elektrik santralinin gercek verileri kullanilarak regresyon analizi yapilmistir.
Di1s hava sicakligl, jeotermal akigkan debisi ve sicakligi gibi dlciilebilen iic bagimsiz
degisken kullanilarak, 2006 yilindan 2012 yilina kadar yillik ¢oklu dogrusal regresyon
modelleri  gelistirilmigtir. Bu modeller klasik dogrusal regresyonun kabulleri
kullanilarak test edilmis ve tiim modellerin hatalar1 arasinda pozitif bagimlilik
bulunmustur. Hatalar arasinda pozitif bagimlilik Orcutt-Cochran metodu kullanilarak
giderilmistir. Her ne kadar 2006 yilindan 2008 yilina kadarki performans modelleri
birbirine yakin olsa da, genel olarak yildan yila degismektedir. Cok yillik performans
modellerine gére 2009 yilindan sonra 270 kWc‘lik santral performansinda diisiis
baslamistir. Santral performansindaki toplam diisiis 2012 yili itibariyle 760 kW¢’a
ulasmistir. Bunlara ek olarak, 2008 yilinin regresyon modeli kullanilarak DORA-1
jeotermal elektrik santralinin istatistiksel net gii¢ diizeltme faktorleri hesaplanmistir.

Sonug olarak termodinamik ve regresyon modelin net gii¢ diizeltme faktorleri
DORA-1 jeotermal elektrik santrali i¢in santral ireticisi Ormat tarafindan verilen
diizeltme faktorleri ile karsilastirilmistir. Baz1 kiiciik farkliliklar olmasina karsin, tim
net gii¢ diizeltme faktorleri ayni egilimi gostermektedir. Net glic diizeltme faktorleri
karsilastirmasindan anlasilmaktadir ki, Ormat’in diizeltme faktorleri DORA-1 jeotermal

elektrik santrali performansini tam olarak ifade etmemektedir.
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CHAPTER 1

INTRODUCTION

Population and industrialization in Turkey have been increasing as a developing
country, which also has resulted in a tremendous increase in energy demand. According
to the information provided by the Ministry of Energy and Natural Resources,
electricity consumption of Turkey, which was 229.3 billion kWh in 2011, is expected
by 2020 to reach 499 TWh with an annual increase of around 8% according to the
higher demand scenario, and 406 TWh with an annual increase of 6.1% according to the
lower demand scenario (MENR, 2012).

Currently, over 80% of the energy supply comes from fossil fuels in Turkey.
According to Aneke et al. (2011), since fossil fuels are exhaustible, there is a need for
their conservation. Because of the over dependence on fossil fuels for energy supply,
fossil fuels have resulted in the release of large quantity of anthropogenic CO;
(greenhouse gas) into the environment. They cause environmental pollution and global
warming. This associated environmental danger is caused by the burning of fossil fuels
and has resulted in a clamor by the world leaders to develop better and more efficient
means of meeting the world energy demand with a minimum environmental impact.
Recently, there has been a gradual shift from over dependence on fossil fuels to the use
of renewable and cleaner energy sources such as wind and geothermal energy.

In Turkey, geothermal energy is a renewable heat energy, which manifests with
fluid production temperatures varying from 50 to 287 °C. It occurs mainly in the form
of water and water-steam mixture. Geothermal heat energy has been identified as a good
source of power generation. Geothermal power plants (GPPs) differ from thermal power
plants in that they have boilers underground and they are less efficient because of low
resource temperatures.

In recent years, investments on GPPs have increased with the enactment of
regulations and incentives for electricity generation from renewable energy sources. The
government provides tax and customs duty exemption for investors who want to

generate electricity from renewable energy by the Encouragement of Investments and



Employment Law (TGNA_1, TGNA_2). Currently, the total installed capacity of GPPs
in Turkey is 166.35 MW, which is expected to increase rapidly by new investments.

Performance of GPPs depends on the thermophysical properties of geothermal
reservoir and ambient. Geothermal reservoirs are classified as low, medium and high
enthalpy resources, and their temperature ranges are 100-160°C, 160-190°C and over
190°C, respectively (Bronicki, 1995). Although some higher enthalpy wells exist in the
Kizildere and Germencik geothermal fields, generally the low and medium enthalpies
liguid dominated geothermal resources, which contains high amounts of non-
condensable gases (NCGs), exists in Turkey. The presence of NCGs plays an important
role in the driving mechanism of the reservoirs because their partial pressure is quite
high (Kaplan and Serpen, 2010). Since the most of the fields in Turkey have high
content of NCGs, pressure and mass flowrate of geothermal fluids are high and the
wells are artesianic.

Energy or thermal efficiency of power plants, which are converted of thermal
energy to electricity, is defined as the ratio of provided thermal energy by generated
electricity (Kanoglu, 2007). The maximum thermal efficiency of a GPP is limited to the
temperature of the geothermal reservoir and ambient conditions. Therefore, the design
of a power plant is essentially determined by thermophysical properties of high heat and
low heat sources such as temperature, pressure and mass flowrate. In addition, the
contents of geothermal fluid, NCGs rate and the other characteristics of the field are
vital during the design stage of GPPs.

Performance of a GPP is calculated by deterministic formulations of
thermodynamics. However the plant data might be probabilistic because it is possible
that inputs could be measured by uncalibrated devices or some parameters may be
neglected during the computation. Thus, the performance of GPPs could be estimated
by using regression analysis. If the plant designer gives performance correction factors
of a GPP, the performance status of the plant can also be calculated.

The aim of the Thesis is:

a. Thermodynamic modeling of a theoretical air cooled binary cycle
GPP by using the Engineering Equation Solver software (EES, 2013),
according to DORA-1 GPP design parameters,

b. Multiple linear regression analysis of DORA-1GPP performance,
using the annual plant data from 2006 to 2012,



c. Defining of the net power correction factors of DORA-1 GPP, which
are given by designer: Ormat,

d. Assessment and comparison of theoretical, regression and Ormat
performance models.

The geothermal power generation, types of power plants and the status of
geothermal power generation in the world and Turkey are introduced in Chapter 2. In
Chapter 3, literature survey on thermodynamic modeling of binary GPPs and regression
analysis is summarized. The system of DORA-1 GPP is mentioned in Chapter 4. The
methodology of thermodynamic, regression and Ormat performance modeling are
explained in Chapter 5 and the results of the performance models and their comparisons

are presented in Chapter 6. Finally, the conclusions are stated in Chapter 7.



CHAPTER 2

GEOTHERMAL POWER GENERATION

Geothermal energy, which comes from beneath the earth surface with
temperatures varying from 50 to 370 °C, is a clean, renewable and sustainable natural
resource (GEA, 2012). Geothermal sources are used in several areas such as: electricity
generation, space heating and cooling, fruit or vegetable drying, aquaculture,
swimming, bathing etc. (Figure 2.1).

The first GPP was invented in 1904 by Prince Piero Ginori Conti at the
Larderello dry steam geothermal field in Italy. The first GPP in the U.S. was installed in
1962 at the Geysers dry steam field in California (GEO, 2013).

Geothermal exploration studies in Turkey started at the beginning of 1960s in
Balgova, Izmir (1963) and in Kizildere, Denizli (1968). Kizildere geothermal field was
the first geothermal field to be discovered at high enthalpy. Some medium enthalpy
fields such as Seferihisar, Salavath and Simav were discovered in 1970s and 1980s. The
Kizildere GPP, which was the first GPP of Turkey, was installed in 1984. Kizildere
GPP with a 17.4 MW, electricity generation capacity has been dealt with some
problems such as precipitation of calcium carbonate in the wellbores, pipelines and the
condenser.

Investment of new GPPs delayed for many years due to the lack of experience in
GPP operation and regulatory framework. Many years after the Kizildere experience,
DORA-1 GPP was installed in 2006 in Salavatli, Aydin. Beliefs in the success of the
GPP investments increased after the installation of Bereket (Saraykdy, Denizli) and
Gurmat (Omerbeyli, Aydin) GPPs in 2007 and 2009, respectively.

In this chapter, the types of GPPs and the status of geothermal power generation

in the World and Turkey will be mentioned.
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Figure 2.1. Lindal Diagram
(source: Gupta and Roy, 2007).

2.1. Types of Geothermal Power Plants

GPPs are mainly divided into three types: Dry-steam, Flash, and Binary cycle
GPPs. In Dry-steam cycle, geothermal steam directly comes from reservoir and it is
used to turn turbine blades. Flash and binary cycles are mostly applied to liquid



dominated resources. Since efficiencies of GPPs are lower than the fossil-fuelled power
plants, most effective and economical plant type should be selected for geothermal
resources (Shokouhmand and Atashkadi, 1997). In the world, some combined cycles
such as flash-binary combined cycle and Kalina cycle have been used to increase

efficiency and power generation.

2.1.1. Single and Double Flash GPPs

Flash cycle GPPs are generally installed on the high enthalpy geothermal fields.
A single flash plant mainly consists of a separator, a turbine-generator unit, a condenser,
a cooling tower and a circulation water pump (Figure 2.2). Geothermal fluid, which
comes from the wellbore at high pressure, can flash in the reservoir, production well or
inlet of the separator (Dipippo, 2005). In this type of plants, the mixture firstly enters a
separator, and then two-phase flow is physically separated as steam and liquid phases
with a minimum pressure loss in the separator. The separated liquid phase (brine)
returns into reinjection line. The steam phase, including NCGs, passes through a ball
check valve, enters the turbine at high pressure and drives the blades of turbine to
produce electricity. After that steam expands, its pressure drops and flows to the
condenser. Steam passes liquid phase in the condenser by using cooling water coming
from cooling tower. NCGs are extracted from the condenser by a gas removal system
such as compressor or jet ejector (Gokcen et al., 2004). Condensed water is pumped

down a reinjection well with separated liquid phase to sustain production.

Turbine

Separator .
O Generator Cooling Tower

Moisture

| Remover

Condenser

Circulation
Water Pump

Ball Check Condensate
Valve Pump

Re—injection
Well

Production
Well

Figure 2.2. Flow diagram of a single flash GPP (adopted from Dipippo, 2005).



