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ABSTRACT

Geothermal energy is a clean energy form that has been developed significantly
during recent decades and is seen as one of the solutions for fighting climate change.
Developing geothermal resources from exploration to exploitation involves high cost
and risk that limits the growth rate of geothermal energy utilization globally. Also,
conventional geothermal projects are not feasible economically in oil and gas
producing countries such as Iran, where low-cost fossil fuels are used to provide the
required electricity and heat. Yet, there are thousands of wells, available
infrastructure, and useful data (exploration and production history) in oil and gas
fields. Finding ways to extract the available geothermal energy in these fields
eliminates the high cost and risks of the exploration and drilling stages of geothermal
projects, which constitute more than half of the total cost and risk. Also, there are
deep and vast high-pressure water aquifers below hydrocarbon layers that are
intersected by oil/gas production wells and remain at high pressure. Because the
aquifers are located at depths of more than 1 km, they contain valuable geothermal
energy. Co-producing large volumes of water in mature oil and gas fields is a typical
problem for operation companies, which increases the cost and forces the operators
to abandon high water cut wells (wells with a high water to total fluid production
ratio). Since this water is produced from deep layers, it contains geothermal energy,
which could be used for both direct and indirect applications. Commonly,
geothermal resources in oil and gas fields are categorized as low to moderate
temperature resources (temperature of less than 150°C) and they contain dissolved
gas. The aim of this study is to explore the option of using the dissolved or free
produced gas to generate electricity with a gas turbine and using the exhaust of this
system to heat up warm co-produced water, which would then be used in an Organic
Rankin Cycle (ORC) to produce green energy. In this study, CO, production per
kWh and net power output of three different cases (only gas turbine and two
combined systems with different natural gas flowrates) are compared to show the
possibility and advantages of using the available geothermal energy in oil and gas
fields. Results show that using the hot exhaust gas increases the power generation
and makes geothermal water suitable for usage in an ORC power plant. Finally, we
carry out a sensitivity analysis to study the impacts of parameters (co-produced water
temperature, flowrate, and the ratio of dissolved gas) on system characteristics. The
proposed results of this investigation could be used for further practical studies
investigating the harnessing of geothermal energy in oil and gas fields.
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1. INTRODUCTION

Geothermal energy is a type of the renewable energy which is stored in subsurface layers and its energy
content increases with depth. Based on the geothermal resource temperature, they are classified as high
(>150°C), intermediate (90-150°C) and low temperature (30-90°C) resources, which indicates the power
and possible utilization applications (Chiasson, 2016). As opposed to other forms of energy (fossil fuels
and renewables, solar, wind, etc.) geothermal power is available in every weather condition and
geographical location doesn’t restrict its advantages. Therefore, it has been developed intensively in
recent decades to decrease greenhouse emissions and global warming effects. Predictions say that by a
share of approximately 3.5% in 2050, geothermal energy will play an important role in the future of the
global electricity generation mix (Haghighi et al., 2020).

Basically, geothermal utilization is divided into direct and indirect (electricity generation) methods
which depend on the resource temperature. Although electricity generation by single and double flash
power plants is well-known for high temperature resources which are commonly located near volcanoes
(DiPippo, 2015), recently, organic Rankin cycles (ORC) have been used to generate power from lower
temperature reservoirs which are more available globally and for which common power generation
methods are not feasible options from an economical point of view (DiPippo, 2015; Ahmadi et al.,
2020). Altogether, the installed capacity of geothermal power generation has increased by 3.65 GW.
between 2015 and 2020 to 16.0 GW, and 95,100 GWh/year were produced in 2020 (Huttrer, 2020).

Also, direct utilization of geothermal power could be used for different applications such as space
heating, food industry, agriculture, aquaculture, water desalination, etc. This has experienced noticeable
growth of 52.0% between 2015 and 2019 (8.73 %/yr), bringing the installed capacity to 107 GWi,.
According to data from late 2019, 1,020,000 TJ/yr (284,000 GWhy/yr) of thermal energy were used
which is a 72.3% rise compared to 2015 and indicates an annual growth rate of 11.5% (Lund and Toth,
2021).

Drilling wells (exploration, production and injection) is vital for the development of a geothermal
project, and, as it is shown in Figure 1, it corresponds to more than half of the total cost of the project.
The cost is also about two times higher for low temperature reservoirs (Clauser and Ewert, 2018). In
addition to the higher costs of exploration and drilling, the operational risk during pre-construction
stages is also much higher than during later stages (Gehringer and Loksha, 2012). Therefore, the high
cost of drilling wells and risky processes of exploration has restricted the growth rate of geothermal
energy use, compared to other types
of renewable energies (Clauser and
Ewert, 2018).
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This large volume of water has been known as waste for oil operation companies which makes reservoir
management difficult and severely increases operational costs and finally causes abandonment of wells
or even fields (Curtice and Dalrymple, 2004; Wang et al., 2016). During the life of an oil field which
consists of three main stages, that is exploration, development and increasing the oil recovery (IOR) or
enhanced oil recovery (EOR), which requires the drilling of many wells, some wells are abandoned
because hydrocarbon production is unfeasible due to high water cut (“cut” meaning share or ratio of
water in the well). In addition, exploration wells which are dry are also abandoned. In addition to the
abandoned wells, there are suspended wells in oil fields which are mainly caused by the price of oil and
profit. It must be mentioned that before the abandonment of high water cut wells, they are suspended by
operator companies for 6-12 months in the attempt to find infrastructure or other profitable
circumstances that enforces them to reactivate the wells. After this period, the wells must be abandoned
carefully following local policies to minimize surface and subsurface contamination (Alboiu and
Walker, 2019). Alboiu and Walker (2019) gathered data on the status of wells in Alberta province in
Canada (Table 1) which shows that the large number of 63,411 wells (abandoned, reclaimed and
orphaned) have been abandoned. There are also reports from Texas and China which show the
abundance of abandoned wells being 10,730 and 76,844, respectively (Li et al., 2015; Wang et al., 2018).

