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ABSTRACT 
 
More than billion people lack of electricity. Most of these people is poor or lives in remote 
areas. Geothermal energy is a clean and sustainable alternative to solve this problem. Small 
geothermal electric power plants are well suited applications to produce cost effective electric 
power. Geothermal energy not only provides a suitable answer to supply electricity in remote 
rural areas, also contributes to progress in education, health, agriculture, and rural industry 
and other income generation activities that could help to reduce poverty. 
This thesis investigates the feasibility of low-enthalpy geothermal resources for power 
generation in remote areas of the world which can operate stand-alone with low cost and 
supply electricity to the population improving their standard of living. There are many remote 
places that lack of electric power with no near-term potential or access to a central power 
distribution grid or a grid extension.  
Having checked that there is no previous study on the relative from distance from a remote 
region to a electrical power supply, the definition of the new concept “Electrical Remoteness” 
is needed and is defined in this thesis as a starting point for previous research.  
This assertion presents the thermoeconomic model of a ORC  power plant using  dry cooling 
is created in EES software and a detailed analysis of component configuration and parameters 
of working fluids is carried out. The small standard geothermal power plant which can work 
in low-enthalpy remote regions, from tropical and warm places like Central America, Africa, 
New Zealand and Philippines next to the sea level to places like Mongolia and Himalayan 
foothills where the temperatures are extremly cold and high elevation. 
Exergy flow rates of all streams in the system as well as rates of exergy destruction and loss 
are quantified. And competitive levelized cost compared to other renewable energies. 
 
 
 
 





iii 

ACKNOWLEDGEMENTS 
 
 
First of all, I would like to express my etern gratitude to all of the members of the University 
of Iceland, University  of Akureyri and of the RES School for Renewable Energy Science, 
whose initiative allowed me to culminate MSc studies in Iceland, specially to Ms Sigrún Lóa 
Kristjánsdóttir I couldn´t have done it without her precious help and support.  
 
I would like to give my grateful thanks to my advisor, Dr. Páll Valdimarsson for sharing his 
knowledge, encouragement and patience.  This dissertation would not have been possible 
without his great expertise, instruction, and valuable time to help me. Thanks to remember 
how important the dreams are. 
 
Special thanks to my thesis supervisors Dr. Hrefna Kristmannsdottir and Axel Björnsson to 
have transmitted their passion and dedication for the geothermal world. 
Thanks Iceland for being the the perfect place to breathe, smile and find yourself. I would also 
like to thank Dr. Ingo Sass for helping me to move across the river and plunge into the heart 
of the moon.  
 
I would like to express my gratitude to my classmates and friends at RES for being shareful 
and a big family for me. I would also like to thank Marcela Baguierek her patience and 
always having a smile, the world of engineering would not be the same without her.  
I would like to express my sincere gratitude to Amelia Letvin and Karol Strąk for the 
sleepless nights we were working together. A big thank you to Alex Campbell to know that 
the best things cannot be describe with words. 
 
Gratitude beyond measure I offer to my family, who continually inspire me and challenge me 
to live up to their examples, without them I couldn´t have achieved this important step in my 
life. I would like to dedicate this thesis to my mother, Martina González and my father, Néstor 
Baz, they taught me the importance of living fully, dedicating oneself to the needs of others, 
and seeking a world of freedom, equality, peace, and justice. Thanks to my brother Pedro, for 
had offered me numerous moments of generosity and courage. I´m especially thankful to my 
heroes, my grandparents Antonia Calzada, Pedro González y Pura Pérez and Manuel Baz for 
make me smile and be the clear example of freedom, life and love. Thanks to Ana María, 
Julián, Marta and Oscar to make me smile. 
 
Thanks to those who remind me the value of friendship every day. Thanks to Alberto 
Carmona for his courage and love for Akureyri. Heartfelt thanks to Blaky and Lola for turning 
a house into a home. Many thanks to Elixabete Blázquez for giving me the opportunity to fly 
and dancing with the Aurora. I want to thank to Marta Abad for traveling with me on the 
adventure of life and freedom. I´m eternally grateful to Juan Núñez for putting color into my 
life and to Thor Stephensen for his advises and support. I will always thank to Nacho Madero 
for helping to remind me where home is. 
 
 
 
 
 
 



iv 

 
 
TABLE OF CONTENTS 
 
1 Introduction .................................................................................................................. 8 

2 Energy status and market analysis ................................................................................. 9 

2.1 World geothermal market ....................................................................................... 9 

2.2 Geothermal power generation............................................................................... 10 

3 Geothermal resources .................................................................................................. 11 

3.1 Low-enthalpy geothermal resources ..................................................................... 11 

3.2 Use and development of low-enthalpy geothermal resources for power generation11 

4 Electrical planing and design for a small geothermal power system ............................. 12 

4.1 Rural energy and development ............................................................................. 12 

4.2 Electrical remoteness ........................................................................................... 14 

4.3 Accessibility ........................................................................................................ 16 

4.4 Electrical remoteness definition and classification ................................................ 19 

4.5 Remote low-enthalpy geothermal resources.......................................................... 23 

4.6 Remote geothermal low-enthalpy resources.......................................................... 24 

4.6.1 Central America .......................................................................................... 24 

4.6.2 Ethiopia ...................................................................................................... 26 

4.6.3 Himalaya .................................................................................................... 26 

4.6.4 Indonesia .................................................................................................... 26 

4.6.5 Kenya ......................................................................................................... 27 

4.6.6 India ........................................................................................................... 27 

4.6.7 New Zealand ............................................................................................... 28 

4.6.8 Philippines .................................................................................................. 28 

4.6.9 Mongolia .................................................................................................... 29 

5 Design of a small geothermal power plant ................................................................... 30 

5.1 Energy needs of remote area ................................................................................ 30 

5.2 Overview of standard system................................................................................ 31 

5.2.1 Boundary conditions ................................................................................... 33 

5.2.2 Type of heat sink ......................................................................................... 35 

5.3 Assumptions ........................................................................................................ 42 

5.4 Working fluid....................................................................................................... 42 

5.5 Thermodynamic optimization of the model .......................................................... 45 



v 

5.6 Test Scenarios with ORC standard ....................................................................... 48 

5.6.1 Scenario 2 ................................................................................................... 49 

5.6.2 Scenario 3 ................................................................................................... 50 

5.6.3 Thermal efficiency ...................................................................................... 51 

5.6.4 Choice of components ................................................................................. 52 

5.6.5 Communications and control system ........................................................... 54 

6 Exergy Analysis .......................................................................................................... 55 

6.1 Exergetic efficiency ............................................................................................. 58 

7 Economic Analysis ..................................................................................................... 59 

7.1 Total Capital Investment (TCI)............................................................................. 60 

7.2 Fixed Capital Investment (FCI) ............................................................................ 60 

7.3 Results of economic analysis ................................................................................ 60 

7.4 Operation and maintenance (O&M) costs ............................................................. 62 

7.5 Levelized cost ...................................................................................................... 63 

8 Environmental impact ................................................................................................. 64 

9 Disadvantages of standard design and expected problems ........................................... 65 

10 Conclusions and recomendations ................................................................................ 66 

References ....................................................................................................................... 67 

Appendix  A – Geothermal energy maps .......................................................................... A 

Appendix B – Geothermal reservoirs .................................................................................B 

Appendix C - Data of worldwide geothermal fields ...........................................................C 

 



vi 

LIST OF FIGURES 
 
Figure 2.1 Geothermal installed capacity in 2010 (GEA, 2010)...............................................9 

Figure 2.2 Geothermal electricity Production 2010 (Bertani, 2010) ....................................... 10 

Figure 4.1 People without electricity access in millions, 2009 (IEA, 2010) ........................... 12 

Figure 4.2 Population without access to electricity in millions (IEA, 2010) ........................... 13 

Figure 4.3 Accessibility Map ................................................................................................ 16 

Figure 4.4 Key indicators constituting the Agglomeration Index ........................................... 17 

Figure 4.5 Urban-rural gradient and travel time in the agglomeration index .......................... 18 

Figure 4.6 Electrical Remoteness Matrix .............................................................................. 20 

Figure 4.7 Electrical remoteness ........................................................................................... 22 

Figure 5.1 Simplified scheme of basic ORC power plant ...................................................... 31 

Figure 5.2World map of Köppen-Geiger climate classification ............................................. 35 

Figure 5.3 Global map of proposed scenarios........................................................................ 38 

Figure 5.4 Duration curves of dry bulb temperature for scenario 1 ........................................ 39 

Figure 5.5 Duration curves of dry bulb temperature for scenario 2 ........................................ 40 

Figure 5.6 Duration curves of dry bulb temperature for scenario 3 ........................................ 41 

Figure 5.7 Working fluids R134a, R227ca, R236fa ............................................................... 43 

Figure 5.8 Working fluids Isobutane, Isopentane and R245fa ............................................... 44 

Figure 5.9 Scheme of designed ORC Geothermal Power Plant ............................................. 45 

