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Abst ract
This Thesis presents an investigation of geothermal energy production and utilization for electricity
generation on the petroleum fields. According to the global energy market in Russia, the leading position
takes oil and gas industry. Experts say that most of large petroleum deposits are depleted and the water
cut reaches up to 80-90%. To develop such fields and deposits is not economic attractive, that is why
wells with high water cut, more than 95%, are turned into abandoned wells. The technology of obtaining
geothermal energy from abandoned wells allows reusing already drilled deep wells to generate electricity in
an environmentally friendly way. It is especially relevant in oilfields isolated from the grids.
In this work the scheme of geothermal energy extraction and utilization is presented. Based on the
knowledge of heat exchange in a well and foreign experience a mathematical model describing heat
exchange between injected fluid and surrounding rocks in a double pipe was developed. Apart from that
the main factors affecting the efficiency of geothermal heat extraction and electricity generation were
thoroughly examined. Furthermore, the economic and ecological effect from electricity production by
ORC was defined.
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Abstrakt
Denna avhandling presenterar en undersökning av produktion av geotermisk energi och utnyttjande av
elproduktion på petroleumsområdena. Enligt den globala energimarknaden i Ryssland tar ledande position
olje- och gasindustrin. Experter säger att de flesta stora oljefyndigheter är utarmade och vattnets snitt når
upp till 80-90%. Att utveckla sådana fält och insättningar är inte ekonomiskt attraktiva, det är därför
brunnar med högvattenskärning, mer än 95%, förvandlas till övergivna brunnar. Tekniken för att erhålla
geotermisk energi från övergivna brunnar möjliggör återanvändning av redan borrade djupa brunnar för
att generera el på ett miljövänligt sätt. Det är särskilt relevant i oljefält isolerade från nätet.
I detta arbete presenteras systemet för geotermisk energiutvinning och -utnyttjande. Baserat på kunskapen
om värmeväxling i en brunn och utländsk erfarenhet utvecklades en matematisk modell som beskriver
värmeväxling mellan injicerad vätska och omgivande stenar i ett dubbelrör. Bortsett från detta undersöktes
de viktigaste faktorerna som påverkar effektiviteten av geotermisk utvinning och elproduktion. Vidare
definierades den ekonomiska och ekologiska effekten av elproduktion av ORC.
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INTRODUCTION
According to the Government Executive Order from the 13th of November 2009 № 1715-р «Energy
Strategy of Russia for the period until 2030», the main objective in energy department is an effective
utilization of natural energy resources and greenhouse gas emission reduction [1]. The issue of energysaving technologies development and implementation of renewable energy sources has become more and
more widely discussed. The reason is the global problem of climate change and numerous attempts of
fossil fuel independence.
Geothermal energy is heat from the Earth. The first thing that needs to be said is that geothermal energy
is a renewable source of energy. Its utilization does not cause any pollution. Comparing with other
alternative sources of energy, such as solar or wind energy, efficiency of geothermal energy does not
depend on weather or climate conditions. One cannot deny that geothermal power plants are not widely
built. The main reason, which hinders the development of geothermal energy, is capital cost on drilling
deep wells.
In the Thesis, the problem of geothermal energy production and its utilization for electricity generation on
the petroleum fields is revealed. Fossil energy sources make up the largest proportion of the global energy
supply today. Nowadays most of large oil and gas fields are depleted. Wells with high water cut are turned
into abandoned wells. The technology of geothermal energy production from abandoned oil and gas wells
offers to use deep drilled boreholes for power generation by environmentally friendly way with low capital
costs. It is an actual technology especially for isolated oil and gas fields from the grid.
It is estimated that in Russia 16% of petroleum wells are abandoned. Based on the world experience, one
can be concluded, that abandoned oil and gas wells can be used as a heat exchanger between hot rocks
and injected water. The temperature of heated water at the exit of the well is able to reach 70-150 С and it
is high enough to generate electricity in a low temperature binary cycles.
There are several projects in USA, Canada and China, which demonstrate effective use of geothermal
energy from petroleum fields (Milliken, 2007). The first pilot project was performed in an oil field Fort
Liard, located in the north-west of Canada. Geothermal system is capable of generating 2900 MW×hour
of electricity every year (Thompson and C. Dunn). Another successful project is in China, Huabei oil
field. The power station generates 400 kW (Xin et al. 2012).
Thus, it is economic and ecological feasible to retrofit abandoned petroleum wells into geothermal wells.
The objective of this study is to demonstrate the feasibility of geothermal energy extraction from already
drilled wells.
The main tasks were:


To make a literature review;



To assess the impact of the geothermal gradient;



To construct a temperature profile of a well to determine fluid temperature arriving at the
wellhead;
-7-



To assess the influence of isolation and inlet temperature;



To find the optimal flow rate and temperature of injected water;



To quantify electrical power generated by Organic Rankine Cycle;



Hydraulic losses calculations;



Economic analysis performance to consider feasibility of the project.
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1

CHAPTER: THEORY OF HEAT EXCHANGE

1.1 Thermal properties of rocks
The process of heat transfer is possible, if there is a temperature difference at the points of the system. It
is established that the process of heat exchange is accompanied by temperature changes in space and
during some time. The temperature field is a collection of temperature values at a certain time for all
points in three-dimensional space.
(1.1)
The main thermophysical characteristics of rocks are [2]: thermal conductivity λ, W/m⋅K ; heat capacity C,
kJ/kg⋅K ; and thermal diffusivity a, m2/s. The coefficient of thermal conductivity characterizes the ability
of a material or substance to conduct heat, and in Fourier's law connects the heat flux density q, W / m ^
2, with the gradient gradT, K / m:
(1.2)
For a one-dimensional stationary temperature field, the thermal conductivity is the heat flux transmitted
through the surface area at a single value of the temperature gradient:
⋅

(1.3)

The value of the coefficient of thermal conductivity depends on its nature, structure and other parameters.
For example, the thermal conductivity of air under normal conditions is 0.025 W/(m⋅K), for water it is
0.582 W/(m⋅K), which is much less than the thermal conductivity of metals, which is 80-110 W/(m⋅K).
Consequently, air is a good heat insulator.
The inverse of the thermal conductivity is the thermal resistance ε, m⋅K / W,
(1.4)
The heat capacity is the first derivative of the internal energy of matter and is determined by the formula:
,

(1.5)

where dQ is the amount of heat, kJ, applied to the mass of the substance m, kg, for its heating by dT, K.
The specific heat of water is 4 kJ / (kg⋅K).
The coefficient of thermal diffusivity characterizes the rate of change in temperature of a unit volume and
is found from the formula:
(1.6)

-9-

⋅

For rocks

/sec, for water

⋅

/sec [3].

