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Preface

The term “geothermal energy” refers to the Earth’s natural heat energy. The 
continual heat energy flux coming from the Earth’s core to the surface is the source 
of geothermal energy. The Earth’s geothermal resources are huge; for example, 
the portion of geothermal energy stored at a depth of 3 km is estimated to be 
1,194,444,444 TWh, which is substantially more than the total energy equivalent 
of all fossil fuel resources combined, which is estimated to be 1,010,361 TWh. In 
general, geothermal energy can be utilized for power generation or direct heating 
applications. It is regarded as an environmentally beneficial clean energy source 
that, when used to generate electrical power, has the potential to considerably 
reduce greenhouse gas (GHG) emissions. It is reported that global net electrical 
power demand will increase by nearly 85% between 2004 and 2030 to 30,364 
TWh in 2030 from 16,424 TWh in 2004, making the use of geothermal energy for 
electricity generation an appealing solution, especially with advances being made 
in innovative technological methods of drilling and power generation schemes.

This book covers various interesting topics of research related to geothermal energy 
due to its significant utilization and prospects. It is the result of contributions from 
several researchers and experts worldwide. It is hoped that the book will be a useful 
source of information and basis for extended research for researchers, academics, 
policy makers, and practitioners in geothermal energy.

This book contains seven chapters. Chapter 1 introduces some fundamental 
aspects of Organic Rankine Cycle (ORC) binary-fluid power technology using 
low-temperature geothermal energy resources with a detailed numerical example 
as an illustration of its thermodynamic performance. Chapter 2 presents the 
geothermal energy resource in terms of the types of power plants, principle of 
electricity generation, and current world status of geothermal resource utilization. 
Chapter 3 discusses a simple technique by means of the exploration study at a field 
site in Eastern India. It estimates the potential of geothermal energy generated 
inside the Bakreswar reservoir. Chapter 4 describes the state of the art of several 
existing low-temperature district heating systems (LTDHs). The advantages of 
LTDH networks over the traditional district heating networks were discussed. 
Reviewed cases and studies intensified the energy efficiency potential of LTDH. 
This chapter suggests that this system provides a unique opportunity to integrate 
renewable heat sources such as geothermal and solar as much as possible.

Chapter 5 describes an approach to estimate a geothermal reservoir’s  productivity 
during active exploration and development of a geothermal prospect. This approach 
allows a reservoir model to be updated by overcoming the severe time limitations 
associated with accessing sites for drilling and well testing under snowy and 
mountainous conditions. Chapter 6 discusses the results of hydrogeochemical 
prospecting of hot springs in central northern Algeria. Finally, Chapter 7 discusses 
the numerical evaluation of thermal response test results in Bangkok, Thailand, 
and Hanoi, Vietnam. In this chapter, a moving infinite line source analytical model 
to evaluate the value of thermal conductivity and groundwater flow velocity is 
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applied. Furthermore, the five-year performance of the ground source heat pump 
system coupled with two vertical ground heat exchangers in Bangkok and Hanoi 
are evaluated.

I would like to thank all chapter authors for their efforts. I would also like to thank 
Author Service Manager Ms. Romina Rovan at IntechOpen for her excellent efforts 
in managing the publication of this book.

Dr. Basel I. Ismail, P.Eng.
Associate Professors and Chair,
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Thunder Bay, Ontario, Canada
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Chapter 1

Introductory Chapter: ORC Power
Generation Technology Using
Low-Temperature Geothermal
Energy Resources: A Conceptual
Case Study
Basel I. Ismail

1. Introduction

The term “Geothermal Energy” refers to the Earth’s natural heat energy. The
continual heat energy flux coming from the Earth’s core to the surface is the source of
geothermal energy. The Earth’s geothermal resources are huge; for example, the por-
tion of geothermal energy stored at a depth of 3 km is estimated to be 1,194,444,444
TWh, which is substantially more than the total energy equivalent of all fossil fuel
resources combined, which is estimated to be 1,010,361 TWh [1]. Geothermal energy
is regarded as an environmentally beneficial clean energy source that, when used to
generate electrical power, has the potential to considerably reduce GHG emissions. It is
reported that global net electrical power demand will rise by nearly 85% between 2004
and 2030, increasing to 30,364 TWh in 2030 from 16,424 TWh in 2004, making the
use of geothermal energy for electricity generation an appealing solution, especially
with advances being made in innovative technological methods of drilling and power
generation schemes. Geothermal energy resources differ regionally based on the tem-
perature and depth of the resource, the availability of ground water, and the chemical
composition of the rock [2]. It is distinct from other conventional and renewable
energy sources in that it is always accessible, steady throughout the year, regardless of
weather conditions, and has an inherent storage potential. The temperature of geo-
thermal energy resources typically ranges approximately from 50 to 350°C. Geother-
mal resources near volcanic regions and island chains tend to have a high resource
temperature with temperature typically greater than 200°C. Medium-temperature,
ranging from 150 to 200°C, and low-temperature geothermal resources of less than
150°C are typically found widely in most continental regions and considered to be the
most commonly available geothermal energy resources [3]. The geothermal binary
cycle technology known as the Organic Rankine Cycle (ORC) technology can success-
fully generate power from medium- and low-temperature geothermal energy (LTGE)
resources. LTGE-ORC technology emits almost no greenhouse gases into the environ-
ment and is an appealing technology because of its simplicity and small number of
components, all of which are common and commercially accessible. More information
related to a number of past and existing successful ORC binary power plants can be
found in Refs. [1–4]. In this introductory chapter, the fundamental concept of ORC
binary fluid power technology using LTGE geothermal resources is introduced with a
detailed numerical example, as an illustration of its thermodynamic performance.
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2. Fundamental concept of a binary fluid ORC system using LTGE
resources

Figure 1 depicts a schematic representation of an ORC binary fluid system
utilized for electric power generation using LTGE resource.

The initial (main) fluid collected from the LTGE resource via the production
well is the geo-fluid. The geo-fluid transports heat from the liquid-dominated LTGE
resource (being the heat carrier) and effectively transfers this heat to the low-
boiling point organic-based working fluid (the secondary fluid) through an efficient
heat exchanger. Typical ORC organic fluids may include pure hydrocarbons (e.g.,
pentane, butane, propane), refrigerants (e.g., R134a, R218, R123, R113, R125), or
organic mixtures. More details about the selection criteria of these ORC organic
fluids for optimal performance can be found in Refs. [1–4]. The ORC is a
thermodynamic Rankine cycle that uses the organic working fluid instead of steam
(water). In this binary fluid ORC LTGE system, the low-boiling point organic liquid
absorbs the heat which is transferred by the geo-fluid and boils at a relatively much
lower temperature (compared to water) and as a result develops significant vapor
pressure sufficient to drive the axial-flow or radial-inflow turbine. The turbine is
coupled to an electric generator, which converts the turbine mechanical shaft power
into electrical power. The organic working fluid expands across the turbine and
then is cooled and condensed in the condenser before it is pumped back as a
saturated liquid to the heat exchanger using a condensate pump to be
re-evaporated, and the power cycle repeats itself.

Figure 1.
A schematic showing the fundamental concept of an ORC binary fluid technology utilizing LTGE resource for
power generation.

2
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3. Thermodynamic analysis of an ORC system utilizing a
low-temperature geothermal energy resource: A case study with
numerical illustration

A small-scale modular binary fluid ORC geothermal power generation system is
proposed for design and installation in Vancouver, BC Canada, near a site charac-
terized by a low-temperature geothermal energy resource. The production well in
this resource is capable of supplying hot geo-fluid (mainly liquid water) at a tem-
perature of 90°C (see state a, Figure 1). The proposed ORC system utilizes R-134a
as a working fluid. In this ORC system shown in Figure 1, it is required to provide
R-134a at a mass flow rate _mRof 6.25 kg/s as saturated vapor at 85°C to an inflow
radial turbine (state 3). The ORC condenser operates at constant pressure with a
constant phase-change temperature of 40°C. R-134 then enters an ideal ORC-pump
as a saturated liquid (state 1, Figure 1). The density of the geo-fluid is assumed to
be constant at approximately 1000 kg/m3. The geo-fluid liquid exits the ORC-
evaporator (state b, Figure 1) to be re-injected into the geothermal resource at 35°C
with constant specific heat capacity Cp,Geo = 4.185 kJ/kg.°C.

Thermal design constraints: The ORC-evaporator (counter flow-HEx)
effectiveness εEvap,ORC= 90%; the turbine isentropic efficiency ηT = 100%; negligible
pressure drops in the ORC-piping systems.

Electric generator specification: ηEG = 92%.
Electricity-driven pump efficiency = 100%.
Required: For this conceptual ORC power generation system, the following

thermodynamic performance indicators are determined:

a. The R-134a-pumping power _WPump (kW) requirement for the ORC system.

b. The heat transfer rate input _QEvap,ORC (kW) to the ORC system.

c. The turbine supplied power _WTurb (kW).

d. The electric generator power output _WEG (kW).

e. The net power _Wnet,ORC (kW) delivered by the ORC system.

f. The thermal efficiency ηth,ORC (%) of the ORC system.

g. The specific heat transfer qGeo (kJ/kg) supplied by the low-temperature
geothermal resource to the ORC system.

h. The heat transfer rate _QGeo(kW) supplied by the LTGE resource to the ORC
system.

i. The mass flow rate of the geo-fluid _mGeo(kg/s) to be extracted from the
low-temperature geothermal resource.

j. The volumetric flow rate of the geo-fluid _VGeo(L/min) to be extracted from
the geothermal resource.

k. The overall energy conversion efficiency ηGeo (%) of the low-temperature
geothermal ORC power generation system.
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4. Methodology, analysis, and results

Application of the steady-state energy balance, mass balance, and other ther-
modynamic relationships over the ORC pump (stream 1–2), turbine (stream 3–4),
evaporator (stream 2–3), electric generator (EG), and the geothermal resource
(stream a-b), yields the following set of model equations (Tables 1 and 2):

_Wpump ¼ _mR h2 � h1ð Þ (1)

wpump ¼ h2 � h1 (2)

h2 � h1 ¼ v1 p2 � p1
� �

(3)

_QEvap,ORC ¼ _mR h3 � h2ð Þ (4)

_WTurb ¼ _mR h3 � h4ð Þ (5)

_WEG ¼ ηEG _WT (6)

_Wnet,ORC ¼ _WEG � _Wpump (7)

ηth,ORC ¼
_Wnet,ORC

_QEvap,ORC
(8)

_QGeo ¼ _mGeoqGeo (9)

_mGeo ¼
_QGeo

qGeo
(10)

_VGeo ¼ _mGeo

ρGeo
(11)

_QGeo ¼ _mGeo ha � hbð Þ (12)

qGeo ¼ cp,Geo Ta � Tbð Þ (13)

_QGeo ¼
_QEvap,ORC

εEvap,ORC
(14)

ηGeo ¼
_Wnet,ORC

_QGeo
(15)

State # T (°C) P (kPa) v (m3/kg) h (kJ/kg) s (kJ/kg.°C) x (%)

1 40 1017.0 0.000873 256.54 0.0

2 2926.2 258.21

3 85 2926.2 428.10 100

4 409.14 1.6782 93.5

a 90

b 35

Table 1.
Thermodynamic properties of R-134a at the given conditions.
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Required Calculated numerical value

_WPump (kW) 10.42

_QEvap,ORC (kW) 1061.83

_WTurb (kW) 118.50

_WEG (kW) 109.02

_Wnet,ORC (kW) 98.60

ηth,ORC (%) 9.3

qGeo (kJ/kg) 230.18

_QGeo(kW) 1179.81

_mGeo(kg/s) 5.13

_VGeo(L/min) 307.5

ηGeo (%) 8.4

Table 2.
Summary of the ORC-LTGE performance results.
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Chapter 2

Geothermal Power Generation
Ziyodulla Yusupov and Mohamed Almaktar

Abstract

Bulk power system based on fossil fuels becomes less reliable and stable in 
economic terms, technically more labor-consuming and harmful environmental 
impact. These problems have led many countries to find ways to supply the elec-
tricity from a green and sustainable energy source. The electricity derived from 
renewable energy sources such as hydro, solar, wind, biomass and geothermal 
refers to as green and sustainable energy. Geothermal energy is not only utilized 
for electric power generation, but it is also exploited to generate environmen-
tally friendly heat energy. As of the end of 2018, geothermal global cumulative 
installed capacity exceeded 13 GW, generated an energy of about 630 peta joule 
(PJ). This chapter presents the geothermal energy resource in terms of the types 
of power plants, principle of the electricity generation and current world status of 
geothermal resource utilization. The issues such as advantages and disadvantages 
of geothermal energy economically and environmentally and means to overcome 
shortcomings are also considered. The main barriers for the development of 
geothermal industry include high resource and exploration risk, overall high 
development cost particularly drilling, and inadequate financing and grant sup-
port. The global averaged cost of electricity for the geothermal facility is nearly 
0.072 USD/kWh as compared to 0.056 for onshore wind and 0.047 USD/kWh for 
hydropower. However, the technology is rather competitive to other renewables 
such as concentrating solar power (0.185 USD/kWh) and offshore wind (0.127 
USD/kWh). Meanwhile, further research and development is critically needed 
to eliminate the non-condensable gases (NCGs) associated with the geothermal 
power generation.

Keywords: geothermal energy, geothermal power plants, geothermal electricity, 
economic and environmental impact, geothermal worldwide status

1. Introduction

Geothermal energy is heat energy from Earth’s interior which generated from 
radioactive breakdown and frequently recurring heat losses from Earth’s formation. 
The Earth’s heat capacity is approximately 1 × 1019 TJ or 2.8 × 1015 TWh [1]. The 
Earth’s heat conduction is 44.2 TW [2].

The utilization of geothermal energy according to the geological conditions are 
categorized as:

1. High-temperature (enthalpy) geothermal systems with temperature greater 
than 180°C. This system depends on recent mantle hot spot anomalies and 
volcanos at depths over 3.5 km. Also, high-temperature geothermal systems 
related to rocks at depths approximately below 3.5 km.
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2. Middle-temperature (enthalpy) systems between 100 and 180°C.

3. Low-temperature (enthalpy) geothermal systems with temperature lesser 
than 100°C.

Geothermal systems with middle and low-temperature are formed by decaying 
of radioactive isotopes and they conclude aquifers which recharge by heated water 
circulation. Table 1 tabulates the classification of the geothermal resources based 
on temperature [3].

Geothermal energy can be utilized for both purposes – direct heat and electric-
ity generation. As of the end of 2019, geothermal energy was used in 88 countries 
around the world with an annual energy consumption of around 1,020,887 TJ or 
283,580 GWh [4]. According to the International Energy Agency the electricity 
production from geothermal energy will be increased to 1400 TWh/y and the direct 
use to 1600 TWh/y by 2050 [5].

The main advantage of the geothermal energy is being clean as other types of 
renewable sources. Other advantages include: reliability, environment-friendliness, 
relatively low cost of generated energy, high usage factor for the geothermal power 
plant operation that distinguishes the geothermal energy from other renewable 
energy sources. However, the heat and electricity generated by the geothermal 
energy should be directly utilized locally and cannot be transported.

2. Geothermal power plants

In work [6], modeled types of geothermal resources are given, as shown in 
Table 2. In general, geothermal resources under 150°C are more suitable for direct 
use such as heating and cooling, whereas the resource of above 150°C is exploited 
for electricity generation. However, modern power conversion technologies allow 
to generate an electricity from low temperature resources up to 150°C [3].

A steam or hydrocarbon vapor are used to generate electricity from geothermal 
energy. While the vapor-dominated resource is applied directly, the hot-water 
dominated resource should be flashed by reducing the pressure to convert a steam 
[7]. Table 3 provides the basic technologies and the common applications under 
different temperatures of geothermal fluid.

As mentioned above, the geothermal source in view of steam or hydrocar-
bon vapor can be used to generate electricity. In this respect, geothermal power 
plants (GPPs) operation is similar to those of steam power plants. However, unlike 
the conventional steam power plants, the geothermal power ones use natural 
steam of earth. History of the first GPP started from 1904 at Larderello, Italy, 

(a) (b) (c) (d) (e)

Low enthalpy resources <90°C <125°C <100°C ≤150°C ≤190°C

Middle enthalpy resources 90–150°C 125 –
225°C

100–200°C — —

High enthalpy resources >150°C >225°C >200 >150°C >190°C

a) Muffler and Cataldi (1978); b) Hochstein (1990); c) Benderitter and Cormy (1990); d) Nicholson (1993);  
e) Axelsson and Gunnlaugsson (2000).

Table 1. 
Classification of geothermal resources based on temperature [3].
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where generator was tested to produce electricity from geothermal source. Then, it 
was commercialized to power plant in 1911 [7].

The simplest operational conceptualization of the GPP is presented in Figure 1. 
In this case, a natural steam from the well is directly passed to a turbine, that drives 
a generator for the electricity production.

There are three basic types of GPPs:

1. Dry steam plants.

2. Flash steam plants.

3. Binary cycle power plants.

2.1 Dry steam plants

Dry steam plants are simple and more efficient type of GPP. This type of power 
plants was firstly deployed to generate electricity in Italy in 1911. However, dry 
steam plants are less available in the sense that the steam should be produced from 
vapor-dominated reservoirs which are of few numbers in the world.

To provide a high efficiency of turbine, the steam condensation is minimized 
during extension of fluid fraction in steam phase. In common, isentropic efficiency 
of modern dry steam plants is about 85%. According to a feasibility study to extract 
the maximum efficiency of these plants, the generation capacity should be at least 
1 MWe [8].

Type of geothermal resource Temperature

Hot-water dominated 20–350°C

Vapor-dominated ≈240

Sedimentary basin 20–150°C

Radiogenic 30–350°C

Geopressured 90–200°C

Solidified (hot dry rock) 90–650°C

Part still molten (magma) >600 °C

Table 2. 
Types of geothermal resources for energy utilization.

Reservoir temperature Geothermal 
fluid

Application 
proposes

Technology

High temperature, >220°C Water or 
steam

Direct-in use Heat exchangers; Heat pumps

Power 
generation

Flash steam: combined cycle 
(flash and binary)

Medium temperature, 
100–220°C

Water Direct-in use Heat exchangers; Heat pumps

Power 
generation

Binary cycle

Low temperature, 
30–150°C

Water Direct-in use Heat exchangers; Heat pumps

Table 3. 
Frequently used technologies for geothermal energy.
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Based on [9], electricity can be generated from the dry steam in the following 
conditions:

1. The vapor-dominated source should be closer (approximately with 5 km 
depth) to the surface to raise the hot water to the boiling point.

2. There should be enough opening above the geothermal fluid source to allow 
the vapor to drop to the surface over a long period of time by reducing the level 
of liquid significantly.

The schematic diagram of dry steam power plant is illustrated in Figure 1. The 
dry steam plant operation is based on the following: the water and steam flow from 
geothermal production wells are transmitted through valve to turbine and spin a 
steam turbine by converting thermal and kinetic energy to electrical energy.

2.2 Flash steam plants

Currently, most of GPPs are flash steam plants. They use geothermal reser-
voirs with mixture sources, i.e., vapor and liquid-dominated (water) to generate 
an electricity. It means that the temperature and enthalpy of vapor and waters 
are lesser than the critical point. Therefore, the flash units are generally basic 
approach to change over the geothermal energy into power. Firstly, in this system 
the steam is separated from water using a cylindrical cyclonic pressure tank with 
a base loss of pressing factor. Then, the dry steam leaves the separator, flows to 
powerhouse and rotates the steam turbine. The vapor quality that defines the 
flashed fluid is given as:

 ovap r

liquid vapor

m
x

m m
=

+
  (1)

where: vaporm  – mass of vapor and liquidm  – mass of liquid.

Figure 1. 
Schematic diagram of dry steam power plant.
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The vapor quality value changes from 0 to 1 and commonly given as percentage. 
When vapor quality between 0 and 1, wet steam is then obtained. When the vapor 
quality is equal to 1, it is called “the saturated vapor” state.

There are two types of flash steam geothermal plants:

• Single-flash steam GPP

• Double-flash steam GPP

In a single-flash steam GPP the mixture fluid is flashed only in one separator. 
Schematic process diagram of the single-flash power plant is shown in Figure 2. 
The process of electricity generation in this power plant is accomplished as follows: 
hot water from production well is piped to flash separator (FS) by decreasing its 
pressure. In FS the steam is separated from hot water and transmitted to the steam 
turbine to spin it and convert mechanical energy to electrical by a generator. While 
the cooled steam in a turbine condenses to the water by the condenser while a part 
of the liquid from FS are reinjected to injection well.