Figure 5.10  (a) Condenser area vs Specific cost; (b) Vaporizer area vs Specific cost ............ 46 

Figure 5.11 Vaporizer pressure (bar) vs Specific cost ($). ..................................................... 46 

Figure 5.12 Vaporizer pressure (bar) vs Work net (kW) ........................................................ 47 

Figure 5.13 Power net produced per hours of the year per each scenario ............................... 49 

Figure 5.14 (a) Heat exchanger´s scheme; (b)Shell-tubes ...................................................... 52 

Figure 5.15 (a) Twin screw expander; (b) SRM ”A” rotor (Smith & Stosik, 2005) ................ 53 

Figure 6.1 Grassman diagram ............................................................................................... 57 

Figure 6.2 Exergetic efficiency ............................................................................................. 58 

Figure 7.1 Main components cost and Power plant costs ($) per scenario.............................. 61 

Figure 7.2 Specific cost per scenario ..................................................................................... 62 



vii 

LIST OF TABLES 
 
Table 4.1 Electrical remoteness classification ....................................................................... 21 

Table 4.2 Highlighted geothermal low-enthalpy remote countries ......................................... 23 

Table 5.1 Remote low-enthalpy geothermal fields ................................................................ 34 

Table 5.2 List of working fluids considered .......................................................................... 42 

Table 5.3 Thermodynamic optimization of the Organic Rankine Cycle Power Plant ............. 43 

Table 5.4 Thermodynamic properties of each process state of designed system..................... 47 

Table 5.5 Heat transfer and area of heat exchangers components of scenario 1 ..................... 48 

Table 5.6 Work per component in the system designed ......................................................... 48 

Table 5.7 Work net produced in the according to the average temperatures in the scenarios .. 48 

Table 5.8 Thermodynamic properties of each process state in scenario 2 .............................. 49 

Table 5.9 Heat transfer and area of heat exchangers components in scenario 2 ...................... 50 

Table 5.10 Work per component in the system designed in scenario 2 .................................. 50 

Table 5.11 Thermodynamic properties of each process state in scenario 3 ............................ 50 

Table 5.12 Heat transfer and area of heat exchanger’s components ....................................... 51 

Table 5.13 Work per component in the system designed ....................................................... 51 

Table 5.14Thermal efficiency ............................................................................................... 51 

Table 6.1 Exergy time rates for considered system using Isopentane as a working fluid. ....... 56 

Table 6.2 Exergetic efficiencies for particular components ................................................... 58 

Table 7.1Main component cost ............................................................................................. 60 

Table 7.2 Main components cost, power plant cost and specific cost per each scenario ......... 61 

Table 7.3 Annual operation and maintenance costs ............................................................... 62 

Table 7.4 Levelized cost ....................................................................................................... 63 



8 

1 INTRODUCTION 
 
There are more than 1.4 billion people around the world without access to electricity. 800 
million of them are in Asia and the Pacific. There are 2.7 billion people who depend on the 
use of traditional biomass for their heat and light.  
Without energy, human development goals cannot be met. Access to modern energy 
facilitates economic development, it allows for education, current health services and gender 
equality by easing household burdens. (GEA, 2010) 
Poverty in rural areas is related to the lack of income. The use of electricity can provide 
alternative sources of livelihoods to reduce poverty. Electricity networks are located around 
urban centers. The remoteness of rural locations and the country’s topography would make an 
expansion of the electricity supply in these areas through a centralized grid system difficult, 
and such an expansion may not be economically feasible. Therefore an exploration of 
renewable, sustainable, alternative energy sources that can be maintained at a decentralized 
level is urgently needed.  
 
Given the international climate of consciousness of global warming and other environmental  
impacts caused by irresponsible energy use, it is time to expand geothermal energy to remote 
rural communities that have little or no prospect of grid electrification.  
A renewable energy remote electrification plan should not just electrify isolated communities, 
but should also achieve measurable improvements in terms of addressing the poverty 
environment nexus identified as both a source and a symptom of underdevelopment in remote 
areas. 
 
A feasibility study of a geothermal utilization of remoteness areas is needed to demonstrate 
how geothermal energy can be used to increase the quality of life for low-income 
communities living in electrical remote regions. It would also show how a community-based 
approach could lead to the success of such project.  
Know the low-enthalpy geothermal resources available to generate electricity in remote areas 
are essential.   
 
The definition of “electrical remoteness”, based in geographical and demographical variables, is 
needed in order to find where is required the electricity, how isolated is this area, the social 
implications of the project and the environmental impact.   
A thermodynamic blueprint of a binary power plant is proposed. The selection of the working 
fluid used in the cycle, type of cooling system and boundary conditions are crucial for the 
successful optimization. Exergy flow rates of all streams in the system, rates of exergy 
destruction and loss and exergy efficiency are calculated. Thermoeconomic study is 
calculated using EES (Engineering Equation Solver) software.  
Once the blueprint is consolidated, the standard ORC model is tested in three diferent 
scenarios, according to their ambient temperature due to the use of air cooling system. 
Detailed economic analysis of the unit is made for each scenario and results are comparing to 
prove that is sucessful.  
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2 ENERGY STATUS AND MARKET ANALYSIS 
 

2.1 World geothermal market 
Nowadays, the geothermal world map shows many different and interesting sites and markets. 
The importance of geothermal energy is growing from day to day. Only 5% of geothermal 
potential of the world is used. 
 
In the last five years geothermal power on-line grew 20%. In 2005, 8.933 MW of installed  
power capacity in 24 countries, were generating 55.709 GW per year in 2010, 10.715 MW is 
on line generating 67.246 GW. Based in the large number of projects under consideration, 
geothermal market will grow to 18500 MW by 2015. 
 
Countries with projects under development grew faster, from 46 countries in 2007 to 70 in 
2010; active consideration increased a 52% since 2007 especially in Europe and Africa. 
(IGR, 2010)                  
 

 
Figure 2.1 Geothermal installed capacity in 2010 (GEA, 2010) 

Geothermal development appears to be increasingly supported by a global financial market 
especially in remote rural areas as a way of energy independent. Tanzania, Kenya, 
Ethiopia, Mongolia, Philippines, Central America, India and China are interested on it.  
Countries with notorious projects under consideration are Algeria, Armenia, Belarus, Bolivia, 
Comoros Islands, Croatia, Czech Republic, Dominica, Denmark, Djibouti, Fiji, Georgia, 
Guadeloupe, India, Iran, Ireland, Latvia, Madagascar, Montserrat, Nepal, Norway, Peru, 
Poland, Rwanda, Saba, Samoa, Serbia, South Africa, Switzerland, Tunisia, United Kingdom, 
Vanuatu, Yemen, and Zambia. (GEA, 2010) Countries expected to install first geothermal 
capacity by 2015 are Argentina, Canada, Chile, Greece, Honduras, Hungary, Nevis, Romania, 
Spain, Slovakia, and The Netherlands. (IGA, 2010) 
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2.2 Geothermal power generation 
Geothermal worldwide total installed capacity has increased about 1,8 GW in the last five 
years flowing a linear growth of  350 MW/year with an increment of the average value rough 
200 MW/year between 2000 and 2005 . 
 

 
Figure 2.2 Geothermal electricity Production 2010 (Bertani, 2010) 

Nowadays geothermal power generation worldwide is 10,7 GW. The average geothermal 
capacity on the 526 plants in operation is 20,6 MW. Present typical unit values for each plant 
category are: Small (binary, back pressure) around 5 MW, Medium (Flash plants), about 30 
MW, Big (Dry Steam), 45 MW per unit (Bertani, 2010).  
 
Since 2005 USA, Indonesia, Iceland and New Zealand had realized plants for more than 100 
MW. Even in countries where the geothermal development started more than 50 year ago, 
geothermal energy is taking a higher role each day. The forecasting for 2015 predicts 18 GW 
transforming 7 GW of blue print projects in real plants in 2015 (Bertani, 2005). 
 
Forty countries of the world can be powered 100% by geothermal, forecasts predicts 70 GW 
of geothermal electricity production for 2050. The CO2 savings from geothermal electricity 
can be about 109 tons per year. It would require that the linear increasing becomes 
exponential in the future and have a big jump in the medium-low enthalpy development 
through small binary power plants and worldwide economic projects. If the target of 140 GW 
will be reached the geothermal global percentage production will be of 8,3% providing 17% 
of world population energy (Bertani, 2010). 
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3 GEOTHERMAL RESOURCES  
In most developing countries there are no geothermal studies or research, there are only 
geothermal potential estimations available. The potentials of low-enthalpy resources are not a 
priority task in most of the developing countries and in several industrialized countries mostly 
because they are not considered as economically viable for electricity generation. These 
developments urgently call for all countries to evaluate low-enthalpy resources, to include 
these resources in national planning and exploit these resources immediately, reducing 
greenhouse gas emissions and improving the quality of the environment, especially in 
developing countries. Governments and population start to be conscious that geothermal is a 
good solution to supply electricity and improve the quality of life. 
Fortunately, nowadays drilling methods and technological advances allow geothermal fluids 
with temperatures as low as 74 °C to be used for electric power generation. However, with 
temperature of 120-180°C binary cycle power plants are used and with temperature >180°C 
flash type power plants are used. For binary power plants the higher temperature limit is 
restricted by the thermal stability of the working fluid and the lower temperature limit is 
restricted by practical and economic considerations. (Bertani, 2010) 
The maps shown in Appendix A, gives estimations about the depth of 80 °C that can be 
utilized to power generationand  possible to update regional heat flow maps on the basis of 
several abandoned wells drilled for locating high-temperature resources in these regions.  
 