Double flash GPPs are different from the single flash GPPs in that they have
additional low-pressure separator and turbine. After the first separation, separated liquid
phase enters the low-pressure separator, producing low pressure steam. Steam and
liquid phases are separated and then steam passes through the low-pressure turbine. It
enters the condenser with steam of high-pressure turbine. The rest of the cycle is similar
to single flash cycle. A simple schematic diagram of a double flash GPP is shown in
Figure 2.3. The double flash plant can produce more power than single flash under the

same conditions (Swandaru, 2009).

) [Moisture

High Pressure Remover
Separator

Moisture

Remover

Cooling Tower

Generator

Condenser

I~

. Circulgtion

Ball Check Water Pump
Valve —.

Condensate
Low Pressure Pump
Separator T
Production P Re—injection

Well Well
L_Ejaau Check
Valve

Figure 2.3. Simplified flow diagram of a double flash GPP (adopted from Dipippo,
2005)

2.1.2. Binary Cycle GPP

In binary GPPs, the heat of geothermal fluid is transferred to an organic working
fluid in heat exchangers such as preheater and evaporator. Geothermal fluid is used for
the heat transfer and passes only in the heat exchangers. The heat of geothermal fluid is
transferred to an organic working fluid that has a low boiling point, and then returns to
the ground by the reinjection wells to recharge reservoir (Dipippo, 2005). Working fluid
becomes saturated or superheated vapor in the heat exchangers. The working fluid then
passes through the turbine and electricity is generated. After that, it enters the condenser
and is cooled by a cooling fluid until it becomes liquid. Finally, it is pumped to the
preheater and the evaporator by a feed pump. The simple schematic of binary cycle

power plants is shown in the Figure 2.4.
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Figure 2.4. Flow diagram of a two phase binary GPP (utilized from Kaplan and Serpen,
2010).

Cooling system is also important in binary plants. If there is an unlimited
resource of cooling water in the field, wet cooling system may be used to condensate
working fluid by cooling water. Dry air-cooling systems are more suitable for locations
with water shortage because in this system, heat of working fluids is rejected directly
into air. Another advantage of the air-cooling systems is that there is no emission to the
atmosphere. However, parasitic load of cooling fans is excessive because of a need of a
large heat transfer surface for condensation. Therefore, the efficiency of the plant
significantly decreases with increasing ambient temperatures for air-cooling systems.

In addition, thermo-physical properties of working fluid directly affect the
performance of the plant. The main criteria for the selection of the working fluid are
evaporation at atmospheric pressures and boiling at low temperatures. The working
fluids are generally selected from hydrocarbons such as pentane and isobutane.

Binary systems have more environmental benefits than flash systems because
binary GPPs operate in closed circuits and have no loss of working fluid to the
environment. Equipment of the binary cycle plants have economically a longer life than
the flash type plants because of geothermal fluid does not contact with the turbine or
other moving mechanical components of the plant (Franco, 2011).

Currently in Turkey single flash, double flash and binary cycle power plants are
in operation. Reservoir characteristics and environmental conditions directly affect the
determination of appropriate option of power plant. Since binary cycle is more feasible

for low and medium enthalpy geothermal fields because of high concentration of



calcium carbonate and NCG content of geothermal fluids, it is the most common cycle
that applied in Turkey (Kaplan and Serpen, 2010). Integrated two level unit (ITLU)
types binary cycle power plants, consist of two organic Rankine cycles and CO; is
separated at the wellhead by a separator passes the heat exchanger at one of the cycles,

are the mostly applied in Turkey.

2.1.3. Kalina Cycle GPP

The Kalina cycle is generally used for the maximum utilization of the heat of
low temperature geothermal resources. The Kalina GPPs operate as Rankine cycle, but
its working fluid is different. Water-ammonia mixture uses as working fluid. A simple
Kalina cycle GPP is illustrated in Figure 2.5.

I 1
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Figure 2.5. Flow diagram of a Kalina cycle GPP.

In the Kalina cycle, geothermal fluid heats the working fluid in the evaporater until
saturation temperature and two phases water-ammonia mixture leave the evaporator.
Then, it enters the separator. Working fluid is separated as ammonia vapor and saturated
ammonia-poor liquid. The saturated ammonia-poor liquid is cooled in the preheater.
The ammonia vapor passes through the turbine to generate power and then enters the

recuperator with ammonia-poor liquid, cools and condenses in the recuperator and



condenser. After that, it pumps to recuperator, preheater and evaporator for first heating
and then boiling (Fu et al., 2013). The Kalina cycle GPPs have a higher thermodynamic
efficiency than binary cycle GPPs (Ozcan, 2010).

2.2. Geothermal Power Generation in the World

Power generation from the geothermal sources in the world has increased in
recent years (Figure 2.6). GPPs operate at least 24 countries in the world. The total
installed capacity of the GPPs reached to 10897.8 MW, by 2010 and it is expected to
reach 18500 MW, until 2016 (Chamorro et al., 2012).

Global Capacity / MW

1975 1980 1985 1990 1995 2000 2005 2010 2015

Year

Figure 2.6. Evolution of installed geothermal power capacity from 1975 to 2010 and
planned capacity for 2015 (source: Chamorro et al., 2012).

The distribution of the GPP types according to countries is given at Table 2.1.
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Table 2.1. World GPP distribution by plant type for 2010 data
(source: Chamorro et al., 2012).

Plant type Units Installed Average Percent of total
capacity (MW,) | size (MW,) | installed capacity (%)

Dry Steam 61 2822.0 46.3 25.9

Single Flash 145 4551.6 31.4 41.8

Double Flash 64 2182.7 34.1 20.0

Binary/Hybrid 266 13415 5.1 12.3

Total 536 10897.8 20.3 100

2.3. Present Status of GPPs in Turkey (June, 2013)

The high temperature geothermal fields suitable for conventional electricity
generation in Turkey are Denizli-Kizildere (242°C), Aydin-Omerbeyli (232°C), Aydin-
Salavatli (176°C), Canakkale-Tuzla (174°C), Kutahya-Simav (184°C), Izmir-Seferihisar
(153°C) and Manisa-Kavaklidere (215°C). The other high temperature fields with
electricity generation potential are Manisa-Caferbeyli (168°C), Aydin-Yilmazkoy
(142°C), Aydin-Umurlu (130°C), Izmir-Dikili (120°C), Izmir-Balcova (125°C).

The operating GPPs of Turkey are listed in Table 2.2.

Table 2.2. GPPs of Turkey as of June 2013 (in operation).

Location Power plant Types of Startup  Maximum Average Gross
GPPs date resource resource power
temperature  temperature capacity
C) 0 (MWe)
Denizli
Kizildere Zorlu - Kizildere Single flash 1984 242 217 174
Saraykdy Bereket Binary cycle 2007 - 145 7.5
Aydm/Sultanhisar
Salavatli Dora-1 Binary Cycle 2006 172 168 7.35
Salavatl Dora-2 Binary Cycle 2010 176 175 11.2
Aydm/Germencik
Omerbeyli Gurmat Double Flash 2009 232 220 47.4
Hidirbeyli Irem Binary Cycle 2011 190 170 20
Bozkoy Sinem Binary Cycle 2012 - - 24
Bozkoy Deniz Binary Cycle 2012 - - 24
Canakkale
Tuzla Tuzla Binary Cycle 2010 174 160 7.5
Total 166.35
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According to Table 2.2, 78% of GPPs are binary power plants. The operating
temperatures of the all plants range between 145 and 243°C. By June 2013, the total
installed capacity of GPPs reached to 166.35 MW..

The increase in installed geothermal power capacity of Turkey is exhibited in
Figure 2.7 by year. Kizildere GPP, which was the first GPP of Turkey, was installed in
1984. Then, the second GPP was installed 22 years later. Thereafter, investments of
power plants have boomed along with the enactment of laws and regulations on power
generation from renewables. The GPP (planned and under construction) locations and

installed capacities are given in Table 2.3.
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Figure 2.7. Installed GPP capacity of Turkey by year.
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Table 2.3. Geothermal power plants as of June 2013 (planned and under construction).

Location Planned capacity (MW,) Maximum temperature (°C)
Manisa
Merkez 10 -
Alasehir 20 -
Alasehir - Piyadeler 24 -
Alagehir - Erenkdy 30 -
Salihli - Caferbeyli 15 168
Denizli
Saraykdy 3 -
Saraykoy - Seyitler 2.52 -
Saraykoy - Kizildere 86.93 242
Aydin
Salavatli: Dora-3 34 180
Salavatli: Dora-4 17 -
Sultanhisar 9.9 -
Nazilli - Atca 9.5 124
Nazilli - Gedik 20 -
Kosk - Umurlu 5 131
Germencik — Gimiiskoy 13.2 -
Germencik-Omerbeyli 162.5 -
Merkez 24 -
Kuyucak — Pamukoren 30 -
Canakkale
Ayvacik 3 -
Total 519.55

By the end of 2013, Salavatli-Dora-3 unitl, Germencik-Giimiiskdy and
Saraykoy-Kizildere GPP projects are expected to be in operation and the total installed
capacity of Turkey is expected to be 285.28 MW,. Also installed capacity of all
geothermal plants is expected to reach up 500 MW, with additional GPPs by the year of
2015 (EMRA, 2013).
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CHAPTER 3

LITERATURE SURVEY

GPPs are designed to provide a rated power output according to specific
geothermal resource properties and ambient conditions (Mines, 2002). Geothermal
resource temperature is generally constant while the air temperature changes throughout
the year. Therefore, seasonal changes in the ambient air temperature directly affect the
thermal efficiency of a GPP. The maximum thermal efficiency of a thermal energy
source is limited to the Carnot efficiency (Kanoglu, 2007). On the other hand, the
Carnot efficiency is not valid as a reference for low temperature geothermal sources
(Valdimarsson, 2003). Valdimarsson (2003) introduces power generation from
geothermal heat and ideal cycles. He analyzed the performance of plants when the
thermophysical properties of geothermal source and the heat sink changed.