1.2 Heat transfer process
Heat transfer is a process, where the internal energy of one body decreases and the internal energy of
another one increases. Heat transfer is carried out in the form of heat conduction, convection, radiation
and phase transitions. The process of heat transfer consists in transferring heat from one environment to
another through the wall that separates them. So, the hot sink transfers its heat to the surface of the wall,
which, due to thermal conductivity, gives off heat to the cold heat carrier [4].
The formula for the stationary heat transfer process takes the following form [5]:
⋅

⋅

,

(1.7)

where Q - heat flux; k - heat transfer coefficient (W/(m2⋅K)); F - surface of a heat transfer;
the average temperature difference.
The heat transfer coefficient is an amount of heat that is transferred through a unit of surface area per unit
of time while the temperature is changing by 1 degree. Its value depends not only on the rheological and
thermophysical properties of the liquid, but also on the geometry of the well.
The thermal conductivity of rocks has direct influence on the conductive heat transfer process.
Convective heat transfer is a process of heat transfer between heated parts of a liquid or a liquid and solids
and is described by the Newton equation:
⋅

,

(1.8)
⋅

where k – heat transfer coefficient,

.

1.3 Heat exchange through cylinder
Deep wells are used to extract geothermal heat from the depths of the Earth, so the process of heat
transfer through a cylindrical wall requires special attention. Figure 1.1 shows schematically the process of
heat transfer through a cylindrical surface.
At stationary conditions temperature field of the system, the heat flux Q transferred does not change
during the time and it is described by the equation:
⋅

⋅

⋅

⋅

(1.9)

Then the heat flux is transferred by thermal conductivity through the wall:
⋅ ⋅ ⋅

⋅

(1.10)

and from the surface of the wall to the cold heat-storage medium:
⋅

⋅

⋅

⋅

(1.11)
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Thus, we obtain the calculated equation to find the heat flux during the transfer of heat through a
cylindrical wall:
⋅
where

⋅ ,

(1.12)

is the heat transfer coefficient for the cylindrical wall, W/(m⋅K).
(

where

⋅

⋅

)

⋅

⋅

⋅

,

(1.13)

- linear thermal resistance of heat transfer, (m⋅K)/W.
⋅

⋅

⋅

⋅

(1.14)

Figure 1.1 – The scheme of heat exchange through a cylindrical wall
When isolating a single-layered cylindrical wall, the expression for calculating the linear thermal resistance
(1.14) takes the following form:
⋅

⋅

⋅

⋅

⋅

⋅
(1.15)

Equation (1.15) shows that increase of insulation thickness leads to the thermal resistance
while the thermal resistance

growth,

is decreasing. In this case, the total thermal resistance first decreases and

then increases, and the specific linear heat flux on the contrary, first increases, and then decreases.
Critical insulation diameter is a diameter when the total thermal resistance has a minimum value, and the
specific linear heat flux reaches its maximum. It is determined by the formula:
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⋅

(1.16)

When fluid is circulating in a well, the process of heat exchange happens at always changing temperatures.
The temperature of the heat carrier varies along the surface of a well wall. Thus, the heat flow at the
condition of constant heat transfer coefficient is calculated by the equation:
⋅∫
where

⋅

⋅

⋅ ,

(1.17)

- the average temperature difference, which is defined by:
⋅∫

⋅

(1.18)

1.4 Geothermal gradient
The zone where the points with the same temperature are concentrated is called the isothermal surface
(Figure 1.2). Since there can be only one temperature value at a single point, isothermal surfaces are closed
inside the body and cannot intersect [6].

Figure 1.2 – Geothermal gradient and isothermal surface
Due to the existence of a deep heat flux directed to the earth's surface, in the direction along the normal
to the isothermal surface in the direction of increasing temperature, the concept of a geothermal gradient
G, K/m or ˚С/m is introduced, which is calculated as:
,

(1.19)

where H is a depth, m.
Geothermal gradient is the amount of the temperature increase of the Earth with depth. On average, the
temperature of the Earth changes by 30 С per one kilometer of depth [7]. More difference in temperatures
at the surface and at the depth, more geothermal energy can be produced.
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Table 1.1 – Geothermal gradient for some Russian regions [8]
Region

Geothermal gradient ˚С/100m

Crimea

3-5

Caucasus

4-6

Kuril-Kamchatka volcanic zone

3-20

Ural

1,5-2

Altai

2-3

East-Siberian region

1-2

West-Siberian region

2,5-3,5

According to the Table 1.1, one can be concluded that the highest geothermal gradient in Russia is in
volcanic areas. Among the non-volcanic areas the highest amount is estimated in the North Caucasus
region.
1.5 The Source of heat. Classification of geothermal resources
The natural heat flows up from the inside because of the massive temperature difference between the
surface and the inside. The sources of internal heat energy are:
 Decay of radioactive elements;
 The gravity effect of Sun and Moon;
 Tectonic processes causing movements of the earth’s crust plates and its deformations;
 Physical and chemical processes inside the Earth crust.
Apart the internal heat, the surface of the Earth is heated by the energy of the Sun. Daily changes extend
to the depth 1-2 meters. It is known that seasonal changes can reach the depth 20-25 meters. Neutral layer
is a layer of constant temperatures during the year. Its depth depends on the geographic location. Also it is
influenced by the temperatures rang and thermal conductivity of rocks. Below the neutral layer there is a
geothermal zone where heat is generated by the internal energy of the Earth. The physical properties of
the ground determine its temperature. So, low thermal conductivity creates favorable temperature
conditions. The impact of thermal conductivity, heat capacity and density were analyzed by Cheng et al.
[13].
Neutral layer is a “border” between the area of permanent and temporary temperatures. Due to the
seasonal temperature fluctuations the thermal state of the ground and the intensity of the heat flux are
changing.
Temperature and enthalpy alone cannot define properly the state of geothermal fluids. Despite that fact,
geothermal resources are classified as high-enthalpy fields (temperature is >150˚C), medium- enthalpy
fields (temperature is 90˚C to 150 ˚C) and low-enthalpy fields (temperature is < 90˚C) according to their
reservoir fluid temperatures (Figure 1.3) (White and Williams, 1975; Muffler, 1979; Williams et al., 2008b).
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Figure 1.3 – Classification of geothermal resources Temperature/Enthalpy
Apart from the classification shown on the Figure 1.3, geothermal resources can be classified by their
energy potential (Figure 1.4).