3.1 Low-enthalpy geothermal resources 
Low-enthalpy geothermal resources, up to 150 °C, and aters temperature higher than 74 °C 
are appropriate for electricity generation. Low-enthalpy geothermal resources are widespread 
and occur at shallow depths. These reservoirs include shallow wet geothermal systems that 
surround high enthalpy systems and low-temperature conduction dominated enhanced 
geothermal systems. Low-enthalpy geothermal resources in remote areas and mainly in 
developing countries are yet to be exploited extensively for electricity generation. 
(Chandrasekharam & Bundschuh, 2008). 
The distribution of high and low-enthalpy of geothermal resources, geothermal power 
generation with installed geothermal capacity (MW), geothermal electricity generation (GW) 
and share of total national electricity production in the year 2005.  
 

3.2 Use and development of low-enthalpy geothermal resources 
for power generation 

Environmental and social aspects, increases in the cost and uncertainty of future conventional 
energy supplies are improving the popularity of low-enthalpy geothermal resources. 
Developing countries need to benefit from this using low enthalpy geothermal resources 
covering the increasing electricity demand in remote world areas through using domestic 
resources while contributing to a reduction in global greenhouse gas emissions, according to 
Kyoto protocol that highlighted the reduction of greenhouse gas emissions by 50% until the 
year 2050. (G8 meeting, 2007) 
Most of developing countries which have high-enthalpy geothermal resources have focused 
on the estimation of their potential, but other countries without  high-enthalpy resources, have 
not yet considered using the low-enthalpy resources for electricity generation.  
Developing countries can access all available low-enthalpy wet and Enhanced Geothermal 
Systems (EGS) sources for electricity generation (Lund J. , 2010).  



 

4 ELECTRICAL PLANING AND DESIGN FOR A SMALL 
GEOTHERMAL POWER SYSTEM 

The sitting of a geothermal power project is determined by steam field location, rather than by 
the location of electrical power demand. Small geothermal power plants are planned to supply 
electricity in remote areas worldwide and are not focused in exporting the generated power 
away from the site. The distance between the remote area and the nearest grid is far enough 
not to be viable. An electrical remoteness definition is given in Chapter 4.4. 
 

4.1 Rural energy and development 
There are practically two billion people in the world without access to electricity. 
Approximately a third of all energy consumption in developing countries comes from burning 
wood, crop, residues and animal dung. Without electricity, further, poor households are 
denied a host of modern services such as electric lighting and refrigeration. Electricity 
supplies have been extended to over 1.3 billion people in developing countries over the last 
twenty five years. Most of these connections have been in urban areas. In many regions of the 
world population have grown even faster. With the total population of developing countries 
expected to grow by more than 3 billion in less than forty years (Bertani, 2010).  
 

 
Figure 4.1 People without electricity access in millions, 2009 (IEA, 2010) 

 
In remote areas, small geothermal power plant is one of the most economic advantageous 
power sources, because small power plants can scale in construction cost. However, in such 
isolated areas, the development by private developers cannot be expected because the project 
scale is too small for commercializing. The main purpose of this study is to formulate a 
profitable project, which promotes small geothermal power plants to provide energy in 
isolated areas of the world.  

45%

35%

14%

6%

South Asia

Sub-Saharan Africa

East Asia

Other



The latest available information to give the most accurate picture to date of the electricity 
access in the world, by region and by country is shown in Figure 4.2. 
 
The average electrification rate in developing countries reaches the 72 %, where more than 
1,4 billion people lack of electricity, the urban electricifation rate in the world is 93,6 % 
versus a rural electrification rate of 65,1%  (EIA, 2010). 
 

 
Figure 4.2 Population without access to electricity in millions (IEA, 2010) 
 
Electricity access is increasingly at the forefront of governments’ preoccupations, especially 
in the poorest countries. As a consequence a lot of rural electrification programs and national 
electrification agencies have been created in these countries to monitor more accurately the 
needs and the status of rural development and electrification.  
 
Energy is necessary for creating the conditions for economic growth, but not sufficient. 
Access to electricity is particularly crucial to human development as electricity is, in practice, 
indispensable for certain basic activities, such as lighting, refrigeration and the running of 
household appliances, and cannot easily be replaced by other forms of energy. Individuals’ 
access to electricity is one of the most clear and un-distorted indication of a country’s energy 
poverty status. 
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4.2 Electrical remoteness 
 
A high proportion of the world’s poverty is in rural areas, which are geographically remote 
and with low population density, which also have low potential electricity demand to justify 
the extension of the grid. Therefore, it is necessary to supply access to electricity through 
other way than the extension of the grid.  
Renewable energies are the most adaptable, flexible and easy to use technologies for remote 
rural areas. Small geothermal power plants offer affordable decentralized renewable energy 
technologies. Rural communities are often highly dispersed, with low population density, low 
level of education and low load density, generally concentrated at evening peak hours and low 
revenues. Remote regions without access to electricity spend large amounts of their economic 
resources on energy. The benefits that electricity access brings to households and 
communities are warranted not only on social and economic aspects but also on basis of 
equity objectives. 
Lack of access to energy in remote areas is directly proportional to lack of access to 
other commodities. Actually, it is often the same rural or urban poor who not have access to 
modern energy services, electricity, telecommunications, clean water and other basic services. 
Some of the remote energy users, for example households, productive and public users, will 
be served by grid connections during the next decade. But a large percentage will remain 
isolated because of the high costs of grid extension when serving new loads.  
 
Small geothermal power plant‘s electrification can provide an alternative solution for many 
low demand users, at lower cost than grid extension, and a growing market for small types of 
rural energy service companies. Costs of this geothermal have decrease significantly over the 
last years.  
 
Energy consumption rises with increases in population and living standards, the 
environmental costs of energy also raise mostly affecting developing countries. Therefore, 
geothermal energy has to be extended in new ways. 
 
Direct and indirect financial benefits flow from the use of electricity in productive 
applications within rural areas such as irrigation, food preservation, harvest processing, 
cooling and development of small business which would result in an increase of employment 
opportunities for the isolated population. 
 
Usually, access to electricity is designed to supply the service to low income areas where the 
population has not enough incomes to maintain it. It is necessary to provide a sustainable 
access to electricity where the users are also given the means to pay for the consumption. 
Also, the high capital costs of installing renewable energy systems are often incorrect 
compared to the capital costs of conventional energy technologies. In remote areas, the low 
operation and maintenance cost, and the environmental costs associated with fossil fuels are 
often excluded. 
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Preconditions to successful remote electrification measures 
 
A prerequisite to any remote electrification study is the collection of statistical data to map out 
the electrification needs of a country. The shaping of the strategy, including the choice of 
technologies for electrification and deadlines, will depend on the geographical distribution of 
the population and of the existing grid, the density of this population and its level of 
electrification. 
 Lack of information about the location of populations without access to electricity will cause 
serious delays in the implementation of an electrification policy not to mention the risk of 
overlooking small-scale infrastructures (isolated schools, health centers, etc.) or remote 
communities unable to inform about their needs because of their geographical distance. The 
choice of the appropriate technology for electrification can only be done efficiently when 
targets are clearly defined, such as the expected use of electricity.  
The government support is essential to the development of a successful remote electrification 
plan. (Niez, 2010) 
 

 Laws and regulations 
First regulation alongside the provision of electricity in rural areas, should be introduced to 
foster business. These measures should ensure that rural areas are governed by good rural 
markets and have access to credit (Barnes, 2007).On the other hand, the implementation of 
energy efficiency policies is recommended.  
 
 Electrification affordability 
The issue of electricity affordability is recurrent in the context of remote rural electrification, 
as the target groups are usually poor. This said, rural households are usually very willing to 
pay for access to energy services. When they do not have access to electricity, they often 
contribute much of their time and revenue to buying or collecting energy sources for their 
daily needs (Barnes, 2007). 
The first obstacle is the connection. Initial payments for the connection are often high for the 
rural poor. They may have enough to pay for the regular use of electricity but may not be able 
to afford the connection fees. The second obstacle is setting the tariff. There no good way to 
set tariffs.  
It´s necessary to mention that  there is a widespread belief that, to benefit the remote poor, 
electricity needs to be sold at a very low price; facts often prove the contrary. In reality, richer 
communities will benefit more than the poorer ones since they can afford to buy electric 
appliances, which the very poor cannot. In addition, subsidies should be designed in such a 
way that only the poorest segments of society benefit from them, and not the better-off 
communities.  Rural households are often able to pay. If the “natural” price is charged, the 
electricity supplier will be able to effectively and sustainably supply electricity while making 
a profit that will ensure the sustainability of the electrification (Barnes & Foley, 2004).   