In the literature, there are a lot of optimization studies in which actual binary
GPPs data is used. Ghasemi et al. (2013) simulated an air cooled binary GPP by ASPEN
Plus and optimized the component of the plant for maximum net power output.
Hettiarachchi et al. (2006) conducted on optimization study which focused on the ratio
of the total heat exchanger area to net power output. Temperatures of evaporation and
condensation and velocities of geothermal and cooling water were the variables of the
study. The optimum cycle performance was evaluated and compared with various
working fluid. Guo et al. (2011), conducted an optimization study for the ORC-based
power generation system. Net power output per unit mass flow rate of hot source, the
ratio of total heat transfer area to net power output, and electricity generation cost were
the screening criteria of the study.

In thermodynamic performance analysis of GPPs, exergy analysis based on the
second law of the thermodynamics has proven to be a powerful tool (Kanoglu and
Bolatturk, 2008). In the literature, there are many studies which have focused on energy
and exergy analysis of binary GPPs. Kanoglu (2002) conducted an exergy analysis of a
binary GPP in which actual plant data was used to evaluate the plant performance and
pinpoint sites of primary exergy destruction. The results showed that the greatest exergy
destruction occurred in the condenser which accounts for 22.6 %. Coskun et al. (2011)
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performed thermodynamic analysis and performance investigation of Tuzla binary GPP.
In this study, eight energetic-exergetic performance parameters were also introduced.
They found that the largest energy and exergy losses occur in the brine re-injection unit.
Ganjehsarabi et al. (2012) carried out the performance analysis of DORA-2 GPP which
was performed by energy and exergy evaluations. The overall energetic ad exergetic
efficiencies of the plant were found to be 10.7 % and 29.6 %, respectively. Dipippo
(2004) used the Second Law of Thermodynamics as a comparison criteria of efficiency
of different binary GPPs. Furthermore, Dipippo (2007) investigated ideal
thermodynamic cycle which was appropriate for binary cycle GPPs. In this study,
energy-based thermal efficiency was used as the measure of performance apart from the
exergy-based utilization efficiency.

Thermodynamic analysis of binary cycle GPPs have been studied by many
researchers. However, most of the authors considered that steam and NCGs content is
zero through the cycle. The presented Thesis differs from the previous studies in that it
considers NCGs effect and steam condensation through the cycle during mass and
energy balances.

Electricity generation of a power plant is calculated by deterministic
formulation. In literature, there are many studies on performance investigation of a GPP
(Kanoglu and Bolatturk, 2008; Valdimarsson, 2003; Ganjehsarabi et al., 2012).
However the data would be likelihood because inputs may be measured by uncalibrated
devices or some parameters may be neglected during the calculation. Thus, the
performance of power plant may be estimated by using regression analysis. An accurate
estimate indicates whether the statuses of plant performance is over or lower than
design conditions.

Regression analysis is used in a wide range of the scientific community such as
in medicine, biology, econometric, engineering and social sciences (Ghani and Ahmad,
2010). If there is a relationship between two or more variables, which is not explained
by any rule, this relation generally falls under the scope of statistics. One or more
independent variables may affect a response variable in any case. Multiple linear
regression analysis is a method of statistics in regression that is used to analyze the
relationship between the single dependent variable with two or more independent
variables.

In engineering, most of regression analysis studies related with energy are about

prediction or understanding of energy consumption of buildings (Tso and Yau, 2007;
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Kaza, 2010; Cho et al., 2004; Katipamula et al., 1994). Also, energy performance of
buildings are evaluated and estimated with regression (Chung, 2012; Lee, 2010; Danov
et al., 2012; Ghaiaus, 2006; Freire et al., 2008). In addition, cooling loads of air
conditioning (HVAC) systems are modeled for buildings (Lam et al., 1997; Ben-Nakhi
and Mahmoud, 2004; Lam et al., 2010). Besides these, regression analysis is often used
to predict wind properties such as wind speed and direction (Salcedo-Sanz et al., 2011;
Douak et al,. 2012; Utsunomiya et al., 1998). Several authors (Carta et al,. 2011,
Amjady et al., 2011; Liu et al., 2013) studied estimation of power generation of a wind
turbine.

Most studies in the related literature focus on regression analysis; none of them
is associated with the estimation of electricity generation of a GPP. The estimation of
instantaneous power generation in a GPP is very important to determine the
performance status for plant operation. The present study, which is the first study to
focus on the prediction of power generation of a GPP by regression, also utilizes
multiple linear regression analysis of an existing binary GPP.

Air cooled binary cycle GPPs are generally the most appropriate selections for
Turkey’s geothermal resources because of water supply shortages. Therefore,
thermodynamical and statistical performance models of an air cooled integrated two

level binary cycle GPP is developed in the present study.
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CHAPTER 4

SYSTEM

The DORA-1 GPP was in operation on May 2006 as the first binary power plant
of Turkey. The plant type is the ITLU (integrated two level unit) air cooled binary cycle
manufactured by Ormat. A general view of Dora-1 is shown in Figure 4.1.

Figure 4.1. General view of DORA-1 GPP

4.1. Balance of Plant (BOP)

The geothermal fluid is produced from AS-1 and ASR-2 productions wells, and
reinjected to the AS-2 well. The enthalpies of the reservoir range between 660-680
kJ/kg with 1% NCG of the total flow. NCGs mainly consist of CO, and small amount of
H.S. The two-phase geothermal fluid is physically separated by the separators at each
wellhead. After the separation, brine (geothermal fluid) firstly enters a tank and then is
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pumped to the power plant by brine pumps. Separated steam and NCGs spontaneously
go to the power plant by individual pipelines. A general view and flow diagram of

wellhead equipment are provided in Figures 4.2 and 4.3, respectively.
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Figure 4.2. Wellhead equipment of the ASR-2.
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Figure 4.3. Flow diagram of the ASR-2.
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4.2. Ormat Energy Converter (OEC)

The flow diagram of DORA-1 GPP is shown in Figure 4.4. The plant is divided
into two Rankine cycle levels: Level 1 and Level 2. Although the working principles of
these cycles are the same, their working pressures are different. N-pentane (CsHip) is
the working fluid for both levels. The brine firstly enters the vaporizer of Level 1 where
working fluid of Level 1 is heated. Then, it flows to the vaporizer of Level 2 to transfer
its heat to the working fluid in this heat exchanger. Afterwards, the temperature of brine
decreases and is divided equally into two for preheaters of level 1 and 2. In the
preheaters, the brine temperature is further decreased and leaves the plant to be
reinjected to AS-2 well. While the working fluid of Level 2 is vaporized by steam and
NCGs, (through water vapor and NCGs tube section) which comes from the separator,
the steam is condensed and pumped to the reinjection line by a condensate pump. NCGs
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are vented from the vaporizer, sent to the liquid CO, plant, which is located next to the

Plant.

AIR COOLED
CONDENSER I

FEED PUMP I@

BRINE INLET
VAPORIZER |

PREHEATER |

VAPORIZER I

PREHEATER |l

RE—INJECTION

STEAM INLET

----—- Organic Fluid
Geothermal Fluid

Figure 4.4. Flow diagram of DORA-1 GPP

In the vaporizers, the working fluid (n-pentane) is heated up to the boiling point. It
evaporates, and then the superheated vapor enters the turbine, expands and its pressure
decreases. The low-pressure vapor flows to an air-cooled condenser, where the vapor is
condensed and then pumped back into the preheaters. Both levels have closed cycles

and are independent from each other.
Design parameters of Dora-1 and their ranges are shown in Table 4.1.
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Table 4.1. Design parameters of the Dora-1 plant
(source: Ormat, 2005; Toksoy et al., 2007).

Design parameters Design ranges
Ambient air temperature  17.1°C Amb. air temperature range ~ 0-40°C
Brine flowrate 542.65 tons/hour | Brine flowrate range 80-110%
Vapor flowrate 22.45 tons/hour Vapor flowrate range 80-110%
Brine temperature 157.9°C Brine Temperature range 150-166°C
Steam NCG content 33.6% NCG content range 29-39%

The electricity is generated from the geothermal source at a temperature ranging from
157.9°C (plant inlet) to 78.9°C (reinjection). The total mass flowrate of the geothermal
fluid, which comes from two production wells, is 565 tons/hour. The geothermal fluid
has 22.45 tons/h steam which includes 33.6% NCG content. The Dora-1 GPP generates
7.35 MWe gross, 6.5 MWe net power at 17.1°C ambient air temperature and design
conditions. After the electricity generation, NCGs are vented to produce liquid CO2 at
another facility nearby the plant. In this facility, approximately 30,000 tons/year CO2 is
liquefied and gained for beneficial uses (Linde Gas 2012, pers. commun.). The flowrate
and temperature of the reinjection well is 557.55 tons/hour (brine+condensate) and

78.9°C, respectively.
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CHAPTER 5

MODELING

The thermodynamic and regression models of a binary cycle geothermal power
plant have been developed by using design parameters and data of DORA-1 GPP. Also,
Ormat performance model is introduced in this chapter. Firstly, thermodynamic model
of an air cooled binary cycle geothermal power plant is built by using five parameters:
ambient air temperature, mass flow rate of brine, temperature of brine, mass flow rate of
steam and steam NCGs content. After that, methodology of regression analysis is
described and Ormat performance factors of DORA-1 GPP are briefly explained.

Method of calculation of thermodynamic model, regression analysis and Ormat

performance model of DORA-1 GPP are given in this chapter.

5.1. Thermodynamic Model

5.1.1. Power Production Potential of a Geothermal Resource

Carnot cycle, which is also called ideal cycle, produces the highest thermal
efficiency of any cycle operating between the geothermal reservoir temperature at Ty
and low temperature source at T, (DiPippo, 2007). A simple binary cycle geothermal
power plant, which operates on the Carnot cycle, illustrated in Figure 5.1. Heat is
transferred from the geothermal reservoir to the working fluid in the vaporizer and
rejected from the working fluid to a sink (low-temperature source) (Sonntag et al,
2002).
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Figure 5.1. A simple Carnot cycle.

The maximum thermal efficiency of a thermal energy source that can be
achieved is limited to the Carnot efficiency (Kanoglu, 2007). Carnot efficiency can be

calculated as follows:

Nearnot = 1 ——=1—— (5-1)

5.1.2. Mass and Energy Balance Equations

The first law of thermodynamics is related with conservation of energy.
According to it, energy is a thermodynamic property (Cengel and Boles, 2005). The
second law of thermodynamics is used to evaluate the performance of a plant by
comparing the actual power output to the maximum theoretical power that could be
produced from the given geothermal fluid. This involves determining the exergetic
efficiency (Dipippo, 2005).
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In this section, a theoretical air cooled binary cycle geothermal power plant is
modeled by using design parameters of DORA-1 GPP according to the first law of
thermodynamics.