TABLE 1: Oil and gas well status in Alberta province of Canada (Alboiu and Walker, 2019)

Well type Number of wells Precent from total (%)

Active 143,984 47.93

Inactive but not suspended 17,527 5.83
Suspended 75,479 25.13
Abandoned 42,571 14.17
Reclaimed 17,723 5.90
Orphaned 3117 1.04

Total number of wells 300,401

Dissolved methane, ethane, propane and salinity in oil and gas production fluids are possibly hazardous
if they are emitted into the atmosphere, like methane, or leaked into groundwater resources (Bachu,
2017; Boothroyd et al., 2016; Jackson et al., 2013). By measuring the methane emission into the
atmosphere, studies across the entire USA indicated that the suspended and abandoned wells emit a
significant volume of methane hourly, which could also be found in groundwater (Kang et al., 2016;
McMabhon et al., 2018). Results showed that the mean methane emission from unplugged and plugged
wells in the USA were estimated to be 1.0 x 10* and 2 mg/h, respectively (Townsend-Small et al.,
2016). Recently, it was shown that completed methane protection plugging costs $37,000 per well,
which could be justified considering air quality, climate change and social consideration costs (Kang et
al., 2019).

As mentioned, management of large volumes of co-produced water and abandonment of suspended
wells imposes environmental and economic issues for production companies. Besides co-produced
water management challenges such as providing the required injection facilities for disposing (well,
pump, transportation, etc.) (Ramirez, 2010; Skalak et al., 2014), environmental policies must be
considered to prevent groundwater and subsurface layers from getting polluted (Lee and Neff, 2011;
Estrada and Bhamidimarri, 2016; Zhang and Hascakir, 2021). Therefore, oil and gas companies have
commenced to use the accessible geothermal energy in the subsurface to find solutions for economic
problems such as reservoir shrinkage, production cost increase and oil price fluctuations (Burnett, 2004;
Sirivedhin et al., 2004; Guerra et al., 2011; Sedlacko et al., 2019). Furthermore, harnessing the stored
geothermal energy in oil fields allows them to take steps towards a more green way of energy production,
to reduce operation costs, increase profits of mature fields and attain benefits for nature protection and
anti-global warming achievements (Alimonti et al., 2021). Therefore, both direct and indirect (electricity
generation) geothermal utilization have been studied and installed in some oil fields to extend the
economic life of the fields (Nordquist and Johnson, 2012; Liu et al., 2018).
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In this report, after a thorough literature review about the estimated potential of stored geothermal energy
in oil fields and current developments, the principles of electricity generation by combined gas turbine
and ORC systems are reviewed, methods which are used for power generation from dissolved or free
gas (methane, ethane and propane) in water.

2. GEOTHERMAL RESOURCE
2.1 Potentials of geothermal energy in oil and gas fields

The potential of stored geothermal energy in the subsurface increases with increasing depth, due to the
local thermal gradient. According to this theory, conventional hydrocarbon reservoirs which are located
at depths of more than 1 km could contain a great amount of geothermal energy. It has been demonstrated
that the temperature is in the range of 60-150°C in conventional petroleum reservoirs, while natural gas
reservoirs usually have higher temperatures than oil reservoirs (Liu et al., 2018). The abundant
geothermal resources in oil and gas reservoirs have been investigated by studies around the world. In
the UK, a GIS temperature study has investigated the repurposing of existing oil wells for geothermal
energy production (Figure 2). It showed that there are 2,242 onshore hydrocarbon wells of which 560
wells are suitable to be repurposed and 292 are currently in operation. Similarly, by using aggregated
water production data for all operating wells in each field, the Wytch Farm and Wareham fields have
been identified to have the greatest potential for geothermal repurposing. Wytch Farm is the largest
onshore oil field in western Europe which produces co-produced water at ~65°C that might result in a
feasible thermal power output of ~90 MWy, (Watson et al., 2020).
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2020; Alimonti et al., 2021). Major hydrocarbon basins in China were also reported to be rich in
geothermal resources, such as Daqing oil field, Liaohe oil field, and Huabei oil field, where the total
reserves were estimated to be up to 424 EJ (1EJ = 108 J) of recoverable geothermal energy as shown
in Table 2 (Wang et al., 2016).
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TABLE 2: Value of stored and recoverable geothermal energy in the greatest Chinese
oilfields (Wang et al., 2016)

Recoverable geothermal energy

Oilfield Total geothermal energy (EJ) (E])
Hubaei 7100 306
Daqing 2900 89
Liaohe 1010 29
Total 11,010 424

The water-to-oil (WOR) and water-to-gas (WGR) ratios are indicators used to quantify the volume of
co-produced water compared to the volume of produced oil or gas. Globally, the average WOR was
about 3:1 in the 2000s (Khatib and Verbeek, 2003) and is recently closer to 4:1, but based on the factors
such as field history, the type of hydrocarbon and the technologies employed, it can range between 0.4
to 36 locally (Veil, 2015). At the world scale, the WOR index has been increasing because conventional
hydrocarbon reservoirs are maturing. Therefore, they produce less hydrocarbons but higher volume of
water (Veil et al., 2004; Healy et al., 2015). The estimated volume of co-produced water across the
world has increased by more than 78% between 1990 and 2015 from about 10.6 billion m* to 18.9 billion
m® compared to a 38% growth of oil production from 3.7 billion m? to 5.1 billion m®. This trend is
expected to continue and predictions say that the volume of globally produce water will be between 29
and 54 billion m® in 2020 (Echchelh et al., 2018). Although little information is available from oil and
gas producing industries, reports say that notable volumes of co-produced water from hydrocarbon
reservoirs are produced in arid regions that suffer from water shortages (Guerra et al., 2011; Echchelh
et al., 2018). The rock and fluid characteristics of reservoirs could affect the volume of co-produced
water and changes over time. For instance, higher porosity, permeability and lower compressibility of
oil are the reasons why oil reservoirs commonly produce larger volumes of water than gas reservoirs
(Guerra et al., 2011).

2.2 Advantages of extracting the stored geothermal energy in hydrocarbon fields

Wang et al. (2018) summarized the advantages of harnessing geothermal energy in hydrocarbon fields
as being cost effectiveness, risk reduction, abundant market in oil and gas fields and government support
that are described below.

As mentioned before, because there are numerous tested wells with great integrity, there is no or little
requirement to drill new wells or retrofit the old wells. Therefore, the cost of conventional geothermal
projects could be reduced by as much as 50 percent. Also, because oil and gas fields have access to
service roads, wellsite facilities and pipelines, the initial investment could be reduced.

As mentioned in the introduction, risks of geothermal projects are highest at the exploration and drilling
stage. Not only is the risk of drilling eliminated, but there are also long-term exploration and production
data which were used to investigate the reservoir characteristics and predict its behaviour during field
development. Therefore, by interpretation of the existing data, uncertainties could be reduced making
decision making easier.