 
 Full involvement of the remote community 
There is a tendency to believe that remote electrification is the outcome of the efforts of 
governments and of international  development or funding agencies. But the involvement of 
remote communities in the process, particularly their participation in decision-making 
committees, has added value to the planning process and given the communities a sense of 



ownership of the process. Because of their intrinsic characteristics, remote community 
workers have good knowledge of their region’s consumption patterns, have authority to 
educate consumers in how to use electricity, can support the utilities in encouraging 
customers to connect and in training in the use of energy efficiency measures (Barnes, 2007). 
 

4.3 Accessibility 
Accessibility is defined as the travel time to a location of interest using land (road/off road) or 
water (navigable river, lake or ocean) based travel. Accessibility is a precondition for the 
satisfaction of almost any economic need and relevant at all levels, from local development to 
global trade and this map fills an important gap in our understanding of the spatial patterns of 
economic, physical and social connectivity. Remote area refers to an inaccessible and sparsely 
populated area. (The World Bank, 2010) 
 

 

  
Travel time to major cities (in hours and days) and shipping lane density 

Figure 4.3 Accessibility Map   

Accessibility is calculated using a cost-distance algorithm which computes the "cost" of 
travelling between two locations on a regular raster grid. Generally this cost is measured in 
units of time. A cost-distance model requires a target map containing the locations for which 
you want to calculate travel time to. 

The locations of interest are defined as targets and variety from facilities, educational 
establishments, cities, markets, health, protected areas, or any type of location where for 
which you want to estimate the potential accessibility. 
The friction-surface contains information on the transport network, political and 
environmental factors that affect travel links between locations. Transport networks can 
include road and rail networks, navigable rivers and shipping lanes. Environmental factors 
generally contribute to travel speeds off the transport network, such as land cover and slope.  
The data described and presented here were used to create an urban/rural population gradient 
around large cities of   50.000 or more people. (IES, 2010) 
 



To calculate the accessibility of certain place of the world is neccesary to choose a suitable 
projection for the data and a spatial resolution for the friction surface and resulting 
accessibility map in Km. Identify all the relevant spatial datasets that can be used to define the 
friction surface is needed,  including roads, railways, land, etc. The layers will depend on the 
assumptions about modes of travel as well as the locations to be accessed. Convert the targets 
or locations of interest to the same resolution and projection. Each target must have a unique 
value. Assign a travel speed to each class in each raster. If there is a slope or elevation layer, 
then convert them into speed reducing factors.  If the land cover data contains different land 
cover types then assign one speed individually. If the road data contains different classes of 
road then assign each one a speed. Use the same time units for each layer. Merge these 
friction components into a single friction surface. And finally use the friction surface and 
raster of target locations to compute the travel time from each pixel in the study area to the 
nearest target location run the cost-distance function.  Time cost can be converted in hours or 
minutes to have a more precise study. 
The agglomeration index measures the urban concentration to give a globally consistent 
definition of establishment concentration to conduct cross-country comparative and 
aggregated analyses in the same way that the 1$ /day-poverty-line is used in poverty issues-
related studies. (Uchida & Nelson, 2010) 
Agglomeration index is based on three factors: population density, the population of al large 
urban center, and travel time to that large urban center.  
 
 
 

 
 

Figure 4.4 Key indicators constituting the Agglomeration Index  
To calculate the agglomeration index necessary specify values of minimum population density, 
maximum travel time, and minimum population size that define large cities. Determine the border 
nearby that large city center based on the maximum travel time. This boundary is computed from 
a cost-distance model that estimates travel time to the city over a cost surface which has a 
resolution of approximately 1 Km and is derived from data on the transport network, off road 
surfaces derived from land cover data and slope and estimates of the average travel speeds for 
each permutation of these data. Create population and population density grids and aggregate 
the population of all the grid cells that satisfy all three thresholds. The proportion of this 
number to the country’s total population selected is the agglomeration index (Uchida & 
Nelson, 2010) 



The urban area is defined by three variables: density, travel time and agglomeration index.   
Assuming that at the center of a large city density is the highest and it gradually decreases as 
one moves away from the center, in calculating the agglomeration index. Depending on the 
population density distribution, the density at the boundary varies, illustrated in Figure 4.5. 
(The World Bank, 2007) 
 

 
 

Figure 4.5 Urban-rural gradient and travel time in the agglomeration index 
The road networks in the agglomeration index are used as a proxy for transportation 
infrastructure. Each road network has one of these three categories of quality: low, medium, 
and high, and an arbitrary travelling speed to each category are assigned.  
A physical distance identified by 1 hour of travel time is further from the city centre along a 
paved road than along a dirt road. Further locations along the high-quality road are included 
in the urban area. For areas without roads it was assumed  the mode of transportation is either 
on foot or a ride on an animal, and included information on land cover and the slope of land in 
calculating the travel time.  
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4.4 Electrical remoteness definition and classification 
When aiming to electrify an isolated community, the first question is its distance from a grid. 
If grid extension appears to be relatively easy (the region is near to the grid, flat landscape), is 
cost competitive with respect to other local autogenerators, and if the region’s load density is 
considered sufficient, then grid extension will usually be a preferred option.  But many of the 
isolate communities did not meet all these criteria at once. Grid extension was then the final 
phase of a sequential rural electrification process and other local electrification technologies, 
such as small geothermal power plant, were chosen in the meantime.  
 
In fact, once demand was built over the years by means of auto generation, and it became 
economically feasible to connect to the central grid, grid extension was chosen as a final step. 
Recently, however, mentalities have been changing and governments as well as remote 
communities are beginning to see small geothermal power plants as long-term and reliable 
options for power generation, rendering grid extension less of a mandatory long-term means 
of electrification. 
 
Electrical remoteness is defined as the process by which access to electricity is provided to 
villages or households located in the isolated or remote areas of a country. In order to 
calculate the electrical remoteness from anywhere of the world, the concept of accessibility is 
in depth in Chapter 4.4, being the core reference for the electrical remoteness classification. 
In areas such as Mongolia, Himalaya, Africa or Central America, the cost of a rural 
connection can be seven times that in the cities. Extending an electricity grid to a remote area 
can be very expensive, especially if only a few households are connected.  
Remote or rural regions lack of electricity supply is characterized by well identified factors: 
the distance from electricity grid, the difficult to access to electricity, and climatic conditions 
to access. 
 
Energy resources available at remote locations from load centers can become competitive as a 
result of the present high cost of the energy available at nearby sites, and of the recent 
development of transmission technology. 
If grid extension is not chosen to electrify a targeted region, then the choice of a stand-alone 
system will depend on many factors. No single technology is to be recommended. Aspects 
such as the geographical remoteness of the local population, the community’s estimated 
electricity needs and ability to pay, availability of local resources, all factors into the decision-
making process. Also, long-term investment from the private sector depends on the climate 
profile of the remote region; the private sector will invest in the safest places as regards 
climate impacts and will favor climate change-resilient regions. Therefore, decisions will be 
region-specific, resource-specific, technology specific. 
 
Electrical Remoteness Matrix can be calculated doing a customization of the “Travelling 
Salesman Problem” (TSP) heuristic algorithm that is an non-deterministic polynomial-time in 
combinatorial optimization, i. e. that finding the least-cost solution for remote electricity in 
operations research and applying theoretical computer science.  
 
Given as main values the accessibility to certain place of the world and its corresponding 
time-cost and giving the pairwise distances between the nearest electric grid or power supplier 
distance between these location and the nearest electric grid to find a shortest possible tour 
that visits each remote place without electricity exactly once. Thus the distance between the 
isolated towns surrounding the planned geothermal power plant can be calculated. 



 
 Electrical Remoteness Algorithm (ERA) 
 
A remote small city  i (Chapter 4.3) without electricity access, electric power must be 
distributed to n cities, passing through each city only once, and beginning from one of the city 
that is considered as a base or starting city and returns to it.  
The cost of the transportation among the cities is given by the values of accessibility and 
agglomeration index (Chapter 4.3). The problem is to find the order of minimum cost route 
that is, in order to provide electricity to the cities in such a way that the cost is the minimum.  
  
This requires number the cities from 1 to n and city 1 be the start-city nearest to the electric 
grid. Also let's assume that c (i, j) is the visiting cost from any city i to any other city j.   
 
The systematic way of solving this problem is as follows:  
 

1. Find out all (n -1)!  possible solutions, where n is the number of cities. 
2. Determine the minimum cost by finding out the cost of every of these solutions. 
3. Choose the one with the minimum cost. 