Brine, steam and NCGs enter the heat exchangers for heating of working fluid.
According to this process, temperature of this parameters decrease and most of steam
condenses. Air is used for cooling of working fluid at the condenser. Main power
consumption equipment is feed pumps, cooling fans and condensate pump which cause
parasitic load. A block diagram for a mass and energy balance of an air cooled binary

cycle GPP is illustrated in Figure 5.2.

Electricity input Electricity output
Wparasiticl WturbineT
Brine Brine >
Condensate,
Heat input —2t€am__ Power Plant — Heat output

I

NCG NCG "

Cooling air inputT lCooﬁng air output

Figure 5.2. Block diagram of an air cooled binary cycle GPP.

Mass and energy balance equations for any control volume at steady-state,
steady-flow process can be expressed in Table 5.1.
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Table 5.1. Mass and energy balance equations of the model.

Equations IIE\lquuna}]tti)g?
Min = Mprine + Msteam + Myce (5.2)
Mass Moyt = Mprine + Mcondensate T Munusedsteam + Mnce (5.3)
D it = ) tius (5.4)
Qnet,in - Wnet = Z Moythout — Z Minhin (5.5)
Qnetin = Qin — Qout (5.6)
Energy - - - -
Wparasitic = Woump + Weondens pump t Weondenser fans (5.7
Whet = Wyen — Wyarasitic (5.8)

Energy or thermal efficiency of power plants which are converted of thermal
energy to electricity is defined as the ratio of provided thermal energy by generated

electricity (Kanoglu, 2007). The thermal efficiency of the plant can be expressed as:

Wnet
Qphl + Qphz + Qvapl + Qvapz

Nplant = (5.9)

e-NTU method is utilized to carry out of the heating and cooling process

calculations of the heat exchangers (Kakac and Liu, 1998):

Cy = ryCpp (5.10)
Ce = ticey, (5.11)
Cpin = min(C, C) (5.12)
Q = € Crin(Thin — Tein) (5.13)
Thout = Thin — Q/Cn (5.14)
Teout = Tein + Q/Ce (5.15)
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where subscriptions h and ¢ represent the hot and cold fluids. Cy, my, ¢, and C, m,
cp,c are the heat capacities, mass flow rates and specific heat capacities of hot and cold

fluids, respectively. T is the temperature and &, which is calculated by using real data of
DORA-1 GPP, is the effectiveness of heat exchangers.

In the following part, mass and energy balance equations of all plant
components, which are preheaters, vaporizers, turbines, condensers and feed pumps, are

introduced.

5.1.2.1. Vaporizers

The vaporizers of DORA-1 GPP are designed as horizontal shell and tube heat
exchangers. Brine flows through the tube section of the vaporizers with four passes at
level 1 and level I1. Steam and NCGs only flow through the bottom tube section of level
Il with single pass. Steam condenses in the vaporizer of level Il and is pumped to
reinjection pipe line by a condensate pump. NCG are released from end of the vaporizer
with unused steam. They are sent to another company to produce CO,. N-pentane flows
through the shell section of vaporizers with two passes for level | and a single pass for
level 1l (Ormat, 2004).

Simple schematic and flow diagram of level | vaporizer is illustrated in Figure
5.3.

+12

||| 1 1 . 2

1
Prine | " VAPORIZER | ” —t—

16
pentane

Figure 5.3. Flow diagram of Level I vaporizer.
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Figure 5.4 is the diagram showing the heat exchange process between the brine

and the working fluid n-pentane in Level | vaporizer. The states refer to Figure 5.3. The

x-axis represents the path of the fluid flow in the heat exchanger.

Brine flow

/8 pentane ;
flow E

> Q

Figure 5.4. Temperature and heat transfer diagram between the brine and the n-pentane

in Level | vaporizer.

According to ¢ — NTU method, heat transfer of level | vaporizer can be

calculated for heating by equations:

Cp =my xCpq
Ci6 = Myentane,1 * Cp,16
Cmin,vapl = min(Cy, Cy6)

Qvapl,heating = Svaplcmin,vapl(Tppl - T16)

Tz = Tppl - Qvapl,heating/cl

Ty, = Tie + Qvapl,heating/cl6

Heat transfer during boiling is calculated as:

Qvapl,boiling = mpentane,l(hlzg - h12f) =G (Tl - Tppl)

Total heat transfer of level | vaporizer is:

(5.16)
(5.17)
(5.18)
(5.19)

(5.20)
(5.21)

(5.22)
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Qvapl = Qvapl,heating + Qvapl,boiling (5-23)

Design of level Il vaporizer is quite different from level | vaporizer because
steam and NCGs flows through the tube section of vaporizer as well as brine. Simple

schematic and flow diagram of level 11 vaporizer is shown in Figure 5.5.

Steam 94

NCG 9b 17
9] e

condansate T -
. | VAPORIZER I |
brine : _ _ :
2 21 3
pentane

Figure 5.5. Flow diagram of Level Il vaporizer.

Heat exchanging process in Level Il vaporizer, which heat transferred from the
brine, steam and NCGs to n-pentane, is shown in Figure 5.6.

I.°C
¢ 7 Steam flow
] H NI DR - i
i
5 Brine fl i Condensate&NCG
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i pentane !
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Figure 5.6. Temperature and heat transfer diagram between the brine+steam+NCG and
the n-pentane in Level 11 vaporizer.
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According to € — NTU method, heat transfer of level Il vaporizer can be

calculated for heating by equations:

Cg =mMg*Cpg (5.24)
C21 = Mpentane2 * Cp21 (5.25)
Crin,vapz = min(Cg, C;1) (5.26)
Qvapz,heating = Epap2Cminvap2 (Tg — T21) (5.27)
To=Tg — QvapZ,heating/CS (5.28)
T, =T + QvapZ,heating/C21 (5.29)

Heat transfer during boiling is calculated as:

Qvapz,boiling = mpentanez (h17g - h17f) = C(T, — TB) (5.30)
Tppz = T3 - T17 (531)

Total heat transfer of level 11 vaporizer is:

Qvapz = Qvapz,heating + Qvapz,boiling (5-32)

5.1.2.2. Preheaters

The preheaters are also designed as horizontal shell and tube heat exchangers.
The tube section has two-pass construction, through which brine flows. N-pentane flows
through the shell section with two passes (Ormat, 2004).

The flow diagram of level | preheater is shown in Figure 5.7.
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Figure 5.7. Flow diagram of Level-1 preheater.

In preheaters, the brine only heats and is increase of temperature of working

fluid. There is no boiling in the preheaters. Temperature and heat diagram of level |

preheater is shown in Figure 5.8.

Brine flow

pentane
flow

> Q

Figure 5.8. Temperature and heat transfer diagram between the brine and the n-pentane

in Level I preheater.
According to e-NTU method, heat transfer is calculated as:

C4, = Th4 * Cp.4
Cis = Myentane1 * Cp,15
Cmin,phl = mll’l(C4, CIS)

Qphl = sphlcmin,phl(Tzl- — Tys)

(5.33)
(5.34)
(5.35)
(5.36)
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Ts =T, — Qph1/C4
Ty = Tis + Qphl/CIS

The flow diagram of level Il preheater is shown in Figure 5.9.

F
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_|_"'~
#
1

L.

i

P

‘PE':' FREHEATER I

pentane

Figure 5.9. Flow diagram of Level Il preheater.

(5.37)
(5.38)

Temperature and heat diagram of level Il preheater is shown in Figure 5.10.

pentane
flow

Brine flow

Figure 5.10. Temperature and heat transfer diagram between the brine and the n-pentane

in Level Il preheater.

Heat transfer between the brine and n-pentane in level 1l preheater is calculated

as.
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C6 = Th6 * Cp,6 (539)

C20 = Mpentanez * Cp,20 (5.40)
Crin,phz = min(Cs, C30) (5.41)
Qphz = €ph2Crminph2 (Ts — T20) (5.42)
T, = Ts — Qpn2/Ce (5.43)
To1 = Tzo + Qpna/Cao (5.44)

5.1.2.3. Turbines and Generator

In the vaporizers, the working fluid is heated up to boiling point and evaporates.
Then superheated vapor enters the organic turbine, drives a set of blades to rotate a shaft
and expands. Thus, this process results on decrease in pressure and temperature as well
as the production of rotational shaft power by transforming kinetic energy gained by
expansion of vapor process. Simple schematic of turbines and synchronous generator is

illustrated in Figure 5.11.

ORGANIC ORGANIC
FLUID GENERATO FLUID
TURBINE | TURBINE I

Figure 5.11. Simple schematic of turbines and generator.

Turbine power is calculated with assuming negligible potential and Kinetic

energy at steady-state, steady flow, in adiabatic operation (Dipippo, 2004).
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For Level 1:

Wturbl = mpentanel(hlz - h13) = mpentanel Nturb,s1 (h12 - h13s)
where 714,.p s IS the isentropic turbine efficiency.

h12 - h13

Ntyrp,s1 =
h’lz - h’13S

For Level 2:

Wiurp2 = mpentanez(h17 - h18) = Myentane2 Nturb,s2 (h17 - hlBs)

h17 - h18

Ntyrp,s2 =
h17 - h185

Generator power is calculated as:

%en = (Wturbl + Wturbz)-r/gen

(5.45)

(5.46)

(5.47)

(5.48)

(5.49)

where 74, is the generator efficiency during transmission of the rotational shaft

power.

5.1.2.4. Air Cooled Condensers

The condensers are horizontal air cooled heat exchangers that contains thirty

fans on the tube bundles. Fans, is transferred air from under of tube bundles to

atmosphere, are driven by electric motors (Ormat, 2004).

After the turbine, low pressure vapor flows to the air cooled condenser and it is

cooled and condensed. Flow diagram of the air cooled condensers is shown Figure 5.12.
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Figure 5.12. Flow diagram of condensers.

Each level uses 15 fans with three rows for cooling and condensing. Top view of

the condenser is illustrated in Figure 5.13.
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Figure 5.13. Top view of condenser for each level.