Figure 1.4 – Classification of geothermal resources by its energy potential (Rybach, 2010)
The physical use of geothermal resources is described as theoretical potential. The technical potential
shows the theoretical potential that can be used under the existing technologies. The economic potential
describes the time and location dependent fraction that can be economically utilized, taking into account
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economic boundary conditions such as oil price changes, taxes and etc. The developable potential shows
the fraction of sustainable potential that can be developed under real conditions.
Another classification is by stored heat. It was developed by Nathenson (1975), White and Williams
(1975), etc. and it is based on the estimation of thermal energy availability in the rocks. So, it depends on
the properties of rocks: density, porosity, permeability, specific heat and physical properties of fluids.
Geothermal resources can be classified into high energy resources which allow generating electricity
directly and into low energy resources which are suitable only for direct uses. In general, all types of
resources above 70 ˚С can be used for electricity generation (Lund, 2006). If the temperature is low, such
geothermal resources are utilized in direct-use for heating and cooling.
There is another classification of geothermal resources based on the nature of the geological system.
There are dry steam systems, Enhanced Geothermal Systems (EGS), water-steam and hot dry rock (HDR)
systems.
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2

CHAPTER: LITERATURE REVIEW

Geothermal energy is worldwide used in various areas: in energy sector, industrial, agricultural sector, etc..
Recently geothermal sources with low temperatures have become more attractive especially in China,
Iceland, Austria, Canada and Sweden.
2.1 The potential of using geothermal resources in Russia
According to the global energy market in Russia, the leading position takes oil and gas industry. Experts
say that the share of hard-to-recover petroleum reserves from low-permeability formations makes up to
65% of total reserves. Most of large deposits are depleted and the water cut can reach up to 80-90%. It
indicates that it is economically unprofitable to explore such fields and deposits. The cost price of oil
production in Russia averages $10 per barrel, while in Saudi Arabia it is from $0.75 to $2 per barrel [9].
When extracting raw materials, the average specific energy consumption in Russia is about 50 kWh/t, the
thermal energy is 57 MJ/t [9], which is also higher than in other countries.
According to the Government Executive Order from the 13th of November 2009 № 1715-р «Energy
Strategy of Russia for the period until 2030», the main objective in energy department is an effective
utilization of natural energy resources and greenhouse gas emission reduction [1]. Geothermal energy in
Russia has the potential of an installed capacity up to 100,000 MW within the next 30-50 years, because it
is an attractive energy option with a low amount of emissions.
In Russia more than a half of energy resources are used for heat supply and electricity. It is estimated that
geothermal energy can provide up to 30% of those resources. Figure 2.1 shows that Russia has significant
reserves of geothermal heat (water, two-phase flow and steam) from 30 to 200 ºС, which can be used for
power generation, direct heating and heat pumps. In Kamchatka, the Kuril Islands and the North
Caucasus, the generation of electricity and heat from geothermal energy can reach 50-95% of the total
energy consumption. The reservoir temperature of some deposits reaches 100-200 °C.

Figure 2.1 – Geothermal areas in Russia, where 1- heating by heat pumps, 2-direct use, 3-power
generation [10]
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The use of geothermal energy depends on demand, as well as on the temperature of the geothermal
source. It is established that if the temperature of the produced liquid is more than 70 ° C, a source will be
suitable for electricity production; otherwise it is more efficient to use such sources only for heat supply.
Direct use of geothermal energy is quite efficient for heating of buildings, greenhouses and agricultural
needs. By the direct use the heated fluid from the ground flows directly for heating or cooling systrms.
The main drawback of direct use is low temperature of geothermal fluid for electro energy generation.
An open loop system requires a heat exchanger to transfer heat from the geothermal fluid and the
working fluid (Figure 2.2). Steam, derived from intermediate and high enthalpy resources, can be used
directly for the operation of the turbine and electricity generation.

Figure 2.2 – Example of an open loop geothermal heat recovery system (National Renewable
Energy Laboratory, 1998)
Closed loop systems do not require a heat exchanger because there are no needs for isolation. The steam
from high enthalpy resources is capable to be used directly to operate a turbine and generate electricity
(Figure 2.3).

Figure 2.3 – Example of closed loop geothermal heat recovery system (McCarthy)
-17-

Indirect systems include an operation in which geothermal energy is extracted from the ground and then
pumped into a heat pump or to power station. Heat pumps usually are used to increase/decrease
temperature of liquid for cooling or heating of buildings. They can operate with low temperatures of
geothermal water about 5-10°C. Recently binary power stations have become more popular, because they
utilize low temperatures 70-225°C for electricity production (Lund JW, 2006).
Table 2.1 was made based on the analyses of foreign experience. The table shows the value of the
generated power depending on the depth of a well and the amount of the geothermal gradient.
Table 2.1 – Geothermal gradient impact on the output power [11-15]
Authors

Power Output, kW

Well depth, m

140
59,4
239
133
364
217

3950
4000
6000
3861
4423
6000

Kujawa et al.
Bu et al.
Cheng et al.
Noorollahi et al.
Wight and Bennett

Geothermal Gradient,
˚С/km
25
45
50
29,6
31,2
50

From the Table 2.1 it is clear that the higher value of the geothermal gradient, the more power can be
generated, while the value of the depth doesn’t influence so much.
Unfortunately, the profit of geothermal energy production is low and it significantly inhibits the
development of this industry. The following factors determine the impact on the cost of development of
geothermal energy technologies:


High capital costs on drilling and construction of wells;



The lack of the possibility to accumulate heat for long periods of time;



The activity of corrosion of thermal waters.

Thus, it is necessary to develop new technologies, which will solve all the problems. The existing
abandoned petroleum wells can be retrofitted as geothermal wells.
2.2 Geothermal energy from abandoned petroleum wells
The operating well stock is a complex of production and injection wells. This study focuses on abandoned
oil wells, which are potentially capable of supplying geothermal energy for electric power generation. The
main reasons for retrofitting production wells into abandoned are:


Changes in a well designation;



Failure or lack of necessary equipment;



Destruction of a production column;



Occurrence of flows mixture;



Unprofitable operation due to low flow rates or high water cut;



Gas manifestation;
-18-



Seasonal difficulties;



Other reasons, including force majeure.