 

 
Figure 4.6 Electrical Remoteness Matrix 
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 Electrical remoteness classification 

 
A classification of the electrical  remoteness can be done after the calculation 
of the Electrical Remote Matrix by which the minimum distance to the electric grid and 
cities surrounding is obtained. 
 
 Type 1: Short-distance: when the distance between the sites where the electricity 

supply will be located to the electrical grid is in the  range of 5 to 25 Km. In many 
occasions the extension of the grid is the best solution. However, it depends of the 
accessibility. 
 

 Type 2: Normal-distance: when the distance between electricity supplies to 
the electrical grid is in the range of 25 to 100 Km. 
 

 Type 3: Long-distance: when the remoteness between the electricity supply locations 
to the electrical to the electrical grid is between 100 to 500 Km distance ranges. 
 

 Type 4: Very long -  distance: when the remoteness between the electricity supply 
locations to the electrical to the electrical grid is higher than 500 Km.. 
 
 

Table 4.1 Electrical remoteness classification 

Type Number Remoteness Name Distance [Km] 

1 Short-distance 5-25 

2 Normal-distance 25-100 

3 Long-distance 100-500 

4 Very long-distance >500 

 
 
The competitiveness limits of remote energy resources was determined as a function of four 
variables: the size of the remote generating system as compared to that of, the receiving 
system the cost at the origin of the remote resources, the power to be transmitted and relevant 
load factor and the value of the energy at the receiving system. 
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Figure 4.7 Electrical remoteness 
Figure 4.6 shows the kind of electrical remoteness (Table 4.1) of certain population function 
of the accessibility time to the location where the community is (in hours or days) and its 
distance to the nearest electric grid (in Km). 
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4.5 Remote low-enthalpy geothermal resources 
Remote electrification can be solved installing small low-enthalpy geothermal power plants, 
which will help to improve the development of the poor area. Small geothermal power plants 
would be an economic option to the expensive extension of national grids. They could also 
improve rural small grids such as small generators that burn diesel which is expensive and 
many times not available due to accessibility barriers. A feasibility study of small geothermal 
plants is needed to promote geothermal resources to supply remote electrification. Geothermal 
electricity generation in remote and rural zones reduces the dependence on fuels, which often 
must be transported over long distances.  
 
According to the accessibility map and geothermal reservoirs worldwide, Table 4.2 contains 
the highlight remote countries with significant geothermal potential used in this assertation. 
 
Table 4.2 Highlighted geothermal low-enthalpy remote countries 

Country 
Accessibility 

[days] 

Costa Rica 4 

El Salvador 3 

Guatemala 4 

Honduras 4 

Nicaragua 4 

Panama 4 

Ethiopia 3 

China 6 

Nepal 6 

Indonesia 4 

Kenya 4 

India 5 

New Zealand 5 

Philippines 5 

Mongolia 7 
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4.6 Remote geothermal low-enthalpy resources 
A complete study of low-enthalpy geothermal evidence per region selected (Table 4.2)  was 
defined in this Chapter. 
4.6.1 Central America 
Central America is characterized by a volcanic chain extending from Mexico and Guatemala 
border to central Costa Rica and continues in Panama. 
Nowadays, only a small part of the geothermal resources has been used for power generation. 
Additionally, Central America consider only high-temperature geothermal resources for 
power generation and not pay much attention to the potential of low-enthalpy resources, 
which are much larger and more commonly distributed compared to high-temperature 
resources, which are limited for small areas.  
Costa Rica is the first country in Central America, which through the support of the German 
government, has started to evaluate its low-enthalpy resources.  In Honduras and Panama the 
low-enthalpy option, most of studies reveals a geothermal temperature above 200 °C and the 
countries which have high-enthalpy resources need to additionally consider the exploitation of 
their low-enthalpy resources that surround large areas of the high-temperature resources.  
The distribution of available low-enthalpy resources compared to remote areas with high 
temperature resources increases the electricity generation potential, and in addition allows a 
much more flexible site selection for geothermal plants. This becomes especially evident if 
we take into account that practically all the high-enthalpy resources are located in volcanic 
zones that are environmentally sensitive areas, like Costa Rica where 25% of the land are 
protected areas. (Bertani, 2010) 
The Rincón de la Vieja field is the main geothermal reservoir. Though, most of its high 
enthalpy geothermal resources are located within the national park, which limits the 
exploration and exploitation activities to areas outside the boundaries of the national park. 
Such problems can be avoided, if low-enthalpy reservoirs are considered for development. 
 

 Costa Rica 
Nowadays 13% of Costa Rica´s electricity is produced by geothermal energy. There are five 
production units of 165.5 MW of geothermal electricity in Miravalles with temperature about 
240 °C geothermal reservoir. A 35 MW geothermal project Pailas, in the Rincon de la Vieja 
with a reservoir temperature of  260 °C is been finished .  Additionally on timbales, 
geothermal exploration and a feasibility study facilities were started in the Borinquen 
geothermal resource in the north of the Costa Rica. 
 

 El Salvador 
El Salvador is the largest geothermal energy producer in Central America. The total installed 
capacity is around 290 MW. The Ahuachapán, with 250 °C temperature and two 30 MW 
single flash and one 35MW double flash with 84 MW in operation and Berlin with 300 °C at 
200 0m depth and two 28 MW single flash units installed before 2005, 109.4 MW of 
geothermal energy to supply approximately 26% of the country´s electricity. LaGeo, operates 
two plants in cumulative installed capacity of  204 MW. LaGeo has begun exploration in San 
Miguel, in Chinameca geothermal resource, feasibility studies for 50 MW units with 140 °C 
temperature at 1.900 m depth. 
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 Guatemala 
Guatemala has more than 4.000 MW of geothermal potential but only a small part has been 
developed for the electricity production.  Currently there are geothermal power plants in 
Guatemala. The Zunil I with 28 MW and Amatitlán, a 24 MW binary geothermal power 
plants which provide 52 MW. Zunil, located to the west of Guatemala City, is divided in two 
areas: the first with temperatures of 300 °C and 50 MW of estimated capacity, the second one, 
with 240 °C temperature and an estimated capacity of 50 MW. Amatitlán geothermal area 
located about 25 km to the south of Guatemala City with a temperature of 285 °C and 
capacity estimated of 200 MW.  
Moyuta, Zunil, Amatitlán, and Totonicapán are geothermal sites with temperatures ranging 
from 230 to 300 °C, and were evaluated as the best prospects, followed by San Marcos and 
Tecuamburro.  
The Los Achiotes, Moyuta and Ixtepeque-Ipala sites were evaluated as lower potential zones 
while Palencia, Retana, Ayarza, Atitlán and Motagua sites were identified as lowest potential 
zones. (Chandrasekharam & Bundschuh, 2008) 
The subsurface geological section of Amatitlán geothermal field is shown geothermal fluids 
with temperatures about 150 °C suitable for developing low-enthalpy geothermal power 
projects. 
 

 Honduras 
In the country, 5 MW plant is planned in the Platanares area with a reservoir temperature 
range of 200 to 220 °C at 200 to 1500 m depth. Nowadays Honduras doesn´t produce 
electricity from geothermal energy, which is home to geothermal resources lower temperature 
providing an opportunity to explore and possibly development especially in rural areas of the 
country. Geothermal areas have mainly low-enthalpy fluids and temperatures varying from 
139 to 180 °C. 
 
 Nicaragua 
Nicaragua's government aims to increase the country's capacity to generate renewable energy 
to meet 80% of the country's electricity in 2014. About 1,500 MW are produced in Nicaragua 
for electricity through geothermal resources. An exploration program at El  Hoyo-Monte  
Galan  and Managua-Chiltepe, for two 44 MW projects. In the first field a shallow well 
showed high temperature 220 °C, even if with low permeability. In the second area, a first 
slim hole had very low temperature, 80 °C. 
Momotombo and San Jacinto are high-enthalpy areas with temperatures above 230 °C. El 
Hoyo-Monte Galán, Managua-Chiltepe and Masaya-Granada-Nandaime are also important 
fields with estimated high-enthalpy potentials of 200 MWe each. (Prol-Ledesma, 2005). 
Managua and Masaya-Tipitapa were evaluated as high priority areas, Zapatera Island as a 
medium priority, and Ometepe island as low priority prospect. About 271 GWh of power is 
being generated from Momotombo field, with 77MWe of installed capacity. 
 