Unlike single-flash steam, in double-flash steam the flash process of the fluid 
is applied in two separators. Although these plants are more expensive and more 
labor-consuming, however, they are preferable than single-flash plants as they 
generate 15–25% more electricity for the same states of fluid reservoirs [8, 9].

Schematic operational diagram of the double-flash power plant is illustrated in 
Figure 3. The fluid flows from well to a high pressure flash separator where from 
a mixture fluid the steam is separated and is piped to a two-stage turbine; another 
part – saline liquid is throttled down to the second separator. In the low pressure 
separator like the first one a partly boiled liquid again is separated to a steam and 
water. As a result, the steam gets directed to the low-pressure turbine. By keeping 
the pressure in the condenser, the steam from the low-pressure turbine is cooled 
using a sprayed cold water. Then, water is reinjected to injection well, as well as the 
cold water from the condenser.

Figure 2. 
Schematic diagram of single-flash power plant.
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2.3 Binary cycle power plants

“Binary” cycle refers to as a secondary separate cycle. For the geothermal 
resource, binary indicates that the geothermal fluid (water/steam) never comes in 
a contact with the prime mover. Geothermal binary power systems are suitable for 
electricity production from low underground heat source [10]. The binary plant in 
Alaska, as an example, utilizes a geothermal resource of 57°C [11]; yet generally, 
binary system designs can exploit an inlet temperature range between 80 and 170°C 
[3]. The secondary fluid, known commonly as working fluid, in the binary geother-
mal system operates in a conventional Ranking cycle; and the binary cycle is known 
as an organic Ranking cycle (ORC) when the used working fluid is organic [12]. In 
binary ORC power plants the geothermal fluid passes through a heat exchanger to 
heat another working fluid of a low boiling point e.g., pentane, zeotropic mixtures, 
etc. which in turn vaporizes and drives a turbine [13]. Electrical production through 
a closed-loop binary unit is shown in Figure 4.

The standard working mechanism of a basic geothermal binary system can be 
summarized as: when the geothermal brine is pumped through the production well, 

Figure 4. 
Illustrative schema for a binary geothermal plant.

Figure 3. 
Schematic diagram of double-flash power plant.
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the heat extraction process is accomplished after passing through different compo-
nents of the primary cycle. The geothermal fluid is initially filtered via sand remov-
ers to pass through the heat exchanger i.e., the evaporator/vaporizer and preheater, 
and finally pumped back into the reservoir by the injection well. On the other side 
of the secondary cycle, the pressurized working fluid turns into boiling state in the 
preheater. It then exits the vaporizer as a saturated vapor that subsequently expands 
in the turbine driving a power generator. The low-pressure working fluid vapor 
exiting the turbine is finally condensed in the ACC (air-cooled condenser) and 
pumped back to the vaporizer, closing the loop system and repeating the process 
continuously. Thus, the thermodynamic process of the low-boiling-point working 
fluid starts when it expands into the turbine in saturation vapor state, and com-
pleted when it is cooled through the condenser and pumped back (as a saturated 
liquid fluid) to the heat exchanger to emerge as a saturated vapor again [14, 15].

The efficiency of geothermal ORC, for high enthalpy field, can go as high as 23% 
[16]. However, cycle configuration plays a key role in thermodynamics of a binary 
power plant. Many performance and optimization studies have been recently car-
ried out to examine the optimal configuration of ORC geothermal power facilities 
[17, 18] as well as on the investigation of optimal working fluids in ORCs [19–21]. 
In Ref. [22], the researchers investigated the performance of three configurations 
of ORC for binary geothermal power plants; simple ORC, regenerative ORC and 
ORC with Internal Heat Exchanger (ORC-IHE). It is concluded that the ORC-IHE 
outperforms the other configurations from the thermodynamic perspective while 
the simple ORC had the highest value of net output power. The 2-stage designs 
of a binary cycle yield higher net electrical power output and thermal and exergy 
efficiencies than the 1-stage counterparts [23].

As the thermal energy extracted from underground field is conveyed to a second 
working fluid; therefore, selection of such working medium plays an important role 
on the system design, performance, and economics. The optimal choice of the work-
ing fluid for a binary cycle must consider the thermodynamic characteristics of both 
geofluid and working fluid, safety of use, health and environmental impact [9]. 
Various objective functions have been used in literature for working fluid selection, 
such as the net power output [24], ratio of net power output to heat exchanger area 
[25], first or second law efficiencies [26] and volumetric expanders [27]. In [28] the 
authors conducted a comparative study of several working fluids, such as water, 
coolants and some hydrocarbons, for a Rankine cycle operating at low temperature. 
The study concluded that using organic working fluids, the Rankine cycle achieved 
good efficiencies for the recovery of low enthalpy resources. An optimization study 
conducted by [29] revealed that the n-pentane working fluid produced the highest 
first and second law efficiencies for a binary ORC plant. The study in [29] explored 
the thermodynamic performance of 20 working fluids for a binary ORC and found 
out that R123, R141b and ethanol are the most appropriate for small scale domestic 
Combined Heat and Power (CHP) applications. CHP or cogeneration plants are 
efficient technology that produces both electricity and thermal energy at consider-
ably higher efficiency than its counterpart of only-electricity or only-heat systems.

It was reported that the operational parameters of a binary plant (such as air mass 
flow rate, mass flow rate of organic medium and inlet turbine pressure) and plant 
performance i.e., net power output degrade over the plant lifetime [14]. In order to 
maintain the plant performance over its life span, the mass flow rates of organic fluid 
and air cooling should be adjusted. In addition, the plant design can be modified by 
placing a recuperator and reducing the heat transfer area of vaporizer and preheater.

Besides the standard binary geothermal power system, advanced configura-
tions of geothermal energy conversion systems have been also well investigated. 
This includes: hybrid single-flash and double-flash systems, hybrid flash-binary 
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configuration and hybrid fossil geothermal technology [23, 30]. In addition, the 
development of hybrid power systems integrating geothermal plants with biomass, 
fuel cells, wind, solar systems and waste-to-energy (WTE) technologies has been 
gaining a lot of interest [31–35].

When compared to single-flash and double-flash cycles, the binary ORC plant 
attained the highest thermal efficiency and output power among the three geother-
mal power plants [36]. An exergoeconomic investigation between double-flash and 
single-flash/ORC combined cycles revealed that the single-flash/ORC integrated 
cycle offers the highest energy and exergy efficiencies [37]. Based on a comparison 
between various types of geothermal power plants in terms of energy and exergy 
metrics, it was concluded that the combined flash-binary cycle with R123 working 
fluid, at a temperature 230°C and mass flow rate of geothermal heat source 1 kg/s, 
has the highest amount between various investigated configurations with a maxi-
mum thermal efficiency of 11.81% [38].

A combined flash-binary ORC power unit is schematically shown in Figure 5. 
The working mechanism of the plant is as follows; firstly, the geofluid is throttled 
in a valve to a lower pressure (point 2), then the obtained two-phase fluid is decom-
posed into saturated liquid and saturated steam by getting through the flash cham-
ber i.e., separator (3 and 4). The extracted saturated steam drives a prime mover 
that is connected to a power generator (5); the steam turbine exhaust is then cooled 
in the condenser (6). On the other hand, the saturated liquid of the separator enters 
the heat exchanger to give off heat to the binary unit (7). The exit mixed stream of 
condenser and heat exchanger is then injected back into the ground (8). The pump 

Figure 5. 
Schematic diagram of the single flash/ORC combined cycle.



15

Geothermal Power Generation
DOI: http://dx.doi.org/10.5772/intechopen.97423

within the binary ORC pressurizes the organic working fluid to a high level (10), 
that is in turn be in a form of saturated vapor when thermally exchanged with the 
heat of saturated geofluid stream in the evaporator (11). The saturated vapor is 
expanded into the steam turbine and delivers work to produce further electricity 
(12). Finally, water flow in the condenser condenses the superheat vapor and exits 
as a saturated liquid (9) [39].

As mentioned earlier, integration of multiple generators of different technolo-
gies especially of renewable ones has been attracting a considerable attention. The 
synergy offers cost competitiveness, greater overall efficiency and a higher capacity 
factor as compared to a single source power supply [40]. For instance, hybridization 
of geothermal with concentrating solar power (CSP) can overcome several chal-
lenges encountered by standalone geothermal plants [41]. The concept is that as the 
ambient temperature increases with the progress of the day the hourly output of a 
standalone geothermal plant decreases. Nevertheless, CSP involvement can handle 
this issue as its output increases with a rise in the ambient temperature and more 
than 70% in annual energy output could be attained [42]. Generally, CSP can be 
incorporated in the geothermal plant both in the preheating or the superheating 
configuration [43].

3. Worldwide status of geothermal power production

By the end of 2018, the cumulative global installed capacity of geothermal 
power amounted to 13.28 GW generated an annual electrical energy of about 86 
TWh. Geothermal resource has contributed significantly in electricity produc-
tion in some regions; 17% of New Zealand’s electricity production and 31% of 
Iceland’s electricity production was met by geothermal in 2018 [44]. In 2020, the 
global additions of geothermal capacity are estimated at 300 MW. Indonesia and 
Turkey led the new development, with 145 MW and 70 MW of capacity added 
for the two countries, respectively. The technology is forecast to reach 16.5 GW of 
aggregate capacity worldwide by 2022 [45]. While United Stated of America has 
been at the top world rank in terms of geothermal power capacity [46], Turkey, 
Kenya, Indonesia and the Philippines would be responsible for most of the tech-
nology growth and continue to lead capacity additions beyond 2022. Geothermal 
power cumulative capacity and additions in leading countries are depicted in 
Figure 6 [44].

Figure 6. 
Geothermal power capacity and additions in top countries by 2018 [44].
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Geothermal technology exploitation depends primarily on the resource potential 
and economic considerations, but generally, most existing geothermal facilities 
worldwide use flash or dry-steam technologies. However, on global scale, binary-
cycle technology has been the fastest progressing technology in recent time, due in 
part to rising utilization of relatively low-temperature resources [44]. Direct Use 
i.e., thermal energy consumption of geothermal energy technology is one of the 
common and versatile form of utilizing the underground heat [47]. The installed 
global total of geothermal power capacity for Direct Use sectors is estimated at 26 
GWt at the end of 2018 [44].

The distribution of geothermal Direct Use applications is categorized as: 58.8% 
for heat pumps, 18% for bathing and swimming, 16% for space heating, 3.5% for 
greenhouse heating, 1.6% for industrial applications, 1.3% for raceway heating and 
aquaculture pond, while the remainder goes to other applications such as agricul-
tural drying and snow melting and cooling, etc. [47]. Geothermal heat pumps have 
the greatest geothermal utilization worldwide, accounting for 59.2% of the annual 
energy use and 71.6% of the installed capacity by 2020. The installed capacity 
for geothermal based heat pumps approaching 77,547 MWt mostly built in North 
America, Europe and China. The size of individual systems ranges from 5.5 kW 
for residential installation to greater than 150 kW for commercial and institutional 
units [47]. Most heat pumps systems in Europe are sized for the heating load that 
are designed to meet the base load, with surging by fossil fuels. In Finland, as an 
example, some of these units reached an operation of up to 3,000 equivalent full-
load heating hours per year i.e., a capacity factor of 0.34.

Space heating, including district heating and individual space heating, has now 
an installed capacity of 12,768 MWt and an annual energy use of 162,979 TJ/yr. In 
terms of annual energy use, the leaders are Turkey, Russia, Japan, the United States, 

Utilization Installed 
Capacity (MWt)

Capacity 
Factor

Leaders in annual energy utilization  
(TJ/yr)

Geothermal heat 
pumps

77,547 0.245 United States, China, Germany, Sweden and 
Finland

Space heating 12,768 0.405 Turkey, Russia, Switzerland, the United 
States and Japan

Greenhouse 
heating

2,459 0.462 China, Turkey, Netherlands, Hungary and 
Russia

Aquacultural pond 
heating

950 0.463 United States, China, Italy, Iceland and Israel

Agricultural drying 257 0.435 China, Hungary, France, Japan and United 
States

Industrial uses 852 0.610 New Zealand, China, Russia, Iceland and 
Hungary

Bathing and 
swimming

12,253 0.473 Japan, China, Turkey, Mexico and Brazil

Snow melting 435 0.189 Iceland, Japan, United States, Argentina and 
Slovenia

Other 106 0.584 New Zealand (irrigation and frost 
protection), Japan (cooking) and Kenya 

(boiling water)

Total 107,727

Table 4. 
MWt and leading states for various categories of direct-utilization for the year 2020 [4].
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and Switzerland, accounting for about 75% of the world’s individual space heating 
and nearly 90% of the world’s total use in district heating. Deep Direct Use or what 
is alternatively called Cascaded Use offers large-scale viable systems that optimize 
the value stream of lower temperature resources through a multiple of purposes, 
from electricity production to direct cooling and heating, commercial and industrial 
applications, etc. [46]. Table 4 provides a summary of the installed capacity factor 
(in MWt), and leading states for various categories of Direct Use for the year 2020.

4. Economic and environmental impacts of geothermal energy

In addition of being harnessed for the production of electrical energy, geother-
mal energy can also be utilized for various thermal applications including industrial 
heat input and space heating. Geothermal waters are highly beneficial for health 
and well-being, treat arthritis and skin diseases. Production of freshwater and 
minerals exploiting the hot reinjected brine of geothermal resource is also a viable 
and economic option [4]. Furthermore, geothermal energy resources improve the 
security and defense of the country through their exploitation in military facili-
ties such as heating of runways and heliports and wide range applications of heat 
pumps [48]. For the above-mentioned advantages, many countries offer incentives 
for the use of the technology. For instance, Switzerland raised its geothermal power 
Feed-in Tariff (FiT) from USD 0.48 to USD 0.54 per kWh [44].

Nevertheless, the main barriers for the development of geothermal industry 
include high resource and exploration risk, overall high development cost particu-
larly drilling, economic risk associated with long project lead-times and inadequate 
financing and grant support, as well as lack of clear policy and regulatory frame-
works. Indonesia, for example, did not meet its 2018 targets for investment accel-
eration in geothermal due largely to drilling delays by developers. The economic 
recession stemming from COVID-19 crisis has enormously affected the technology 
progress even for the pioneered geothermal energy users such as Italy, the United 
States and New Zealand that have not witnessed significant growth in recent years 
[44]. The global crisis has caused deferrals of strategic decisions such as financ-
ing and disruptions to the global supply chain for materials and machinery. On 
the other hand, it is reported that the availability of better data about geothermal 
resources facilitates attracting new investors and developing new projects [49].

The per MW cost of geothermal power unit hits USD 7 million [44]. Global 
range of electricity cost and its weighted average of various technologies are tabu-
lated in Table 5. As can be seen, renewable technologies are competing with fossil 
fuels, while geothermal projects are not far behind (at USD 72/MWh). Because of 
its adequacy for relatively low-temperature resources and applicability for both 
power and heat, among the key players of geothermal binary technology are Exergy 
(Italy), Ormat Technologies (United States), and Turboden (Italy, a subsidiary of 
Mitsubishi Heavy Industries of Japan) [44].

An economic analysis performed by [23] indicated that the economic perfor-
mance of the Rankine cycle depends greatly upon the type of working fluid and 
cycle configuration. The results also showed that a standard Rankine cycle with 
a 2-stage turbine using n-pentane is the most thermo-economic design for the 
particular brine resource and re-injection conditions. For binary ORC plants, the 
simple ORC offers the lowest total capital investment and the shortest payback 
period as compared to the regenerative and the one with internal heat exchanger 
[22]. An economic assessment of double-flash geothermal power cycle and 
single-flash-ORC combined cycles showed that the former configuration attains 
the minimum unit cost of produced power [37]. In another economic analysis 
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of a hybrid CSP-binary geothermal power plant showed that the levelized cost 
of electricity can be reduced by 2% for the hybrid system in comparison to the 
stand-alone geothermal system [51].

Land requirement of geothermal power plant is relatively much lower than 
other technologies. For example, a single-flash geothermal unit needs approxi-
mately 1200 m2 per MW installation as compared to coal-fired facility which 
requires 40,000 m2/MW and a photovoltaic plant requirements of 66,000 m2/MW 
[9]. On the contrary, this economic advantage in land aspect is challenged with 
other environmental concerns such as water usage and its pollution, visual and 
noise pollution, greenhouse gas emissions, and loss of natural beauty. However, 
methods to alleviate these environmental concerns include reinjection for surface 
water pollution, the use of silencers for noise pollution and air-cooled condensers 
for water usage [52].

The great benefits of increased implementation of geothermal technology 
include the high reliability and the feasible functionality over 7000 h per year, 
which is a crucial issue for electrical utility grids. If the reservoir is appropriately 
managed i.e., the reservoir water balance, then the sustainability of geothermal 
power plants is guaranteed [53]. However, the release of NCGs to the environment 
has become a critical factor for a geothermal power plant. NCGs are naturally found 
in geothermal reservoirs and can contain several types of pollutants, dominantly 
carbon dioxide (CO2), in addition to ammonia (NH3), hydrogen sulfide (H2S) and 
heavy metals. Although CO2 production of the geothermal power plants is much 
lower than fossil fuel generation units, they still emit averagely 400 g CO2/kWh and 
may be higher depending upon the chemical composition of the reservoir and the 
conversion technology [54].

Treatment of NCGs has been a hot topic in the industry world and research 
community. After segregation of the NCGs, geothermal fluids are reinjected into 
the reservoir. This is a demonstrated design in geothermal power plants. The Sinem 
ORC geothermal power plant rated at 24 MW and located in Aydın province, 
Turkey re-injects about 70% of the heat drawn fluid, after being condensed at 70°C, 
into re-injection well whereas the remaining 30% is emitted to atmosphere as NCGs 
[55]. However, an emerging technology based on reinjection of NCGs is still under 
development intending to minimize the environmental footprint, handling the 
emissions of H2S and CO2 [53]. It is confirmed that complete reinjection of NCGs 
using binary ORC geothermal power plant assures the sustainability of geothermal 

Technology COE
5th and 95th Percentiles 

(USD/kWh)

Global 
Weighted-Average
COE(USD/kWh)

Change in 
COE

2017–2018

Geothermal 0.060–0.143 0.072 −1%

Hydropower 0.030–0.136 0.047 −11%

Onshore wind 0.044–0.100 0.056 −13%

Offshore wind 0.102–0.198 0.127 −1%

Solar Photovoltaic 0.058–0.219 0.085 −13%

Concentrating Solar Power 0.109–0.272 0.185 −26%

Bioelectricity 0.048–0.243 0.062 −14%

Fossil fuels 0.049–0.174 0.049–0.174 N/A

Table 5. 
Global electricity cost of different technologies as of 2018 [44, 50].
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resource [56]; in this regard, some advancements have been achieved in Iceland 
geothermal plants [57]. More funds are dedicated for eliminating the environmental 
effect of geothermal industry. The European Commission, for example, awarded 
the Geothermal Emission Control (GECO) project, USD 18.3 million to advance 
research on reinjection of harmful gases such as CO2 and H2S from open-loop 
geothermal plants [44].

Feasibility of hydrogen production by means of geothermal resource has been 
also explored. In [58] the authors conducted a thermo-economic cost assessment 
of electrolysis based hydrogen production powered via a binary geothermal unit. 
The analysis argues that for a geothermal heat of 160°C and a flow rate of 100 kg/s, 
hydrogen can be obtained at a level of 0.253 g per kilogram of geothermal water. It 
was also found that unit exergetic costs of electricity and hydrogen are 0.0234 $/
kWh 2.366 $/kg H2, respectively. Koroneos et al., [59] demonstrated the technical 
feasibility (based on efficiencies and exergy indicators) of installing a 2.1 MW 
binary geothermal power plant at in Nisyros Island, Greece. The proposed facility 
could reach up to 10 MW of total installed capacity in the future and capable of 
supplying a substantial amount of electricity thereby reducing the reliance of the 
island to the diesel power generation thus the gain from an environmental point of 
view is guaranteed.

Energy savings from utilizing Direct Use geothermal energy amounts to 81 mil-
lion tonnes (596 million barrels) of equivalent oil yearly. This eventually prevented 
78.1 million tonnes of carbon and 252.6 million tonnes of CO2 from being released 
to the atmosphere [4]. Geothermal technology based freshwater production is one 
of the most economic renewable and clean production alternative [60].

Hybrid geothermal-fossil fuel power system, for low-enthalpy geothermal 
resources, is a practical alternative to reduce the extensive use of fossil fuels and 
associated emissions. The research study in [61] analyzed a 500 MW combined 
geothermal-coal power plant with a 210°C geothermal temperature and 400 kg/s 
brine flow rate. The study claimed that up to 0.3 million tonnes of coal can be saved 
per year in addition to annual reductions of up to 0.72 million tonnes of greenhouse 
gas emissions. Economically, a drop of 33–87% in energy cost is reachable in com-
parison to a sole geothermal power unit. A study conducted by [51] revealed that 
the hybridization of binary ORC with CSP system decreases the levelized energy 
cost by 2% and when the ORC geothermal configuration is optimized an 8% drop in 
the levelized energy cost is achieved.