Table 2.2 – Status of the oil wells fund in Russian Federation 01.06.2011 [16]
Name of Russian
Petroleum
Companies
Лукойл
Роснефть
Газпромнефть
Сургутнефтегаз
ТНК-ВР Холдинг
Татнефть
Башнефть
Славнефть
РуссНефть
Всего по РФ

Operating well stock

Abandoned wells

% Abandoned
wells

28 662
25 571
6 048
19 621
21 200
22 404
17 727
4 122
4 548
160 261

3 957
4 955
591
1 231
5 708
3 102
2 552
510
490
25 138

13,8
19,4
9,8
6,3
26,9
13,8
14,4
12,4
10,8
15,7

Based on the data in the Table 2.2, it can be concluded that there is a significant percentage (15,7%) of
wells which are out of operation.
Taking into account foreign experience, such wells could get a “second life” by turning into geothermal
wells. The main advantage will be low capital costs due to already drilled, built and explored infrastructure.
The already drilled wells can be retrofitted by sealing the bottom of the well and by making isolation to
keep high temperature of the produced water. It can save up to 50% of total cost of geothermal power
plant (Bu, Maa, & Li, 2011).
A construction of a geothermal well is similar to an oil well. The one of the most important characteristics
of an oil well is its depth and high bottom temperatures. The process of well completion starts with a
small trunk drilling (about 30 meters deep), then a column of pipes is descended – the direction is 324 mm
in diameter. The space between the pipe and the rock is cemented. Then a hole with a smaller diameter is
drilled – a conductor to a depth of 500-800 meters and a column of pipes with a diameter of 168 mm is
lowered. Then, up to the bottom a column of pipes with a smaller diameter is moved down sealing the
bottom of a well.
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Figure 2.4 – Schema of a petroleum well, retrofitted into a geothermal well
In addition, the geological data gotten during the exploitation of petroleum wells are useful in the process
of analyze and design of a geothermal system to choose the most effective kind of wells.
Geothermal systems with closed and open loop types can be used in petroleum wells. A system with open
loop can utilize an oil reservoir if there are at least two deep drilled wells. Groundwater stored in a
reservoir receives heat from the surrounding rocks and then hot water is pumped to the surface. A closed
loop system adapted for a single well is generally constructed to use heat exchangers with U-tubes or a
double pipe.
Most of the researches are focused on projects with open loop system. This technology uses a reservoir of
hydrocarbon deposits as a reservoir of groundwater. Many countries take part in the research and work on
the modernization of abandoned oil fields into geothermal open loop systems: Albania (Lund, Freeston, &
Boyd, 2005), China (Wei, Wang, & Ren, 2009), Croatia (Kurevija & Vulin, 2011) , Hungary (Kujbus,
2007), Israel (Lund, Freeston, & Boyd, 2005), New Zealand (Reyes, 2007), Poland (Barbacki, 2000) and
the USA (Limpasurat, 2010).
There are only a few published works related to the modernization of double-pipe heat exchangers for
existing oil wells: Kujawa et al. (2005), Davis & Michaelides (2009) and Bu et al. (2011). In addition, there
are many studies focusing on the development of U-pipes and two-pipes heat exchangers for newly drilled
geothermal wells (for example, Al-Khoury & Bonnier, 2006; Garbai & Méhes, 2011; Wang, McClure, &
Horne, 2010; Zhongjian & Zheng, 2009).
-20-

2.3 The process of heat exchange in a double pipe system
In this case an abandoned petroleum well is a heat exchanger. To transfer the oil and gas well into the
geothermal, a sealed cement beaker is installed at the bottom of the well, which reduces the risk of
penetration of the formation fluid. Next, a column of insulated small diameter pipes is run into the casing
of the pipes.
The process of obtaining geothermal energy through double pipes can be carried out in two ways: the first
method consists in pumping liquid through the annular space and extracting the heated liquid through an
internal insulated pipe and the second way is to pump the liquid down through the insulated inner tube
and up through the annulus (Figure 2.4). There is no doubt that extremely deep well or high flow rates
require additional isolation of the casing part close to the surface to limit heat losses because if the low
ground temperatures compared to the injected fluid into the pipe.

Figure 2.5 – An abandoned petroleum well as a double pipe heat exchanger
Usually the first method is used, because it provides more efficient heat exchange process from the rocks
to the working fluid, as the temperature of the working fluid increases with the geothermal gradient. While
water moves down to the bottom it takes heat from the rocks and then hot water flows up through the
inner pipe.
The efficiency of the system with a double pipe heat exchanger is influenced by the mass flow rate of the
liquid flow and, of course, the value of the geothermal gradient. (Bu, Maa, & Li, 2011). At low flow rates,
the temperature of the injected liquid can reach the temperature of the rock at the bottom.
The working fluid pumped into the well can be water or some liquid with a lower boiling point, for
example isobutene or ammonia. The main advantage of using a low-boiling liquid is that it can be used
directly to run an electric generator.
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Additional factors that also play an important role are the ambient temperature (Ghoreishi-Madiseh,
Hassani, & Al-Khawaja, 2012), the diameter and depth of the well, the properties of the circulating fluid in
the well.
2.4 Main Factors Affecting the Efficiency of the Process of Geothermal
Heat Recovery and Utilization
Based on the foreign literature the main aspects influencing the efficiency of the process were undefined:
1) Influence of geothermal gradient
One of the main factors affecting the efficiency of geothermal energy production is a geothermal gradient.
It is clear that the higher geothermal gradient the higher outlet fluid temperature and the higher power
output. More difference in temperatures at the surface and at the depth, more geothermal energy can be
produced.
2) Influence of the temperature of injected fluid
Investigating the temperature of the injected liquid is an actual problem, since it affects the temperature of
the liquid out of the system. In addition, it is worth taking into account the temperature of the
environment, which forms the value of the temperature of the neutral layer of the earth. It was found that
an increase of inlet temperature from 10 to 25 ° C rises the temperature of the outlet liquid by several
degrees, but the amount of heat released decreases (Kujawa et al.). These conclusions are also supported
by Templeton et al., who proved that energy production falls, with an increase of the inlet liquid
temperature from 10°C to 70°C.
3) Influence of the type of working fluid
Most of the experiences were carried out using water as the working fluid pumped into the well. But there
are also projects, where organic liquid was pumped into the well (Cheng et al.). In that work the
refrigerant R245fa was used. It was concluded that organic fluid as a working agent increases the efficiency
of electricity production from geothermal energy. However, it should be noted that the issue of the effect
of organic fluid on the well and the environment has not been studied. Therefore, there is a risk of
negative impact.
White and Bennett in their studies compared their results with the results of Cheng et al. and came to the
conclusion that the use of the organic fluid R245fa instead of water does not significantly affect the result
and efficiency of the process [13, 15]. But it is worth to take into account that the initial data in the work
of Cheng et al. differed from White and Bennett’s. In those works, the depth of the wells and the value of
the geothermal gradient differed significantly from one another, in addition, White and Bennett neglected
the influence of the internal production column both for heat transfer and for pressure losses. It is likely
that these assumptions in modeling the process have led to an inaccurate assessment of the generation of
electricity. Proceeding from the above, it can be concluded that the actual issue of the influence of the
type of circulating working fluid in the well has not been studied good enough.
4) Influence of flow rate
Flow rates of working fluid affect the thermal power output. The higher flow rate leads to decrease of
temperature difference between the inlet and outlet fluid temperatures. If the flow rate is high, there is less
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time for water to take heat from the surrounding rocks. But the slow flow rate through the inner pipe
leads to high heat losses to the cooling injecting water into a well. And it is a reason of low thermal power
output. Another aspect is pressure losses in a pump. If the flow rate is high, it leads to the growth of head
losses and higher amount of power consumption and the power output is also getting lower. So, it is
necessary to determine the optimal flow rate.
5) Influence of isolation
The isolation reduces heat losses between cold inlet and hot outlet flows in a double pipe heat exchanger
system. Usually it is an additional inner pipe –air gap isolation, which leads to a low heat transfer
coefficient of pipes and decrease heat exchange. For deep wells with high temperatures the isolation
applied to an upper part of the column of casing pipes to prevent heat losses to the colder rocks. In this
case the isolation extends to the depth, where the rock temperature is equivalent to the temperature of
injected fluid.
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3

CHAPTER: THERMODYNAMIC CYCLES

To convert geothermal heat into electricity it is necessary to choose a power plant, which will ensure
efficient and trouble proof operation with low temperatures.
Figure 3.1 presents three main types of geothermal power plants: a dry steam plant (a), a flash steam plant
(b) and a binary cycle plant (c) [17].