Extracted geothermal energy might find an abundant market at the oil and gas fields which currently
need large volumes of the produced fossil fuels to provide heat and electricity for space heating, oil
gathering systems and EOR processes. For example, only two oil gathering systems in the north of China
which dehydrate oil and reduce the viscosity of crude oil spend around $503,000 per year for providing
the required energy.
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2.3 Utilization methods and current development

History of utilization of geothermal energy around the world dates back to when native Americans,
Icelanders, Japanese and others used thermal energy of hot springs for cooking, bathing and heating.
Through technological advancement in the 20™ century, both direct utilization of geothermal energy and
power generation have been introduced (Lund, 2000). Typically, the produced heat from geothermal
resources provides the required energy to generate electricity or can be used directly as a heat source for
different purposes which depend on the temperature of geothermal resources (Soltani et al., 2019).
Geothermal energy is also used for electrical power production. Single and double flash cycles are well-
known technologies for electricity generation from high enthalpy reservoirs which have temperatures of
over 150°C (DiPippo, 2015; Moya et al., 2018). For geothermal resources in oil fields, which are of low
to intermediate temperature, there are case studies and research which suggest that binary power plants
such as Organic Rankin Cycles (ORC) are an appropriate option (Li et al., 2012; Soltani et al., 2019;
Yang et al., 2017).

Non-electricity purposes of geothermal utilization take advantage of the produced heat for applications
requiring temperatures of less than 150°C. Geothermal utilization of oil fields has a long history in
European countries such as Austria, where heat produced from abandoned oil exploration wells has been
utilized for spa resorts. Similarly, in Albania, the heat required for greenhouses is supplied by abandoned
wells which have temperatures of over 65°C. In Hungary, water flooding as a secondary oil production
method and the heating of gathering pipes in heavy oil production have been implemented as ways to
use the geothermal water (Lund and Boyd, 2016). Since 2002, China has utilized the geothermal
potential at Shengli oil field for house heating and oil gathering heat tracing systems. The total saved
energy in the residential area is up to 10.3 EJ (EJ = 108J) which has prevented the burning of 3x10*
tons of coal or 2x10%* tons of oil between 2002 and 2012, resulting in the reduction of 9.8x108 tons of
carbon dioxide and 500 tons of sulfur dioxide emissions (Liu et al., 2014; Chandhana et al., 2018). Wang
et al. (2016) reviewed other Chinese oil fields which utilize stored geothermal energy. In Huabei oil
field, a heat-trace oil gathering system and crude oil transportation have been installed by retrofitting
two abandoned wells which provide 600 m*/day of thermal water at 100-110°C and results in conserving
approximately 5 tons of oil and 3500 m® of gas daily. Daqing, Liaohe and Zhongyuan oil fields also
extract geothermal energy from the co-produced water for space heating and crude oil transportation
purposes (Wang et al., 2016).

Organic Rankin cycle power plants generate electricity from intermediate and low temperature
geothermal resources like oil fields (Li et al., 2012; Liu et al., 2015; Ahmadi et al., 2020; Zhang et al.,
2021). Even though numerous simulations investigate the performance of ORC power plants at oil fields
(abandoned wells and co-produced water) (Noorollahi et al., 2015; Hu et al., 2017; Yang et al., 2017;
Nian and Cheng, 2018), there are only three implemented examples worldwide that utilize this
technology to generate electricity from high temperature co-produced water (Wang et al., 2018). As
shown in Table 3, in the USA, there are two implemented projects. One is in the Wyoming oil field
where an ORC power plant generates 180 kW of electricity from co-produced water (Nordquist and
Johnson, 2012). The other is the first commercial project which is located in North Dakota where net
power generation equal to 250 kWe has been realized (Gosnold, 2017). Also, China uses co-produced
water with a temperature of 110°C to generate net power of 310 kW, (Xin et al., 2012).

TABLE 3: Examples of ORC power plants utilizing water produced from oil fields (Wang et al., 2018)

. o Net power ORC
Oilfield Temperature [°C] Flowrate [Kg/s] outputp[KWe] Efficiency [%]
Wyoming, USA 76.6 73.6 132 4.27
North Dakota,
USA 98 55.2 250 3.85
Huabei, China 110 33.33 310 5-6.8
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2.4. Characteristics of geothermal resource in this study

In Figure 3 it is shown that Iran has 95 developed oil and gas fields with high numbers of drilled wells.
Most of the Iranian fields have produced hydrocarbons for more than two decades and operational
companies are struggling with the large volume of co-produced water. Right now, they only inject the
produced water into the reservoirs to maintain the pressure without any heat recovery systems. Based
on available data, some of the oil and gas fields in Iran have giant aquifers under the hydrocarbon layers.
Therefore, high-pressure water with temperatures of more than 60°C is commonly produced. It must be
mentioned that in some gas fields such as Khangiran gas field (Number 95 on Figure 3), the wellhead
temperature of co-produced water reaches 90°C and more (Javadi et al., 2020).
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FIGURE 3: Iranian oil and gas fields (Javadi et al., 2020)

Due to the high pressure and temperature of reservoirs, only small amounts of hydrocarbon gases
(methane, ethane propane etc.) have been dissolved into the water and most of them are released by
pressure drop inside the well and at the wellhead (Danesh, 1998).
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ORC power plants require a feed stream with temperatures of near to or more than 100°C to generate
electricity efficiently. Since this study looks at power generation from high water cut oil and gas wells
which produce gas and geothermal water with temperature of more than 90°C, we consider a combined
gas turbine and ORC system which recovers the heat of the gas exhaust to increase the temperature of
the geothermal water and prepares it for the ORC.

Temperature and flow rate assumptions are based on available data from around the world (USA and
China). The flow rate of co-produced water is estimated by choosing a value inside the range of observed
values and the characteristics of the geothermal resource assumed are listed in Table 4. Also, there are
two mass flowrate percentages used for natural gas (1% and 0.2% of total flow rate) based on gas
solubility in water at reservoir conditions.

It must be mentioned that the co-produced water has a high salinity which might affect the design and
application of utilization systems and causes a reduction in the heat capacity of the brine.