The pentane temperature is assumed as cools down while passing through the

first five fans. Other fans are used for condensing.

Heat transfer between the air and n-pentane at condensers is calculated as:
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For Level 1:

Cyp = Myy * 5% Cp,22

Ci3 = Myentane,1 * Cp,13
Cmin,condl = min(Cyy, Cy3)

Qcondl,cooling = <c-'condlcmin,condl (T13 - TZZ)

Ty =Tz — Qcondl,cooling/cl3

T =Ty + Qcondl,cooling/czz

Heat transfer during condensing is calculated as:

Qcondl,condensing = mpentane,l(h14g - h14f) = My,. 10, CZZ.(T24,2 - Tzz)

Total heat transfer of level | condenser is:

For Level 2:

Qcondl = Qcondl,cooling + Qcondl,condensing

Cp3 = My3 * 5% Cp,23

Cig = Mpentane,2 * Cp,18
Cmin,condZ = m1n(C23, C18)

Qcondz,cooling = gcondZCmin,condz (T18 - T23)

Tig = Tig — Qcondz,cooling/cls

Tys = Tos + QcondZ,cooling/C23

Heat transfer during condensing is calculated as:

Qcondz,condensing = mpentane,z(h19g - h19f) = my3. 10. 623.(T25,2 - T23)

(5.50)
(5.51)
(5.52)
(5.53)

(5.54)
(5.55)

(5.56)

(5.57)

(5.58)
(5.59)
(5.60)
(5.61)

(5.62)
(5.63)

(5.64)
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Total heat transfer of level 11 condenser is:

Qcondz = Qcondz,cooling + Qcondz,condensing (5'65)

5.1.2.5. Feed Pumps

Two multistage centrifugal feed pumps are used to transfer of n-pentane from

condensers to the preheater. Flow diagram of feed pumps is illustrated in Figure 5.14.

pentane pentane
14 419
FEED PUMP | @ @ FEED PUMP |
-+15 —+20

Figure 5.14. Flow diagram of feed pumps.

Energy consumptions of the feed pumps are calculated with assuming negligible
potential and kinetic energy at steady-state, steady flow, in adiabatic operation
(Dipippo, 2004):

For Level 1:

Wpumpl = mpentanel(hls - h14) = mpentanel Npump,s1 (h155 - h14) (5-66)

Where n,,mp s, IS the isentropic pump efficiency.

hl 55 — h14-

= 5.67
npump,sl h15 _ h14 ( )
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For Level 2:

Wpumpz = mpentanez(hzo - h19) = mpentanez Npump,s2 (hZOS - h19) (5-68)

hZOS - h19
n =0 (5.69)
PUPSZ = By — hag
Total feed pump work can be calculated as:
Vi/pump = .pumpl + Wpumpz (5.70)

5.2. Regression Model

The performance of a power plant could be estimated by using regression
analysis. An accurate estimate indicates whether the status of plant performance is
higher or lower than design conditions.

Power generation from a geothermal resource is limited between thermo
physical properties of high temperature heat resource (geothermal reservoir) and low
temperature heat source (air). Temperature, pressure, mass flow rate of geothermal fluid
and its contents (vapor and Non-condensable gases) and temperature of air directly
affect the performance of plant.

This chapter investigates methodology of multiple linear regression analysis for
data of DORA-1 GPP.

5.2.2. Theoretical Considerations

The dependent variable is the net power production of the plant while the
ambient air temperature, the brine mass flow rate and the brine inlet temperature are the
independent variables. Multiple linear regression model of the net power production can
be written as follows (Celik, 2011; Drapper and Smith, 1998):
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[Yl] 1 X Xi3 X1N] [81] &
| Y2 | |1 Xy, X33 XoN | | B2 | [82]
[ :]= : x| i [+] ¢ (5.71)
lYNJ |J. XNZ XN3 XNKJ |~BN‘| SN
Yi = Bo + B1X;1 + B2Xy + -+ BnXn + € (5.72)

In this model, Y is dependent variable, X’s are independent variables, B,
regression constant, 84, B,..., By are partial regression coefficients and ; is error term.
Generally, least squares method is used to estimate B’s in the regression analysis. 8
coefficients and error term (g), which are difficult and changeable for each prediction of
Y, are easily evaluated by this method. Therefore instead of real  coefficient, the least
square estimators of 3’s, which are b’s, are calculated. An error function is presented by

the following equation.

e=Y—Xp (5.73)

To get the square of a matrix, it is multiplied by the transpose of itself, the error

sum of squares can be calculated in equation 5.74.

Sg=¢¢& = (Y-XB)(Y—XB) (5.74)

Sg = Y'Y —2B'X'Y + B'X'XB (5.75)

When the derivation of error sum of squares taken according to {3 is taken, the

least square estimators of (3’s (b’s) are calculated by equation 5.76.

b= (X'X)"IX'Y (5.76)

Yi == bO + b]_Xl + b2X2 + -+ bNXN + Si (577)
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5.2.3. Assumptions of the Classical Linear Regression Model

While building a forecasting model in multiple linear regression analysis, the
basic assumptions of classical linear regression should be checked. There are generally
six assumptions regarding the multiple linear regression analysis: normality, zero mean
and normal distribution of errors, linearity, homoscedasticity, no-multicollinearity and
no-autocorrelation (Celik, 2011; Gujarati, 2003; Drapper and Smith, 1998).

The first assumption is related to normality. This means that each of the
independent variables should have a normal distribution. Normality of independent
variables can be checked by Kurtosis and Skewness distributions. The results of
distributions should be between -1.0 and +1.0. If the distribution of the variable is not
normal, transformation of the independent variable may be necessary (Ghani and
Ahmad, 2010).

The second assumption is that errors has zero mean and normally distributed

(Figure 5.15).
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Figure 5.15. The variance of each normal distribution is assume to be the same variance.

The third assumption “linearity”, focuses on linear relationship between the
dependent and the independent variables. Hypothesis tests should be applied to learn
whether there exist a linear relationship between these variables. The coefficient of the

controlled variables is checked by a test statistic and insignificant variables should be
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removed from the model. After that, F-test is applied to decide that the model is useful
or not.
The structure of hypothesis testing for models can be built to control F-testing as

follows:

Ho:b1:b2:b3:b4:0

Ha: b; # 0 (at least one)

According to the null hypothesis, none of the independent variables is
significantly related to the dependent variable. But an alternative hypothesis is that at
least one of the independent variable is significantly related to the dependent variable at
the a = 0.05 level of significance.

The fourth assumption is that all data should be free from heteroscedasticity. If
each of the errors has same (constant) variance, regression is in homoscedasticity. In

this assumption, residual analysis needs to be investigated (Eq: 5.78-5.80).

Var(g;) = o? (5.78)
Cov(e;,g) =0 (5.79)
Var(e;)  Cov(ey, €z) Cov(e, )] [o® 0 .. 0
Cov(sz:z, €1) Var:(sz) COV(F;Z, €4)| _ 0 6.2 0 (5.80)
Cov(e,, &,) Cov(e, g,) Cov(eyes)  Var(ey) 0 0 .. o°

Forecasting model can be checked whether there is heteroscedasticity between
residuals and the response variable or the controlled variables by Breusch-Pagan and
Koenker methods (Breusch and Pagan, 1979; WWW_spsstools, 2012). Generally,
heteroscedasticity test is not necessary for time series data.

The fifth assumption that should be checked in research is multicollinearity.
Multicollinearity occurs when there is high degree of correlation among the controlled
variables. Variance Inflation Factor (VIF) is used for measuring the degree of
multicollinearity of the independent variable with the other independent variables in a
regression model (Eq. 5.81) (O’Brien, 2007).
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5.81
1-R (>81)

When the value of VIF is less than 5, it is obvious that multicollinearity is not
serious. If VIF is more than 5, then multicollinearity is substantial. It will be more
serious whenever the value of VIF is more than 10.

Finally, Durbin—Watson statistic (d) should be used to check autocorrelation
(Eq. 5.82). Durbin-Watson is atest statistic which is used to detect the presence
of autocorrelation among the errors from a regression analysis (Drapper and Smith,
1998).

N N
d= Z(Eu - Su—l)z/z &y’ (5.82)
u=2 u

=1

The value of dalways lies between 0 and 4. When d =2, it indicates no
autocorrelation. If the Durbin—Watson statistic is substantially less than 2, there is
evidence a positive serial correlation. If d > 2, successive error terms are much different
in value to one another, so it is negatively correlated. If there is an autocorrelation in the
model, the model can be eliminated by Orcutt-Cochran Method and Prais-Winsten
Procedure (Prais and Winsten, 1954; Cochrane and Orcutt, 1949)

5.3. Ormat Performance Model

Ormat is the manufacturer of DORA-1 GPP. Performance factors of the plant
and its calculation procedures were given by Ormat (Ormat, 2005). These factors and

procedures are explained in this part.
5.3.1. Performance Correction Factors

Performance correction factors, which are given by DORA-1’s manufacturer
Ormat, are used to determine plant performance and whether the design values. Each of
the correction factors are computerized as a polynomial function by Ormat. Correction
factor functions of DORA-1 GPP are shown in Table 5.2.
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Table 5.2. Correction factor functions of the DORA-1 GPP.

. . Equation
Description Factor Function
Number
Ambient air temperature 5 s
. F1 a+ bTair + CTair + dTair (583)
correction factor
Steam flow rate correction
F, a+ b.SF + c.SF? (5.84)
factor
Steam NCGs content correction
F; | a+ bNCG + cNCG? (5.85)
factor
Brine flow rate correction factor F, a + bBF + cBF? + dBF3 (5.86)
Brine inlet temperature 5 s
. FS a-+ bTbrine + CTbrine + dTbrine (5'87)
correction factor

The coefficients of the performance correction factors are shown in Table 5.3.

Table 5.3. Correction factor coefficients.