Figure 3.1– The main types of geothermal power plants [17]
It is established that the use of the first two types is suitable only for working with a high-temperature
liquid (temperature above 180 ˚C). So, in this thesis a binary cycle was considered due to its properties to
work with low-temperature working fluids [18]. A binary cycle plant uses heat exchange to exploit
geothermal fluid to heat up and to vaporize a working fluid.
The first binary geothermal power plant was built in Paratunka, Russia in 1967. It operated at a
temperature 81˚C and obtained 680 kW. At present, there are several power plants with low-temperature
coolants, which are implemented on the basis of the Kalina cycle and the Organic Rankine Cycle (ORC).
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Kalina cycle utilizes water-ammonia mixture as the secondary working fluid. The ORC is more costeffective than Kalina cycle.
3.1 Organic Rankine Cycle
The ORC power plants are widely used with waste heat in chemical industry, metal and mining, paper and
other industries. For geothermal systems the ORC is usually used to produce electric power. The
principle of the ORC work is based on the thermodynamic Rankine steam-water cycle. The peculiarity of
the ORC is that instead of water an organic working liquid with a low boiling point (for example,
ammonia, butane, pentane, etc.) is used. In this cycle, evaporation occurs at a relatively low temperature,
and this allows efficient generation of energy from flows with a temperature of 70-150 ° C. Figure 3.2
shows the principle of the thermodynamic cycle work.

Figure 3.2 – The principle of ORC work
The working fluid (1) is pumped to the evaporator (2), where it transfers its heat to the organic fluid,
which boils at low temperatures. After that it turns into a vapor-steam and under high pressure flows to
the turbine (3), which performs mechanical work. The shafts of the turbine rotate and electricity is
generated. Then the exhausted vapor steam is condensed in the heat exchanger (4) and returned into the
liquid state, the cycle starts over again. Cooling of a condenser can be assured by air or water cooling
systems, dry or wet type towers.
The wide range of temperatures and pressures allows adapting the ORC to various sources of thermal
energy. ORC is used in solar energy, for desalination of sea water, for burning biomass and in geothermal
energy for electricity generation.
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3.2 The ORC in geothermal energy
ORC power generation using low-temperature geothermal resources is one of the most common
geothermal power generation technologies. The extracted water from a well is pumped to the evaporator
where it transfers its heat to the organic working fluid. Shell and tube heat exchangers are widely used.
The heated organic fluid boils and vapor at high pressure drives the axial flow or radial inflow turbine,
which is coupled to a generator. So, mechanical work is converts into electrical power. Then organic fluid
is cooled and condensed. After the condenser it is pumped back as liquid to the heat exchanger, the cycle
repeats again.
The advantage of the cycle is its simple implementation of the process and the easy maintenance of the
equipment. Despite the partial load of the turbine, the efficiency of the turbine is relatively high. In
addition, the ORC has a long service life and it works efficiently with low pressures and temperatures. The
binary cycle is characterized by a relatively low noise level. Since the working fluid is pumped into the well
in a closed loop, there are no emissions to the atmosphere. The disadvantage of using a binary cycle is that
its efficiency is relatively low compared to other thermodynamic cycles. The reason of that are heat losses
due to the heat exchange between the geothermal heated water and the organic fluid.
3.3 Working fluid selection for the cycle efficient operation
The optimal energy conversion performance of the ORC power generation system depends on the type of
organic fluid used in the system. It is necessary to choose an optimal fluid for a cycle working with a lowtemperature heat source. Its boiling point should be lower than water’s. The requirements to the organic
fluid:


The organic fluid should be environmentally friendly;



High evaporation for maximum cycle performance;



It should be non-corrosive;



It should be non-toxic;



It should have a low-boiling temperature;



It should have high thermal conductivity;



It should result in low maintenance;



It should be not expensive and available;



It should have stability in the pressure and the temperature.

Figure 3.3 shows the T-S diagram of water saturation lines and organic working fluids, which are often
used in the ORC. It can be noted that the saturation line of water vapor has a negative slope (decreases
with increasing entropy). For many organic substances this curve is almost vertical. That is why after the
expansion of the steam remains in an overheated state. But it should also be noted that for some organic
substances (for example, for ammonia) the negative slope of the saturated vapor line is characteristic.
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Figure 3.3 – T-S diagram for water and organic fluids [19]
Figure 3.3 shows that the enthalpy of evaporation of water is much higher than the enthalpy of
evaporation of organic liquids, therefore the specific operation of the cycle using organic matter is
relatively small. To increase the power of the ORC operating, it is necessary to increase the mass velocity
of the working fluid, which, in turn, increases the power consumed by the pump. In the Table 3.1
thermodynamic characteristics of possible working fluids are shown:
Table 3.1 – Comparison of working fluids for power plants
Working Fluid

Tcrit,

water

373.9

220.6

100

2257.5

R245fa

154.1

36.4

14.8

195.6

n-pentane

196.6

33.7

36.2

361.8

toluene

318.7

41.1

110.7

365.0

cyclopentane

238.6

45.1

49.4

391.7

˚С

Рcrit,

bar

Tboil,

˚С (1 bar)

Δhevap, kJ/kg (1 bar)

3.4 Thermal efficiency of low-temperature resources
It is known that one of the important characteristics of the thermodynamic cycle efficiency is the thermal
efficiency. Table 3.2 contains data from power plants with a low-temperature resources [20]:
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Table 3.2 – Thermal efficiencies of ORC power plants

Based on the analysis of the data above, the correlation dependence of the thermal efficiency on the
temperature of the liquid at the entrance to the cycle was made and an equation was obtained that allows
determining the value of the thermal efficiency knowing the temperature of water (Figure 3.4).
(3.1)

Figure 3.4 – Correlation dependence of the thermal efficiency on the inlet liquid temperature
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Thus, knowing the temperature of the fluid entering the thermodynamic cycle, the approximate value of
the thermal efficiency can be determined from the correlation function. It was estimated that the average
value of thermal efficiency is 9-12% [21].