TABLE 4: Fluid and well parameters considered in this study

Wellhead temperature 94 [°C]
Flow rate of fluid (water + gas) 50 [kg/s]
Percentages of gas flow rate 1 and 0.5 % of total flow rate
Specific heat capacity 3.8 [kJ/kg/K]

3. PROPOSED WORKING CYCLES
3.1 Gas turbine

Gas turbines are common power generators which are implemented in power generation systems and
propulsion cycles. There are two types of gas turbines, that is internal and external combustion machines,
of which internal combustion systems are more commonly used in propulsion cycles. Based on their
applications, the power capacity of gas turbines is in the range of 500 kW to 250 MW. Because of the
high-power density of gas turbines, they are widely used for high power applications compared to
reciprocating engines. The advantage of gas turbines is that there is no reciprocating and rubbing
components inside the turbine, which makes them more reliable than reciprocating engines (Pathirathna,
2013).

A typical gas turbine mainly consists of compressor, combustion chamber and turbine as shown in
Figure 4a). The process of power generation includes air entering, which is compressed by the
compressor, then it is heated up inside the combustion chamber and finally expanded through the turbine
rotating the generator. The turbine produces work, and the compressor utilizes some fraction of that
work. Most gas turbine systems are set up like a Brayton or Joule cycle (Pathirathna, 2013). An ideal
Brayton cycle is shown in Figure 4b).

Figure 4b) shows the temperature-entropy diagram of an ideal Brayton cycle. Firstly, air is compressed
in an isentropic process (point 1 to point 2), secondly, combustion heat is added to the cycle heating up
the air (point 2 to point 3), and finally, the air is expanded through the turbine in an isentropic process
(point 3 to point 4). In practise however, the processes of compression and expansion are not isentropic
and the entropy of air is increased after both components.

The power produced by the gas turbine is sufficient to rotate both the compressor and generator. The
optimized aero-derivatives gas turbine with a power capacity of less than 100 MW has the highest
converting efficiency from heat to electricity which is 46% while common industrial gas turbines have
an efficiency of 38% to 42% (Breeze, 2018).
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FIGURE 4: a) Typical open gas turbine (Pathirathna, 2013) b) Temperature-entropy
diagram of an ideal Brayton cycle (Pathirathna, 2013)

3.2 Organic Rankine cycle (ORC)

The ORC technology is a reliable way to convert heat into electricity, which has applications in
renewable energies (geothermal, biomass and solar) and industrial energy recovery. When temperature
or power of the thermal source is limited and common steam and gas turbine cycles are not feasible due

to economic and technical reasons, binary power
plants which use special working fluid can make
power generation possible. As shown in Figure
5, the power output of ORC power plants
depends on the type and temperature of the
resource (Macchi, 2017). Commonly, a simple
single stage ORC power plant (Figure 6)
consists of feed pump, vaporizer, turbine, and
condenser. It has a specific working fluid with a
lower boiling point than water which captures
the heat from the geothermal fluid and is then
expanded by the turbines to generate electricity,
condensing to the liquid state before it is
returned by the feed pump. All these
components form a closed system so that no
fluid can escape (DiPippo, 2015). Based on
available data in 2017, the cumulative installed
capacity of geothermal ORC power plants
reached 2.7 GW. around the world (Tarti¢re and
Astolfi, 2017). It must be mentioned that the low
boiling point allows the liquid to be vaporized at
a much lower temperature than water and it
allows lower temperature resources to be
exploited (Breeze, 2018).

Fluids commonly used in ORC-cycles are
refrigerants or hydrocarbons. Liquids with high
latent heat of vaporization are appropriate
because they capture more heat which allows for
minimization (volumetric flow) of system size.
ORC turbine systems are normally available as
packages ready to be linked to the heat source
and the power supply. The size of such systems
is relatively small. Typically, the packages are
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FIGURE 5: A representation of ORC application
fields as a function of heat source temperature and
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Organic Rankin Cycle (Breeze, 2018)
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designed for capacities between 100 kW, and 1 to 2 MW, although systems as large as 20 MW, are
available (Breeze, 2018).

3.3 Combined systems (gas turbine and ORC)

Most of the common heat engines that are used to generate electricity are fossil fuel based and they use
heat to rotate the turbine and generators. Most of these types of power plants have efficiencies in the
range of 20-40% and some modern turbines can convert heat to electricity with an efficiency of 60%
(optimized aero-derivatives). That means that between 40-80% of the energy released in thermal power
plants is wasted. Although a gas turbine is more efficient than a steam cycle, it releases hot gases in the
atmosphere which is a result of the combustion. Temperatures of gas turbine exhaust for a high
efficiency system (optimized aero- derivatives) are in the range of 400-500°C and is higher for low
efficiency systems (Breeze, 2018).

Therefore, large quantities of heat are wasted through the gas turbine systems which could be used in
different industrial applications. Combined heat and power (CHP) systems are thermodynamic cycles,
which use the waste heat of power plants in other applications such as district heating, drying, electricity
generation by means of ORC power plants etc. The simplest CHP system could be implemented by
using the waste heat for drying or for a kiln (Figure 7a)). In recent decades, lots of researchers have
investigated CHP systems with ORC power plants to use the waste heat of gas turbines, biomass power
plants and industrial heat recovery. In these cases, the hot gases from the exhaust are combined with the
ORC power plant by means of a heat exchanger. On this topic, there are lots of studies which proposed
the combined CHP-ORC based systems combined with gas turbines and biomass fired plants (Figure
7b)). All of them concluded that these systems improve the efficiency, increase power output, and reduce
the payback time of projects (Nami et al., 2018; Arabkoohsar and Nami, 2019; Braimakis et al., 2021).
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FIGURE 7: a) Schematic of using the hot exhaust gases for heating demand of factory
(Breeze, 2015) b) Example of combined CHP-ORC cycle (Arabkoohsar and Nami, 2019)

Recently, Matuszewska and Olczak proposed a new combining system for low to intermediate
temperature geothermal resources (temperature 80-120°C and flow rate of 100 kg/s) to use the exhaust
heat of gas turbine to increase the temperature of the geofluid to enhance the efficiency of an ORC
power plant (Figure 8). They concluded that the efficiency of an ORC power plant with working fluid
of R1233zd could be improved from 12.21% to 19.20% depending on the temperature of geothermal
brine (Matuszewska and Olczak, 2020).