In [55], an exergoenvironmental analysis is performed from the perspective of 
environmental impact. The study came to a conclusion that 98% of total environ-
mental impact for the geothermal power system is caused by exergy destruction 
of the equipment involved; and as a treatment, exergetic efficiency for equipment 
should be improved rather than construction, operation/maintenance and disposal 
changes of facility equipment. The study advices obtaining a higher capacity plant 
by having a better condenser performance and enhancing the efficiency of the 
vaporizers and the pumps.

5. Conclusion

The population’s growth and economic development in many countries require 
an increase in demand for electrical energy. On the other hand, meeting the 
need for electric energy society in the future should consider the limitations of 
non-renewable resources while providing energy sustainability and significantly 
reducing the negative impact on the environment. In this case, the role of renewable 
energy resources should thus be a priority.
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The geothermal energy is one of the sustainable and environmentally friendly 
sources. Also, it is of a high usage factor and reliability. While geothermal dry steam 
and flash power plants utilize medium to high enthalpy underground source to 
generate electricity, geothermal binary power systems are suitable for electricity 
production from low underground heat source; generally, an inlet temperature 
range between 80 and 170°C. The secondary working fluid in the binary geothermal 
system operates in a conventional Ranking cycle. The main feature of the working 
fluid is having a low boiling point. The configurations of the cycle and the type 
of working fluid should be optimized for the sake of obtaining the best possible 
thermodynamic performance and efficiency of the geothermal binary facility. 
The binary Rankine cycle that used an organic working fluid has demonstrated its 
efficiency and practicality. Among the reported configurations of ORC for binary 
geothermal power plants include simple ORC, regenerative ORC and ORC-IHE.

Besides the standard binary geothermal power system, advanced configurations 
of geothermal energy conversion systems have been also well investigated. They 
include hybrid single-flash and double-flash systems, hybrid flash-binary configu-
ration and hybrid fossil geothermal technology. In addition, the development of 
hybrid power systems integrating geothermal plants with biomass, fuel cells, wind, 
solar systems, and WTE technologies has been gaining a lot of interest. It is reported 
that the binary ORC plant, when compared to single-flash and double-flash cycles, 
attains the highest thermal efficiency and output power. On the other hand, the 
single-flash/ORC integrated cycle offers the highest energy and exergy efficiencies 
as compared to double-flash counterpart.

The accumulated global installed capacity of geothermal power amounted to 
13.28 GW by the end of 2018 and is forecast to reach 16.5 GW worldwide by 2022. 
United Stated of America has been standing at the top world rank in terms of 
geothermal power capacity. On the other hand, Turkey, Kenya, Indonesia and the 
Philippines would be responsible for most of the technology growth and continue 
to lead capacity additions beyond 2022. Although most existing geothermal facili-
ties worldwide use flash or dry-steam technologies, binary-cycle technology has 
been the fastest progressing technology in recent time. Direct Use of geothermal 
energy technology is one of the common forms of utilizing the underground heat. 
The distribution of geothermal Direct Use applications, relative to their widespread 
use, are: heat pumps, bathing and swimming, space heating, greenhouse heating, 
industrial applications, raceway heating and aquaculture pond, agricultural drying 
and snow melting and cooling, etc.

The main barriers for the development of geothermal industry include high 
resource and exploration risk, overall high development cost particularly drilling, 
economic risk associated with long project lead-times and inadequate financing and 
grant support. In addition, the global crisis COVID-19 has caused deferrals of strate-
gic decisions such as financing and disruptions to the global supply chain for materi-
als and machinery. The economic feasibility of the geothermal power plants depends 
greatly upon the type of working fluid and cycle configuration. Geothermal power 
plants have relatively much lower land requirement than other technologies. Methods 
to alleviate the environmental concerns of geothermal power systems include reinjec-
tion for surface water pollution, the use of silencers for noise pollution and air-cooled 
condensers for water usage. NCGs accompanying the geothermal power generation 
can be alleviated by reinjecting geothermal fluids into the reservoir.

As a future work, an optimized hybridization of geothermal energy with other 
renewables needs further exploration and demonstration, either for small scale 
CHP or cascaded applications. As the availability of better data about geothermal 
resources facilitates the attraction of new investors and developing new projects, 
more deeper studies and financial support is critical to assess sites of appropriate 
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geothermal potential. This is of significance to make the cost of geothermal elec-
tricity more competitive to conventional and other cheaper renewable electricity. 
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Quantitative Approximation
of Geothermal Potential of
Bakreswar Geothermal Area
in Eastern India
Chiranjit Maji, Hirok Chaudhuri and Saroj Khutia

Abstract

Proper utilization of geothermal energy for power generation is still overlooked
in India even after having enough potential as much as the equivalent to its other
nonconventional energy resources. The source of geothermal energy is the decay of
the radio-nuclei present inside the Earth’s crust apart from the primordial heat
source. The noble gas 4He is also produced during the radioactive disintegration
process. Therefore, measuring the amount of 4He gas along with some other geo-
chemical parameters in an Indian geothermal area, the potential of the reservoir can
be evaluated. Mathematical calculations relating to the radioactive disintegration to
estimate the geothermal potential of Bakreswar geothermal reservoir utilizing the
concept of the 4He exploration technique has been described here. The study
showed that the heat (radiogenic) energy generated by the radioactive decay of
232Th, 238U, and 235U inside the reservoir was evaluated as 38 MW. This value raises
to 76 MW when primordial heat is included. The detail calculations suggest that a
Kalina cycle based binary power plant using ammonia–water mixture as working
fluid is supposed to be installed at the identified locations with a drilling depth of
about 1,100 m and the plant would be capable of delivering the power of 9.88 MW
to 40.26 MW.

Keywords: hot springs, radioactive disintegration, helium generation,
geothermal power, geothermal power plant

1. Introduction

The origin of the geothermal energy is connected with the internal structure of
the planet and the physiochemical processes occurring therein. According to the
current knowledge, geothermal energy is unevenly distributed throughout the globe
near the surface to the deep interior of the Earth [1, 2]. Depending upon the
accessibility as well as the opportunities for the utilization of modern technology,
many nations in the world are exploiting this natural energy resources for the
commercial production of electric power [3, 4]. Geothermal energy hence,
geothermal areas are generally defined through the parameter, geothermal gradi-
ent, which is the rate of the increment of the temperature profile of underneath
bedrock of the Earth. The average (global) value of the geothermal gradient is
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typically 30 °C/km in the continental crust and 100 °C/km in the oceanic crust
[1, 5]. However, in geothermal areas, its values are well above (>40 °C/km) the
global average value [6]. It is so because of the magmatic intrusion. This intrusion
is nothing but the molten magma, trapped within the Earth’s crust at a depth of
5–10 km beneath the surface. This may still in a fluid state or the process of
solidification and releasing heat constantly [2, 7, 8]. According to the origin of
geothermal energy, it is categorized into two. One was from a relic of the Earth’s
accretion process, in which huge energy was trapped within the Earth’s interior
(�4.5 billion years ago) [7]. This one is named as the primordial heat source.
Another one is the radiogenic heat source, which is produced by the natural decay
process of long-lived radioisotopes such as 238U, 235U, 232Th, and 40K. These
nuclei, of which the half-life (T1=2

Þ are comparable to the age of our planet, are
found with significant abundance within the crust of the geothermal areas [9, 10].
A considerable amount of heat is contributed from the natural radioactive decay
process. Eq. (1) to Eq. (3) represent the physicochemical processes and the heat
energy released from the naturally occurring radioactive disintegration in each of
the complete decay chain [11–14]. Moreover, it shows the produced crustal He
(4He) atoms and neutrinos during each decay process.

232
90 Th ! 208

82 Pbþ 6 4
2Heþ 4 0

�1eþ 42:60 MeV=atom (1)

238
92 U ! 206

82 Pbþ 8 4
2Heþ 6 0

�1eþ 51:70 MeV=atom (2)

235
92 U ! 207

82 Pbþ 7 4
2Heþ 4 0

�1eþ 46:40 MeV=atom (3)

Moreover, within the deep Earth, the production rate of He from 232Th and
238U [and 235U] radio-nuclei are encountered to be 2:43� 10100 atoms=m3=s and
1:03� 108 atoms=m3=s, respectively [10]. The fact of characteristics heat–helium
coherence at any geothermal system (under the deep reservoir) is interpreted by
such physicochemical processes [15]. This radiogenic heat, which is one of the main
sources of the Earth’s internal heat, powers all geodynamic processes underneath
[16]. Generally, geothermal heat is transferred from the aquifer (reservoirs) to the
Earth’s surface by the conduction and convection process. Here, the geothermal
fluid (meteoric water) acts as the carrier [1] and the radiogenic He, being highly
diffusive gas, generated from the host mineral and mixes by diffusion with the fluid
that circulates into the deep Earth [17]. The reservoir, which is nothing but a
volume consisting of hot permeable rocks, is usually sandwiched by capping of
impermeable rocks. And it is favourably connected to a recharge (surficial) area
[18], from which geothermal fluids percolated to recharge the aquifer cyclically
[18, 19]. The circulating fluids, to which the heat is transferred from the reservoir,
escape through fracture and features from the deep reservoir and manifest through
geysers, fumaroles, hot springs, etc. [8, 19]. Moreover, through diffusion and
advection process, the radioactive inert gases (like 222Rn & 220Rn) including the
stable and inert gases (such as He, Ar) are spontaneously migrating upward from
the deep Earth to the superimposing atmosphere [20–22]. This process, known as
‘Earth degassing’, is non-uniform over space & time [23, 24]. The prominent
signature of this degassing is generally noticed along active faults, fractures, oceanic
ridges, geothermal fields, and even deep wells [25–27].

It is notable that geothermal energy sources are still overlooked in India for
power generation even after the existence of a lot of potential resources, which are
seen in twelve geothermal zones of the country [19]. However, several of them
could be well utilized for the generation of power by means of developing geother-
mal power plants. For the sake of investigation, the hot spring site at Bakreswar in
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West Bengal, India, was selected as shown in Figure 1. Now, knowing the amount
of by-product, He gas which is ultimately reaching the surface through the fracture,
fissure and hot springs vents, etc., the associated heat energy (radiogenic) produced
inside the reservoir can be estimated. The energy released per unit time from
underneath bedrock at the study area was calculated by means of measuring the
average amount of He emanated from Agni Kunda hot spring at Bakreswar. Here
mainly the decay series of 238U, 235U, and 232Th were considered, and the amount of
heat energy contributed due to each series was evaluated. Here the question may
arise that each decay series [Eq. (1) to (3)] takes a long period (in geological time
scale) to complete its disintegration process and release a certain amount of heat
and He discretely. But, heat and He generated due to each series were utilized to
calculate the amount of heat production at the said reservoir at a certain instant of
time. However, He emanation at the study area shows stable activities for a long-
time-interval (5 years), as established by [19]. Therefore, He generation is also
stabilized for a long period, i.e., He generation due to every radioactive decay series

Figure 1.
Location of the study area Bakreswar in the map of India (modified after [19]).

29

Quantitative Approximation of Geothermal Potential of Bakreswar Geothermal Area…
DOI: http://dx.doi.org/10.5772/intechopen.96367



and emanation of the said gas is in an equilibrium condition. Therefore, no He is
being stored at the reservoir at the instant, and, therefore, the He emanation could
be considered to be equal to the generation of the same due to the radioactive
disintegration process.

2. The study area: Bakreswar geothermal province

A cluster of seven1 hot springs is scattered over Bakreswar geothermal area
within a confined zone of the surface area of about 3350 sq. m [19, 28]. The area,
which is a geologically complex, heterogeneous, and extensively faulted region, is
situated at the eastern end of the SONATA (Son–Narmada–Tapi) geothermal prov-
ince (Figure 2, window a) [19, 28]. The area lies in the West Bengal Basin (WBB),
the extension of the Chotanagpur Gneissic Complex [29]. Furthermore, it is linked
with a 1.2-km-long shear zone, which is characteristic by 50 m wide breccia/cherty
quartzite aligned through the almost north–south trend-line [26] (Figure 2, win-
dow b). The springs here are connected with the extinct Rajmahal volcanic activity
(115 Ma), and hence, are associated with the Precambrian granitic rocks [30]
(Figure 2, window b). The highly permeable and porous subsurface of the site is
facilitated due to the presence of the brecciated, highly sheared, and mylonitized
rock here [26]. The association of the study area with the eastern edges of two major
fault systems (the ONGC fault and the SONATA fault) made the region to be in a
stressed state [31, 32]. This region is characterized by a very high geothermal
gradient (�90 °C/km) and a high heat flow rate (� 230 mW/m2) [19, 33]. The

1

He emanated from other six hot springs and through the soil (soil gas) of the geothermal area are not

included in the estimation due to the lack of other necessary information.

Figure 2.
(a) Regional and (b) Local geological maps of the study area (modified after [19, 26]).
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presence of a high heat-conducting zone in this area is confirmed by electrical
resistivity studies. This conducting zone, which starts at a depth of around 2.8 km
and goes down up to a depth of 4 km [34], is supposed to act as the heat feeder to
the fault system linked with the Bakreswar hot springs. It is to be noted that the
crustal thickness at the study area is only 24 km, whereas the average of the same
throughout the country is 38 km [29, 35]. Besides, the average density of the crustal
substance here is relatively low. Therefore, inert volatiles like He and 222Rn gases
can easily transmit to permeate through crustal constraints due to the presence of
the thinner lithospheric overburden here. As a result, the spring and the soil gases
here are dominated by the presence of high 222Rn and He flux [29]. High 222Rn and
He gases are continuously conveyed and dispersed into the atmosphere via molec-
ular diffusion and the formation of micro-bubbles at the hot spring vents. Here,
temperature and He emanation profile of some sites of Bakreswar geothermal
provinces are also tabulated in Table 1 for a reference to attain the brief geophysical
properties of the study area. Moreover, the reservoir temperature of the geothermal
system underneath Bakreswar was predicted to be 100 � 5 °C (at �1 km depth) by
[38]. The same was estimated to be in the range of 130 °C to 175 °C (by Na/K ratio)
and 110 °C to 124 °C (by TSiO2) by [39]. Furthermore, the range of the reservoir
temperature was also evaluated as 212 °C to 124 °C, 118 °C to 120 °C, and 126 °C to
130 °C by means of silica geothermometry by [32, 38, 40] respectively. The audio-
magnetotelluric (AMT) studies of the sub-surface beneath the Bakreswar geother-
mal area were conducted by [41] (Figure 3). The rapid relaxation inversion (RRI)
for both transverse-electric (TE) and transverse-magnetic (TM) modes was carried
out to figure out the resistivity profile of the subsurface of the site. Here, the
suitable locations for drilling for the installation of a future geothermal power plant

Sl.
No.

Test Site
(distance from Agni Kunda)

Sample type Temperature
(°C)

He Conc.
(vol %)

References

1 Bakreswar Agni Kunda (0 m) HSG 69.0 1.72 [19]

2 Bakreswar Khar Kunda (16 m) HSG 68.0 1.36 [36]

3 Bakreswar Bhairab Kunda
(7 m)

HSG 62.0 1.12 [28]

4 Bakreswar Brahma Kunda
(20 m)

HSG 46.0 1.26 [28]

5 Bakreswar Surya Kunda (18 m) HSG 63.0 0.31 [28]

6 Bakreswar Reserve Tank (5 m) HSG 52.0 0.91 [28]

7 PWD Bungalow at Bakreswar
(987 m)

SG (1 m
depth)

32.0 (Ambient) 0.35 [37]

8 PWD Bungalow at Bakreswar
(988 m)

SG (3 m
depth)

31.0 (Ambient) 0.02 [37]

9 PWD Bungalow at Bakreswar
(990)

AA (1 m
height)

33.0 (Ambient) 0.05 [29]

10 Bhabanipur
(10 km)

AA (1 m
height)

28.0 (Ambient) 0.07 [29]

11 Mallarpur (43 km) BG (100 m
depth)

58.0 1.20 RWA

Note: HSG = Hot spring gas; SG = Soil gas; AA = Ambient air; BG = Borehole gas; Conc. = Concentration;
RWA = Recent work by the authors.

Table 1.
Temperature and He emanation profile of some sites at Bakreswar geothermal province.
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at the study area were identified by the authors using the result of that AMT survey
[personal communication] and the same is discussed later.

3. Methodology

3.1 Experimental techniques

In view of continuous monitoring of gases emanated from the hot spring Agni
Kunda at the spring site of Bakreswar, a field laboratory was established. In this

Figure 3.
(A) AEW traverses (AMT sites) on the map of the study area; (B) 2D RRI (rapid relaxation inversion) along
traverse AEW1; (C) 2D RRI along traverse AEW2; (D) 2D RRI along traverse AEW4 (modified after [41]
[personal communication] and [42]).
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regard, a giant inverted SS funnel was placed under hot water at Agni Kunda at a
position where gas out flux was significantly high, to trap hot spring gases which
were comprised of He, Ar, O2, N2, CH4, CO2,

222Rn, etc. A portable and programma-
ble μ-GC (micro-gas chromatograph) CP 490 (make Agilent, Netherland) comprised
of a μ-thermal conductivity detector, was utilized to detect the relative concentration
of different gases present in the spring gas. Here, ultra-pure (>99.998 vol%) H2 gas
was utilized as the carrier gas for running the equipment. The entire measurement
was carried out in-round-the clock (24 � 7) measurement fashion for a continuous
five-year (1st August 2005 to 31st July 2010). The back-up power supply was
maintained to keep a stable and continuous power supply in case of a power failure.
The schematic diagram of the experimental set-up is illustrated in Figure 4. Further
details of the above-mentioned experimental procedure are already described by [19].
Here, the average value of the He concentration (vol%) of 5 years of continuous
measurement was adopted in our study. Moreover, the flow rate of the emanated
gases from the spring vent was measured by means of collecting the spring gases in a
gas container (5 litres) from the main channel of the incoming gas line. The gas
collection procedure was kept running up to a certain time until its pressure makes
equilibrium with the pressure (1.58 atm) at the spring vent underwater. This type of
measurement was done once every month for a continuous five years, and the
average value of those was considered as the final value of the gas flow rate under
consideration. The ambient temperature of the study area was monitored for the
same interval at the time of measurement of gas flow rates.

3.2 Analytical techniques

To move towards the desired direction for calculation, the following steps were
adopted.