Performance Coefficients
Correction Factors a b c d
F1(0 < Ty < 17.1) 1,199496898 | -0,00165519 | -0,00091925 | 0,000019520313
F1(17.1 < Ty < 40) 1,266370843 | -0,00818416 | -0,00052288 5,29433E-06
F, 0,712045851 | 0,455304413 | -0,16735026 0
F3 0,918027028 | 0,737766183 | -1,46896962 0
Fy 1,379782213 | -3,59934501 | 5495023224 | -2,275460428
Fs -29,073832 0,465757096 | -0,00237107 3,97446E-06
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CHAPTER 6

RESULTS AND DISCUSSION

6.1. Thermodynamic Model

6.1.1. Assumptions and constants

Before modeling of a power plant, some assumptions should be made in

advance. These assumptions are:

e The system of the geothermal plant is considered for any control volume at
steady state with negligible kinetic and potential energy changes.

e Air, which is accepted as ideal gas, is in homogeneous distribution in the air
cooled condenser.

e The properties of geothermal fluid are taken as water.

e The turbines and pumps have isentropic efficiencies.
Also, some values in the Table 6.1 are assumed as constant to evaluate
thermodynamic calculation due to modeling of the power plant. These constants, which

are real data of DORA-1 GPP, are calculated from a real binary power plant.

Table 6.1. Some constants for model.

Parameter Value Unit
Reservoir temperature 157.9 °C
Mass flow rate of brine 542.65 ton/hr
Well head pressure 7 bar
Brine pump pressure 8 bar
Mass flow rate of steam 22.45 ton/hr
NCG content in the steam 33.6 %
Turbine isentropic efficiency 80 %
Feed pump isentropic efficiency 80 %
Effectiveness of air cooled condenser* 70 %
Effectiveness of vaporizer 1* 90 %
Effectiveness of vaporizer 2* 90 %
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Table 6.1. Some constants for model (cont.)

Effectiveness of preheaters* 90 %
Ambient air temperature 17.1 °C
Ambient air pressure 1 bar
Pressure of Condenser 1 bar
Mass flow rate of air for each the condenser 1850 ton/hr
Condenser fans power for each level 520 kw
Re-injection Temperature Range 70-90 °C

* effectiveness of the heat exchangers are calculated by using real data of DORA-1 GPP.

6.1.2. Parametric Results

According to reservoir and ambient temperature of DORA-1 GPP, the Carnot
efficiency is calculated 32.67%. The schematic layout of DORA-1 GPP is illustrated in
Figure 6.1.

AR COOLED 24 25 AR COOLED
CONDENSER |} t  CONDENSER 1

14—

Feen FuNP | ()
12+ -7
15— & —20
* 8a
BRINE INLET 1 2 ‘ 8o
i VAPORIZER [ VAPORIZER 1 f

1% L L 21
PREHEATER [ 4 l 6 PREHEATER I

RE-INJECTION

]

STEAM [NLET

I
!
11

-----—- Organic Fluid
—— Gaptherrmal Fluid

Figure 6.1. Schematic layout of DORA-1 GPP.

The brine, which is the heat source of the plant, firstly enters the vaporizer of
Level 1 at 157.9 °C, heats the working fluid (n-pentane). Secondly, it enters the
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vaporizer of Level 2 at 129.4 °C, and some heat of brine is transferred to the working
fluid in this heat exchanger. Afterwards, the temperature of brine decreases to 112.1 °C
and it divided equally to enter to the preheaters of Level 1 and 2. In preheaters 1 and 2,
the brine temperatures a little more drop 84.04 and 79.51 °C, respectively. Finally, it is
left from the power plant cycle and goes to reinjection wells. The vaporizer of Level 2
also has steam and NCG tube section. Steam and NCG pass through in this section at
150 °C, after that steam condenses and is pumped to reinjection pipe line by a condense
pump at 109.2 °C.

Mass flow rate of working fluid is 56.13 kg/s, which circulates high pressure
cycle, Level 1. N-pentane enters the preheater at 37.19 °C and leaves at 104.6 °C. After
that, it enters the vaporizer and is evaporated at 133.1 °C. n-pentane then passes through
the turbine and expands. Thus, this process brings about dropping in pressure and
temperature as well as production of rotational shaft power by transforming kinetic
energy gained by the vapors’ expansion process. Working fluid exhaust at 81.39 °C and
it condenses to temperature of 36.39 °C by an air cooled condenser which has 1850 kg/s
mass flow rate of air at 17.1 °C. Finally, working fluid is pumped back into preheater by
a feedpump and so Rankine cycle is completed. T-s and P-h diagram of Level 1 is
shown in the Figure 6.2-6.3.

In Level 2, n-pentane circulates at 65.81 kg/s. It enters the preheater at 38.1 °C
and leaves at 104.7 °C. It is heated until 109.1 °C in the vaporizer and then passes
through the turbine. Working fluid enters the air cooled condenser at 70.8 °C and cooled
until 37.51 °C. T-s and P-h diagram of Level 2 is shown in the Figure 6.4-6.5.
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Figure 6.2. Temperature and entropy diagram of Level-1.
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Figure 6.3. Pressure and enthalpy diagram of Level-1.
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Figure 6.5. Pressure and enthalpy diagram of Level-2.
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Figure 6.6 shows the heat transfer between brine and n-pentane for Level-1 high
pressure cycle; Figure 6.7 shows the heat transfer between brine-steam-NCG and n-
pentane for Level-2 low pressure cycle. Pinch point temperature of brine is 136.2 °C for
Level-1 and 112.1 °C for Level-2. Pinch point temperatures which is simply the
difference between brine pinch point temperature and vaporization temperature of n-

pentane, 3.1 and 3 °C for Level-1 and 2, respectively.
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Figure 6.6. Temperature and heat diagram between geothermal fluid and n-pentane at
Level-1.
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Figure 6.7. Temperature and heat diagram between geothermal fluid, steam&NCG and
n-pentane at Level-2.

The thermodynamic properties of the DORA-1 GPP model state and energetic

performance data of the power plant components are illustrated at Table 6.2 and 6.3

Table 6.2. Energetic performance data of the power plant components.

Component Heat Transfer or Power (kW) | First Law efficiency (%)
Pump | 175,2 -
Preheater | 8953 -
Vaporizer | 18580 -
Turbine | 3937 -
Condenser | 24970 -
Pump Il 149,8 -
Preheater Il 10399 -
Vaporizer Il 19588 -
Turbine 3513 -
Condenser Il 27629 -
Level | Cycle 27533 12.57
Level Il Cycle 29987 10.2
Overall Plant 57520 11.32
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Table 6.3. The thermodynamic properties of the DORA-1 GPP model state.

S z @
- Z% z¢
No Description 3 _‘i": 5 _'E g E ;: % EED “_E %”
= s f% EF EE ET &

2 o
1 Vaporizerlinlet Brine Liquid 8 157,9 666,7 1,922 150,7
2 Vaporizer Il inlet Brine Liquid 7,54 129,4 544 1,627 150,7
3 Vaporizer Il outlet Brine Liquid 7,07 112,1 470,8 1,442 150,7
4 Preheater | inlet Brine Liquid 7,07 112,1 470,6 1,441 75,37
5 Preheater | outlet Brine Liqguid 6,66 84,04 3524 1,123 75,37
6 Preheater Il inlet Brine Liquid 7,07 112,1 470,6 1,441 75,37
7 Preheater Il outlet Brine Liquid 6,66 79,51 3334 1,069 75,37
8a Vaporizer Il steam inlet Steam Vapor 5,7 150 2746 1,842 6,236
8b Vaporizer Il CO2 inlet Cco2 Vapor 5,7 150 110,4 -0,01557 2,095
9a Vaporizer Il unused steam outlet Steam Vapor 5,7 109,2 2960 7,247 0,4969
9b Vaporizer Il CO2 outlet C0O2 Vapor 5,7 109,2 71,43 -0,1124 2,095
10 Vaporizer Il condense outlet Brine Liquid 5,7 109,2 4584 1,41 3,644
11 Plant brine outlet Brine Liquid 6,637 82,43 345,6 1,104 154,4
12 Turbine linlet n-Pentane Vapor 11,55 133,1 534,8 1,42 56,13
13 Turbine | outlet n-Pentane Vapor 1,181 81,39 464,7 1,47 56,13
14 Pump linlet n-Pentane Liquid 1,181 36,39 24,6 0,08168 56,13
15 Pump | outlet n-Pentane Liquid 16,4 37,19 27,72 0,08366 56,13
16 Vaporizer | inlet n-Pentane Liquid 11,37 104,6 199,6 0,586 56,13
17 Turbine Il inlet n-Pentane Vapor 7,52 109,1 497,55 1,368 65,81
18 Turbine Il outlet n-Pentane Vapor 1,221 70,8 4441 1,407 65,81
19 Pump llinlet n-Pentane Liquid 1,221 37,51 27,26 0,09023 65,81
20 Pump Il outlet n-Pentane Liquid 12,3 38,1 29,54 0,09167 65,81
21 Vaporizer Il inlet n-Pentane Liquid 7,5 104,7 199,8 0,5885 65,81
22 Condenser linlet Air Gas 1 17,1  290,6 5,672 1850
23 Condenser Il inlet Air Gas 1 17,1 290,6 5,672 1850
24 Condenser | outlet Air Gas 1 35,17 308,8 5,733 1850
25 Condenser Il outlet Air Gas 1 37,38 311 5,74 1850

For these situations, turbine-1 and turbine-2 produce 3897.5 kW, and 3469 kW,
electricity, respectively. Pump works are 175.2 kW, and 149.8 kW, for Level 1 and 2.
Each condenser fans works are 520 kW, and condense pump uses 7.5 kW, electricity.
Total net power production of plant is 6514 kW, and thermal efficiency of plant is
12.37%.
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6.1.3. Thermodynamic Performance Equations and Trends of the Plant

In this part, effects of parameter value changes are investigated to the plant
performance and examined correlation between the net power production and the design
parameters. Performance equations of DORA-1 GPP model are developed by using
changing range of design parameters. Mathematical equations of the performance

factors are shown below by change of each design conditions:

Table 6.4. The thermodynamic performance equations of the DORA-1 GPP model
according to change of design parameters.