Report 9 11
- GTE GW+HX T, ORC
Natural gas
Ta =
G
TspZ :
I
G HX 1 T5 TC TZ
Tept PH Cz
Gas Turbine Engine (GTE) Ts
C, — Compressor
G - Electric Generator
GT - Gas Turbine Ta P@ Ta
K ~ Combustion Chamber N/
T DH
n
Geothermal well + heat exchanger g:g_agli:::s':r e Cycle (ORC)
{GWeHX) 1 EV - Evaporator Mgp =====
DH - District/ Process Heating G - Electric Generator 5
HX - Heat Exchanger Exhaust Gas ~ ot} b pymp Mggg ——>
SecamsEImne PH - Preheater Mope ——>
Torc — ORC Turbine
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plant for low to intermediate temperature geothermal
resources (Matuszewska and Olczak, 2020)

4. MATHEMATICAL AND PHYSICAL MODEL

4.1

Overview

Javadi

The aim of this study is
proposing a combined gas
turbine and ORC power plant
system for high water cut oil and
gas wells which produce a small
volume of natural gas at the
wellhead. Therefore, produced
gas is burnt in the gas turbine
and using the hot combustion
products to heat the co-produced
water which has a temperature
of less than 100°C improves the
efficiency of the ORC power
plant. This study looks at the
option of heating the geothermal
fluid by hot gases from the
exhaust of the gas turbine to
increase the power output and to
decrease CO, emission.

As mentioned before, this study aims to explore the option to use both the produced gas and geothermal
(co-produced) water to generate electricity. Therefore, as Figure 9 shows, a combined system which
includes a gas turbine and an ORC power plant is proposed to facilitate power generation from high
water cut oil and gas wells.
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FIGURE 9: Proposed combined gas turbine and ORC
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Source fluid (S1) enters the separator or degasser
unit where gas (G1) and liquid (S2) are separated.

Parameters definition

. ’ . e  Flowrate, T and P of source
On the left-hand side, the separated gas is mixed o Concentrations of produced gas
with compressed air (G2, G3) and burnt inside the o Ambient temperature
combustion chamber (G4). After power . greszurz r/it}" of gas ,t“rl;mei; |
generation by gas turbine, the hot exhaust gases *  Dtandard Airproperties for Braylon cycle

. . Temperature of combustion and outlet of exhaust
of the turbine outlet heat up the geothermal water o Working fluid of ORC
with a heat exchanger (G5-G6/S2-S3). On the
right-hand side, working fluid starts its cycle in a l
liquid state after the fan (1), then it is pumped (2)
to the preheater (3), vaporizer (4) and after its Gas turbine Calculations
temperature reaches a superheated state (5), it is e Stoichiometry coefficients
expanded a]ong the turbine (6) e  Flowrate of each component in produced gas
. Lower heating value (LHV) of combustion

. . Isentropic effici f Brayt le (Air standard

The thermodynamics equations of the system are *  Isentropic efficiency of Brayton cycle (Air standard)
N R . Work of compressor and turbine

solved bY_ a program v_vrltten in the Python . Net power outlet of gas turbine system
programming language with the relevant process o  Enthalpy of exhaust gas

flow map shown in Figure 10. i
I}rll thed follqwmg dsectllonf, .detallsf Ef the ORCIC
thermodynamics and calculations of the gas e T.P.SandH for each component

turbine system and ORC are covered. . Temperature of geofluid after heat transfer with
exhaust gas

e Mass flowrate of working fluid

. Work of cycle pump and fan

4.2 Gas turbine system . Work of turbine and net power outlet

A simplified gas turbine cycle is commonly

modelled by the Brayton cycle and the standard

assumption is to use air as working fluid which is FIGURE 10: Process flow map of program
heated up through the combustion chamber,

which uses energy produced from burning of gas at the wellhead. The general formulation for
combustion of hydrocarbons is given in equation (1):

CeHy, + 20, +3.77 xzN, > xCO, + %H20+3.77 X z N, (1)

Where x and y are the number of carbon and hydrogen atoms in the hydrocarbon component,
respectively, and z = (x 4+ y/4). By using this equation and mass balance the concentrations and mass
flow rates of each component are solved. Then the LHV of combustion is calculated using equation (2):

LHV = z ;X LHY, ?)
i

Where LHV = Lower heat value of combustion [kJ/kg];
m; = Mass flow rate of each component [kg/s];
LHV; = Lower heat value of each component [kJ/kg].

Then power outlet of the gas turbine, W, is calculated as shown below:

Wy = LHV X 1ig X 1gen/1000 3)

Where 1, is the isentropic efficiency of the gas turbine, which is calculated by temperatures of turbine
outlet, T, and of the compressor outlet, T, through the equations below:
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k
1\k-1
Tio = Ty X (5)

k
Teo = Tei X (rp)e-1 “4)

Tt _T
Mis =1~ (o—)

Tti - Tco
Where W, = Outlet work of gas turbine [kW];
Ngen = Efficiency of generator
Tto = Temperature of turbine outlet [K];
T.o = Temperature of compressor outlet [K];
Ty = Temperature of turbine inlet (temperature of combustion) [K];
T, = Temperature of compressor inlet (ambient air temperature) [K];
™D = Pressure ratio of compressor and turbine;
k = Specific heat ratio of standard air.

The net power outlet of the gas turbine can be calculated as shown below:

W, = mair_c X (hz - hl)/1000
(5)
WNet.gt = Wgt -

Where mg;- . = Flow rate of required air for combustion times 1.5 [kg/s];
1A = Work by compressor [kW];
hi, = Enthalpy of compressor inlet and outlet, respectively [J/kg];
Whyetge = Net power outlet of gas turbine [kW].

4.3 ORC power plant

Figure 9 shows a simplified ORC power plant diagram with its major components including condenser,
cycle pump, preheater, vaporizer, main valve, and turbine. When the working fluid passes through each
component, its thermodynamic properties are changed, the relevant equations for each component are
given in Table 5 and the new properties are calculated using an open-source program called “coolprops”,
written in the Python programming language.

After passing the condenser (point 1), the working fluid is in a liquid state and its properties can be
determined using equation (6). Then, the fluid enters the pump which increases the enthalpy, pressure
and entropy of the fluid (point 2 to point 3). In this process, pressure must be equal to the pressure in
the vaporizer. Therefore, by calculating the specific volume, pressure difference and the new enthalpy,
the temperature, enthalpy and entropy of pump outlet can be calculated by equation (7).