Figure 4.
Schematic diagram of the experimental set-up installed at Bakreswar (modified after [19]).
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The volume of He gas (VHe) emanating from the spring per second was
estimated as

VHe ¼ F � CHe (4)

Where F= average flow rate of He gas emanation (recorded); CHe= relative
concentration of He in the gas mixture, which was expelled through the spring vent
(recorded). The no. of moles of He gas emanated per unit second from the hot
spring was calculated using the real gas equation as stated below:

V � nbð Þ Pþ n2a
V2

� �
¼ nRT (5)

i:e:;
ab
V2 n

3 � a
V
n2 þ bPþ RTð Þn� PV ¼ 0 (6)

Where V (i.e.,VHe) = volume of the He gas at temperature T and pressure P;
R = universal gas constant = 0.0821 litre atm/ mole K; n= number of mole (to be
calculated); ‘a’ and ‘b’ are real gas constants and for He, a = 0.03457 atm litre2/
mole2; b = 0.02370 litre/mole [43]. Solving the Eq. (6) and considering the real root
for ‘n’, the corresponding total number of He atom (NHe) was calculated by

NHe ¼ n�NA (7)

Here, NA= Avogadro’s number = 6:022140857 � 1023 [44]. The relative contri-
bution of the individual isotope in the generation of He atoms was calculated
according to their relative abundance in the natural resources because the total
number of He atom is produced via the radioactive decay series of 238U, 235U, and
232Th. Here, the same was not applicable to the 40 K series as it disintegrates
through only β emission. Therefore, for production of He atoms,

The relative contribution of Uranium CUð Þ
¼ conc: of Uranium Uð Þ

total conc: of Uranium Uð Þ & Thorium  Thð Þ (8)

The relative contribution of Thorium CThð Þ
¼ conc: of Thorium  Thð Þ

total conc: of Uranium  Uð Þ & Thorium  Thð Þ (9)

The basement of the study area is predominantly composed of granite gneiss
belonging to the Precambrian Chotanagpur Gneissic Complex [26, 30]. Here the
relative contribution of U and Th were evaluated according to their (average)
content in granite type rock material, i.e., 238U [or 235U] content as 4.80 ppm and
232Th content as 21.50 ppm were considered [10, 45]. Moreover, natural Uranium is
an admixture of 238U (99.28%) and 235U (0.71%) [10]. Therefore, for production of
He atoms by radioactive decay,

The relative contribution of238U CU�238ð Þ ¼ 99:28
100

� CU (10)

The relative contribution of235U CU�235ð Þ ¼ 0:71
100

� CU (11)
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The no. of the He atoms generated (in a unit second) due to the decay of radio
nuclei 232Th, 238U and 235U are respectively CTh�232 �NHe, CU�238 �NHe and
CU�235 �NHe. According to Eq. (1) to Eq. (3), it is reflected that 6 He atoms and
42.6 MeV/atom heat energy, 8 He atoms and 51.7 MeV/atom heat energy and 7 He
atoms and 46.4 MeV/atom heat energy from the decay of 232Th, 238U and 235U are
releasing respectively. Therefore, the energy release (per unit second) from 232Th,
238U, and 235U decay can be evaluated respectively by

ETh�232 ¼ 42:6
6

� CTh�232 �NHe (12)

EU�238 ¼ 51:6
8

� CU�238 �NHe (13)

EU�235 ¼ 46:4
7

� CU�235 �NHe (14)

And the total energy generated due to the decay of all these three radioelements
were

ER Totalð Þ ¼ ETh�232 þ EU�238 þ EU�235 (15)

An important issue to discuss is that the loss of generated heat energy may be
considered to be negligible here as capping of the impermeable and insulating
bedrock over the geothermal system prevents the heat transfer by means of con-
duction and convection [30, 41, 42]. Therefore, the heat energy would be stored
inside the geothermal system, which may be subjected to break its dynamical
stability after the accumulation of enough energy within it. However, that does not
happen as excess heat is drained to the surface, along with the transfer of geother-
mal fluid through the spring vent [30, 42]. Moreover, here only radiogenic heat is
accounted for, and the contribution of energy belonging to primordial heat sources
is not included. However, [46] documented that heat from radioactive decay was
contributed about half of Earth’s total heat flux, and the rest was accounted for from
the primordial heat source of the Earth. Considering the similar concept, we can
also assume that the primordial heat source also would contribute as much as heat
energy generated by radioactive decay of radio-nuclei at the reservoir of the study
area.

Therefore, the heat generated by the primordial source,

EP Totalð Þ ¼ ER Totalð Þ (16)

Therefore, total energy contributed from the radiogenic and primordial
source is

ETotal ¼ EP Totalð Þ þ ER Totalð Þ (17)

Moreover, If the geothermal gradient dθ
dx

� �
is considered to be constant at least up

to the depth of the reservoir (x) then the depth (x) of the reservoir could be
calculated from the below stated linear relationship.

θr ¼ dθ
dx

� �
xþ θa (18)

Where, θr = reservoir temperature of the geothermal system; θa = average
ambient temperature at the study area.
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4. Result and discussion

The measured parameters as well as calculated parameters such as number of He
moles emanating per second (n), the total number of He atoms emanating per
second (NHe), the contributed relative concentration of 232Th (CTh),

238U (CU�238)
and 235U (CU�235) including the energy contributed due to decay of 232Th, ETh�232,
238U, EU�238 and 235U, EU�235 etc. are listed in Table 2. The Table reflects that the
heat energy generated per unit second by the radioactive decay of 232Th, 238U and
235U inside the reservoir are 31.58 MW, 6.3585 MW and 0.0467 MW respectively
and together contributed as approximately 38 MW [radiogenic source, ER Totalð Þ].
Considering the concept of [46], as mentioned above, total heat energy [ETotal]
related to the radiogenic source [ER Totalð Þ] and the primordial source [EP Totalð Þ] is
expected to be 76 MW. Moreover, the values would be likely increased whenever
the He emanations through the others hot springs (where He emanation is compa-
rably less than that of Agni Kunda) and the vast surface area (soil gas) at Bakreswar
would be included in this estimation. However, this was a little bit difficult as well
as complicated due to the technical coerces and geographical constraints. It is
notable that Kalina cycle based binary power plant using ammonia–water mixture
as working fluid (thermal efficiency: 13–53%) [47], is already proposed to be

Sl. No. Parameters Parameters’
value

References
[Eq., if any)

1 He concentration, CHe 1.72 vol% RA

2 Flow rate, F 3.5 L/min RA

3 He emanation per minute, VHe 0.0602 L/min EA [Eq. (4)]

4 Temperature inside the spring gas trapping funnel, T 342 K (69 °C) [19]

5 Pressure inside the spring gas trapping funnel, P 1.58 atm RA

6 Number of moles emanating per second, n 56.3877�10�6 EA [Eq. (6)]

7 Total number of He atoms emanating per second, NHe 33.9623�1018 EA [Eq. (7)]

8 The relative concentration of 232Th, CTh 81.7490�10�2 EA [Eq. (9)]

9 The relative contribution of 238U,CU�238 18.1195�10�2 EA [Eq. (10)]

10 The relative contribution of 235U, CU�235 0.1296�10�2 EA [Eq. (11)]

11 Energy contributed due to decay of 232Th, ETh�232 31.58 MW EA [Eq. (12)]

12 Energy contributed due to decay of 238U, EU�238 6.3585 MW EA [Eq. (13)]

13 Energy contributed due to decay of 235U, EU�235 0.0467 MW EA [Eq. (14)]

14 Energy accounted for radiogenic source, ER Totalð Þ 37.9834 MW EA [Eq. (15)]

15 Energy accounted for primordial source, EP Totalð Þ 37.9834 MW EA [Eq. (16)]

16 Total Energy accounted from radiogenic & primordial
source, ETotal

75.9668 MW EA [Eq. (17)]

17 Geothermal gradient, dθ
dx

90 °C/km [33]

18 Reservoir temperature, θr 130 °C [40]

19 Average ambient temperature, θa 26 °C RA

20 Depth of the geothermal reservoir, x 1155 m EA [Eq. (18)]

Note: EA = Estimated by the authors; RA = Recorded by the authors

Table 2.
Experimental and calculated parameters.
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installed at the spring site [48]. Accordingly, if such type of power plant is supposed
to be installed, for say, the plant would be capable of delivering the power of
4.94 MW (minimum thermal efficiency 13%) to 20.13 MW (maximum thermal
efficiency 53%) only considering the radiogenic heat source. These values are
changed to 9.88 MW and 40.26 MW, respectively, when the primordial heat source
is comprised of the radiogenic heat source.

Recently, the reservoir temperature [θr] of the Bakreswar geothermal system
was estimated to be 126–130 °C by [40] by means of silica geothermometry. The
average ambient temperature [θa] of the study area was recorded to be 26 °C. Our
estimation using the mathematical relation [Eq. (18)] shows that the geothermal
reservoir at the area is expected to be located at about [x=] 1,111 to 1,155 m beneath
the surface. Moreover, the results of audio magnetotelluric (AMT) studies collected
from [41] revealed the existence of a deep heat reservoir in the N–W part of
Bakreswar. Observation sites 000, 001, 003, 005, 007, 008, 103, 105, 110, as
marked in Figure 3, show low resistivity profile, and these are more favourable sites
for deep drilling.

It is notable that no such work has been carried out to figure out the potential of
Bakreswar geothermal region in terms of power harnessing capability. However,
[42] estimated the geo-heat of the site to be 1158 KW-hr (=416.88�107 Joule) by
means of considering total water discharge through Agni Kunda hot spring and
difference between the spring temperature and mean ambient temperature. Fur-
ther, another approach may be considered here to get a comparative view in this
regard. In this connection, the water discharges from the Agni Kunda and Khar
Kunda hot spring were measured to be 790 L/min (�790 kg/min) and 680 L/min
(�680 kg/min) respectively. The amount of the heat energy carried out (per sec-
ond) by the hot water through these springs would be 10.29–10.70 MJ (equivalent
to 10.29–10.70 MW in terms of power). However, the energy carried out by other
springs is not included herewith due to technical difficulties. Furthermore, the
energy carried out by the gaseous phase of the hot springs and the heat loss through
the soil of the vast region is out of scope to be counted.

5. Conclusion

Using a simple technique by means of He exploration study at the field site, the
probable energy generated inside the reservoir was estimated here. Considering the
combined source of heat generation inside the reservoir system, the energy was
expected to be generated from the source of power of 38 to 76 MW using the
appropriate technology. The utilization of proper technology for power generation
could facilitate to build a Kalina cycle based geothermal power plant (using ammo-
nia–water mixture as working fluid) of power harnessing capability of 9.88 MW to
40.26 MW at the study area. Moreover, the values would be likely increased when-
ever, the He emanations through the others hot springs (where He emanation is
comparably less than that of Agni kunda) and through the vast surface area (soil
gas) at Bakreswar would be included in this estimation. However, this was a little
bit difficult as well as complicated due to the technical coerces and geographical
constraints. Furthermore, the deep drilling (production & injection well) of the
proposed power plant to be rooted upto a depth of approximately 1,100 m at a
location near to the hot spring area as indicated in the Figure 3. However, a detail
geophysical survey may also be required for selecting the appropriate and exact
location for drilling as well as the measurement of the horizontal (length & width-
wise) and vertical (depth-wise) dimension of the geothermal reservoir at the area.
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The same would be subjected to accurately calculate the possible capacity of the
power plant to be installed at the site.
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Chapter 4

Recent Progress in District 
Heating with Emphasis on  
Low-Temperature Systems
Mostafa Khosravy

Abstract

District heating plays an important role in future sustainable energy system 
by integrating any available heat source, including waste heat and renewable heat 
sources such as geothermal or solar heat. The low-temperature district heating 
system is the latest generation of district heating. It was introduced less than ten 
years ago in adaption to the need for lower heat demand of energy-efficient build-
ings. The low-temperature district heating system provides an infrastructure for a 
higher share of renewable energy sources while reduces heat loss in pipes. Several 
small-scale projects were commissioned since the introduction of the technology, 
and many existing district heating systems are in the process of adaptation. The 
recent progress of low-temperature district heating systems has been discussed 
here. First, the fundamental knowledge that is required to understand the main 
advantages of a low-temperature district heating system was explained briefly. 
Then the most recent and important projects were discussed with emphasis on 
solar and geothermal district heating systems. The results of case studies show that 
the low-temperature solution has the lowest capital costs and has a unique position 
to be the primary source for building heating demand.

Keywords: district heating, low-temperature, smart heat networks, microgrid, 
distributed generation, community energy, solar district heating, geothermal,  
energy storage

1. Introduction

Traditionally, the heating in residential and commercial buildings has been 
provided by individual systems such as furnaces and boilers. These methods were not 
only less efficient but also have been responsible for substantial amounts of green-
house gases. District Heating (DH) systems are simply systems that are powered by 
a central heat source instead of by multiple individual heat sources for each building. 
By centralizing the heating in larger systems, it is possible to supply many buildings 
from one or more sources, such as Combined Heat and Power (CHP), Waste-to-
Energy (WtE), and Renewable Energy Sources (RES). Several cities in Europe and 
throughout the world have begun to shift to DH systems. Figure 1 provides the 
percentage of supplied energy with DH and the share of RES in the existing DH sys-
tems. In aggregated 28 European countries, there are more than 10,000 DH systems, 
which provide 9% of heating in the residential sector, 10% in the service sector, and 
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8% of the heating demands in the industrial sector [2]. District heating technology 
is less common in the United States and Canada than in Europe. According to the 
International District Energy Association’s (IDEA) database, about 660 district 
energy systems are operating in the United States, and approximately 80 are working 
in Canada [3]. District heating is suitable for networks of all sizes, from two build-
ings up to a community, and even cities.

District heating systems have been evolving with a trend towards lowering 
supply temperatures and introducing different energy sources. Studies revealed that 
the 4th or 5th generation of district heating systems, along with thermal storage, 
is more feasible, fuel-efficient, and cheaper than individual solutions in areas 
with high urban density [4, 5]. The central concept of fourth-generation is a smart 
thermal grid. Smart thermal grids are defined as a network of pipes, connecting 
buildings in a neighborhood, small town, or a large metropolitan so they can be 
served from centralized plants or distributed heating sources, including individual 
contributions from the connected buildings [6]. The fifth-generation district 
heating has a network with temperature as close as to ambient ground temperature. 
In a recent review article [5], Buffa et al. studied more than forty DH systems that 
belong to the 5th generation. Most of these reviewed cases use shallow geothermal 
or groundwater as the heat source. In low-temperature networks, heat loss to the 
ground is eliminated, and the cost of distribution circuit is radically reduced.

If the DH supply temperature is 25°C and less, it cannot be used directly for 
space heating or domestic hot water (DHW). An electric heater or a booster heat 
pump is required to raise the temperature. A heat pump extracts heat from a 
low-temperature medium (e.g., DH supply) and delivers it to a medium on a higher 
temperature (e.g., building). In this article, a DH system with a supply temperature 
less than 60°C is called Low-Temperature District Heating (LTDH); thus, both 4th 
and 5th generations are categorized as LTDH. Figure 2 shows the evolution of DH 
systems.

Several mediums can be used as heat sources of low-temperature DH. However, 
not all sources are universally available or have the same temperature level. Among 
the potential heat sources, geothermal heat was identified as the most promising 
source [7]. Direct use of geothermal energy in the DH system is one of the oldest and 
also the most common form of renewable energy. Space heating, bathing/swimming, 

Figure 1. 
Share of renewable energy in district heating networks, 2018 [1].
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agricultural applications, fish farming, snow melting, and industrial process are 
examples of direct geothermal energy utilization. Most direct uses utilize geothermal 
fluids in a low (30–90°C) and medium (90–150°C) temperature. The application 
of very low (less than 30°C) reservoir temperature has been introduced recently 
and initiated many types of research and case studies [8]. In a low-temperature 
geothermal, the thermal energy extracts from a shallow depth either by borehole 
heat exchangers or with the help of heat pumps. These heat pumps often are called 
ground-source or geothermal heat pumps (GSHP). According to WGC2020, 88 
countries utilize geothermal energy for direct heat applications with significant 
growth in the GSHP market worldwide. About 6.46 million GSHP units have been 
installed in 2019, which shows a 54% increase compared to the number of instal-
lations in 2015 [9]. The trend on GSHP, as opposed to the other geothermal energy 

Figure 2. 
Historical development of DH systems.

Figure 3. 
Direct utilization of geothermal energy [9].
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applications, has been shown in Figure 3. The size of installed GSHPs ranges from a 
couple of kilowatts for residential heating to large units over 150 kW for commercial 
and institutional installations. However, it is difficult to find out whether these GSHP 
have been installed in DH systems or not. According to the IEA, the heat supplied 
through DH increased by 18% in 2019 compared with 2015 [10]. Therefore, it can be 
concluded that most of the GSHPs were not installed in DH networks. In a compara-
tive analysis, Lee et al. briefly discussed the advantages of DH over individual GSHP 
[11]. In another study, Shin et al. proposed the integration of GSHP on a shared loop 
to increase the system efficiency and improve the heat demand control [12].

One of the first LTDH projects with geothermal heat source is the residential 
area in Berlin-Zehlendorf, with 22 houses, 135 apartments, and a total of 21,000 m2 
floor space that was completed in 2016. The network temperature is approximately 
10°C so that no heat is wasted, and no expensive pipe insulation is required. 
Decentralized heat pumps extract heat from the network and supply heat energy to 
the houses. Heat is provided by a CHP plant and borehole heat exchangers [13].

Another example is the city of Plymouth in the UK that will be adapted to a 
low-temperature DH. The supply DH temperature in the primary energy sharing 
network is designed between 2°C and 25°C, and the return temperature will not be 
higher than 25°C throughout the year. The end-users will equip with DHW booster 
heat pumps to increase DHW temperature to 50°C. Heat sources of the DH network 
will be groundwater, sea, and low-grade waste heat [14]. This particular project is 
one of the HeatNet pilot studies. HeatNet is an EU Interreg project to address the 
challenge of reducing CO2 emissions across northwest Europe by creating an inte-
grated transnational approach to the supply of renewable and low carbon heat. The 
project’s construction started in 2020, and the first stage of the project is planned to 
commission in 2021 [15].

DH systems’ design requires a case-by-case approach to fully take advantage 
of the available local energy and identify end-users heating demand profiles. 
Therefore, DH systems are always site-specific and vary from one location to 
another, considering the size, climate, heat sources, and technologies. DH system 
can also be classified by size, which defines by:

• Length of the piping system (trench length)

• Number of substations

• Number of connected consumers

• Amount of investment costs

• Complexity (e.g., number of heat sources)

• Distributed heat and size of heat sources

• Spatial coverage area

Copenhagen is an excellent example of an extensive DH system. The DH system 
was started with one small local network in 1903, and now 98% of the city is sup-
plied by district heating. The system serves 75 million m2 of net floor area. The 
annual heat sale is 8500 GWh, and the system capacity is 10,000 GWh. The back-
bone of the system is a 160 km long distribution network and 3 x 24,000 m3 heat 
storage tanks [16].
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Small DH systems are more suitable for residential communities and small to 
medium size industries with excess heat. In some cases, a small DH system may con-
nect to a large DH grid. However, the general idea is to promote individual piping 
networks that connect a relatively small number of consumers.

Micro heating grids are a relatively new concept characterized by advanced 
central control to share the resources and interact with the DH network [17]. 
One advantage of microgrids is that these systems could be built more straight-
forward and faster because of the small number of customers, without lengthy 
procedures.

DH systems can be categorized according to the heat production units’ location 
into centralized and decentralized systems. Most DH systems were designed based 
on one of a few centralized heat generators in the past. By introducing the 4th and 
5th generation, a growing number of decentralized systems use heat from various 
decentralized facilities. A centralized approach is best suited for upgrades or expan-
sions of an existing district DH system. The distributed approach is recommended 
for a new and sparse area with relatively low load density. As such, the cost of con-
structing a new district energy network outweighs the other benefits of a centralized 
district energy system.

Nonetheless, all DH system encompasses:

• Heat sources

• Distribution network

• Consumer interconnection

• Heat storage

Despite the well-known advantages of LTDH, there are a limited number of 
literature reviews. The majority of the reviews only focus on a specific aspect of the 
district heating systems, such as modeling [18] or system flexibility [19]. In order to 
address the lack of a comprehensive literature review, this article provides a prelimi-
nary review of LTDH systems. The information was collected through the review 
of international success stories and recent academic literatures. In the following 
sections, the progress of low-temperature district heating systems is reviewed with 
respect to heat sources and distribution networks. Geothermal heat and solar radia-
tion are the most viable types of heat source, therefore both of them are discussed in 
details. The cost of DH and aspects of network design are carried out by the review 
of typical LTDH systems.

2. Heat sources

One of the advantages of LTDH is diversified heat sources. Studies and pilot 
projects have shown that a DH temperature of less than 60°C significantly increases 
the potential to utilize waste heat of different industrial processes and cooling 
processes (e.g., supermarkets or data centers waste heat). Heat can be supplied by 
various sources such as:

• Thermal powerplants

• Waste-to-Energy (WtE) facilities (e.g., Incinerators)
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• Industrial processes (i.e., Waste heat recovery system)

• Sewerage water

• Commercial buildings (e.g., Datacenter)

• Boilers (Gas fired, Electric, biomass or biogas fuelled)

• CHP plants

• Geothermal sources

• Heat pumps

• Fuel cells

• Solar thermal arrays

Heat recovery from industrial processes is not a new concept for DH. It has been 
applied in some countries such as Russia, Sweden, and Germany for many years 
in high-temperature DH networks [20]. An excellent example of the waste heat 
recovery is MEMPHIS’s research project under IEA DHC Annex XII [21]. As part of 
this project, an open-source map1 has been developed to assess waste heat potential 
from the industry and business sector and sewer networks. Some studies recom-
mend adapting the industrial process heat recovery systems for LTDH [22, 23]. 
However, the main barrier is the economic risk associated with these heat recovery 
systems, if the primary industrial activities close down.

Renewable heating sources, such as solar and geothermal, are emerging in 
most countries. As an example, the European statistical data shows that the energy 
supply becomes increasingly renewable. They committed to have 100% renewable 
resources by 2050 [24]. A review of renewable energy sources for district heating 
was published recently by Olsthoorn et al. [25]. However, only the two renewable 
heat sources of solar and geothermal have been discussed here.