The changing ) Egn.
Net Power Equation
parameters Number
Ambient air temp. | W, = 7.563 — 0.0236 Ty — 0.0027 Ty ” + 4E — 5 Ty, (6.1)
Brine flow rate Wier = —19.511 — 0.1364 1ityine — 0.0002 Mppine> + 2E — 7 Mprine- (6.2)
Brine temperature | Wyer = —139,41 + 2.5542 Tyrine — 0.0152 Typrine” + 3E — 5 Thrine” (6.3)
Steam flow rate Wier = 6.034 + 0.0001 1itg0qm% + 8E — 5 Mgpeqm %> — 3E — 7 Mgreqm % (6.4)
Steam NCG cont. | Wy, = 7.6628 — 0.085 1ity % + 0.0022 1ity %2 — 2E — 5 iyce % (6.5)

Net power is negatively correlated with ambient air temperature and NCG
content of steam; positively correlated with brine temperature, mass flow rate of brine
and steam. So, plant performance is increase by increasing of brine temperature, mass
flow rates of brine and steam, decreasing of air temperature and NCG content of steam.
Thermodynamic performance trends of the DORA-1 GPP model are displayed in
Figures 6.7-6.11.
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Figure 6.7. Net power generation trend by changing ambient air temperature.

Net Power (MwW)

6,8

&
(=)}
1

&
-
1

&
N
1

6,0

5,8

450

560
Brine Flow Rate (ton/hr)

550

600

Figure 6.8. Net power generation trend by changing brine flow rate.
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Figure 6.9. Net power generation trend by changing brine temperature.
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Figure 6.10. Net power generation trend by changing steam flow rate.
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Figure 6.11. Net power generation trend by changing steam NCG content.

6.2. Regression Model

This part investigates multiple linear regression analysis of DORA-1 GPP, using
the annual plant data from 2006 to 2012 and the annual performance models of DORA-
1 GPP are developed. First, regression model of DORA-1 GPP is built for plant data of
2010 and the assumptions of classical linear regression model are applied for this
model. After that, the same procedure is applied to the annual plant data. This
parametric study of the power plant behavior with the ambient air temperature,
geothermal fluid (brine) temperature and brine mass flow rate are also evaluated by
using the validated power plant performance model.

6.2.1. Data

The data, which were eliminated due to breakdown of the plant, is hourly
gathered from DORA-1 GPP in Aydm. All parameters are measured on DORA-1 GPP
from 2006 to 2012 and the models are built by using 49411 hourly time series data.

Performance of power plant (Net power) depends on five parameters. These are ambient
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air temperature, brine temperature, brine mass flow rate, NCGs and steam mass flow

rate.

Table 6.5. Minimum, maximum, mean and standard deviation of variables of DORA-1

Measuring Variables in 2010

For the 8412 inputs

Group Variables Unit i Std

Min. Max. Mean L
Deviation

Dependent Net Power MW 3,19 7,60 5,94 0,943
Ambient Air Temperature °C 0 42,70 19,91 8,16

Independent  Brine Inlet Temperature ~ °C 157,04 159,98 158,51 0,49
Total Brine Flow Rate ton/hour 483,00 601,00 546,17 27,57

DORA-1 reported a problem related to a mismeasurement of steam and NCG
mass flow rates. The effects of these parameters were very low in that steam and NCG
mass flow rates are theoretically at 4% level of total mass flow rate. Since the mass flow
rates of these variables were not correctly measured, they were not used in the present
study, which caused an increase in error term.

Consequently, only the effects of the ambient air temperature, the brine mass
flow rate and the brine temperature have been examined to net power. Minimum,
maximum, mean and standard deviation of all measured real data for 2010 is shown in
Table 6.5.

6.2.2. Estimations and Results for Time Series Data of 2010

In this part, linear and non-linear models were built, tested and compared by
using all independent variables. The data were analyzed by a statistical package
programme (SPSS 17.0). The dependent variable was the net power production and the
independent variables were the ambient air temperature, the brine temperature and brine
mass flow rate which was a controlled variable. The variables were analyzed by the
repeated measures over time.

Normality of each individual variable with the dependent variable was analyzed
by Kurtosis and Skewness tests (Table 6.6). The scatterplots of independent variables

are shown in Figure 2. The square of the ambient air temperature was also added to the

55



linear forecasting model as an independent variable because the upper tail of the

ambient air temperature distribution seems quadratic (Figure 6.12a).

Table 6.6. Skewness and Kurtosis values of the independent variables

Independent Variables Skewness Kurtosis
Ambient Air Temperature 0.208 -0.512
Brine Flow Rate -0.405 -1.310
Brine Temperature -0.44 -0.101
Ambient Air Temperature Square 1 0.409

Net Power
Net Power
Net Power

nnnnn

o 20 a0 575 = 5 5
Ambient Air Temperature Total Brine Flow Rate Brine Inlet Temperature

a b c
Figure 6.12. Relationships between dependent variable and independent variables

All the independent variables except for brine flow rate satisfy normality due to
Skewness and Kurtosis tests. The Kurtosis test result of the brine flow rate, which
should be between -1.0 and +1.0, is outside the range of normality. When the scatter
plot of brine mass flow rate is investigated, the distribution of the brine mass flow rate
is mainly gathered in two areas (Figure 6.12b). This situation is caused by operation
conditions of the plant. If the two areas are examined, both regions separately show
normal distributions. Therefore, the brine mass flow rate provides normality assumption
and transformation is not necessary for the brine mass flow rate.

The inputs and equations of the two models are presented in Table 6.7. In the
first model, all coefficients of independent variables are linearly used while parameters
of the second model are non-linear. Nevertheless, the second model is parametrically

linearized to test the assumptions of classical linear regression.
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Table 6.7. The inputs and equations of the two models

: Equation
Model Inputs Equations Number
1. Linear X1, X5, X3, X% Y =Dy +b;X; +b,X, 4+ bsXs + b,X, 2 (6.6)
2. Non-linear X,,X,, X3 ¥ = byX,P1X,P2X ;P2 (6.7)

Preliminary results of the regression models are shown in Table 6.8. The
structure of hypothesis testing for these models can be built to control F-testing as
follows:

Ho:b; =b, =bs =b, =0
Ha: b; # 0 (at least one)

According to the null hypothesis, none of the independent variables is
significantly related to the dependent variable. But an alternative hypothesis is that at
least one of the independent variable is significantly related to the dependent variable.
F-test and t-test results of independent variables for the two models are also shown in
Table 6.8. The null hypothesis is rejected for both models because F-test results are
found to be significant according to the p-value (p < 0.05). At the a = 0.05 level of
significance, there exists enough evidence to conclude that predictors are useful for
predicting net power; therefore both of the models are useful.

Table 6.8. Statistical details and equations for each regression model

Model Equation Eqgn. Number
Y= by + by Tair + baprine + b3 Tprine + bzl'Tair2 (6-8)
R? = 0.992 F —test = 125398.43,p =0
% oefficients Do =1.976  b;=-0.053 b, =0.008 bs=0007 b, =-0001
o t-statistics  t=3.783 t=—7452 t=146.12 t=2121 t=—61.46
p < 0.05 p < 0.05 p < 0.05 p < 0.05 p < 0.05
VIF =204 VIF=168 VIF=1519  VIF=19.75
InY = Inby + by InT,; + by Inthpine + bs InThrine (6.9)
§ R? = 0.818 F —test = 12620.432,p=0
= Coefficients by = 2691 b, =-0178 b, = 1.366 b, = —6.561
é t-statistics t=1732  t=-89508 t=73846 t=—-21.631
I\ p=0<0.05 p=0<0.05 p=0<0.05 p=0<0.05
VIF = 1.693  VIF = 1.429 VIF = 1.399
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According to t-test results of independent variable coefficients, all controlled
variables are significant at a=0.05 level of significance. VIF values of the ambient air
temperature and its square in the first model are 20.4 and 19.75, respectively. These
results indicate that there is multicollinearity between the two variable, which is an
expected finding because one is the square of the other one. VIF of the brine mass flow
rate and brine temperature are less than 5 in linear model. Therefore, there is not
multicollinearity between the independent variables of linear model. On the other hand,
multicollinearity is not found among the independent variables in the non-linear model.
Equation of the relevant models, which are significant as coefficient for t-test, consisted
in Table 6.9.

Table 6.9. Equations of useful models

. Eqn.
Model Equations
g Numb.
1. Linear Y = 1.196 — 0.053T,;, + 0.008myine + 0.007Typine — 0.001T,;.2  (6.10)
2. Non-linear  InY = 26.910 — 0.178InT,;, + 1.366Inmy e — 6.56 11Ty ine (6.11)

Coefficients of determination of the linear and non-linear models are
respectively 0.992 and 0.818 (Table 6.10). It can be seen that the linear model gives a
better fit than the non-linear model. However, this information is not enough to decide
which model is the best. Important properties about estimation of the models are
compared in Table 6.10. The coefficient of variation and the standard error of estimate
of the non-linear regression model are slightly lower than the linear regression model.
Additionally, there are positive serial autocorrelation between the errors for both models

because Durbin-Watson statistic results are lower than 2.

Table 6.10. Mean, standard error, coefficient of variation, Durbin-Watson statistics
results and coefficients of determination values of the estimates

Mean of Std. error  Coefficient  pDurbin-Watson

Model .. R?
estimate  of estimate  of variation  Statictics (d)

1. Linear 5.94 0.101 0.0218 0.929 0.992

2. Non-linear 5.942 0.0725 0.0169 0.212 0.818
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The regression analysis should be reapplied to both models by using Orcutt-
Cochran method to eliminate autocorrelation. The Orcutt-Cochran regression results for
two models are displayed in Table 6.11.

Table 6.11. Final models are obtained by Orcutt-Cochran method

Durbin-
Model Regression Equations S\{\:tiit:tci)zs 2 NEU?Qb
(d)
1. Linear ¥'= 1506 = 0058 + 0.007Mprine 2213 0946 (6.12)
—0.013T,ipe — 0.001T,;,.
2. Non-linear  InY = —2.62 — 0.121 InT,, + 0.751 Inringine 1.661 0.435 (6.13)

According to Orcutt-Cochran test results, the brine temperature is removed in
non-linear model because the parameter of the brine temperature is insignificant at the
a=0.05 level of significance. Durbin-Watson statistics value increased from 0.929 to
2.213 after 3 iterations by Orcutt-Cochran method and the coefficient of determination
decreased from 0.992 to 0.946 for the linear model. For the non-linear model, Durbin-
Watson test value increased from 0.212 to 1.661 after 4 iterations while the coefficient
of determination decreased from 0.818 to 0.435.