Then, the fluid proceeds to the preheater (point 3 to point 4) which increases the temperature of the
working fluid until it reaches its boiling point temperature minus a margin temperature by transferring
heat from the source water, which ends up having a lower temperature after the vaporizer. So, by
calculating the properties of the working fluid at its boiling point and by assuming equal pressure in the
vaporizer, equation (8) can be used to calculate the enthalpy, entropy and pressure of the working fluid
at the outlet of the preheater. In the vaporizer, hot source water increases the temperature of the working
fluid until it reaches a superheated state (point 4 to point 5) and equation (9) determines the fluid
properties after the vaporizer.
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After passing point 5 point 6, the fluid passes a main valve in the same enthalpy process, therefore,
pressure is decreased and the temperature and entropy can be calculated using equation (10). Finally,
the superheated working fluid is expanded by the turbine which is not isentropic (point 5 to point 6). By
assuming that the outlet pressure of the turbine equals the pressure of the condenser or cooling tower,
the new enthalpy and entropy are determined by equation (11).

TABLE 5: The known variables and equations for working fluid properties inside each component of
the ORC

Component Point Known variables Calculated variables by Eq.
No. coolprops no.

Ty = Teondensation

Condenser 1 Pi,hiands, @ Ty and X (6)
X=0
p.—p ' v@ P, and X
Cycle ) 2 = Tvaporizer dh=vx (P, — P;) 7
pump X =0 h, = hy +dh

T, and s, @ h, and P,

P3 = Pyaporizer and X =0 T, hand s @ bubble point

Preheater 3 3)
h; and s3

T3 = Thubbie — Tmargin

Paew = Pyaporizer andX =1 .
T, hand s @ dew point
Vaporizer 4 )

Py = Pyaporizer hy and s,
Ty = Tgew + Tsuperheat

Cycle valve 5 hs = hin, P = Pygiporizer — APas Tz and ss (10)

hs@P6 and STurbin

Turbine 6 Pe = Peondgy: he = hs = (Newrs (hs — hs)) (i

sg and T




Report 9 15 Javadi
Where T = Temperature of working fluid at each point [K];

X = Quality or concentration of vapour phase in two phase fluid;

P,dp = Pressure/pressure drop of working fluid at each point [Pa];

h = Enthalpy of working fluid at each point [J/kg];

s = Entropy of working fluid at each point [J/kgK];

v = specific volume of fluid [m*/kg];

Tigew = Temperature of working fluid at dew point [K];

Tpuppie = Temperature of working fluid at boiling (bubble) point [K];
Tsuperneat= Assumed temperature increase after bubble point at the vaporizer [K];
Newrp = Efficiency of ORC turbine;

hg = Isentropic enthalpy of turbine [J/kg].

After calculating the thermodynamic properties of the ORC working fluid, the enthalpy of source water
at each point and the increased temperature after contact with the exhaust gas must be determined (Table
6). Based on the diagram in Figure 9, the source water has a specific temperature and pressure at the
wellhead (point S1 and equation (12)). Then, it passes through a degasser or a separator the gas is
separated from the brine at a specific pressure which depends on the solubility of the gas (point S1 to
point S2). In this case, based on the solubility of the gas at reservoir condition and inside the saline brine,
it is assumed that the gas is released during the production through the well (Danesh, 1998).

Therefore, a simple degasser with high operational pressure or a low-pressure separator (13 bar) can be
used to separate the gas (Sivalls, 1987) and the new properties of the water can be determined by
equation (13). After gas separation, geofluid is heated inside a heat exchanger by the hot exhaust gas
from the gas turbine (point S2 to point S3) and equation (14) can be used to calculate the temperature
increment. After the heat exchanger, the hot geothermal fluid reaches the vaporizer and preheater where
it changes the phase of the working fluid to superheated and warms up the working fluid. Equations (15)
and (16) are used to calculate the thermodynamic properties of the geothermal fluid

TABLE 6: Equations to calculate thermodynamic properties of the source water

Point Known variables Calculated variables by Eq.

Component No. coolprops no.

Ts1 = Tsource

Wellhead S1
Ps1 = Pyeltnead

h,@ Tg; and Psq (12)

Tey = Tsourcer
S2 52 7 “Source he,@ Ty, and Py, (13)

Pg, = Pseparator

Degasser/
separator

L e (heens = hewns)
P T m m T.=T Mre ( exh1 exh2
s3» Ls2, Mrer Msources 3= Lt e X 1000

Heat S3 hexn1, hexnz and Cp (14)

exchanger

Myater = Msource — Myas

hsB @ Ts3 and P53

hS4- @ TS4 and PS4-

Qpreheater = mwf X 1000

. P, =P
Vaporizer S4 s4 ™ “sep (15)
T 4 - T _ —i + T inch . . hs —h
s wf—-vap—in pinc s = Mgource X sioooszt
P.. =P T =T, — Qpreheater
Preheater S5 o T Tser hy — b, 5= 1st T 0,X 1000 (16)

hgs @ Tg5 and Pgs
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Where 1'hf lue

My ater
Msource
Tf}gas
m,, f
hexhl,z
Cp
Tpincn
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= Mass flow rate of exhaust gas from gas turbine [kg/s];

= Mass flow rate of geothermal water after gas separator [kg/s];

= Mass flow rate of geothermal water at the wellhead [kg/s];

= Mass flow rate of produced gas from separator [kg/s];

Mass flow rate of working fluid in ORC [kg/s];

= Enthalpy of exhaust gas at inlet and outlet of heat exchanger [J/kg];

= Specific heat of geothermal water (due to high salinity, it is 3.8) [kJ/kg/K];
= Pinch temperature of vaporizer [K];

Twf vap_in = Temperature of working fluid at inlet of vaporizer [K].

After calculating the thermodynamic properties of the fluid at each point, work and heat of the

components are determined based on Table 7.