Panama 
Geothermal exploration in the country shows inventories of major hot spring areas with a 
temperature of 72 °C in Barú-Colorado volcanic complex, Valle de Antón, Tonosí area, Coiba 
Island, and Chitra de Calobre. The drilling of 6 wells to depth of 949 m at the Barú-Colorado 
shows only moderate temperature gradients of  less than 90 °C/km and at Valle de Antón 
geothermal field the reservoir temperature between 140 and 180 °C was estimated. 
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4.6.2 Ethiopia 
Aluto-Langano field is currently producing 3MW from a reservoir with 300 °C temperature at 
2000m depth. Tendaho field, at 250 °C shallow depth has a feasibility study around 20 MW. 
Six geothermal projects started but economy is the most limiting factor of this country. 
Exploratory wells drilled in the Aluto volcanic complex in the Aluto Lagano province indicate 
temperatures in the order of 180 °C at 1.800 m depth, and reaching 335 °C at a depth of 2.200 
m. (Endeshaw, 1988) 
The Tendaho rift is an important geothermal province extending across about 2500 km2 with a 
temperatures reservoir above 200 °C in Dubti, north of the Tendaho rift. An exploratory bore 
well in Dubti confirmed the existence of a liquid-dominated shallow reservoir at a depth of 
about 500 m. 
 
4.6.3 Himalaya 
The Himalayas represent one the best areas of geothermal systems associated with the 
continent collision zone. The boundary of the Himalayan geothermal belt extending from NW 
India to NE India and host more than 100 geothermal springs. The most relevant geothermal 
province of India is located in Puga, in the Ladakh province, while in China the most 
important geothermal field is located in Yangbajing province. Puga has water and steam-
dominated systems. The surface temperature of the geothermal discharges at Puga is around 
87 °C with a high heat flow higher than 100mW/m2. (Bertani, 2010) 
 

 Yangbajing geothermal field, China 

The Yangbajing geothermal field is located 94 km northwest of Lhasa, at an elevation of 
about 5.000 m above the sea level.  It is a high-temperature geothermal field and annual air 
temperature and pressure in this region are about 2.5 °C and 600 millibar.  
The Xizang-Yunan, Yangbajing and Tengchong geothermal provinces, with heat flowvalues 
varying from 91 to 146 MW/m2, are part of the Himalayan geothermal belt. These three 
provinces enclose nearly 400 geothermal springs.  
 
The low-enthalpy geothermal fields are located along the east coast provinces. They enclose 
about 500 hot springs with surface temperatures of 60 °C. The north-south fields enclose 
about 100 geothermal springs with temperatures from 60 to 90 °C. 
A shallow reservoir located about 200 to 300 m depth has fluid temperatures of 150 to 165 
Two deeper reservoirs, one extending between 900 and 1350 m and one beyond 1800 m, have 
fluid temperatures of 251 and 329 °C, respectively field has the capacity to generate large 
amounts of electricity, at present only 28 MWe are being generated from 13 wells using the 
binary system. (Bertani, 2005). This is the single geothermal power plant located at roughly 
5.000 m altitude in the world. 
 
4.6.4 Indonesia 
Most of geothermal sites are located in Java-Bali Island and Sarulla of northern Sumatra. 
High temperature geothermal fields are associated with volcanic areas. Several projects take 
place in different Indonesian islands: 31 in Sumatra with 9.562 MW; 22 in Java with 5681 
MW; 6 in Sulawesi with 1.565 MW and other eleven projects spread of Indonesia with 2859 
MW. All of these high-enthalpy geothermal provinces located within the active volcanic areas 
are surrounded by large low-enthalpy resources with temperatures measuring around 150 °C. 
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Indonesia deals the third position in the world ranking, has approximately 40% of the world's 
geothermal reserves with a potential of 28.100 MW, of which 1.197 MW have been 
exploited.  Is the third largest emitter of greenhouse gases and aims to reduce emissions by 
16% in 2025.55 MW will be built and could be expanded to 200 MW in Merapi Sorik 
geothermal plant in North Sumatra. A study for the optimization of geothermal energy in the 
area, with 11 possible locations: Darajat, 117 MW at Wayang Windu, 40 MW at Lahendong, 
60 MW at Kamojang, and 10 MW at Sibayak, reaching the total installed capacity of about 
1.2 GW. (Bertani, 2010) 
 

4.6.5 Kenya 
The geothermal potential in Kenya, up to 7.000 MW, is due to be located in the East African 
Rift. Currently operate 167 MW of energy in Olkaria and performs a program of growth and 
development of renewable energy, geothermal energy increases 490MW in 2012. The Olkaria 
70 MW building of geothermal energy in Olkaria and Naivasha began in early 2010  is the 
largest geothermal project in Kenya to date, the project of 280 MW installation, construction 
of substations and the laying of transmission lines. A small binary pilot plant is planned in the 
Eburru region. (Bertani, 2010) 

The rift valley encloses all the major volcanoes. High-enthalpy geothermal fields are located 
within the rift valley, Olkaria and low-enthalpy geothermal fields are located along the flanks 
of the rift valley and surrounding isolated volcanic areas. 
Many low-enthalpy geothermal systems occur along the flanks of the rift systems and can be 
exploited for generating power (Tole, 1988). The surface temperature of springs varies from 
52 to 95 °C.  
They include those located at Homa Mountains, Majimoto, Kapedo, Kureswa, and Magadi: 
 

 Homa mountain springs: Where there are hot springs with surface discharge 
temperature of 64–90 °C, occur near Homa bay. And reservoir temperatures of about 
142–179 °C. 

 Majimoto springs:  Surface discharge temperatures vary from 52 to 57 °C and the 
reservoir temperature is 92 °C. 

 Kapedo springs: with a surface discharge temperature of 52 °C and a temperature value 
of 126 °C for the reservoir. 

 Kureswa springs: have a surface discharge temperature of 63 °C. The reservoir 
temperature estimated is 122 °C. 

 Magadi springs: hosts nearly 200 geothermal springs with maximum surface discharge 
temperatures of 95 °C and the reservoir temperature to be 150 °C. 

 
4.6.6 India 
With over 300 hot springs with around 10.600 MW geothermal potential and geothermal 
capacity of 203 MW. In Puga valley , Tatapani (Chhattisgarh), Godavari Basin Manikaran 
(Himachal Pradesh), Bakreshwar (WBengal), Tuwa (Gujarat), Unai (Maharashtra) and 
Jalgaon (Maharashtra) have been detected almost 50 potential sites. 
Low-enthalpy geothermal occur along the west coast of India, along the Son Narmada-Tapi  
mid-continental rift system in central India,  within the Godavari and Mahanadi graben, and  
within the Cambay graben in Gujarat and Rajasthan. These provinces are characterized by 
geothermal springs with temperatures varying from 47 to 98 °C. 
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 The reservoir temperatures vary from 100 to 200 °C. The reservoir temperatures estimated 
from of the west coast vary from 120 to 150 °C. The provinces of Gujarat (Cambay), with 22 
geothermal springs and temperatures from 35 to 93 °C.  
The flow rate of geothermal water in locations like Dholera and Lasundra is more than 1.000 
l/s with surface temperatures of 46-53 °C. (Chandrasekharam D. , 2010) The reservoir 
temperatures in Aravallis vary from 120 to 150° C. These low-enthalpy geothermal provinces 
are under stages of exploration for producing electrical power using the binary system. The 
surface temperature of the geothermal waters is about 50 °C. The surface temperatures of the 
geothermal waters at Tattapani vary from 30 to 93 °C and flow rate of 50 l/s. 

4.6.7 New Zealand 
New Zealand‘s low-enthalpy geothermal are distributed all over the country and includes: 
 

 geothermal waters with discharge temperature of 90 °C and less in the North and 
South Islands 

 low-enthalpy systems with discharge temperatures of 120 to 160 °C, available from 
abandoned wells  

 high-enthalpy systems, with a temperature higher than 150 °C,  along Taupo volcanic 
zone 

 geothermal hot water systems heated near the surface.  
 

New Zealand has an installed geothermal capacity of 308 MWe. Geothermal fields is located 
within the Taupo volcanic zone and along the Alpine-Marlborough fault systems. (Jongens, 
2005) 
 
4.6.8 Philippines 
The Philippines is the second largest geothermal energy producer in the world, with 1,904 
MW. The power plant of the islands of Luzon, Leyte, Mindanao, Negros and represent nearly 
18% of the country's electricity generation. The total estimated potential of untapped 
geothermal energy resources is about 2.600 MW. Capacity is expected to increase in line of 
3.100 MW in ten years. 
 
Bac-Man field, as known as Bacon-Manito geothermal field, started to produce electric power 
in 1993. A small 1.5 MW back pressure turbine plant (combined with drying plant), two units 
for 55 MW and two for 20 MW, for a total of 152 MW. 
 