2.1 Solar district heating

Danish district heating is the most innovative district heating sector in the 
world. More than 1.3 million m2 solar district heating (SDH) plants are in operation 
in Denmark2. Moreover, more than 70% of the large solar district heating plants 
worldwide are constructed in Denmark [26]. Since 2009, the European Union has 
supported three multinational SDH projects regarding solar district heating plants’ 
market development. One of them, called “SDHp2m”, addressed market uptake 
challenges for broader use of SDH [27]. Most of the DHp2m data are all freely 
available and can provide a basis for SDH feasibility evaluations.

Solar irradiance is the amount of solar radiation obtained per unit area by a given 
surface (W/m2) in a location. This irradiance varies month by month, depending on 
the seasons. It also varies throughout the day, depending on the sun’s position in the 
sky and the weather. The solar efficiency is the ratio between solar heat production 
and the total solar irradiation on the collector plane. This ratio is a performance 
measure on how well the system utilizes the available solar radiation. Solar effi-
ciency mostly depends on operating conditions, such as temperature levels and solar 

1 http://cities.ait.ac.at/uilab/udb/home/memphis/
2 http://solarheatdata.eu/
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radiation intensity. Hence, low solar efficiency is not necessarily caused by a poorly 
working system or inefficient collectors [28]. A schematic of the SDH was shown in 
Figure 4. The monthly average solar efficiency and the total heat generated from an 
SDH in Vojens, Denmark were presented in Figures 5 and 6, respectively. This SDH 
commissioned in 2012 with an effective aperture area of 17,500 m2, and a 3000 m3 
storage tank. The plant went to an expansion in 2014 and 2015, which end up with 
5439 solar collectors (area of 70,000 m2), and a thermal pit storage capacity of 
200,000 m3 for seasonal storing of excess solar heat [29].

The investment cost and the operating costs are the critical factors of the planning. 
The operating cost depends on the location and system components. As a rule of thumb, 
an annual rate of 0.54 €/MWh is considered in SDHp2m or 0.0405 €/m2 (collector area) 
in the Danish Technology Data catalog3. It is expected that the system capital cost per 
MWh decreases by increasing the DH size. The capital cost is a combination of equip-
ment costs (i.e., solar collectors, piping system, circulation pumps) and installation. 
Figure 7 provides an estimation for solar collectors as per the SDHp2m study and the 
Danish Technology Data catalog.

Seasonal heat storage is effectively increasing solar heating in an SDH system. 
The ratio of heat provide by solar collectors in a typical SDH system is around 20%, 
if there is no seasonal heat storage [30]. The seasonal heat storage can increase the 
solar heating share to 30–50% [26]. Four different options of long-term or seasonal 
heat storage are available:

• PTES, Pit Thermal Energy Storage

• BTES, Borehole Thermal Energy Storage, ground storage with closed loops

• ATES, Aquifer Thermal Energy Storage, ground storage with open loops

• TTES, Tank Thermal Energy Storage

Pit Thermal Energy Storages (PTES) are a relatively cheap storage technology, 
which has been developed mostly in Denmark (e.g., Marstal 75,000 m3, Dronninglund 
60,00 m3) in combination with solar thermal plants. The limitations and advantages 
of PTES briefly are shown in Figure 8. The physical footprint of PTES is significant; 
therefore, the feasibility of PTES depends on the local conditions. Borehole Thermal 
Energy Storage (BTES) is a relatively new technology. In a BTES, the heat directly 
stores underground through vertical boreholes and U-pipes. The thermal flow direc-
tion is from the center to the sides to obtain high temperatures in the center and lower 
at the storage boundaries during the charging period. The flow direction during the 
discharge is reversed. The upper surface of BTES is usually insulated to minimize 
the heat loss. The ground can store between 15 to 30 kWh/m3, which is much lower 
than the PTES capacity of 30 to 80 kWh/m3 [32]. The Okotoks solar district heating 
system that is located in Alberta, Canada, is an example of BTES. This DH system 
supplies more than 90% of space heating to 52 detached energy-efficient homes since 
2007 [33]. An aquifer is an underground water reservoir. An Aquifer Thermal Energy 
Storage (ATES) utilizes a mixture of natural water and ground to store the heat. In an 
ATES, two wells, one warm and one cold, are drilled into the aquifer to extract and 
inject the groundwater. Another type of thermal storage which is very similar to PTES 
is called Tank Thermal Energy Storage (TTES). TTES is cylindrical steel or concrete 
tank placed on the ground and used daily or on a short-time storage basis. A number 
of guidelines and fact sheets are available through the SHC Task-45 framework. This 

3 https://ens.dk/en/our-services/projections-and-models/technology-data
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framework was completed in 2014 to assist a sustainable market for large solar heating 
and cooling system [34].

The investment cost for design, construction, and commissioning of several 
European thermal storages are available (Figure 9). Since the design and construc-
tion of thermal energy storage systems are site-specific, Figure 9 provides an 
approximate investment per storage capacity. In addition to SHC Task-45, some 

Figure 6. 
Solar heat production of Vojens district heating.

Figure 4. 
Schematic of a solar DH system.

Figure 5. 
Input/output plot of monthly measured values of Vojens district heating.
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aspects of cost-effective largescale seasonal thermal energy storage for LTDH 
systems have been studied by Ochs et al. as part of the gigaTES4 initiative [36]. 
However, the planning and development of seasonal thermal storage require a 
comprehensive study to identify the project cost.

2.2 Geothermal

Geothermal energy is a reliable and secure renewable energy source. A DH 
supply temperature below 60°C makes geothermal plants more advantageous to 
4 https://www.gigates.at/

Figure 8. 
Seasonal thermal energy storage concepts [31].

Figure 7. 
Investment cost of solar collectors.
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satisfy the baseload in comparison with solar systems. Geothermal energy can 
be found independent of locations to fulfill space heating demands directly. One 
example of LTDH based on geothermal energy is Østre Hageby in Stavanger, 
Norway, where a low-temperature network with boreholes provides heating to 
66 dwellings [37]. The project was completed in 2016 and reduced 61% of energy 
consumption for space heating and DHW (Figure 10).5

As a rule of thumb, shallow wells with temperatures between 40–150°C are 
suitable for hot water DH systems. In contrast, higher temperatures (deep wells) 
are ideal for electricity generation. The geothermal systems are capital intensive. 
Drilling can account for up to 50% of the total costs of a geothermal project. It has 
been shown that lowering the DH supply temperature reduces both the capital and 
operating costs of geothermal DH systems [38]. The geothermal DH system is a 
better option than individual geothermal heat pumps. In a comparative study in 
South Korea, the primary energy use of GSHP was reported higher than district 
heating systems [11]. Thorsteinsson and Tester have discussed the barriers of large 
GSHP and provided ten recommendations to overcome the challenges of geother-
mal district heating system development in the United States [39]. Green Energy 
Association has compared the DH system and individual heat pump based on the 
Danish data [40]. The report concludes that a new district heating system’s annual 
operating costs are much smaller than the individual heat pump. Some case studies 
have been gathered in Pellegrini and Bianchini’s literature review [41]. In the light 
of growing interest towards GSHPs, two concepts of shared GSHPs and centralized 
heat pumps are discussed here.

The basic principle of a GSHP is presented in Figure 11. Heat can be extracted 
from the ground at a relatively low temperature. The heated fluid is compressed to a 
higher pressure by a compressor. From there, a second heat exchanger or condenser 
transfers the heat to the home, via either warm air or circulating water.

One of the essential characteristics of GSHP is that the efficiency of the unit 
and the energy required to operate are directly related to the temperatures between 

5 https://www.arkitektur.no/ostre-hageby

Figure 9. 
Specific investment cost of seasonal thermal energy storage [35]. ** including all necessary costs except the design 
and connecting pipes costs.
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which it operates. The temperature difference where the heat is absorbed (the 
“source”) and delivered (the “sink”) is called the “lift”. Larger lift means greater 
input power to the heat pump. The heating performance of a heat pump is defined 
by Coefficient of Performance (COP). The COP is the heating produced divided 
by the energy equivalent of the electrical input resulting in a dimensionless value. 
The larger the COP value, the less electricity required to operate. The heat transfer 
between the GSHP and its surrounding soil is affected by a number of factors such 
as working fluid thermophysical properties and its conditions, soil thermal proper-
ties, soil moisture content, and groundwater velocity and properties.

The GSHP has excellent potential to be one of the primary energy sources in the 
near future. The ground energy can be tapped in a number of different ways and 
can be used to produce hot water as well as electricity. It has a broad spatial distribu-
tion in all countries concerning the low enthalpy resources available. Geothermal 

Figure 11. 
Process diagram of GSHP.

Figure 10. 
Simple sketch of the Østre Hageby district heating system.
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energy is a renewable resource that does not rely on specific factors such as the wind 
or the sun.

A new LTDH concept based on the use of individually adjustable and collectively 
managed GSHPs, connected to a low temperature non-insulated thermal distribu-
tion network has been implemented recently. This concept in the UK is called 
“Shared Ground Loop6,” and the related regulations are well established [42]. In 
Denmark, it is called “Termonet” and is recommended mostly for rural areas. Three 

6 https://www.icax.co.uk/Shared_Ground_Loop.html

Figure 12. 
Illustration of decentralized LTDH based on GSHP in a rural area of Denmark.

Figure 13. 
District heating system of City of Kassel, Germany [46].
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Termonet systems have been commissioned in Denmark during 2017 and 2018, with 
borehole heat exchangers [43] (Figure 12).7

The connected group of GSHP is based on the following ideas:

1. The aggregated heat demand can be sourced from vertical boreholes [44]

2. The investment costs reduce on the basis that a single larger ground loop will 
not cost as much as two separate GSHPs

3. Optimization of the heat pump (i.e., operational sequencing) will leads to 
more energy savings [45] and minimize the boreholes depletion.

4. Seasonal storage can be added to the system to cover both heating and cooling 
demands and also the distribution network can benefit from solar or other avail-
able heat sources

5. The system planning is more flexible and scalable than the centralized ap-
proach8

The other concept is a central shallow geothermal plant. Shallow geothermal 
plants have less than 400-meter deep boreholes. Since the extracted temperature 
can have a wide temperature range, it may require to be raised with a heat pump. 
Figure 13 depicted the LTDH system of a new community with 131 low energy 
residential houses on a land area of 115,000 m2, located in Kassel, Germany. The 
system includes a centralized GSHP with an LTDH network. Since the buildings 
require a higher temperature than what was provided with LTDH, especially for 
DHW, they were equipped with heat pumps. Different aspects of using heat pumps 
to balance the temperature in a district heating system have been discussed in the 
IEA Annex 47 project [47]. In another project (i.e., RELaTED), it has been shown 
that ground source heat pumps fit well with the LTDH concept [48]. However, 
further research is yet to come in order to fully understand all aspects of shallow 
geothermal energy [49].

3. Distribution network

The distribution network’s role is the transmission of heat generated in central-
ized or distributed locations through a system of pipes for residential and com-
mercial heating requirements. The DH heat supply must provide sufficient energy 
at the appropriate temperature and pressure to meet end-user demands. In LTDH 
planning, the system design starts with the identification of demands (Figure 14). 
The demand can be calculated on a case by case basis or estimated for a group of 
buildings. Several tools for heat mapping are developed in order to facilitate DH 
planning such as:

1. PlanHeat: http://planheat.eu/

2. THERMOS: http://www.thermos-project.eu/home

3. HotMaps: http://www.hotmaps-project.eu

7 https://termonet.dk/
8 https://www.kensaheatpumps.com/shoebox-ground-source-heat-pump/
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The heating capacity of a DH network can be defined by the following three 
parameters, which are all related to each other.

• Spatial heat density (mean energy demand per hectare, MWh/ha),

• Specific heat density (heat demand per unit floor area in a building,  
kWh/m2),

• Linear heat density (energy demand per unit length of heat network pipe, 
MWh/m)

After determination of heating demand, four factors influence the optimum 
design of an LTDH network:

1. Pipe length

2. Pipe diameter

3. Pipe insulation

4. Topography and controlling strategies of the network

Several pipe types are available, and the selection of them depends mainly 
on operating conditions and cost. The different kinds of pipes are ranging from 
rigid steel pipes to flexible plastic pipes manufacture with pre-insulated bonded. 
The pre-insulated flexible single or twin pipes are the standard choices for 
LTDH. A twin pipe integrates both the supply and return lines within one casing. 
Depending on the insulation thickness, both single and twin pipes are categorized 
in series 1, 2, or 3. The two types of single and twin pre-insulated pipes are shown 
in Figure 15.

The required pipe length is calculated by the linear length between all buildings 
within a hectare. Each pipe section must accommodate the peak heat loads.

The pipe diameter defines by heat density and must be carefully selected. The 
project capital cost and network heat loss are directly related to pipe size. In order 
to determine an optimum pipe diameter, different techniques have been proposed 
in recent publications [52–56]. Increasing the pipe size, improve the linear heat 
density of the DH system and, on the other hand, increases the project cost.

Figure 14. 
Basic principles of traditional DH and LTDH planning [50].
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Linear demand density is calculated from the flow velocity and network 
temperature. Different guidelines recommend different thresholds for the design 
velocity. The impact of different design guidelines on the DH network cost has been 
evaluated by Best et al. [57]. They compared the guidelines of Sweden, Germany, 
and Austria and concluded that allowing high specific pressure drops of ≥300 Pa/m 
at maximum heat load leads to transportation pipe investment savings of 6–8%. An 
increase in the pipe diameter without additional insulation thickness increases the 

Figure 16. 
Heat loss data from the existing DH networks in Denmark [58].

Figure 15. 
Pre-insulated district heating pipe (a) single (b) twin [51].
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lateral heat loss. However, this heat loss increase is minimal when compared with 
the heat density increase. Figure 16 shows the magnitude of heat loss versus linear 
heat density.

As part of the effort to expand the LTDH networks, a research project under 
European Commissions, Horizon 2020, provided a useful pre-design support 
tool. In this project, which is called FLEXYNET9, an Excel tool has been devel-
oped to carry out preliminary feasibility studies on the implementation of LTDH. 
The following cost data has been selected from this publicly available tool [59] 
(Figures 17 and 18).

The efficient operation of DH is based on complicated interactions of different  
heat sources with different consumers. Appropriate control of such a complex 
system is another challenge of LTDH systems. The control logic is a combination 
of head/pressure control, temperature control, and distribution optimization. 
Inadequate control of pressure in the DH network would lead to more water flow 
through the consumers close to the DH pumps and insufficient water flow through 
the consumers located far away. Since the supply temperature of LTDH is low, a 
small unpredicted variation in the demand will impact the system operation and 

9 Fifth generation, Low temperature, high EXergY district heating and cooling NETworkS: http://www.
flexynets.eu/

Figure 18. 
Typical values of heat loss coefficients and external diameters of pre-insulated pipes.

Figure 17. 
Prices and maximum fluid velocity of network pipes.
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efficiency. Some DH network design approaches are recommended to improve 
system flexibility. One of these solutions is the ring network [60]. Unlike the 
traditional designs, ring topology equalizes the pressure differences between the 
supply and return pipes. The rink network reduces the risk of pressure spike in case 
of malfunctioning of any control valves.

Further review of different controlling strategies has been provided by 
Vandermeulen et al. [61]. One of the recent efforts to improve the DH controls is the 
STORM initiative. In this project, a new control algorithm has been developed and 
successfully applied in two demo sites [62, 63].

4. Summary

This article described the state of the art of several existing LTDH systems. 
The advantages of LTDH networks over the traditional district heating networks 
have been discussed. Reviewed cases and studies intensified the energy efficiency 
potential of LTDH. This system provides a unique opportunity to integrate 
renewable heat sources such as geothermal and solar as much as possible. The 
capital costs of LTDH is generally less than the high-temperature DH. In a very 
low-temperature district heating concept, heat pumps are required mainly for 
domestic hot water at the end-users. Since the LTDH technology is relatively new, 
the regulations, including policies and incentives and design standards, are not 
well established. Further investigations are needed in order to identify the design 
criteria and develop regulations, including the transition from the exiting high-
temperature DH to LTDH. The behavior of the LTDH under different operating 
conditions and various design configurations should define by holistic models 
that are available yet. The LTDH system has the potential to receive full market 
 attention as the technology evolves.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Chapter 5

An Approach for Estimating 
Geothermal Reservoir 
Productivity under Access 
Limitations Associated with 
Snowy and Mountainous 
Prospects
Mitsuo Matsumoto

Abstract

This chapter describes an approach to estimate reservoir productivity during the 
active exploration and development of a geothermal prospect. This approach allows 
a reservoir model to be updated by overcoming the severe time limitations associ-
ated with accessing sites for drilling and well testing under snowy and mountainous 
conditions. Performed in parallel with the conventional standard approach, the 
new approach enables us to obtain a first estimate of the reservoir productivity at 
an early time and to make successful project management decisions. Assuming a 
practical geothermal field, the procedures of the new approach are demonstrated 
here in detail. Finally, frequency distributions for the expected production rates 
and changes in the reservoir pressure at an arbitrary time are obtained during an 
assumed operational period.

Keywords: reservoir modeling, wellbore flow modeling, well testing,  
reservoir engineering, production engineering, project management

1. Introduction

The exploration and development lead time of a geothermal prospect directly 
affects its profitability because of the yearly interest factored into the cost. Sufficient 
profits purely produced by geothermal resources without financial support from 
other budgets are essential to enhance the development of environmentally friendly 
geothermal resources. This is why we cannot avoid trade-offs between exhaustively 
studying a geothermal reservoir and rapidly advancing a geothermal project.

Figure 1 shows an example of a fiscal annual schedule during an explorational 
and developmental project in which the author was involved as a reservoir engineer. 
The project was conducted in a snowy and mountainous area in northeastern Japan, 
where several geothermal projects have been conducted over the last decade [1]. In 
such areas, the schedules of drilling, well testing, and any other work at a site are 
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strictly limited by the snowy season. In addition, mountainous conditions limit the 
number of site locations that can satisfy the following conditions:

1. Accessibility to targets using directional or vertical drilling;

2. Sufficient space to install facilities for drilling and well testing;

3. Sufficient water supplies from nearby streams;

4. Accessibility to the site via paths constructed within realistic time and cost 
constraints including snow removal; and

5. The possibility of receiving permission and authorization while obeying 
 numerous national regulations.

Under these severe limitations, project personnel usually identify a small 
number of possible locations following a large amount of effort, rather than easily 
selecting a location from a large number of options.

Geoscientists and engineers have only a few weeks to update a reservoir model by 
analyzing, considering, discussing, and updating their understanding of a geothermal 
system after collecting all the new data from a given year (Figure 1). Under such severe 
conditions, it is essential to account for the updated reservoir model when planning for 
the subsequent fiscal year. This chapter describes a concept and techniques to con-
struct and update a reservoir model, as well as to estimate the reservoir productivity, 
by making the most of the highly limited time available during an active explorational 
and developmental project. The concept and techniques are based on the author’s 
experience as a reservoir engineer in a real project even though specific information 
regarding the project, including the observational data, cannot be shown because of 
confidentiality reasons. The techniques described in this chapter have been partially 
reviewed and published in several articles and proceedings. This chapter focuses on 
practical procedures to construct a reservoir model by assembling these techniques.

2. Approaches to reservoir modeling

2.1 Standard approach

Let us begin by discussing the fundamental concept involved in conventional 
reservoir modeling approaches. As widely accepted and detailed in textbooks [2, 3], 

Figure 1. 
Example of an annual schedule during an explorational and developmental project.
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the standard legitimate approach first involves the development of a conceptual model 
driven by several geological, hydrological, geophysical, and geochemical observations. 
This first step of the standard approach establishes the basis of the understanding of a 
geothermal system and requires exhaustive discussions that can comprehensively and 
consistently explain all the geoscientific observations. A good conceptual model plays 
a key role in successful reservoir modeling.

After the exhaustive study needed to construct a conceptual model, a natural-
state model is developed to obey the principles of fluid dynamics, such as the 
conservation of mass and energy, as well as Darcy’s law governing mass fluxes in 
a reservoir. Numerical reservoir simulators such as TOUGH2 [4] can be adopted 
in this and following steps. Steady-state fluid flow due to thermal convection is 
generally assumed in a reservoir. The natural-state model needs to reproduce the 
observed static temperature and pressure wireline logging data at the explorational 
wells while obeying the conceptual model. Calibration of the natural-state model to 
satisfy these requirements involves adjusting several conditions such as the perme-
ability distributions and boundary conditions and often necessitates numerous trial 
runs of the reservoir simulator. After completing the natural-state modeling, the 
transient pressure and temperature responses in the reservoir during well test-
ing are finally simulated to enable history matching and the forecasting of future 
operational scenarios. These later steps also require trial-and-error simulations and 
may require going back to earlier steps to reconsider and modify the model.