-29-

4

CHAPTER: GEOTHERMAL ENERGY FROM ABANDONED OIL AND GAS
WELLS

The past 10 years have seen change in the consumption of energy resources. Renewables have become
more and more attractive in the energy market all over the world. During last 60 years petroleum industry
remains the largest proportion in the energy market. Nowadays most of oil fields are depleted; some of
them are developed by stimulation methods of increasing oil recover index. Stimulation is commonly
associated with waterflooding. To increase production water is injected into the reservoir. After a certain
time of exploration, production fluid has a high water cut. Sometimes it reaches over 80%. To develop
such oil fields is not economic attractive, that is why wells with high water cut, more than 95%, are turned
into abandoned wells. The technology of obtaining geothermal energy from abandoned wells allows
reusing already drilled deep wells to generate electricity in an environmentally friendly way. This
technology is especially relevant in oilfields isolated from the grids.
4.1 Technological evaluation
To develop a mathematical model for describing heat exchange between fluid and rocks a scheme of heat
exchange in a double pipe was made (Figure 4.1). An abandoned oil well is a heat exchanger, where
injected fluid is circulating absorbing heat from surrounding rocks. The circulating fluid is water, due to its
availability and eco-friendly characteristics. Water is pumped into the space between two pipes. Due to the
heat exchange between the rock and the well wall, the injected water heats up with increasing depth. At
the bottom of the well, a cement "glass" is installed to eliminate the risk of penetration of formation water
into the system and the formation of contact with the geological formation, which reduces the impact on
the environment, equipment and the wellbore itself.
Water is injected through the ring shaped channel and flows down to the bottom heated by surrounding
rocks. The flow reaches the maximum temperature and then through inside pipe flows up to the
surface.Then, the heated water is sent to a binary cycle to generate electricity. Nowadays binary
thermodynamic cycles are widely used to generate electricity from low-temperature sources. The most
common binary cycle is Organic Rankine Cycle (ORC).
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Figure 4.1 – The scheme of fluid flow and heat exchanger in a double-pipe
The technological scheme of the process of power generation due to the utilization of geothermal energy
is presented in Figure 4.2.

Figure 4.2 – Schematic diagram of geothermal energy utilization in oilfield
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According to the principle of ORC work, hot water from a well is pumped into an evaporator (1) where it
transfers its heat to the working fluid. As to the working fluid R134a was chosen based on the reviewed
literature and its characteristics. The working fluid boils turns into the vapor phase, which under pressure
directs to the turbine (2), and, expanding, performs mechanical work. The turbine shaft rotates and
thereby activates the electric generator. After the exhausted steam is condensed (3) and turns into the
liquid phase, which is fed to the pump and the cycle starts over again. The wasted water is pumped back
into the well. So, there is no impact on the environment.
To demonstrate the feasibility of geothermal energy extraction from abandoned oil and gas wells, a
mathematical model was developed. It describes the temperature variation of injected and extracted flows
of water and rocks. The model was calculated based on the input data from the Kamennoye field located
in the west of the Hanty-Mansi Autonomous Area. This field was chosen on the basis of its geological
characteristics: the depth of a well is average from 2300 to 2420 meters, Pbottom = 26.5 MPa, Tbottom = 125
° C [22].
The inlet data for model calculation of the received heat amount from a well is shown in Table 4.1.
Table 4.1 – The inlet data

Geothermal gradient is expressed by the equation:
,
where
well, ˚С;

(4.1)

– temperature and thickness of neutral layer, ˚С;

– temperature at the bottom of a

– depth of a well, m.

Temperature changes of downward fluid flow
(4.2)
where

- neutral layer temperature, ˚С; Г – geothermal gradient, ˚С/м;

h – distance from the wellhead to the section under consideration, m;
–heat transfer index. Where the parameter

is defined by:
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(4.3)
where

– flow rate of water, kg/hour;

conductivity, kkal/

;

– heat capacity, kkal/(

;

- coefficient of thermal

- dimensionless coefficient of heat exchange between the flow

and the environment.

⌈

where

√

(4.4)

⌉

- thermal conductivity, m2/˚С; – time, hour;

– inner diameter, m2.
(4.5)

Calculations were made for 3 periods of injection: 3, 60, 730 days at various flow rates. On the Figure 4.3
geothermal temperature variation and temperature changes of downward fluid flow are show for flow
rates 20, 40, 60 m3/day.

20 m3/day
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Figure 4.3 – Geothermal temperature variation and temperature changes of downward fluid flow
As it can be seen on the Figure 4.3, the temperature of fluid entering the well warmer than the
temperature of neutral layer (20˚C vs 6˚C). There are heat losses to the formation before reaching
equilibrium with the temperature of the surrounding rocks. Also it could be noticed that the efficiency of
rocks’ heat transfer decreases with an increase of operating time of a well. An increase of the flow rate of
the injected liquid leads to the cooling intensity of the surrounding rocks growth. There are lots of
published studies aimed at determining the boundaries beyond which the layer retains its natural
temperature.
Temperature changes of upward fluid flow [5]:
(

)

(

)

(4.6)

There is no doubt that the greatest heat losses occur in the upper part of the well, since the temperature of
the rocks near the wellhead is significantly different from the reservoir temperature. In order to maintain
the temperature of extracted water air gap isolation of an inner pipe was suggested. The isolation reduces
heat exchange and heat losses between cold and hot flows (Figure 4.4).
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Figure 4.4 – Example of a well with air-gap isolation
Getting back to the calculation details, at a flow rate Q = 20 m3/day the temperature out of a well reaches
60° C, while with air-gap insulation it is 92.4° C (Fig. 4.5). This is due to the fact that the coefficient of
thermal conductivity of air is many times less than that of iron.

Figure 4.5 – Wellbore temperature profile, where 1- geothermal gradient; 2 – downward flow; 3 upward flow
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The same calculations were made for various flow rates for optimal flow rate of water injection defining
which let water heat enough to get high temperature for electricity generation. Moreover, it is necessary to
put attention on heat losses during upward flow.
The table 4.2 clearly shows main results of water temperature variation out of a well. It can be concluded
that it depends on flow rate of pumped water and inlet temperature. Apart from that, the thermal
potential of a well and output heat power are presented.
Table 4.2 – Results from an isolated well

Based on the results in Table 4.2, the inlet temperature is valuable to study. So, changing the inlet
temperature consistently increases the outlet temperature but decreases a lot the amount of extracted heat.
So, exploring the same flow rate 20 ton/day at various inlet temperature 10 and 45˚С, the exiting
temperature of isolated system changes only by 0,6 ˚С. At the same time, the thermal power produced
from a well is reduced approximately by two times with the growth of inlet temperature.
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4.2 Head loss and Pumping Requirements
It is necessary to estimate head losses and power pump requirements for uninterrupted system operation.
The estimation of head losses and the required pump power compensating losses during the circulation of
liquid along the well is performed as follows.
Head losses along the length of the flow is expressed by Darcy-Weisbach equation [27]:
(4.7)
where

– friction factor that depends on Reynolds number and relative roughness

.