Mak-Ban field, as known as The Bulalo geothermal field is located on point B (figure 4.16) 
has been producing power from the geothermal source since 1979. Nowadays is about 330 
MWe, generated from three steam fields, each with individual capacity of 110MWe, thus 
saving 40 million barrels of imported oil per year. (Abrigo & Clemente, 1993).  
All the wells penetrate to a depth of about 2.8 km to tap the high pressure steam reservoir. 
The geothermal springs emerge from the faults extending to 2.5 km depth. It is under 
development with four units rehabilitated in 2005 and with ten flash units and a 15.7 binary 
plant and total produce of 458 MW; there are 72 production and 16 reinjection wells with an 
average production of 6 MW/well. 
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Mindanao geothermal field, as known as Mount Apo, has two flash plants for 103 MW.  
Northern Negros field (Negros Occidental): started in 2007 with a flash dual pressure unit of 
49 MW. Negros Island is now utilizing 100% renewable energy with geothermal providing 
99,6% remaining 0.4% comes from hydropower. 
South Negros (Palinpinon, Negros Oriental) is operative since 1982 and has five flash units 
for 192,5 MW. An optimization project for 20 MW binary is under development. Is high-
temperature liquid-dominated system. Borehole temperature measurements recorded 
temperatures of 225 °C at 1 Km depth. The entire Negros has a thickness of about 1000 m. 
The 150 °C  isotherm is located at a shallow depth. Tiwi geothermal field (Albany) started its 
operative life in 1979. Nowadays there are four operative flash units for 234 MW. The field is 
exploited through 38 production and 21 reinjection wells, with 5.5 MW/well. 
 
Leyte (Tongonan) has five flash units of  661,5 MW , and 3 topping cycle (back pressure 
turbines), 1 bottoming (flash), and 1 bottom cycle binary plants, with a total capacity of 61 
MW, for the optimization of the overall energy recovery from the geothermal system with 716 
MW of install capacity. The temperature of the fluids at 1.840 m depth is about 280 °C. 
Exploratory drilling has been completed and the field is ready for exploitation to produce 
electric power. The subsurface isotherms indicate that low-enthalpy fluids are around the 
periphery of quaternary volcanic zones of the over a depth range of 500-800 m. 
 
4.6.9 Mongolia 
The central Mongolian belt is presents a low-enthalpy reservoir with about 40 geothermal 
springs with flow rates varying from 1 to 50 l/s and temperatures varying from 20 to 92 °C 
distributed around Khangai and Khentii.  
 
High-temperature geothermal springs are found in Khuvsgul, Zavkhan, Arkhangai, 
Bayankhongor, Uvurkhangai, and Khentii provinces. All these geothermal springs have 
traditionally been used for physiotherapy, and attempts are now to install district heating 
systems in these provinces. (Dorj P. , 2005) The geothermal waters from the Khangai region 
are being used for greenhouse cultivation. Geothermal space heating was initially utilized in 
1973 for a health resort and subsequently for a sanatorium and a restaurant using hot water 
with 89 °C, and a flow rate of 5,5 kg/s .The return water with a temperature of 50 °C is being 
used for balneology. (Dorj P. , 2005)  
 
In Mongolia the urban population receives poor quality of electricity. In 2002 nearly 33% of 
the urban population did not have access to electricity and 43% of the population had no 
access to a central heating system. Similarly out of 314 villages, only 117 had access to 
supply grid based electricity.  The Khangai province appears to be a good site for installng 
binary power projects using low-enthalpy resources. Exploratory shallow wells drilled near 
Shagajuut in Khangai province, to a depth of about 90 m, yielded geothermal water with a 
temperature of 48 °C. The geothermal in this province includes Sing ground with boiling 
water at 98 °C discharging at the rate of 50 l/s. Assuming a flow rate of 60 t/h and a water 
temperature of about 120 °C, it is estimated that a binary power plant may be able to generate 
300 kW of electricity to meet the demand of about 2.500 people living in the Shargaljuut area 
 (Dorj & Bignall, 2005).  
 
 
*** Appendix B:  Maps of low-enthalpy geothermal reservoirs per country mentioned. 
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5 DESIGN OF A SMALL GEOTHERMAL POWER PLANT 
Small geothermal plants are an excellent solution for numerous reasons.  
Binary power plants can be operated with low-enthalpy fluids using ORC or Kalina 
technology to provide electricity to remote populations areas worldwide. Those with 
generating capacity between 100 and 300 kW, along with its cooling system, can be 
transported easily to any place by tucks or lifted by helicopters to inaccessible areas. The 
generating capacity of small power plants can be scaled depending on the flow rate and fluid 
temperature of the reservoir.   

If the composition of the fluids is clean, without the cost of injection wells can be eliminated. 
The advantage here is that the flow rates are small and would not cause adverse effect on the 
soils or environment. Greenhouses and dehydration units can be planned to use the available 
heat from the residual fluids from the heat exchangers of the power plant, creating 
employment for the rural population and help them to improve their economic status and 
lifestyle.  
 
Binary cycle power plants, ORC or Kalina, are suitable to develop a small geothermal power 
plant which can generate no more than 5MWe. The using of low-enthalpy geothermal 
resources gives greater possibilities to implement much  of the planet. We find low enthalpy 
temperature fields in regions such as Mongolia, Himalaya, Philippines, Central America or 
Africa were a high percentage of population has no access to electricity. A 500 kW plant 
covers the electrical needs of about 10.000 households (Lund, 1999). 
 
Small power plants face the electrification problems of remote rural areas. Many projects 
have been done successfully such as in China (Tibet), Neuquén (Argentina) and Chena 
(Alaska) serving the isolated regions population. 
Another successful example takes place in the Nagqu binary plant in Tibet located at an 
elevation of more than 4000m above the sea level is a typical, stand-alone, rural and remotely 
based plant which is supplying electricity to nearly 20.000 people. It has an installed capacity 
of 1.3MWe, producing 1Mwe. The fluid flow rate of the reservoir is 69 l/s and a reservoir 
temperature of 60 °C to 170 °C. This plant has transformed the socio-economic status of the 
Tibetan population and contributed positively to the environment. Two small 300 kW plants 
are operating in Guangdong and Hunan. 
 

5.1 Energy needs of remote area 
Before doing the design and optimization of small geothermal power plants for remote areas, 
it is necessary to analyze the present energy status and future demand. It depends on the 
income of individual households. In remote areas the households are classified as low, 
middle, and high income groups depending on their earnings. 
According to (Cabraal, 1996) an assumed demand for electricity per person off grid sites in 
remote areas is about 0,5 kW, then 100 kW can supply electricity to 2.000 households. 
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5.2 Overview of standard system 
A simple Organic Rankine Cycle Power Plant follows the scheme shown in Figure 5.1, where 
working fluid operates in a closed-loop cycle.  
 

 
 

Figure 5.1 Simplified scheme of basic ORC power plant 
By selecting the appropriate working fluid small ORC geothermal power plants can be 
designed to operate in low-enthalpy reservoirs with inlet temperatures in the range 74 -150 ºC. 
The upper temperature limit is restricted by the thermal stability of the organic working fluid. 
The lower temperature limit is limited by economic and practical considerations, as the heat 
exchanger size for a given capacity becomes impractical. Heat is transferred from the 
geothermal fluid to the binary cycle through the heat exchangers, where the working fluid is 
heated and vaporized before being expanded through a turbine to some lower pressure and 
temperature.  

The binary cycle net power output is defined by the following equation: 
 

푊̇푛푒푡 = 푊푠ℎ푎푓푡 − 푃 푓푒푒푑_푝푢푚푝 − 푃푝푢푚푝, 푐표표푙푖푛푔 − 푃푓푎푛 
 
The brine that enters from the production well is pumped up to the heat exchanger, following 
the feed-pump transfers heat to the secondary fluid through preheater and evaporator, to be 
reinjected in the reservoir. The geofluid pressure is everywhere above it’s the boiling point for 
fluid temperature to avoid scaling. After vapor leaves the heat exchanger (6) it goes to the 
turbine (1), where useful work is generated. After that, the superheated steam in the condenser 
has to be cooling (3), by the wet or dry cooling system. Following, the working fluid is 
pumped up to the pressure P4, and go to the regenerator or directly backside to the preheater.  
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 Turbine 
The turbine converts potential energy of high-pressurized saturated vapor of the working fluid 
into the kinetic energy, which rotates internal parts of it. Electricity is generated by the 
generator, which is connected with the rotor. The power production undergoes with 
assumptions of steady state and adiabatic operations, and is equal (DiPippo 2008): 
 

푊̇ = 푚̇ (ℎ − ℎ ) = 푚̇ 휂 (ℎ − ℎ ) 
 
where  휂  is the isentropic turbine efficiency, knows from a manufactured data;  ℎ  is the 
enthalpy out of the turbine, for the ideal isentropic process.  
 

 Condenser 
The condenser takes heat from turbine exhaust and passes it to the cooling medium (W or air). 
It is very important issue in a geothermal power plant as long as there is huge amount of 
rejected heat per unit of the electricity output, due to low 휂 .  Required dissipated heat is 
equal:  

푄̇ = 푄̇ (1 − 휂 ) 
 
The condensing temperature is generally in the range of 3 to 6 oC over the average 
temperature of the cooling water used as the heat sink or about 8 oC over the average dry-bulb 
temperature of the ambient air (Kestin, 1980). 
The relationship between cooling water and the working fluid flow rates is found from 
formula: 
 

푚̇ (ℎ − ℎ ) = 푚̇ (ℎ − ℎ ) 
 
 There are two waste heat rejection systems: wet, when the heat rejected to the water or dry 
cooling, when the heat is rejected directly to the air.  
 