Planning for the next fiscal year, including decisions with respect to continuing 
or stopping the explorational and developmental project, as shown in Figure 1, 
requires both updates of the understanding of the geothermal system to determine 
drilling targets and estimates of the reservoir productivity to evaluate the project 
profitability. Following the abovementioned standard approach, we can obtain an 
update of the former at an early step, while an update of the latter becomes available 
after completion of the final step. As a result, estimates of reservoir productivity are 
strongly affected by the progress of earlier steps and are often delayed.

2.2 New approach

We can attempt another approach to overcome the difficulties causing delays 
in the reservoir productivity estimation by advancing inversely in parallel with the 
standard approach [5]. A comparison between the standard and new approaches 
is illustrated in Figure 2. The new approach first refers to the transient pressure 
responses during well testing, as well as the other transient responses of the tem-
perature and tracer concentration if possible. In this step, we focus on reproducing 
these transient responses using a simple reservoir model.

The reservoir model may, at first, be very simple, represented by a single horizon-
tal planar porous medium, as generally assumed in a conventional well test analysis 
(e.g., [6]). As the study progresses, the reservoir model is extended to become 
increasingly sophisticated and realistic by considering the dip and strike of the planar 
porous medium and three-dimensional connections between multiple planar porous 
media, as common in fracture reservoirs in Japan. The geometry and connectiv-
ity of the planar porous media are primarily based on direct observations, such as 
those made while drilling and logging, as well as pressure interference and tracer 
testing, rather than referring to geological or other geoscientific interpretations. 
Once the observed transient responses are successfully reproduced, we can progress 
to forecasting future operational scenarios and obtain an estimate of the reservoir 
productivity (i.e., the possible steam and/or brine production rate during an assumed 
operational period). Appropriately calibrated wellbore models using production log-
ging data are often combined with the reservoir model to forecast future scenarios.



Geothermal Energy

68

Accordingly, we can rapidly obtain a first estimate of the reservoir produc-
tivity by primarily referring to direct observations, a technique that is free of 
the conceptual and steady-state models considered in the standard approach. 
Referring to this estimate, a project manager can prepare a plan for the next fiscal 
year and make decisions concerning continuing or stopping the project in parallel 
with the ongoing standard approach. As the understanding of the geothermal 
system is improved with the standard approach, the reservoir model in the new 
approach evolves into an ever more sophisticated model that is consistent with the 
conceptual and natural-state models. The estimate of the reservoir productivity 
is also repeatedly updated. The estimates and their update history are reported 
continuously to the project manager; this is advantageous not only for success-
ful project management but also for quantifying the impact of each estimate 
update. This new approach enables us to improve the efficiency and timeliness 
of estimating the reservoir productivity and to contribute to on-schedule project 
management.

3. Implementation

The author developed a mathematical model and numerical code to implement 
this new approach for a real explorational and developmental project [5]. Instead of 
a multi-purpose code designed to cover a wide range of conditions, the model and 
code were designed to be applicable to several specific projects in which the author 
was involved as a reservoir engineer. Therefore, a type of discrete fracture network 
model was adopted to represent a single-phase fracture reservoir. As often seen in 
geothermal prospects in Japan, the fracture network was assumed to be roughly dis-
tributed. In other words, at most, a countable number of large fractures or fractured 
zones with high permeability–thickness products totally or partially intersected a 
geothermal field (Figure 3). Wells in such geothermal fields intersect at most at a 
few fractures within their drilling depths of approximately 2000 m. Excepting these 
fractures, formation permeabilities tend to be very low to negligible. Representative 
examples of such reservoirs can be found in the Takigami [7] and Ogiri [8] fields 
in southwestern Japan. Each fracture or fractured zone in the model is represented 

Figure 2. 
Comparison between the standard and new approaches.
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by a planar porous medium with a relatively high permeability–thickness product 
of 10−11 m2 or more. Formations, except fractures, allow only thermal conduction 
without mass flow.

Let us consider simulating the assumed reservoir illustrated in Figure 3 as an 
example. The reservoir consists of three vertical fractures generated by Faults 
A–C that are represented by planar porous media with the dimensions shown in 
Figure 4. The vertical length of each fracture is assumed to be 2 km based on geo-
logical interpretations, while the horizontal length is assumed based on a specific 
concept of this approach discussed in Section 5. Several production, reinjection, 
and monitoring wells directionally intersect the fractures. The vertical initial 
pressure distribution obeys hydrostatic pressure with a specified value of 10 MPa 
at a depth of 1000 m from the top of the fractures. The initial distribution of the 
specific enthalpy is uniformly 1085.8 kJ/kg, which indicates an initial reservoir 
temperature of approximately 250 °C. The top and bottom boundaries of each 
fracture are modeled with impermeable and adiabatic boundary conditions, while 
the left boundary of each fracture and the right boundary of Fracture C maintain 
constant pressure and specific enthalpy values at the initial values.

Figure 3. 
Conceptual schematic of the reservoir model: (a) an assumed geothermal field and (b) a three-dimensional 
view of the fracture reservoir model beneath the assumed geothermal field.
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For both the surveyed and unsurveyed regions, the permeability, thickness, 
and porosity of each planar porous medium representing a fracture are set to 
1.0 × 10−11 m2, 5.0 m, and 20%, respectively, while the thermal conductivity and 
volumetric heat capacity are set to 3.0 W m−1 K−1 and 2.0 × 106 J m−3 K−1, respec-
tively. We assume that local thermal equilibrium between the fluid in the pores 
and the rock matrixes within a planar porous medium is reached immediately. 
This implies that the selection of the thickness value controls the heat exchange 
efficiency between the fluid and the formation under a constant thickness–poros-
ity product value (i.e., the effective opening width of the fracture). For example, 
a case with a thickness of 1 m and a porosity of 10% and a case with a thickness 
of 10 m and a porosity of 1% have the same thickness–porosity product value 
of 0.1 m; however, the latter case has a larger heat exchange efficiency. This is 
because the volume of the rock matrix immediately exchanging heat with the 
fluid in the latter case is approximately 10 times larger than that in the former 
case. The one-dimensional conductive heat flux in the formation perpendicular 
to each fracture is also included. The grid size for the numerical simulation in 
each fracture is a uniform 100 m near the wells and expands exponentially in the 
horizontal direction.

First, we consider simulating a production test for a month using a production 
well P1, a reinjection well R1, and monitoring wells M1, P2, and R2. This problem 
addresses simulating the pressure interference observed at the monitoring wells 
by referring to the observed flow rates at the production and reinjection wells. We 
assume that the observed flow rates at P1 and R1 are constant at 250.0 t h−1 and 
191.6 t h−1, respectively, which implies that the produced reservoir fluid is sepa-
rated into steam and water under a separator pressure of 0.35 MPaA (Figure 5a). 
The specific enthalpy of the reinjected water is assumed to be 561.5 kJ kg−1, and 
the reinjected water is composed of saturated water at a pressure of 0.30 MPaA. 
Then, the pressure interference at each monitoring well is simulated, as shown in 
Figure 5b. In practice, for a real field, we would perform matching of the simula-
tion results with the observations by adjusting parameters such as the permeability, 
thickness, and porosity of the planar porous media, as well as their network 
structure. In the cases encountered by the author at several real fields, simulations 
could accurately reproduce the observed pressure interference after a few tens of 
trial runs.

Figure 4. 
Dimensions of the planar porous media representing faults A–C illustrated in Figure 3.
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4. Connecting wellbore flow and reservoir models

Next, a wellbore flow model is connected to the reservoir model; this is necessary to 
simulate and forecast future operational scenarios under specific conditions, such as a 
constant wellhead pressure. The author’s numerical code implements this connection 
via two procedures. One is based on tabular data of the production rate depending on 
the feed zone pressure and the specific enthalpy. The other applies a highly refined 
local grid to simulate steep changes in the reservoir pressure around the wellbores.

Let us extend the reservoir model described in Section 3 by connecting it to a well-
bore flow model. Using an appropriate wellbore flow simulation code (e.g., [9–14]), 
we assume that the production rate at a production well P1 with a constant wellhead 
pressure depends on the feed zone pressure and the specific enthalpy, as shown in 
Figure 6. Referring to the discretized tabular data, the code dynamically determines 
the production rate corresponding to arbitrary values of the pressure and the specific 
enthalpy via a bicubic interpolation. The reinjection rate at the reinjection well R1 is 
also dynamically determined by referring to the production rate at P1. Note that the 
code can only assume the steady-state wellbore flow represented by the tabular data. 
Simulating unstable transient wellbore flows, which is often a problem in operational 
power plants, connected to a reservoir model is a goal for future studies.

The pressure distribution covering the overall reservoir, including in the vicinities 
of wellbores, is simulated seamlessly using the highly refined local grids described in 
detail by [15]. The local grid defined around a wellbore enables steep pressure changes 
generated by production and reinjection at the well to be simulated by adopting grid 

Figure 5. 
Conditions and results of the simulation. (a) Assumed flow rates at the production well P1 and the reinjection 
well R1. Positive values indicate production, while negative values indicate reinjection. (b) Simulated pressure 
interference at the monitoring wells M1, P2, and R2.

Figure 6. 
Assumed production rate for the production well P1 depending on the feed zone pressure and the specific enthalpy.
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sizes down to 1 mm, which is several orders of magnitude smaller than the size of 
the global grid covering the total planar porous medium. As shown in Figure 7, the 
ring-shaped local grid has external and internal boundaries. The variable values at the 
external boundary are dynamically determined by the values distributed in the global 
grid and are interpolated using a bilinear interpolation. Conversely, the variable 
values at the inner boundary corresponding to the wellbore surface are dynamically 
determined by the mass and enthalpy flow rates between the wellbore and the reser-
voir. When considering the skin effect, an extra pressure loss is considered between 
the internal boundary and the inside of the wellbore. When assuming the dependence 
of the production rate, as described in the previous paragraph, the production rate is 
determined as a solution of a coupled problem between this dependence and the fluid 
flow in the local grid. The determined production rate is referenced by the global grid 
to simulate the fluid flow in the global grid. Therefore, simulations in the global and 
local grids are dynamically coupled by referring to each other.

The simulated production and reinjection rates, as well as the pressure interfer-
ence, using the extended model are shown in Figure 8. In this model, the production 
well P1 is equipped with tabular data for the production rate and a highly refined 
local grid assuming a hole size of 8.5 in. Selecting a value of 1.0 for the skin factor of 
P1, the simulated production and reinjection rates are similar to those assumed in the 
model described in Section 3. In fact, the production rate decreases gradually from 
270.6 t h−1 to 243.0 t h−1 over the simulation period of 30 d. In this step of practical 
modeling connecting the wellbore and reservoir models, only the skin factors are 

Figure 7. 
Highly refined local grid around an 8.5-inch wellbore superimposed on a global grid shown on different scales.

Figure 8. 
Results of the simulation. (a) Simulated flow rates at the production well P1 and the reinjection well R1 using 
tabular data for the production rate and a highly refined local grid. Positive and negative values indicate 
production and reinjection, respectively. (b) Simulated pressure interference at the monitoring wells M1, 
P2, and R2.
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modified to match the simulated production rates with the observations, and the 
other parameter values of the planar porous media, such as permeability, thickness, 
and porosity, are maintained. In other words, the procedures in Sections 3 and 4 are 
straightforward.

The simulated pressure distribution around the production well P1 is shown in 
Figure 9 on linear and logarithmic scales. The pressure distribution simulated using 
the local grid is smoothly connected to that simulated using the global grid and 
successfully reproduces a steep pressure drop in the vicinity of P1 (Figure 9a). On 
the logarithmic scale, it can be seen that the pressure increases proportionally to the 
logarithmic distance from the wellbore axis (Figure 9b), which is consistent with 
the solution of the problem assuming radial flow from a line-source adopted in the 
conventional well test analysis (e.g., [6]).

5. Estimating reservoir productivity

Finally, let us estimate the productivity of the above-discussed reservoir model 
by forecasting operational scenarios. We consider 15-year scenarios using the 
production wells P1 and P2, reinjection wells R1 and R2, and monitoring well M1. 
Both production wells obey the wellbore flow model described in the previous sec-
tion. Forecasting scenarios for 15 years based on production tests for, at most, a few 
months involves uncertainty. We attempt to quantify this uncertainty by defining 
the surveyed and unsurveyed regions as illustrated in Figure 4.

Performing a longer production test, transient reservoir pressure responses are 
constrained by the wider spatial range reservoir properties, as discussed using the 
radius of investigation in the conventional well test analysis. We define the surveyed 
region as the region that constrains the simulated pressure responses when matching 
with observations, while the unsurveyed region is too distant to constrain the simu-
lated pressure responses. Examining the effects of modifying the reservoir proper-
ties on the simulated pressure responses, the boundaries between the surveyed and 
unsurveyed regions are determined by trial and error. The boundaries move farther 
when performing longer production tests, indicating that the uncertainty in the 
forecasting scenarios becomes smaller. Note that defining the surveyed and unsur-
veyed regions, as well as extending the reservoir model to a huge horizontal distance, 
are symbolic parameterization methods for the uncertainty in terms of the transient 
pressure responses and do not include geological or other geoscientific insights.

Once we define the unsurveyed region, natural recharge and/or discharge over 
the boundaries between the surveyed and unsurveyed regions can be quantified 

Figure 9. 
Horizontal pressure distribution at the feed zone depth of the production well P1. (a) Pressure distribution on 
a linear scale simulated using the local grid (solid line) superimposed on that simulated using the global grid 
(broken line). (b) Pressure distribution on a logarithmic scale simulated using the local grid.
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using the permeability in the unsurveyed region as a symbolic parameter. 
Theoretically, the most optimistic case is to take the limit as the permeability 
approaches infinity, which is equivalent to assuming constant-pressure boundaries 
between the surveyed and unsurveyed regions. Conversely, the most pessimis-
tic case is to set the permeability to zero, indicating impermeable boundaries. 
Modifying the permeability between zero and infinity, we can continuously control 
the magnitude of natural recharge and/or discharge. Even though, in the strictest 
sense, we have no information about the unsurveyed region, a probable case can be 
defined by giving the unsurveyed region the same permeability value as that in the 
surveyed region. All the parameters in the unsurveyed region, except the perme-
ability, are assumed to be equal to those in the surveyed region.

In this chapter, we assume that the boundaries between the surveyed and unsur-
veyed regions are approximately 100 km from the wells (Figure 4). In the unsurveyed 
regions, the permeability values are randomly and independently selected in a range 
from 1.0 × 10−13 m2 to 1.0 × 10−9 m2 at each planar porous medium, while the perme-
ability in the surveyed region is constant at 1.0 × 10−11 m2. The probability distribution 
of the selection is assumed to be uniform in this range on a logarithmic scale. Under 
these conditions, temporal changes in the simulated total production rates from the 
two production wells P1 and P2, as well as the pressure changes at the monitoring 
well M1, for 100 trial runs are shown in Figure 10. For reference, the probable, most 
optimistic, and most pessimistic cases are also shown; these cases assume uniform 
permeability values in the unsurveyed regions of 1.0 × 10−11 m2, 1.0 × 10−9 m2, and 
1.0 × 10−13 m2, respectively. The simulated changes in the production rates and the 
reservoir pressures for all trial runs exhibit unique changes for approximately three 
months following the start of production. This indicates that the surveyed region 
extending 100 km from the wells constrains the changes during this period.

Summarizing the results of all the trial runs, we obtain monomodal frequency 
distributions for the production rates and the pressure changes, as shown in 
Figure 11. The medians of these distributions indicate a slightly more optimistic 
case (i.e., a larger production rate and a smaller pressure interference) than the 
probable case. This implies that a relatively high permeability value occurring in 

Figure 10. 
Temporal changes in the total production rates at the production wells P1 and P2, as well as the pressure 
changes at the monitoring well M1, for 100 trial runs. Because the code is only capable of simulating single-
phase reservoirs, runs whose reservoir pressure drops below the boiling pressure are terminated prior to 15 y.
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one unsurveyed region can result in a large overall reservoir productivity regard-
less of the low permeabilities in the other unsurveyed regions.

Accordingly, we obtain a present estimate of the reservoir productivity. 
Accounting for the power generation capacities corresponding to the forecasted 
production rates, the price of electricity, and the costs for the entire project, we 
can calculate the series of cash flows during the project period, as well as several 
profitability indices, such as the net present value and the internal rate of return. If 
the reservoir model is updated as a result of the in-parallel progress of the standard 
approach, the frequency distributions shown in Figure 11 are also immediately 
updated via the procedures described in this chapter. The author mentions again 
and emphasizes that the new approach proposed in this chapter cannot stand alone 
because the standard approach, which exhaustively studies the geothermal system 
in terms of several geoscientific fields, is also essential. The combination of these 
approaches enables us to make the most of the limited time available during active 
explorational and developmental projects.

6. Forecasting temperature changes

Here, we briefly remark on forecasting temperature changes. As mentioned 
above, this chapter’s approach aims to directly adhere to the observed transient 
responses as much as possible rather than referring to geological or other geoscien-
tific interpretations. However, it is generally difficult to effectively forecast temper-
ature changes in a reservoir over the decades of an assumed operational period. This 
is because promising prospects often do not exhibit detectable temperature changes 
at both production and monitoring wells during production tests. Even though 
tracer testing provides useful insights into advection from reinjection to production 
wells, it is not always sufficient to constrain the heat exchange efficiency between 
the fluid and the formation (i.e., it is not sufficient to determine the thickness of a 
planar porous medium, as mentioned in Section 3) while flowing in a reservoir.

To overcome this limitation, we need to develop measures to determine the heat 
exchange efficiency between the fluid and the formation rather than improve the 
modeling techniques. One possible technique may be to use dual tracers with dif-
ferent thermal resistivities, as proposed by [16]. The authors of that study proposed 
that temporal changes in the concentration ratio of a mixture of thermo-resistant 
and thermo-sensitive tracers depend on the temperature. Using this principle, 
we can monitor the temperatures experienced by reinjected fluid while it flows 
between the reinjection and production wells; this depends on the heat exchange 
efficiency between the reinjected fluid and the formation. A simulation from 
this viewpoint using dual tracers by [5] demonstrated the detection of two flow 

Figure 11. 
Frequency distributions for the total production rates at the production wells P1 and P2, as well as the pressure 
changes at the monitoring well M1, after production for 8.0 y for 100 trial runs.
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paths with different temperatures in a reservoir. Another possible technique may 
be to perform a push-pull test, which compares the temperatures of injected and 
pumped-up fluids using a single well.

7. Conclusions

The author has developed an approach to estimate reservoir productivity under 
severe schedule limitations. Such limitations can originate from limited access 
to sites for drilling and well testing under snowy and mountainous conditions. 
To make the most of the limited time available, the new approach progresses in 
parallel with the conventional standard approach with an inverse approach using 
the transient responses observed while performing production tests, which are 
referenced in the final step of the standard approach. Combining these approaches, 
estimates of reservoir productivity can be rapidly generated. This feature is of value 
to successfully manage explorational and developmental projects.

Assuming a practical geothermal field, the author has demonstrated the pro-
cedures of this new approach. The procedures are straightforward: the pressure 
interference is simulated at the monitoring wells, the production and reinjection 
rates are simulated by combining the wellbore and reservoir models, then future 
operational scenarios are forecasted. By defining surveyed and unsurveyed regions, 
the reservoir model strictly divides the simulation period into an earlier period 
constrained by observations through the parameters in the surveyed region and a 
later period with no constraints. Performing a number of trial runs while randomly 
selecting permeability values in the unsurveyed regions, we can obtain frequency 
distributions for estimates of the reservoir productivity and successfully make 
project management decisions.
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Chapter 6

The Hot Springs of Central 
Northern Algeria Hydro 
Geochemical and Therapeutic 
Aspects: Direct Applications and 
Therapeutic Value
Mébrouk Benziada

Abstract

This Science article summarizes the preliminary work carried out by the 
Renewable Energy Development Centre under the National Research Project in the 
Central North of Algeria from 2013 to 2016 to explore for geothermal resources and 
hydrogeology and hydrogeochemical and therapeutic aspects. The geology is very 
complex in this region and it determines the thermal water reservoirs. The value 
and importance of the thermal springs in Algeria is very significant. This study will 
be addressed by means of conventional chemical analyzes of the main hot springs 
major elements in the north central region of Algeria. Hydrogeochemical prospect-
ing was carried out in detail is briefly exposed and the main results are described 
in particular regarding the hot springs of the Centre North of Algeria. The existing 
geothermal potential in Algeria is operated primarily for the balneotherapy and 
some applications for aquaculture. In this study, we will apply the hydrogeochemi-
cal techniques to the hot springs of the Centre North of Algeria. To promote this 
energy source which will certainly have a socio-economic interest, it is important to 
know the geothermal gradient in this region and the hydrogeological and physico - 
chemical characteristics of the main hot springs particularly temperature, flow 
rate and the elements major chemical. The thermal springs of north central Algeria 
belong to the Tellian domain, characterized by a complex geological structure and 
active tectonics. The thermal spring of Hammam Bouira is strongly mineralized, 
it presents a sodium chloride chemical facies. These facies are generally linked to 
Triassic evaporites. The thermal waters of the study area are characterized by a 
hyper mineralized facies (4 to 20 mS/cm at 25° C), sodium chloride type source 
Hammam Melouane and source Hammam Bouira. The mineralization of these ther-
mal springs is acquired from contact with the evaporite formations of the Triassic, 
mainly by the dissolution of halite and gypsum. Known for its geological, structural 
and tectonic complexity, the northwestern region of Algeria has very important 
thermal manifestations. The presence of thermal springs in this region are linked 
to the existence of faults. Ten sources of spas were analyzed in the laboratory of 
the National Tourist Company in 1984. The chemical analysis of the major element 
concentrations (Ca2 +, Mg2 +, Na +, K +, Cl-, SO4 2-, HCO3 - and NO3 -) and the 
physico-chemical variables (temperature, electrical conductivity, dry residue and 
pH). The physico-chemical composition of warm waters in this region shows a very 
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Figure 2. 
Geographical location of the study area.

varied chemical facies due to the complexity of geology. The geothermal applica-
tions are very diverse: - The balneology, aquaculture, heating greenhouses, air 
conditioning habitat and production of electricity. The use of geothermal energy 
helps to preserve natural resources while reducing CO2 emissions related to energy 
production and to cure certain diseases. Direct use of geothermal energy in agricul-
ture, spas and domestic heating is possible.