Although errors of linear model include negative serial autocorrelation, Durbin-
Watson statistics result of linear model is the closest to the 2 than non-linear model.
Also, the linear model fits better than the non-linear model in Orcutt-Cochran
regression. The results of these tests show that linear model is the best estimation of
regression for net power production. The regression equation is correctly specified in

following equation for year 2010.

¥ = 1.506 — 0.053Ty;, + 0.007tpine — 0.013Typine — 0.001T,;. 2 (6.14)

6.2.3. Annual and Perennial Regression Analysis of DORA-1 GPP

DORA-1 GPP is installed in May 2006 and all performance data of plant have
been recorded since September 2006 by GEOPERFORM, which is a software
programme (Giilgezen et al., 2007). Annual regression models are created by using data
collected in GEOPERFORM to find statistical performance equations of the plant and
to investigate annual performance change of the plant.
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Steam and NCG flow rates were not included in the models because they were
not correctly measured on the plant. During the regression analysis, the brine
temperature was not significant according to t-statistics for each year. So, all regression
models were created with mass flow rate of the brine and the ambient air temperature.
The positive serial autocorrelation was the main problem of the annual regression
models. Models were eliminated from the autocorrelation by Orcutt-Cochran regression.

Annual performance models per 1°C change in ambient air temperature at design
conditions are illustrated in Figure 6.13 and the annual regression equations are
presented at Table 6.12.

8 Variable
. —&— Net Power_2006
- —B— Net Power_2007
& ) '\L. Net Power_2008
7 1 S \’:’3‘ —a - Net Power_2009
TG Net Power_2010
~~ —<4— Net Power_2011
g '\V N —w— Net Power_2012
s 6- v <
N
o
3
a 5.
3
4
xv¢\‘
A
\v
3 4
T T T T T
0 10 20 30 40
Ambient Air Temperature (C)

Figure 6.13. Annual performance models per 1°C change in ambient air temperature at
design conditions (at 542.65 tons/hour brine flow and 157.9°C brine
temperature)
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Table 6.12. Annual regression models of Dora-1

Durbin-
Years Annual Regression Equations S\{[\;?itgggs RZ Egn.
(d)
2006 Y = 2.705 — 0.042T,;, + 0.009myine — 0.001T,;,2 2.052 0.88 (6.15)
2007 Y = —1.422 — 0.054T,;, + 0.006mpine — 0.039Tine — 0.001T,;,. 2 2.189  0.94 (6.16)
2008 Y = —0.84 — 0.041T,;, + 0.007thpine — 0.028Tp ine — 0.001 T2 2478 0.87 (6.17)
2009 Y = —26.536 — 0.041T,; + 0.005Mmyne — 0.197 Typine — 0.001T,;, > 2.084 0.93 (6.18)
2010 Y = 1.506 — 0.053T,; + 0.007ryine — 0.013Tine — 0.001 T, 2213 094 (6.19)
2011 Y= —4.619 — 0.058T,;, + 0.005myine — 0.057 Ty pine — 0.001T,;. > 2.588 0.67 (6.20)
2012 ¥ = —27.361 — 0.065Ty;; + 0.0081pine — 0.192Tyine — 0.001T,;, 2 2717 0.78  (6.21)

According to annual regression models, the performance models of the plant
from 2006 to 2008 are very close. As can be seen in the Figure 6.13, degradation of
plant performance especially started by 270 kWe decreasing from 2009 to 2010 years.
Annual multiple regression analysis shows that the performance of the plant decreased
550 kWe in 2011 and total degradation of plant performance reached to 760 kWe

according to design conditions by 2012.

6.2.4. Regression Performance Equations and Trends of the Plant

Performance equations of DORA-1 GPP according to changing of ambient air
temperature, brine flow rate and brine temperature for 2008 year are shown in Table
6.13. Their trends are also illustrated in Figure- 6.14-6.16.

Table 6.13. The performance equations of the DORA-1 GPP regression model (2008
year) according to change of design parameters.

The variable . Eqn.
Net Power Equation
parameters Number
Ambient air temp. | W, = 7.5267 — 0.0411 Tp;, — 0.0012 T2 — 7E — 18 Ty (6.22)
Brine flow rate Whet = 2.5821 + 0.039 Mypine + 6E — 15 yrine” — 3E — 17 tiyrine” (6.23)
Brine temperature | W, = 2.0236 + 0.0283 Tpyine + 6E — 14 Typine” — 1E — 16 Tpyine” (6.24)
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Figure 6.14. Net power generation by changing ambient temperature.
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Figure 6.15. Net power generation by changing brine flow rate.
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Figure 6.16. Net power generation by changing brine temperature.

6.3. Comparison of Theoretical, Regression and Ormat Net Power

Correction Factors

The theoretical net power correction factors are computerized as polynomial
functions by using thermodynamic model of DORA-1 GPP for all design parameters.
The regression net power correction factors are also built by using regression analysis of
DORA-1 GPP according to the plant data of 2008 year for only the ambient air
temperature, the brine flow rate and the brine temperature variables. The equations of

the net power correction factors are given in Table 6.14 and 6.15.

Table 6.14. The theoretical net power correction factors.

The variable ) Egn.
Net Power Equation
parameters Number
Ambient air temperature | F1 = 1.15 — 0.001 Ty — 0.0006 Ty + 8E — 6 Ty, (6.25)
Steam flow rate F2 = 0.712 + 0.046 1itgs0qm% — 2E — 5 Mgreqm %> (6.26)
Steam NCG content F3 = 1.008 — 0.0001 Titgoqm % — 4E — 6 Tigreqm %> (6.27)
Brine flow rate F4 = —2.9952 4 0.1136 ity ine — 0.0011 1itpyine’ + 4E — 6 Mprine (6.28)
Brine temperature F5 = —8.062 + 0.102 Tyyine — 0.0002 Tyrine” — 2E = 7 Tprine” (6.29)
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Table 6.15. The net power correction factors of the DORA-1 GPP regression model

(2008 year) according to change of design parameters.

The changing ) Egn.
Net Power Equation
parameters Number
Ambient air temperature | F1 = 1.1604 — 0.0063 Ty — 0.0002 T2 — 2E — 18 T2 (6.30)
Brine flow rate F4 = 0.3981 + 0.006 1ty ine + 2E — 15 tityyine’ — 1E — 17 tiyie” | (6.31)
Brine temperature F5=0.312 + 0.0044 Tpyine — 2E — 14 Tyyine” + 4E — 17 Thrine” (6.32)

The comparison of theoretical, regression and Ormat net power correction

factors are illustrated from Figure 6.17 to 6.21.
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Figure 6.17. Net power generation by changing brine temperature.
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Figure 6.19. Net power generation by changing brine temperature.
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Figure 6.21. Net power generation by changing brine temperature.

66



CHAPTER 7

CONCLUSIONS

A deterministic model of an air cooled binary cycle GPP is developed using real
reservoir and ambient data of DORA-1 GPP and a code written EES software. Besides,
statistic models of DORA-1 GPP are performed by regression analysis to assess the
performance status of the plant and calculated real performance equations using actual
plant data. The theoretical and regression performance equations are compared with

Ormat performance models.

e Thermodynamic model

o The thermal efficiency of the theoretical plant is calculated 11.32 % at 157.9 °C
geothermal resource and 17.1 °C ambient air conditions. Efficiency of the plant
increases with increasing the source temperature and decreasing the sink
temperature.

o The performance equations of the theoretical plant are identified for changing of
five design parameters: ambient air temperature, brine flow rate ad temperature,
steam flow rate and NCG content.

o After that, the polynomial functions of the net power correction factors are
calculated for theoretical model. According to this model, the net power
generation of the plant increases with an increase in brine temperature, and mass
flow rates of brine and steam; decreases with an increase of ambient air
temperature and NCGs content of the steam. Ambient air temperature is the
most effective parameter on electricity generation, because the efficiency of a
plant mainly depends on the difference between the temperatures of the source

(geothermal fluid) and the sink (air).

e Regression model

o The regression modeling part of the Thesis, which is the first study about

estimated of performance status of a geothermal power plant, used a
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comprehensive multiple linear regression analysis in order to investigate the
annual performance of a binary geothermal power plant in Turkey.

In multiple linear regression analysis, the linear and the non-linear models are
built for a year by using time series data of 3 measured independent variables:
the ambient air temperature, the brine temperature and the mass flow rate. The
aim of these models is to develop a function of the plant performance estimation
for a geothermal power plant which depends on interpretability, clarity and easy
to use. The parameter of the non-linear model is linearized for testing
assumptions of classical linear regression and the assumptions are confirmed for
both models. First, the data of 2010 is modeled by regression to decide whether
the useful model is linear or non-linear. The results of 2010 year model proved
that linear models were the most appropriate model for geothermal power plants.
Therefore, all annual regression models were parametrically developed as linear.
The annual regression applications showed that serial autocorrelation was the
most important problem during performance modeling of geothermal power
plants. Therefore, autocorrelations were eliminated by Orcutt-Cochran method
while regression models for the performance of the geothermal power plant were
built for each year. According to annual regression models, performance status
of the plant is variable from year to year. During the 2006-2008, the trends are
similar. However, the plant performance has started to decrease with 270 kW,
electricity generation capacity since 2009. The total degradation of the plant
performance increased with 760 kW, capacity by 2012,

e Comparison of the net power correction factors of theoretical and regression

models with Ormat performance model

o

o

The net power correction factors of DORA-1 GPP were given by Ormat. The
theoretical and statistical net power correction factors are also calculated by
using thermodynamic model and regression analysis of 2008 year, respectively.
Although there are some minor differences, all of the net power correction
factors have similar trends. The statistical net power correction factors for
regression model are slightly different than Ormat correction factors.

The comparison shows that, Ormat’s correction factors don’t exactly express the
performance status of the DORA-1 GPP.
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Consequently, the performance equations of a geothermal power plant are
computerized by thermodynamic and regression analysis, and then they are compared
with  DORA-1 GPP’s manufacturer performance equations. Furthermore, the
degradation of plant performance of DORA-1 geothermal power plant is also found by

regression.
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