Reynolds number shows flow patterns in different fluid flow situations and it dependence on velocity (
a pipe diameter (

and kinematic viscosity (

,

:
(4.8)

a flow tends to be dominated by laminar flow;

- transient flow;

- turbulent flow.
For laminar flow:
(4.9)
For turbulent flow the friction factor is proposed by Aldsul (1952):
*

+

(4.10)

where - roughness, mm.
Based on the results of hydraulic losses at various fluid flow rates the table 4.3 was made.
Table 4.3 – Pressure losses

As to results, to pump water into a well the power requirement is 2 kW. The power consumption for the
electricity generation of ORC is 10-15% of the gross generation [33]. It was assumed that power
requirement for working fluid pumping in ORC is about 0,83 kW for water flow rate 40 t/day.
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Thus, losses of the downward and upward fluid flow were determined. Based on the results a pump
ensuring uninterrupted fluid injection was chosen.
4.3 Organic Rankin Cycle calculation
In this work, the organic fluid R134a was chosen. Based on foreign literature, R134a has the highest
efficiency in the ORC with a low-temperature heat source compared to other organic fluids such as
R245fa, R600a, R143a, etc. [13]. The calculation was carried out with the following assumptions [29]:


Efficiency of a generator and a pump are constant values, which do not depend on the operation
conditions;



The resistance in heat exchangers and pipelines is not taken into account;



There is no supercooling before a pump;



There is no heat exchange with the environment.

The efficiency of the cycle depends largely on the ambient temperature, which determines the temperature
of the condenser. In this calculation, it was assumed that the condenser was cooled by water.
Flow rate of working fluid, kg/s:
(4.11)
where

- the amount of the heat leaded to the evaporator, W;

- difference in enthalpies in the

evaporator, kJ/kg.
Specific cycle work, kJ/kg:
(4.12)
where specific work of a turbine is:

and specific work of a pump is:

,

kJ/kg.
Thermal efficiency:
(4.13)
where

, kJ/kg - specific heat supplied to the boiler;

, kJ/kg - specific heat

absorbed in the condenser.
The generated electrical power of the cycle:
(4.14)
The main results of electricity power generation from abandoned oil and gas wells depending on the
temperature of the injected water (Tinject,˚С ) and the water flow rate (G, t/day) are shown in Table 4.4.
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Table 4.4 – Electric power generated from an abandoned well after the ORC

Based on the calculated results from the Table 4.4, the dependence of the change in the received electric
power on the fluid flow rate was made with various temperatures of injected fluid into the well (Figure
4.6).
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Figure 4.6 – Power output vs. Water flow rate at various temperatures of injection
According to the Figure 4.6, one can be concluded that the increase of injected temperature doesn’t affect
so much water temperature out of a well, but it leads to the decrease of power output by 1,5 - 2 times. The
flow rate is the key parameter that influence on the efficiency of the process, while the temperature
changes of injected water don’t affect the output characteristics, that is why there is no need to spend
extra energy on water heating or cooling.
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5

CHAPTER: ECOLOGICAL & ECONOMIC EFFICIENCY

According to dynamics of the global energy consumption, natural gas will dominate the global energy
balance over the next decades [29, 30]. At the same time, the goal of harmful impact on the environment
reduction when burning organic fuels is the main driving force for the development of renewable energy
sources.
5.1 Ecological efficiency of geothermal energy utilization
Nowadays the policy of numerous countries is aimed at the ratio growth of environmentally friendly
technologies and renewable energy sources. The desire to switch to alternative energy sources is due to
climate change, attempts to get rid of raw materials dependence and a number of other factors. According
to the World Resources Institute, the top 10 countries were polluted with air (Fig 5.1).

Figure 5.1 – Greenhouse gas emissions all over the world since 2012 (World Resources Institute)
The given pie charts on the Fig 5.1 represent the proportion of the Top countries accusing greenhouse gas
emissions. Over the past decade, the energy sector is the main source of environmental pollution. The
main reason of greenhouse gas emissions is fossil fuels combustion.
In recent years, the intensity of CO2 emission reduction is accelerating. As is presented in the statistical
yearbook of world energy, in 2016 the intensity of emissions decreased by 3.1%. The European Union is
leading in this reduction. The CIS region has the highest level of CO2 emissions. It is important to note
that a high level of emissions is characteristic for developing countries and states dependent on fossil
fuels. Table 5.1 gives approximate CO2 emissions [31].
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Table 5.1 – Greenhouse gas emissions

The provided Table 5.1 delineates data of CO2 amount after combustion of various fuels. One may be
concluded that the amount of CO2 is the key parameter of greenhouse gas emissions control.
Apart from carbon dioxide, greenhouse gases can be caused by methane, sulfur oxide, nitric oxide, ozone,
etc. All these emissions affect the protective layer of the atmosphere and it leads to the Earth’s surface
temperature uplift, which can contribute to global warming and acid rain. In the case of using abandoned
oil wells, the system of geothermal power plant is with closed loop, so there is no chance of gases
penetration.

Figure 5.2 - Share of renewable energy sources in 2016
According to the experts’ opinion, in the next 20 years the percentage of renewable sources will increase.
It should be noted that this trend will be characteristic not only for developed countries. For example,
since the end of 2015 more than 164 countries have created a strategy to support the development of
renewable energy, and 95 of them are considered to be developing countries, which is 16% more than in
2005. Russia also takes part in the development of "green energy", according to the forecast, by 2030, the
share of renewable energy in the country's energy balance may exceed 11%, which is three times more
than at present [31].
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The energy market requires some modernization and technology development without combustion of
fossil fuels. It is proved that geothermal energy is eco-friendly source of energy; it is renewable and
practically inexhaustible natural resource of the Earth.
Comparing the large scale power plants or wind parks geothermal station doesn’t occupy large land areas.
It allows preserving the natural landscape, flora and fauna.
Another advantage is independent on the weather conditions, geothermal energy compared to solar or
wind energy is available all year round.
Based on the literature sources, in the geothermal energy development, special attention should be paid to
the thermal pollution of the environment [32]. The waste water after a power cycle has to be removed. It
is necessary to prevent hot waste water penetration into the lakes or rivers, because it an increase of water
temperature by 1°C can lead to an increase of oxygen consumption by bio-organisms, which is the reason
for the change in the species composition of flora and fauna. The advantage of the technology under
investigation is that the waste water is pumped back into the well without affecting the environment.
The extraction of geothermal water can cause subsidence and soil movements, seismic activity, pollution
of surface and groundwater, deformation of the geological layers of the Earth crust. The technology helps
to prevent these consequences.
Apart from that, the type of working fluid in a binary cycle power plant can influence on the ozone layer.
In the case of study the working fluid in ORC was refrigerant R134a, which is also known as
Tetrafluoroethane (CF3CH2F).
According to the properties of R134a, it has the lowest amount of Global Warming Potential (GWP)
compared to other refrigerants (Table 5.2).
Table 5.2 – Global Warming Potential of refrigerants