Keywords: Hydrogeology, Hydrogeochemistry, Geothermal gradient, Therapeutic 
aspects, geothermal potential, low-energy, direct applications, health

1. Introduction

Algeria belongs to the Mediterranean basin; the Sahara occupies the major part 
of the country.

Algeria is located between Morocco and Tunisia forming the Maghreb 
(Figure 1).

This scientific article shows an overview of the geology, geothermal resources; 
chemical analyzes of water thermals therapeutic applications in Algeria.

Figure 1. 
Location map of Algeria in the world.
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In Algeria, balneotherapy is practically the only direct use of geothermal energy. 
Yet the country has more than two hundred hot springs distributed throughout the 
northern region of Algeria. About one-third (33%) have temperatures above 45° C. 
There are even sources at high temperatures of the order of 98° C in Guelma. Algeria 
is determined to diversify its economy, to free itself from its heavy dependence on 
oil revenues, by turning to the development of renewable energies. The study area is 
located north central Algeria between longitudes 2° and 5°. It is limited to the north 
by the Mediterranean Sea, the South by flexure south Atlas The geology of hydro-
thermal sites Hammam Melouane, Hammam Righa, Hammam Médéa and Hammam 
Bouira (a) (b) and is described in our field trips to determine the hydrogeological 
and hydrogeochemical characteristics of the underground environment (Figure 2).

2. Geology of the north of Algeria centre

Region consists of structural and sedimentary units showing an imprint of the 
Alpine tectonics. From north to south there are: the Tell Atlas, varied and complex 
area. It includes an internal zone and an outer zone formed of non-native land 
(thrust sheets). Between the two Atlas (Tellian and Sahara) are flush with the High 
Plains ending to the east by the chain of Hodna and continue to the west by the 
Oran Meseta (Figure 3). The sedimentary formations covers are of Mesozoic and 
Cenozoic age and based on a diverse base involved in the fold [1].

The warm and sulfurous waters of Hammam Ksana emerge from the bowels of 
the geological layers of the Triassic and Jurassic of the rocky peaks of the Bibans. The 
source it self is located at 500 m altitude on a slope of Wadi Tazdart, douar of El Mehir.

Tellian area:
 Characterized by a stack of thrust sheets with associated intra-mountain basins 
Sedimentary formations blankets are Mesozoic and Cenozoic age and based on a 
diverse base involved in the folding.
Saharan area:
Relatively stable or tectonics is less pronounced (Figure 4).

Figure 3. 
Geological units of the northern Algeria.
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2.1 Internal domain

Kabyle massive base cristallophylliens metamorphic (gneiss, marble, amphibo-
lite schists and mécaschistes) [2]. This stand exposed in the massive Chenoua 
(Tipaza) and Great Kabylia (Figure 3).

2.2 Domain flyshs

Consisting of layers of Cretaceous-Paleogene flyshs.

2.3 External domain

Tellian domain consists of a set of non-native groundwater; characterized by a 
marly facies of Middle Cretaceous age has Neogene.

3. Methodology and materials

3.1 Work in the office

Make an inventory of oil drilling reconnaissance work. The counting of 
polls reporting was used to select thirty boreholes with their BHT (Bottom Hole 
Temperature) measured at different depth logging operations to establish a geo-
thermal gradient map. A geological and hydrogeological survey of the thermal 
springs of writing is based on previous geological research studies.

3.2 Fieldwork

In our scientific research work in the field, we made direct measurements of 
the Ph, conductivity and temperature of the thermal water and take samples of the 
water samples of the hot springs of four sites (H. Melouane, H. Righa, H.Médéa and 
H.Ksénna) to analyze in the laboratory of the National Agency of Water Resources 
in Algiers to determine their physicochemical characteristics. The results are shown 
in Table 1. We selected four most important thermal springs which were the subject 
of several measurement campaigns (2014–2015). Work performed and results 
obtained.

Figure 4. 
Relationship between the different structural units of the chain of Maghrebides (modified from Durand-Delga, 
1969 Bibans and Babors who were considered the aboriginal also include tablecloths Tellian).
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4. Results and discussions

4.1 Map preliminary geothermal gradient Northern Algeria centre

The geothermal gradient map sets from the temperature data stored in oil drill-
ing during logging operations. It shows a geothermal anomaly of about 4° C/100 m 
in the Djelfa region (Figure 5). It serves as a support base for future projects in the 
applications of geothermal energy [3].

4.2 Hydrogeochemistry of hot springs

The study area is characterized by the emergence of numerous hot springs area 
linked to major geological accident (faults) [4–6]. The temperature of these sources 
usually varies from 20 to 64° C. The chemical composition dominant is sodium 
chloride-sulfated.

pH Cond μmho/cm Rs g/l T°C Flow l/s Facies  
Chemical

H. Melouan 6.4 20000 40 — Chloride- sodium

H.Righa 7.53 4000 3.4 64 20 Sulfate- calcium

H.Médéa 7 2800 1.4 38 — Bicarbonat-sodium

H.Bouira (a) 6.5 17200 5.9 63 20 Chloride- sodium

H.Bouira (b) — — — 80 1.2 Chloride- sodium

Table 1. 
Physical and chemical characteristics of the thermal source in the study region (2014–2015).

Figure 5. 
Map preliminary geothermal gradient northern Algeria Centre.
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4.3  Results hydrogeochemical hot springs centre Northen of Algeria 
(2013–2015)

The Jurassic limestones of the Algerian North, which constitute important 
geothermal.

reservoirs, give rise to more than five hot springs located mostly in the north-
east and northwest regions of the country [7]. These sources have temperatures 
above 40° C. That of Hammam Bouira (b) (80° C) is the most important. These 
natural emergences are generally the losses of existing reservoirs, with a flow 
rate of the order of 2 m3/s. The temperature of the hot springs in the study area 
 varies from 38° C to 80° C which corresponds to a low energy enthalpy. The pH of 
the thermal waters ranges from 6.4 to 7.53 and generally neutral rate is between 3 
and 20 l/s (Table 1). The conductivity of the largest thermal water is the source 
of Hammam-Melouane with a value of 20000 μmhoS/cm and the lowest is that 
of Hammam-Righa with 4000 μmhoS/cm. The highest-dry residue is that of 
Hammam-Bouira-b source with 5.8 g/l.Sources H.Melouane and H; Bouira-b 
have the same chemical profile of a chloride-sodium kind while that the source of 
H.Righa has a sulfated lime facies and source H.Médéa a sodium bicarbonate-facies 
(Figures 6 and 7).

4.4 Hydrogeological hot springs central northern of Algeria

4.4.1 Hammam-Melouane

Griffins are aligned along a major geological accident oriented E-W, by contact-
ing the Cretaceous and Lower.

4.4.2 Hammam-Righa

The hydrogeological study reveals the existence of two aquifers, the most impor-
tant is represented in Zaccar Chergui by cracked limestone of the Upper Jurassic, 
strongly mineralized and intensely karstified. These limestones are based on the 
schist-quartzite waterproof primary series and are an important reservoir whose 
static level is close to the coast 700 m.

Figure 6. 
Classification of the thermal springs (piper diagram).
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4.4.3 Hammam-Medea

A thermal spring with a flow rate of 3 liters/second. The waters of Hammam 
Medea emerge the feet of the northern flank of Jebel El Gharbi Souebah. They are 
very rich in mineral and weakly conductive. The most dominant ion correspond 
bicarbonate and sodium. The mineralization of these waters is acquired by the leach-
ing of geological formations during their ascent. The Cretaceous formations, lime-
stone of the Turonian and Vraconian are the only aquifer can supply the hot spring.

4.4.4 Hammam-Bouira (a) (b)

The waters of Hammam Ksana (Bouira) emerging south of the plain of 
El-Asnam. They are loaded with minerals and highly conductive. The most domi-
nant ions are chloride and sodium. The mineralization of these waters is acquired 
by alteration lithologies traversed during circulations of underground fluids. The 
aquifer can match the Cenomanian limestone.

5. Geothermal resource in Algeria

Geothermal resources are various low temperatures. They are located in north-
ern Algeria and northern Sahara [8].

In the north, the reservoirs are complex and discontinuous. They consist of 
facies (limestone, sandy limestone and sandstone) of the Mesozoic and south, a 
continuous tank is composed mainly of sandstone [9].

He was appointed tableclot Albian [10].
The distribution of thermo-mineral waters, in Algeria, is very irregular. These 

sources are increasing in number gradually as one approaches from the east. This 
distribution seems to follow that of the ore deposits. Thus it has about twenty 
mineral springs in the region of Oran, about 40 in the Algiers and 150 in the region 
of Constantine.

Figure 7. 
Classification of the thermal springs (diagram Schoeller-Berkaloff).
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In the North, in part including the Saharan Atlas to the sea, emerging more than 
200 hot springs. The water temperature varies between 22 and 98° C and mineral-
ization total dissolved salt varies between 4 and 10 g/l. The reservoirs are typically 
at depths between 1500 and 2500 m.

South, the water Albian covers an area of 600,000 km2. It is semi-free in the west-
ern and captive and warm only in the eastern part (Figure 5) [11]. The roof of the 
aquifer to the east is located between 1000 m and 2600 m, the average temperature 
of water is 60° C and an operating rate of 4 m3/s, the water Salinity is 3 g/approx.

The geothermal potential to dewatering, by summing the total flow of the hot 
springs flow from operating Albian aquifer is over 700 MW (Figure 8).

6. Use of geothermal energy

6.1 Agriculture and geothermal energy

The agricultural field is compatible with the use of geothermal energy [12]. The 
heating of greenhouses, for example vegetable farms, can be carried out by heat 
from the ground and deep boreholes to collect geothermal hot water. The two main 
applications of geothermal energy in agriculture are fish farming and agricultural 
greenhouses. For fish farming, an increase in temperature by a few degrees and 
above all its maintenance at a constant level produces an increase in metabolism in 
fish and crustaceans.

6.2 Geothermal energy for health

Geothermal energy is good for health! As a natural energy source, geothermal 
energy is not harmful to humans and their environment, unlike some fossil fuels 
[13]. Geothermal water is also known for its benefits and is particularly used in spas 

Figure 8. 
Main geothermal area [11].
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to treat rheumatism. Hydrotherapy was one of the first applications of geothermal 
energy during antiquity, recognized for its health qualities. Today, it remains an 
excellent natural remedy for thermal cures.

7. Spas in Algeria and their healing powers

Over 80 spas are operated across the country, including five major national. 200 
thermal springs inventoried across the country. Each source including therapeutic 
advantages. Spas most requested by the Algerian population for various therapeutic 
treatments (rheumatism, dermatology, gynecology etc. ...). Thermal establishments 
in Algeria have SPE and modern facilities with highly qualified medical and para-
medical to the contribution of patient care and hydrotherapy. Thermal medicine 
offers an original approach health is not based only on the treatment of symptoms. 
The major advantage of the spa medicine is based on the overall pathology support, 
providing prevention as an important place that relief. Some treatments, such as 
jetted tubs will act as a leg massage to stimulate blood circulation, more oxygen 
to the muscles and reduce pain experienced. Due to the quality of its waters, for 
several decades there has been a craze for spa tourism in Algeria. Depending on the 
conditions being treated, customers opt for a stay in spas waters renowned for their 
healing qualities.

7.1 Therapeutic hot springs North Centre of Algeria

7.1.1 Hammam-Melouane (Blida)

Located 37 km south of Algiers at an altitude of 105 m - Nature and Thermality 
water: ferrugineous and chloride, with sodium, very little limestone, 29° to 41°C. 
Indications: Rheumatology, Dermatology.

7.1.2 Hammam Righa (Ain Defla)

Located 100 km south-west of Algiers, at 520 m altitude. It is located in a green 
and forested region appreciated for its unpredictable weather [14, 15]. Thermal 
water rich in minerals, Salinas, sulfated, calcium 39° to 67°C. Spa hammam Righa is 
a mecca for full health, adapted to different therapeutic orientations. Some sources 
have disappeared during the earthquake of 1980. Therapeutic Indications: arthritis, 
rheumatic diseases, nervous disorders, injuries and trauma, anemia, hepato-renal 
insufficiency, chlorosis, embarrassment digestive functions, in general all diseases 
know because the loss of blood. The curing techniques: general and local bathing, 
jet showers and ablutions, underwater massages. Dry massage, electrotherapy, 
rehabilitation and paraffin wraps.

7.1.3 Hammam-Médéa

He warm and therapeutic waters are excellent and strongly recommended 
for the treatment of gynecological, epidermal, neurological diseases as well as 
rheumatism.

7.1.4 Hammam Bouira (a) (b)

A thermal water with its important hydrothermal emergence with proven 
therapeutic virtues.
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Rheumatism, neuropathy, myopathy, and certain affections ENT, intestinal, 
dermatosis, sequel of burns, arteriopathy, varicose veins, asthma, paralysis, chronic 
bronchitis. Certains pathologies are treated by the thermal water of Hammam 
Bouira (a): herpes, mycoses, rheumatism, low back pain, certain arthroses, affec-
tions uro-genitales etc. ...

7.2 Habitat heating

In the case of a district heating network of large, deep aquifer Albian can be 
exploited by a geothermal doublet. Depending on the type of installation, geother-
mal covers 50–100% of the heat demand. After using the hot springs for heating, 
reclaimed water can ensure the supply of thermal pools complex Zelfana which falls 
within the field of health and recreation.

7.3 Agriculture

7.3.1 Aquaculture is a growth area in Algeria

The two main applications of geothermal energy in agriculture are the fish and 
greenhouses [16]. Greenhouse crops are an attractive option because the energy 
requirements are high.

As regards fish farming, an increase in temperature of a few degrees above and 
keeping it at a constant level produces an increased metabolism of fish and crusta-
ceans. In the field of food manufacturing, temperatures between 40° C and 100°C 
is used for dehydrating fruits and vegetables. From 60° C, the heated air can be used 
for drying agricultural products, fish and timber.

7.4 Industry

The frost of large industrial buildings can be achieved by a moderate tempera-
ture geothermal resource, but most hot water needs or steam industry is between 
100° C and 200° C. If the geothermal resource is less than 100° C, it will be used to 
preheat iron water, whose temperature will be increased by means of a heat pump. 
Many processes require large amounts of hot water, such as pulp and paper, textile 
washing, extraction of chemicals or evaporation of concentrated solutions [17].

Thus it is easy to see, Algeria contains an abundance of thermo-mineral sources 
of various compositions and meet all the needs of modern therapeutics. It is highly 
probable that most of these radioactive sources are: education, barely sketched, can 
believe it. It is therefore obvious that most inhabitants of Algeria could find, there, 
in the colony, mineral waters they need [18].

8. Conclusions

The center-north of Algeria is characterized by an abundance of springs and 
by high heat flow values [19]. Hot waters, seem essentially controlled by tectonics, 
because most thermals springs are located on faults or abnormal contacts. The heat 
flow study shows one important anomaly:

An anomaly situated in the region of Djelfa. The geophysical study highlights 
the Djelfa region is most favorable to the future exploitation of geothermal energy 
with a gradient of 4° C/100 m. The numerous thermal springs northern central 
Algeria, where better exploitation of these natural resources is an opportunity for a 
good investment in the housing niche, agriculture (greenhouses), aquaculture and 
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tourism health. Hot springs and hammam righa Hammam Bouira (a) (b) Ksénna 
have a significant amount of geothermal energy with temperatures respectively 
of 64° C and 63° C and a flow rate of 20 l/s each. The use of this renewable energy 
would achieve energy savings of sizes in addition to contributing to the reduction of 
greenhouse gases.
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Chapter 7

Effect of Groundwater Flow and
Thermal Conductivity on the
Ground Source Heat Pump
Performance at Bangkok and
Hanoi: A Numerical Study
Arif Widiatmojo, Youhei Uchida and Isao Takashima

Abstract

In recent decades, the fast-growing economies of Southeast Asian countries have
increased the regional energy demand per capita. The statistic indicates Southeast
Asian electricity consumption grows for almost 6% annually, with space cooling
becoming the fastest-growing share of electricity use. The ground source heat pump
technology could be one of the solutions to improve energy efficiency. However,
currently, there are limited data on how a ground source heat pump could perform
in such a climate. The thermal response test is widely used to evaluate the apparent
thermal conductivity of the soil surrounding the ground heat exchanger. In com-
mon practice, the apparent thermal conductivity can be calculated from the test
result using an analytical solution of the infinite line source method. The main
limitation of this method is the negligence of the physical effect of convective heat
transfer due to groundwater flow. While convection and dispersion of heat are two
distinctive phenomena, failure to account for both effects separately could lead to
an error, especially in high groundwater flow. This chapter discusses the numerical
evaluation of thermal response test results in Bangkok, Thailand, and Hanoi, Viet-
nam. We applied a moving infinite line source analytical model to evaluate the
value of thermal conductivity and groundwater flow velocity. While determining
the ground thermal properties in a high accuracy is difficult, the moving infinite
line source method fulfills the limitation of the infinite line source method. Further,
we evaluated the five-year performance of the ground source heat pump system
coupled with two vertical ground heat exchangers in Bangkok and Hanoi. The
results suggest the importance of groundwater flow to enhance the thermal
performance of the system.

Keywords: Ground source heat pump, tropical region, Southeast Asia, space
cooling, moving infinite line source, thermal response test

1. Introduction

The population of Southeast Asia was almost 640 million in 2016 and is expected
to increase to 760 million by 2040, assuming 0.7% annual population growth.
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Urbanization is an essential factor that affects total energy consumption [1–3]. The
residential sector accounts for the second-highest electricity demand after the
industrial sector, growing by an average annual rate of 7.5%, owing mainly to the
increasing number of appliances. The introduction of energy-efficient products can
restrain household energy demand. The Japan Refrigeration and Air Conditioning
Industry Association (JRAIA) reported that in 2016, Vietnam and Thailand were the
second and third countries with the highest air conditioner demand in Southeast
Asia, with 1.98 million and 1.56 million units per year, respectively. Indonesia
ranked first with 2.3 million units in the same year [4]. Annual regional air
conditioner demand increased from 12.2 million units/year in 2011 to 16.4 million
units/year in 2016, equivalent to an average of 6.1% increase per year.

Researches have been focused on the possibility of introducing the Ground
Source Heat Pump (GSHP) in the region. Even though GSHP is a mature technol-
ogy, the application of GSHP in the tropical climate, such as Southeast Asia, faces
several problems. The use of GSHP is mainly for cooling, eliminating the balance
between heat rejection and heat extraction. The ground temperature is relatively
higher and within the range of air temperature.

Yasukawa et al. conducted underground temperature surveys by measuring
vertical groundwater temperature from several monitoring wells in Thailand and
Vietnam [5]. They concluded that despite the differences between ground temper-
ature and air temperature were low. However, there are still advantages of utilizing
GSHP for space cooling. Further, they remarked that space heating might be
possible for a short winter period in Hanoi, Vietnam.

In their subsequent study, Yasukawa et al. presented the pilot study of GSHP at
Kamphaengphet province, Thailand. They confirmed the applicability of the system
with series of experimental tests [6].