TABLE 7: Equations for calculating work and heat for each component of the ORC

. Eq
Component Equation No.
Work [kWe]
mwf P. 2 P 1
Cycle pum |74 _ = X 17)
y p p Cycle—pump pr@(Tl,Pz) r]pump x 1000
Injection Myyqater Pin j Ps
pump e Pw@(Tss,Ps)  Mpump x 1000 ( )
. he = hy
Mair = Moy X hairz - hairl
Fan Work ) (19)
W, — Myir dpfan
fan pair@(Tz,Patm) 77}‘"an % 1000
: . hs — he
Turbine Worp = myr X W X Nturb (20)
Heat [KW]
Heat . hexn1 — Nexn2
exchanger CQnex = Miue 1000 @0
: . hss — hsq
Vaporizer Quap = Mygrer X W (22)
. hs — hy
Preheater Qpre = Myp X 1000 (23)
ORC Norc = WnetORC/(Qvap + Qpre) (24)
Overall npower plant = Wnet—power plant/(Qvap + Qpre) (25)
system Nco-generation = (Wnet—power plant/(Qvap + Qpre)
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Where Weycie—pump = Required work for cycle pump [kWe];

Winj pump = Required work for injection pump [kW-.];

Pws = Density of working fluid [kg/m’];

Npump = Efficiency of pumps;

Pw = Density of working fluid [kg/m’];

P, j = Injection pressure [Pa];

gy = Air mass flow rate for fan [kg/s];

hair12 = Enthalpy of air at the inlet and outlet of dan [K];
Wean = Required work for fan [kW.];

Pair = Density of air [kg/m’];

Wiwrp = Work of turbine to surrounding [kW.];

Qhex = Heat rate through the heat exchanger [kW];
Qvap = Heat rate through the vaporizer [kWu];

Qpre = Heat rate through the preheater [kW];

Norc = Efficiency of ORC;

Npower plant = Qverall efficiency of combined power plant [%].

Finally, the amount of CO; produced per kWh can be determined as follows:

Meo, X 3600
COoy=—02 " (26)
Wnet
Where COZ = Mass flow rate of prouuccu Lu2 1ol puowel plant [kg/kWh];
meo, = Mass flow rate of produced CO; from gas power plant [kg/s];

Wyet = Net power outlet of power plant [kW-].

There are two pumps for circulating the working fluid and injection of the geothermal fluid into the
reservoir, which consume electricity and are described by equations (17) and (18), respectively. The fan
also needs electricity to cool down the working fluid and is described by equation (19). The turbine of
the ORC section produces work described by equation (20). Equations (21) to (23) determine the heat
transferred inside the heat exchanger, vaporizer, and preheater, respectively.

5. RESULTS AND DISCUSSION
5.1 Overview

In this section, three different cases are modelled, a single gas turbine cycle and two combined gas
turbine and ORC systems with different mass flow rates of gas. The results are compared with each
other. Then, a sensitivity analysis is studied to investigate the effect of source temperature on the output
and characteristics of the system. At last, to increase the overall efficiency of the system, the effect of
adding a direct heat utilization unit into the system is analysed.

5.2 Gas turbine

As mentioned in previous sections, a single gas turbine cycle uses the separated gas from the well and
compressed air to generate electricity from the produced heat from gas combustion at the combustion
chamber. A detailed diagram of the gas turbine cycle can be found in the appendix (Appendix Figure
Al). In this case, the flow rate of natural gas is assumed to be 0.5 kg/s (1% of wellhead stream). Results
show that a gas turbine with a pressure ratio of 11 can generate 8,360 kW, from gas combustion where
the compressor uses 4,980 kW, of the generated power to compress the air.

Therefore, a gas turbine with isentropic thermal efficiency of 49.6% generates 3,560 kW, net power
with an overall efficiency of 14.5% from 24,600 kW, energy of gas combustion which emits about 1.42
kg CO; per kWh.
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5.3 Combined cycles of gas turbine and ORC

Two combined systems, which use exhaust of the gas turbine to heat up the geothermal fluid, are also
considered. In these cases, the mass flow rate of the produced gas is assumed to be 0.5 kg/s (1% of
wellhead stream) and 0.25 kg/s (0.5% of wellhead stream). Thermodynamic diagrams and details of
calculations are shown in Figures A2 and A3 in the Appendix.

Results for the net power outlet of the ORC and net power outlet of the combined power plant (Figure
11) show that the ORC can generate 626 and 385 kW. net electricity from geothermal fluid, which is
heated through heat transfer from exhaust gas from combustion with 0.5 and 0.25 kg/s of gas,
respectively. Also, it is obvious that by decreasing the amount of input gas, the power outlet of both the
gas turbine and ORC is reduced.

4.500 4.187

4.000 3.555

3.500

3.000

2.500 2.166

2.000 =—=@=— Combined Power plant

1.500 ==@==0RC Power plant

1.000 626
385
500 V\.
Gas turbine Combined 0.5 Combined 0.25
kg gas kg gas

Net Power outlet [kWe]

FIGURE 11: Power outlet of ORC and combined power plant for different scenarios

Figure 12 shows that combining an ORC with a gas turbine decreases the overall efficiency of system.
Comparing the values of case 1 and case 2 which use the same flow rate of gas in the gas turbine shows
a decrease from 14.5% to 9.5% which is similar to that of a low efficiency ORC. This figure also shows
that a reduction of gas mass flow rate leads to a lower temperature geofluid and consequently lower
ORC efficiency.
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FIGURE 12: Efficiency of ORC and combined power plant
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As Figure 13 shows, case 1 (single gas turbine) produces 1.42 kg CO, per kWh which basically depends
on the gas flow rate. The combined cycle of case 2 reduces the CO, production to 1.20 kg per kWh
(14.9%) by using green geothermal energy. But case 3, with a smaller flow rate, reduces the amount of
CO; per kWh to 1.17, corresponding to a reduction of 17.8%.

16 18,5%
142 18,0%
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14 17,79%
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K
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=08 16,0% S
5 g5
3 15,5% &
2 06 ’
g
15,0%
0,4
14,5%
02 14,0%
0 13,5%

Gas turbine Combined 0.5 kg gas Combined 0.25 kg gas
Case studies

FIGURE 13: CO; emission per kWh for different scenarios

5.4 Sensitivity analysis

The temperature of the co-produced water plays an important role in power generation from geothermal
resources in oil and gas fields. Commonly, the temperature of co-produced water is in the range of 70-
120°C at the wellhead. Therefore, in this section, two higher and lower temperature sources are modelled
using the case 2 scenario. It is obvious that by increasing the source temperature, geothermal equity in
power generation increases and Figure 14 shows that this can vary from 3.84% to 26.6% for
temperatures of 75°C and 120°C, respectively.
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< 15
£
2 10
<
]
& 3,84

75 94 120

Temperature [°C]

FIGURE 14: The geothermal equity in power generation for different source temperatures
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The results show that the exhaust gas can increase the temperature of geothermal fluid by 18.9°C.
Therefore, as Figure 15 shows, the power outlet of the ORC decreases from 1290 kW. to 142 kW, when
the source temperature is reduced from 120°C to 75°C, which affects the net power generation of the
combined system. Figure 16 shows that the efficiency of the ORC power plant is dependent on the
source temperature and is 8,25% for geothermal fluid with a temperature of 120°C and is reduced to
7.92% when the temperature is 75°C. The overall efficiency of the power plant is reduced for the same
reason.
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FIGURE 15: Power outlet of ORC and combined power plant for different source temperatures
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FIGURE 16: Efficiency of ORC power plant and combined system for different temperatures