So, based on the GWP of R134a, it can be concluded that it is the most eco-friendly working fluid. It has
the lowest potential of influence on the climate changes.
In addition, the development of geothermal energy can also affect the social sector by the emergency of
new jobs. Operation and maintenance require engineers, builders, scientists, etc.
Thus, it can be concluded that the ecological efficiency of abandoned petroleum wells utilization for
geothermal energy production are concluded in the following aspects:


No toxic emissions;



No greenhouse gas emissions;



No thermal pollution;



No impact on the surrounding environment;



Low noise impact;
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Use of ready infrastructure;



Electricity supply to isolated oil and gas fields from the grid.

To sum up geothermal energy production from a closed wellbore, which is used as a heat exchanger is
ecologically efficient technology.
5.2 Economics
The cost of electricity is the key parameter affecting the economy of oil production. The technology of
utilization of geothermal energy from oil and gas wells for power generation is economically profitable.
Cost analyze was carried out with the following assumptions:


OPEX 10% of CAPEX;



Absence of losses in the grids;



Operation is constant and uninterrupted all year round 24 hours per day;



Project lifetime 15 years.

The minimum requirement for cycle operation is the point where the electrical power is at least more than
power consumption for operating all equipment in the heat recovery scheme. Taking into account that the
system requires two pumps with the power 2 and 0.83 kW, the final values of electric power and energy at
a flow rate of water 40 tons per day with different inlet temperatures are given in Table 5.3.
Table 5.3 – Electricity Generated From Heat

Based on the construction of a well and system’s equipment the main capital costs for retrofitting an
abandoned well into a geothermal one were calculated (Table 5.4).
Table 5.4 – CAPEX
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According to the average cost of electricity in oilfields, usually it is more than 10-12 rubles per kWh [37].
In Table 5.5 shown results for different prices of electricity from the lowest tariff 8 rubles/kWh and the
highest 20 rubles/kWh.
Table 5.5 – Data for calculation and main results

From the Table 5.5 it can be concluded that the payback period of one well will be from 3 to 9 years and
it will depend on the electricity price.
As to results of economic analysis, the technology of abandoned oil wells utilization for geothermal energy
production and electricity generation is cost-effective. After first year of exploration the revenue will be
approximately 758 000 rubles at electricity price 8 rubles/kWh, 1 043 000 rubles at electricity price 11
rubles/kWh and 1 896 000 rubles at tariff 22 rubles/kWh. So, it is cheaper to modify an abandoned well
to become a geothermal well than drill a new one. The production of electricity from low-temperature
geothermal resources using ORC system is economically feasible.
5.3 Application of Geothermal Energy
According to the demand in the oil and gas fields, the generated electricity could be used to:
1) Supply power to the field production equipment: provide the operation of a power pump to compress
the gas.
2) Offset the need to purchase electricity from the local grid reducing pollution.
3) Sell the generated electricity back to the local grid at a higher price.
The average value of the specific electricity consumption in the residential sector in Russia's regions is 290
kWh/person per one year [38]. The distribution of the received energy is presented on the Figure 5.3.
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According to the electric power supply requirements, generated electrical power from one abandoned well
can satisfy the demand of a house, which size is less than 100 m2. If the temperature of injected liquid in
the well is reduced to 20°C, the net power will reach 10,82 kW. The value of power was increased twice,
so, it is possible to satisfy electricity needs of one big house and one small house. With additional cooling
of the injected into the well water to 10°C, the output power will be 12,95 kW. This amount of power
excludes the cost of cooling.

Figure 5.3 – The distribution of the received energy in the residential sector
Generated electric power 10,82 kW can provide the operation of a power pump to compress the gas. The
development of new technologies in the petroleum fields is often limited due to high equipment costs. To
increase oil recovery, the injection of gas or water-gas stimulation of formation requires high-pressure
compressors with expensive preliminary gas preparation. In the fields with a high share of abandoned
wells the installation of such equipment is not profitable. That is why low pressure oil-associated gas (0,2 0,3 MPa) after a booster pump station is burnt in flares. A valuable low pressure gas product is burnt in
large volumes, throwing into the atmosphere a huge amount of greenhouse gases, because it is not
possible to transport it for further refinery processes. In this thesis there is a suggestion to use a
technology with ejectors and a power pump for compressing low-pressure gas using the electricity
generated from geothermal energy [39]. An ejector jet pump can provide high pressure at the output by
the operation of a power pump, which get electricity from an ORC. The scheme of the system with
ejectors and a power pump compressing a low pressure gas in an oilfield is shown in Figure 5.4.
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Figure 5.4 – A scheme of a low pressure gas compression using generated electricity from an
abandoned oil well
The required power for the operation of a power pump is about 5-10 kW. Based on the results of the
obtained power using the ORC (Table 5.3), electricity generated from one well can ensure the operation of
a power pump to compress gas.
Utilizing a pump power 10 kW with and a pump head equal to 2000 m, the outlet gas pressure will be
about 20 MPa. It is enough for further transportation of gas to the refinery station or for pumping gas
into the productive formation to increase oil recovery.
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Results
1. The urgency of the problem is based on the situation in the energy market. The main objective is
an effective utilization of natural energy resources and greenhouse gas emission reduction.
2. The feasibility of acquiring geothermal energy from existing abandoned oil and gas wells is
proved.
3. The equations describing the heat exchange between fluid and rocks are developed. The optimal
flow rate is 40 ton per day and the temperature of injected water into a well is 20˚C. As a result,
the outlet temperature of water is 56,6˚C and 76,3˚C with thermal isolation.
4. Results indicate that geothermal energy produced from oil wells depends largely on the flow rate
of fluid, the geothermal gradient and inlet temperature.
5. The use of insulation prevents heat losses between the hot extracted water and the cold inlet
water. The temperature of extracted water is increased by 1,2-1,5 times.
6. Raising the inlet temperature of water increases the outlet temperature of water only by a few
degrees and decreases heat extracted by 1,5-2 times. Apart from that it is defined that the flow
rate influences a lot on the efficiency of geothermal energy production from a well with a closed
loop system.
7. The NPV of the project could be around 12 - 45.8 million rubles, depending on the rate of
electricity price. The payback period of a well is from 3 to 9 years.
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