Several studies have focused on providing further information on GSHP appli-
cability in the regions. Widiatmojo et al. evaluated the performance of GSHP sys-
tems coupled with horizontal/shallow Ground Heat Exchanger (GHE). They also
performed cost analysis to estimate the payback time against Air Source Heat Pump
(ASHP). Shimada et al. examined the different operational conditions based on field
experimentation and numerical simulation. While in another publication, Sasimook
et al. presented the experiments and performance comparison of GSHP and ASHP.
They highlighted the GSHP advantage, especially in higher thermal load [7, 8].
Although most of the studies above remarked the possibility of GSHP application in
Southeast Asia, none of these addresses the effect of groundwater on the
performance of GSHP.

This chapter discusses numerical simulation results to evaluate the Thermal
Response Test (TRT) conducted in Bangkok, Vietnam, and Hanoi, Vietnam. The
numerical simulation uses the Moving Infinite Line Source (MILS) analytical
method to account for thermal conductivity and groundwater flow. Further, we
extend the simulation to estimate the GSHP performance for five years of operation
considering different parameters obtained using the Infinite Line Source (ILS) and
the MILS methods.

2. Thermal response test

The Thermal Response Test (TRT) is a standard method to determine the
ground thermal conductivity. From the TRT result, the apparent thermal conduc-
tivity of the ground surrounding the GHE can be calculated. A standard method to
evaluate the apparent thermal conductivity from the TRT result is the Infinite Line
Source (ILS) method [9, 10]. The ILS approach is based on the Kevin line source
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theory. This method calculates the temperature response of an infinite constant heat
source analytically, assuming an infinite, isotropic, and homogeneous soil medium.
This method also neglects the axial (vertical) heat transfer along the borehole.
Considering the relationship between average fluid temperature, T f (C) at a time t
(s) with the borehole wall temperature at a radius rb (m), constant heat–transfer
rate per unit length of borehole, q (W m�1) and borehole heat resistance, Rb (mK
W�1), the ILS solution is written as follows:

According to Carslaw and Jaeger [11], the temperature increase of a medium at a
radial distance r (m) from an infinite line source with a constant heat exchange rate,
q (Wm�1), is expressed as:

T r, tð Þ � T0 ¼ q
4πλ

E
r2

4Dt

� �
¼ q

4πλ

ð∞

r2
4Dt

e�u

u
du (1)

T0 (C) is the initial ground temperature, D (m2 s), the thermal diffusivity, and E
is the exponential integral function. Assuming that the following condition is
satisfied:

t> 5
r2

D
(2)

Eq. (1) can be re-written as:

T f tð Þ � T0 ¼ T f rb, tð Þ þ qRb
� �� T0 ffi qRb þ q

4πλ
ln

4Dt
r2b

� �
� γ

� �
(3)

where, Rb (mK W�1) is the borehole thermal resistance, rb (m) is the borehole
radius λ (W m�1 K�1) is the thermal conductivity, D (m2 s) is the thermal diffusiv-
ity, ϒ (�) is Euler constant, and T0 (C) is the soil temperature at initial (t = 0). T f

(C) is the average circulation fluid temperature calculated by:

T f ¼ Tbh�in þ Tbh�outð Þ
2

(4)

where,Tbh-in and Tbh-out (C) are GHE fluid inlet and outlet temperature, respec-
tively. Eq. (3) can be re-arranged into the linear form of fluid temperature against
the natural logarithmic value of time as:

T f tð Þ ffi q
4πλ

ln tð Þ þ qRbh þ q
4πλ

ln
4Dt
r2bh

� �
� γ

� �
þ T0

� �
¼ m ln tð Þ þ c (5)

From the fluid temperature gradient against the natural logarithmic value of
time, m (C), obtained from TRT measurement, the value of apparent thermal
conductivity, λapp (W m�1 K�1) can be calculated as:

λapp ¼ q
4πm

(6)

In the ILS method, the effect of convective heat transfer as a result of ground-
water convection is not considered. The value of apparent thermal conductivity
represents both diffusive and convective heat transfer. Accordingly, it is recognized
that the value of apparent thermal conductivity is larger than the value of effective
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thermal conductivity, λeff. The heat transfer due to convection of groundwater flow
and heat conduction are two different physical phenomena. Thus, the use of appar-
ent thermal conductivity (heat conduction) for calculating the thermal perfor-
mance of vertical ground heat exchangers can lead to some serious errors, especially
for the longer time-scale and high-velocity groundwater flow.

While groundwater flow is an important parameter, measuring the groundwater
velocity is practically difficult. Besides, the ground layers are inhomogeneous. The
practical way to measure the groundwater velocity is the pumping test. However,
the pumping test is expensive as it requires an additional borehole for the
observation well.

The TRT measurements were carried out in Bangkok, Thailand and Hanoi,
Vietnam. These were the first and second measurements to be carried out in South-
east Asia [12]. The measurements were conducted in the existing GSHP systems. In
Bangkok, TRT measurement was performed in an installed GSHP system at
Chulalongkorn University, Bangkok campus. The measurement was also performed
in the GSHP system installed at the Vietnam Institute of Geosciences and Mineral
Resources (VIGMR), Hanoi. The measurement procedures were similar for both
sites. Figure 1 shows the measurements at Bangkok and Hanoi.

Both measurements applied the constant heating rates q = 39.72 Wm�1 and
q = 35.91 Wm�1 for Bangkok and Hanoi, respectively. By evaluating the TRT results
using the ILS method, the apparent thermal conductivity was calculated as
λapp = 1.82 W m�1 K�1 and λapp = 1.42 W m�1 K�1 for Bangkok and Hanoi,
respectively. The data regarding the effective thermal conductivities and ground-
water velocities in both GSHP sites are unavailable. Further details on the measure-
ments can be found in another publication [12].

3. Moving infinite line source

To consider the effect of groundwater flow, we evaluated the TRT measurement
results in Bangkok and Hanoi by applying the Moving Infinite Line Source (MILS)
theory. According to Diao et al., the temperature increase at a radial position,
φ(rad), from a line source is expressed as [13]:

T r,φ, tð Þ � T0 ¼ q
4πλ

exp
ueff r
2D

cos φ
� � ðr2=4Dt

0

1
η
exp � 1

η
�
u2eff r

2η

16D2

" #
dη (7)

Figure 1.
TRT measurement at the GSHP sites: Chulalongkorn University, Bangkok (left) and VIGMR, Hanoi (right).
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where, η = 4D(t–t’)/r2, ueff (m
2s�1) is the effective velocity of groundwater flow

assuming local thermal equilibrium, calculated by:

ueff ¼ u
ρwcw
ρc

(8)

Here, u (ms�1) is the seepage velocity, ρw (kgm�3) and cw (Jkg�1 K�1) are the
volumetric mass density and the specific heat of water, respectively. The following
relationship defines the volumetric mass density and specific heat of the medium:

ρc ¼ 1� εð Þρscs þ ερwcw (9)

Where ρs (kgm
�3) and cs (Jkg

�1 K�1) are the volumetric mass density and the
specific heat of the soil matrix, respectively. Eq. (7) calculates the temperature of
the soil medium at an arbitrary position adjacent to the line source. The following
equation represents heat balance between average fluid temperature and borehole
wall temperature [14]:

T f tð Þ ¼ 1
2π

ð2π

0

T rbh,φ, tð Þdφþ qRbh (10)

where Rbh (mKW�1) is the borehole heat resistance.
The simulation using the MILS analytical solution is valid under the following

assumptions:

• The soil medium homogenous and infinite

• The ground physical and thermal properties are independent of time and
temperature

• The effect of ambient temperature and the boundary between ground and
surface are negligible

• The initial ground temperature is uniform

4. Discussion

Figure 2 shows the TRT measurement results and the numerical simulation
using Eq. (7) by setting the ueff = 0 and apparent thermal conductivity similar to
those calculated using the ILS method. Additional parameters for the numerical
simulations are listed in Table 1. The discrepancies between simulations and
measurements at the beginning are likely the indication of heat transfer within
boreholes, which have different thermal properties than the surrounding soil [14].
It is essential to ensure the apparent thermal conductivity adequately represents the
value of soil mass. Typically, only the last few hours of results are considered for the
linear fitting of Eq. (5).

4.1 Estimation groundwater flow velocity and effective thermal conductivity

By using the MILS method, the groundwater flow can be taken into account.
However, the determination of groundwater velocity remains a problem. A
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numerical approach incorporating a parameter optimization method has been
proposed [14, 15]. In this study, a similar numerical procedure was performed in
Matlab employing the fminsearch function. The fminsearch is a pre-programmed
function to search the minimum unconstrained multivariable function using the
derivative-free method. The parameter estimation from the TRT results employs
the fminsearch function to find the minimum value of Root Mean Square Error
(RMSE) between the MILS model and the TRT result [14].

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN

i¼1 Tf simð Þ ið Þ � Tf measð Þ ið Þ
� �2

N

s
(11)

Figure 2.
The average fluid temperatures obtained from TRT measurements and the simulation results using Eq. (7).

T0 (°C) Rbh (mK W�1) q (Wm�1) λ (Wm�1 K�1) D (m2s)

Bangkok 29 0.156 39.72 1.82 7.58e-7

Hanoi 27 0.16 35.91 1.42 5.07e-7

Table 1.
Simulation parameters for TRT data using Eq. (7) (ueff = 0).
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The initial values of the fitting parameters are given; thermal conductivity, effec-
tive groundwater velocity, and borehole heat resistance. Three values are provided
for each parameter, resulting in a total

Tf ðsimÞ

of 27 combinations. Some of the results from different combinations yield similar
results. To summarize the results, we select some representative values from these
combinations, as shown in Table 2.

Figure 3 compares TRT results and the simulation results considering the opti-
mized parameters listed in Table 2 for both sites. The simulation results fit well with
the TRT measurements. The higher RMSE error for the Bangkok site is due to the
fluctuations of the measured data. As expected, the MILS models predict smaller
thermal conductivities than those calculated using the ILS method for all cases. The
smaller thermal conductivities are because the MILS models account for the effect of
groundwater flow. It is interesting to note that the H1, H2 and H3 yield a similar value
of thermal conductivity and RMSE but differs in groundwater velocities. The predicted
velocities are low, and their effect on the calculated temperature response is not
significant. In addition, each model shows the convergence of borehole thermal resis-
tance values, except for the case of B1. Overall, the differences between the simulated
temperatures are close to each other and visually difficult to be distinguished.

4.2 Effect of groundwater flow and ground thermal conductivity on the
performance of ground heat exchanger

In the previous discussion, the effect of different thermal conductivities and
groundwater velocities over the short TRT measurement period is not distinct. To
further examine the impact of these parameters on the fluid temperatures, we
extend the simulation period to one year. The simulations assume constant heating
rates similar to the field TRT measurement. The simulation results are shown in
Figures 4 and 5 for Bangkok and Hanoi models, respectively. The calculations
considering the thermal conductivity values obtained using the ILS method are also
presented. For the Bangkok cases, the discrepancies due to the various estimated
thermal conductivities and effective groundwater velocities are clearly observable.
The B3 and B4 cases, which have the lowest predicted effective groundwater veloc-
ities, show higher average fluid temperatures. Meanwhile, B1 and B2 cases yield
lower average fluid temperatures.

Interestingly, the average fluid temperature converges into an asymptotic value
for the highest effective groundwater velocity (B1 case) after few days. It reveals
the critical role of the convective heat transfer to the ground heat exchanger
performance over an extended period.

λfit ueff Rbh RMSE

Bangkok B1
B2
B3
B4

1.45
1.68
1.69
1.69

1.82E-06
4.55E-07
1.01E-07
1.37E-07

0.1388
0.1486
0.1493
0.1493

0.0706
0.0770
0.0777
0.0776

Hanoi H1
H2
H3
H4

1.34
1.34
1.34
1.34

2.88E-10
2.96E-09
1.14E-07
1.14E-08

0.1537
0.1537
0.1536
0.1537

0.0258
0.0258
0.0258
0.0258

Table 2.
List of parameters from the MILS fitting simulation against the TRT data.
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Figure 5 shows the differences over the extended period for the Hanoi
numerical model. While H1, H2, and H4 yield almost similar values of average fluid
temperatures, the highest predicted effective groundwater velocity, the H3 case,
shows the lower average fluid temperature.

Figures 6 and 7 show the contour plots representing the soil temperature increase
after a year of constant heating. The ground heat exchanger is located at the center
coordinate (0,0), and the grid intervals are shown in meter-unit. The groundwater
flows to the positive x-direction (in Figure 6 right and Figure 7 right). The left-hand
part in both Figures 6 and 7 is the simulation result in case the apparent thermal
conductivity calculated by the ILS method is used (ueff = 0). In comparison, the right-
hand part is the simulation result using the optimized value of thermal conductivity
and groundwater velocity (B2 and H3 cases). The maximum temperature and the
shape of isothermal lines for Bangkok show that the case with groundwater velocity
ueff = 4.55E-07 ms�1, despite its lower thermal conductivity, provides better thermal
performance than the case with ueff = 0. On the contrary, the numerical results for
Hanoi cases (Figure 7) show the opposite due to the low groundwater velocity.

Despite the advantage of MILS, the reverse analysis involving parameter opti-
mization performed in this study results in several combinations of parameters. The

Figure 3.
The average fluid temperatures from TRT measurements and the best fits MILS simulation using parameters as
listed in Table 2.
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improvement should be emphasized on the TRT method to provide data to narrow
down the resulting combinations into the best possible solutions. One of the most
feasible methods is providing different heating rates for a TRT site.

4.3 Long-term GSHP performance in Bangkok and Hanoi

One of our main interests in the GSHP potential application in Southeast Asia is
to estimate the GSHPs long-term sustainability. Thus, it is essential to examine
further the effect of different ground thermal properties on the long-term

Figure 4.
Effect of different parameters (thermal conductivity and effective groundwater velocity) to a year cycle of
average fluid temperature under a constant heat rejection rate (q = 39.72 Wm�1) for Bangkok case.

Figure 5.
Effect of different parameters (thermal conductivity and effective groundwater velocity) to a year cycle of
average fluid temperature under a constant heat rejection rate (q = 35.91 Wm�1) for the Hanoi case.
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performance of GSHPs. So far, the MILS analytical model is only limited to a single
ground heat exchanger. Here, we propose a simple modification to the described
analytical models to simulate two ground heat exchangers.

The maximum number of ground heat exchangers in the numerical model
depends on the symmetrical arrangement of boreholes and whether the model
considers the groundwater flow. The simplest numerical model disregarding the
effect of groundwater flow can simulate up to four ground heat exchangers. The
numerical model can simulate a maximum of two ground heat exchangers if the
groundwater flow is considered. In such a case, the boreholes must be arranged
perpendicular to the groundwater flow direction.

The calculation of the temperature field uses the superposition method. Once
the average fluid temperature for one of the boreholes is calculated, the total
average fluid temperature flowing from/to the heat pump can be calculated owing
to its symmetrical arrangement. The following additional equation is required to
calculate the unknown inlet and outlet temperatures,Tbh-in and Tbh-out.

Figure 6.
Contour plot showing the soil temperature increase after a year of constant heating for the Bangkok site; (left:Q=39.72
Wm�1, λ = 1.82Wm�1 K�1, ueff = 0ms�1; right:Q = 39.72Wm�1, λ = 1.68Wm�1 K�1, ueff = 4.55E-07ms�1).

Figure 7.
Contour plot showing the soil temperature increase after a year of constant heating for the Hanoi site; (left:Q = 35.91
Wm�1, λ = 1.42Wm�1 K�1, ueff = 0; right:Q = 35.91Wm�1, λ = 1.34Wm�1 K�1, ueff = 1.14E-07 ms�1).
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Tbh�in � Tbh�out ¼ Q=ρ f ϑc f
(12)

Where Q (Watt) is the heat rejection rate from heat-pump to the ground, ρf
(kgm�3), ϑ (m3s�1) is the volumetric flowrate of heat exchanger fluid, and cf
(Jkg�1 K�1) is the specific heat capacity of heat exchanger fluid. The inlet and outlet
temperatures can be calculated by combining Eqs. (4) and (12).

The long-term simulation model considers a GSHP system with a heat rejection
rate of 5 kW. The heat pump connects to two vertical 50 m-long ground heat
exchangers in a parallel flow configuration. A parallel flow configuration means that
the heat exchanger fluid flows from the heat pump into each borehole at a propor-
tional flow rate (see Figure 8). Thus, the heat exchange rate per unit length is
identical for both ground heat exchangers. In the present study, the GSHP is
assumed to be used only for cooling purposes (heat rejection) and operates only
8 hours a day (8 am to 4 pm) during weekdays. These assumptions are to represent
the typical behavior of air conditioner use in standard office buildings. In addition,
the simulation period is five years. The numerical models disregard the effect of
ambient air temperature fluctuations on the cooling load.

A standard parameter to evaluate the thermal performance of GSHP is the
Coefficient of Performance (COP). The COP is a ratio between the total rate of
cooling or heating to the required electrical input. While the COP is affected by
various factors, a simple approximation is possible via a correlation with the heat
pump’s fluid temperature (Tbh-out) [16]. Such correlation can be obtained from the
performance tables provided by the manufacturer. Figure 9 shows the correlation
between COP and Tbh-out for a heat pump with a rated capacity of 5.27 kW. This
correlation is specific for a 15.8 L min�1 fluid flowrate and 27°C dry-bulb and 19°C
room air temperature at the 13.45 m3min�1 flow rate (air flowrate in the fan-coil
unit).

Figure 8.
Schematic figure of the numerical model for long-term performance evaluation.
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Figures 10 and 11 present the fluid temperature leaving the ground heat
exchanger (Tbh-out) and the calculated COP, respectively. The initial ground tem-
perature and ground thermal properties are similar to those applied in the previous
simulations (see Tables 1 and 2). The simulation results considering the thermal
properties calculated using the ILS method show higher fluid temperatures than the
simulations with the groundwater flow (case B4 for Bangkok and H3 for Hanoi). At
the end of the five-year operation, the final fluid temperature for Bangkok are
41.77°C and 41.1°C for ILS and B4 cases, respectively. While, the final fluid tem-
peratures for Hanoi are 41.89°C and 40.86°C for ILS and H3 case, respectively. Note
that the thermal conductivities for B4 and H3 cases are lower than those calculated
using the ILS. Figure 12 compares the iso-temperature plot of B4 and H3 cases after
five years. The B4 case with higher thermal conductivity and groundwater velocity
provides a better heat transfer rate.

The results also suggest the significant role of groundwater convection in
lowering the fluid temperature. For the application of GSHP in tropical countries
with high initial ground temperature, the role of groundwater flow is ultimately
essential.

Figure 9.
A relationship between Tbh-out and COP of a heat pump, obtained from the performance table supplied by the
manufacturer.

Figure 10.
Fluid temperature flowing from the ground heat exchanger (Tbh-out) for five-years GSHP operational period.
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5. Conclusion

The application of GSHP in tropical countries, such as Thailand and Vietnam,
encounters several problems. One of the main problems is the insufficient data on
how GSHP could perform under such a climate. We carried out the numerical
analysis of the TRT measurement results conducted in Bangkok, Thailand and
Hanoi, Vietnam.

The MILS analytical method provides a better numerical analysis to evaluate the
TRT result than the commonly used ILS method. The inverse analysis of TRT result
using the MILS method with parameter optimization resulted in multiple solutions
of unknown parameters: groundwater flow velocity, thermal conductivity, and
borehole thermal resistance. The groundwater velocity and thermal conductivity
are parameters with significant variations, while the borehole thermal resistance
indicates a stable convergence into a single value. Simulations considering parame-
ters obtained using the MILS and ILS method do not show a clear difference over a
short-term TRT period. In the extended period of simulations, more than a year
time scale, the differences are evident. The results also suggest the importance of
groundwater flow in the long-term performance of GSHP, especially in tropical
regions with high soil background temperatures. Over-reliance on the ILS method
and the use of apparent thermal conductivity, especially for the site with high
groundwater flow, can lead to a severe error.

Figure 11.
COP of the GSHP system for a five-year GSHP operational period.

Figure 12.
Contour plot showing the soil temperature increase after a five-year GSHP operation; the thermal parameters
for B4 and H3 cases are used for Bangkok (left) and Hanoi (right), respectively.
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Further, we extended the MILS simulations by incorporating two borehole heat
exchangers and a simple approximation of COP to evaluate the GSHP performance
over five years under different ground thermal parameters. The COP decreases over
a more extended period because of the thermal imbalance resulting from the
absence of heat extraction. The simulation results also suggest that the groundwater
flow can effectively reduce the decreasing rate of COP.
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