Finally, Figure 17 shows that higher geothermal fluid temperature leads to higher power generation and
reduction of CO; production per kWh of the combined system for case 1. It is shown that a temperature
of 120°C maximises the CO; reduction per kWh (26.6%) while the lowest value (3.78%) is related to a
source temperature of 75°C.
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FIGURE 17: CO; emission of combined power plant for different source temperatures and the amount
of reduction compared to case 1 (gas turbine only)

5.5 Co-generation of heat and electricity

Due to low total efficiency of the combined power plant, this part assumes a direct heating system for
the source water before injection because it has a high temperature. Figure 18 shows that when a higher
mass flow rate of gas is used, the temperature of the source water is increased more which leads to a
higher mass flow rate of the working fluid and consequently lower injection temperature. Therefore,
with regard to equation (25), the total efficiency of the co-generation system is increased for case 3
which uses less gas and therefore, has a higher injection temperature.
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FIGURE 18: Overall efficiency of system with cogeneration of heat and electricity
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6. CONCLUSIONS

In this study, after proposing a combined gas turbine and ORC system for power production from high
water cut oil and gas wells, three different scenarios of electricity generation are compared. Case 1 only
consists of a gas turbine but cases 2 and 3 consist of combined systems, which use the exhaust gases for
heating up the geothermal water, with different mass flow rates of produced gas, to increase the power
production from the ORC power plant.

The results show that the gas turbine can generate around 5 MW, net power by using 0.5 kg/s produced
gas from the high water cut well. But in cases 2 and 3, which use 0.5 kg/s and 0.25 kg/s gas, respectively,
exhaust gas can heat up the geothermal water which results in higher power outlet, ORC efficiency and
overall efficiency of the power plant and these changes have a direct relation with mass flow rate of the
gas. In case 2 for instance, by using more gas for the combined system, power outlet and efficiency is
increased. In case 3 the exhaust gas cannot warm up the geothermal water as much which is the result
of a lower mass flow rate of exhaust gas. Case 3 still results in the highest reduction of CO, emission
per kWh compared to case 1.

Another result shows that efficiencies of the ORC and power plant are dependent on the mass flow rate
of gas and exhaust gas. When decreasing the flow rate of gas, mass flow rate of exhaust gas and
efficiency are reduced.

Because the temperature of co-produced water varies from field to field or well to well, a sensitivity
analysis was carried out to study the effect of the source temperature on net power, ORC efficiency and
overall efficiencies. It demonstrates that a higher temperature resource can reduce the emission more
than other scenarios and it has a higher efficiency.

Finally, with regard to the low overall efficiency of the power plant, a district heating system is installed
which uses the return water before injection. It can increase the overall efficiency of the power plant
that is calculated by dividing the sum of net power and directly used heat, on one hand, by total input
heat from the geothermal fluid and natural gas, on the other hand.
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NOMENCLATURE

LHV = Lower heat value of combustion [kl/kg];

m; = Mass flow rate of each component [kg/s];
LHV; = Lower heat value of each component [kJ/kg];
W, Work outlet of gas turbine [kW];

gt
Ngen = Efficiency of generator;

Tto = Temperature of turbine outlet [K];

T:o = Temperature of compressor outlet [K];

Ty = Temperature of turbine inlet (temperature of combustion) [K];
T, = Temperature of compressor inlet (ambient air temperature) [K];
™D = Pressure ratio of compressor and turbine;

k = Specific heat ratio of standard air;

Mgy, = Flow rate of required air for combustion times 1.5 [kg/s];

W, = Work of compressor [kW];

hi, = Enthalpy of inlet and outlet of compressor [J/kg];

Whetge = Net power outlet of gas turbine [kWT;

T = Temperature of working fluid at each point [K];

X = Quality or concentration of vapour phase in two phase fluid;
P,dp = Pressure/pressure drop of working fluid at each point [Pa];
h = Enthalpy of working fluid at each point [J/kg];

] = Entropy of working fluid at each point [J/kgK];

v = Specific volume of fluid [m*/kg];

Tgew = Temperature of working fluid at dew point [K];

Tpuppie = Temperature of working fluid at boiling point [K];

Tsuperheat = Assumed temperature to increase after boiling point at the vaporizer [K];
Newrp = Efficiency of ORC turbine;

hg = Isentropic enthalpy of turbine [J/kg];

Mse = Mass flow rate of exhaust gas from gas turbine [kg/s];

My qater = Mass flow rate of geothermal water after gas separator [kg/s];
Mgource= Mass flow rate of geothermal water at the wellhead [kg/s];

mgyes = Mass flow rate of produced gas from separator [kg/s];

myr = Mass flow rate of working fluid in ORC [kg/s];

hexn12 = Enthalpy of exhaust gas at inlet and outlet of heat exchanger [J/kg];
Cp = Specific heat of geothermal water (due to high salinity, it is 3.8) [kJ/kg/K];
Tpinen = Pinch temperature of vaporizer [K];

Twrvap.im = Lemperature of working fluid at inlet of vaporizer [K];

Weyete—pump = Required work for cycle pump [kWe];

Winj oump = Required work for injection pump [kWe];

pws = Density of working fluid [kg/m’];

Npump = Efficiency of pumps [%];

Pw = Density of working fluid [kg/m’];
Py; = Injection pressure [Pa];
Mg = Air mass flow rate for fan [kg/s];

hgair1, = Enthalpy of air at the inlet and outlet of dan [K];

Wran = Required work for fan [kWe];

Pair = Density of air [kg/m’];

Wiurp = Work of turbine to surrounding [kWe];

Qnex = Heat rate through the heat exchanger [kWu];

Quap = Heat rate through the vaporizer [kW];

Qpre = Heat rate through the preheater [kWi];

C0, =Mass flow rate of produced CO; from power plant [kg/kWh];
Mco, = Mass flow rate of produced CO, from gas power plant [kg/s];
W,e: = Net power outlet of power plant [kWe].

Norc = Efficiency of ORC [%];

Npower plant = Overall efficiency of combined power plant [%].
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APPENDIX

The appendix of this report presents in detail the thermodynamic characteristics of each case in the form
of a diagram.
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