 Feed-pump 
The power required to pressurized working fluid up to is obtain from: 
 

푊̇ = 푚̇ (ℎ − ℎ ) = 푚̇ (ℎ − ℎ )/휂  
 

 Heat exchanger 
Heat exchangers for vapor cycle consist of preheater and evaporator.  
For heat transfer through the heat exchanger was assumed that: 

1) operations are in steady state  
2)  heat transfer coefficient is constant  
3) constant specific heat 
4) negligible heat loss 
5) pure flow along the tubes for or against the current 
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The heat exchangers were analyzed in two different components: preheater and evaporator. 
 

Preheater:  푚̇ 푐 푇 , − 푇 , = 푚̇ (ℎ , − ℎ , ) 
Evaporator: 푚̇ 푐 푇 , − 푇 , = 푚̇ (ℎ , − ℎ , ) 

 
Where: gf – geofluid; wf - working fluid; pp - pinch point.  
 
According Kestin, heat transfer in the surface area is defined for this equation: 
 

푞 = 푈 퐴 ∆푇  
 
where 푈  is the total overall heat transfer coefficient and 퐴  the heat exchange surface area, 
both refers to the surface on the exterior of the tubes in the heat exchanger. 
 
Temperature difference (∆푇 ) can be calculated with the following equation: 
 

∆푇 =
퐺푇푇퐷 − 퐿푇푇퐷

ln 퐺푇푇퐷퐿푇푇퐷
 

Where: 
∆푇  – Logarithmic indicate temperature difference 
GTTD – Greater terminal temperature difference 
LTTD – Lesser terminal temperature difference 

Binary geothermal power system has to have huge heat transfer surface area. 
 
5.2.1 Boundary conditions 
The right selection of boundary conditions is decisive to the performance of the power plant. 
Following are the heat source temperature of the reservoirs selected after an extensive study 
of low-enthalpy fields in isolated areas and with high electrical remoteness index, mass flow 
rate, well head pressure, working fluid best suited for the study and the temperature of the 
heat sink. 
  

 Mass flow rate and well head pressure 
The mass flow rate determinates the productivity of the well and the development cost. A 
high flow rate may reduce the number of wells to run the power plant. The mass flow rate 
selected for this study is of 6 l/s.  The well head pressure selected is 10 bar  to ensure that the 
geothermal fluid is not boiling. 
Based on the accesibility to a particular region study, the electrical remoteness of this area, 
geothermal reservoirs and corresponding temperatures. 
 
Remote low-enthalpy geothermal fields, Table 5.1, are suitable for the performance of a small  
geothermal power plant. Low-enthalpy resources, until 150 °C, have wider regional 
distribution compared to high-enthalpy resources. As was mentioned previously, geothermal 
fluids with temperatures as low as 74 °C to be used for electric power generation. Based in the 
table 5.1, a temperature of 150 °C have been selected to this feasibility study. Higher heat 
source temperature higher power generation. 
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Table 5.1 Remote low-enthalpy geothermal fields 

Country Geothermal Field Reservoir Temperature 
[ °C] 

China Yangbajing (North-South) 60-90 
Ethiopia Aluto Lagano  180 
Ethiopia Dubti 1 200 
Ethiopia Dubti 2 150 
Guatemala Amatitlán 150-285 
Honduras     *** 139-180 
India Puga 87 
India Son Narmada-Tapi  100-200 
India Godavari  100-201 
India Mahanadi graben 100-202 
India Cambay graben  100-203 
India Gujarat 100-204 
India Rajasthan 100-205 
India Aravalis 120-150 
India Tattapani  30-93 
Indonesia Surronded Islands 150 
Kenya Homa mountains 52-95 
Kenya Majimoto 52-96 
Kenya Kapedo 52-97 
Kenya Kureswa 52-98 
Kenya Magadi 52-99 
Mongolia Khangai 1 20-92 
Mongolia Khentii 20-93 
Mongolia Khangai 2 98 
Mongolia Shagaljuut 120 
New Zealand North Islands 90 
New Zealand South Islands 90 
New Zealand       *** 120-160 
Nicaragua Managua-Chiltepe 80 
Panama Valle de Antón  140-180 
Philippines South Negros 150 
Philippines Leyte 90-150 

*** Mainly part of the country 
 



5.2.2 Type of heat sink 
In order to do a classification related to the ambient temperature, according to Köppen-Geiger 
climate classification which depends on average monthly values of temperature and 
precipitation, the most commonly used classification has five primary types: 
 

A. tropical 
B. dry 
C. mild mid-latitude 
D. cold mid-latitude 
E. polar  
 

The five primary classifications can be further divided into secondary classifications such 
as rain forest, monsoon, tropical savanna, humid subtropical, humid continental, oceanic 
climate, Mediterranean climate, steppe, subarctic climate, tundra, polar ice cap, and desert 
(Kottek & Geiger, 2006). 

 

 
Figure 5.2World map of Köppen-Geiger climate classification 

 

 Rain forests are characterized by high rainfall, with definitions setting minimum normal 
annual rainfall between 1.750 mm and 2.000 mm, i.e., monthly temperatures exceed 18 °C 
during all the year.  
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 A monsoon is a seasonal wind which lasts for several months, ushering in a region's rainy 
season such as North America, South America, Sub-Saharan Africa, Australia and East 
Asia. 

 A tropical savanna is a grassland biome located in semi-arid to semi-humid climate 
regions of subtropical and tropical latitudes, with average temperatures remain at or above 
18 °C year round and rainfall between 750 mm and 1,270 mm a year. They are 
widespread on Africa, and are also found in India, the northern parts of South 
America, Malaysia, and Australia.  

 Humid subtropical climate zone where winter rains with large storms  from west to east. 
Most summer rainfall occurs during thunderstorms and from occasional tropical cyclones 
Humid subtropical climates lie on the east side continents, roughly between latitudes 20° 
and 40° degrees away from the equator.  

 Humid continental climate is marked by variable weather patterns and a large seasonal 
temperature variance. Places with more than three months of average daily temperatures 
above 10 °C and a coldest month temperature below −3 °C and which do not meet the 
criteria for an arid orsemiarid climate, are classified as continental.  

 Oceanic climate is along the west coasts at the middle latitudes of all the world's 
continents, and in southeastern Australia, and is accompanied by plentiful precipitation 
year round. 

 Mediterranean climate regime resembles the climate of the lands in the Mediterranean 
Basin, parts of western North America, parts of Western andSouth Australia, in 
southwestern South Africa and in parts of central Chile. The climate is characterized by 
hot, dry summers and cool, wet winters. 

 Steppe is a dry grassland with an annual temperature range in the summer of up to 40 °C 
and during the winter down to −40 °C. 

 Subarctic climate has little precipitation, and monthly temperatures which are above 10 °C 
for one to three months of the year, with permafrost in large parts of the area due to the 
cold winters. Winters within subarctic climates usually include up to six months of 
temperatures averaging below 0 °C.  

 Tundra occurs in the far Northern Hemisphere, north of the taiga belt, including vast areas 
of northern Russia and Canada. 

 Polar ice cap is a high-latitude region of a planet that is covered in ice. Ice caps form 
because high-latitude regions receive less energy in the form of solar radiation from 
the sun than equatorial regions, resulting in lower surface temperatures.  

 Desert is a landscape form or region that receives very little precipitation. Deserts usually 
have a large diurnal and seasonal temperature range, with high daytime temperatures (up 
to 45 °C in the summer time), and low night-time temperatures (in winter down to 0 °C) 
due to extremely low humidity (Kottek & Geiger, 2006). 
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The temperature of the heat sink of the plant refers to the ambient zone. Temperature 
fluctuations have significant effects on cooling and condenser temperature. In this case, the 
power plant utilize low-enthalpy resources, therefore the power produced are more 
susceptible to ambient temperature fluctuations than conventional power plants.  
There are three cooling options: surface water, wet cooling towers, and dry cooling towers.  

Cooling with surface water have the lowest condensing pressure and temperature and the 
highest conversion efficiency, followed by wet cooling towers, and dry cooling towers in last 
place.  
The cold water supply needed per 100kW of installed power is 97 t/h, 3 t/h and zero t/h 
respectively. In terms of costs, once through cooling may require both high capital costs and 
electricity consumption for transporting water. Dry cooling is the most expensive option due 
to the much higher heat capacity and heat transfer coefficient of  water compared with 
ambient air.  

In a dry type cooling tower  water supply is not needed, the temperature of the air that comes 
out of the tower in order to cool the fluid in the condenser is higher than 25 °C (25- 30 °C) 
with condensing temperatures around 40-50 °C. Regarding auxiliary power consumption, they 
usually consume twice much electricity than wet cooling towers. In cases of lack of W, strict 
local water use regulations, extremely low ambient temperatures during winter, like in 
Himalaya or in Mongolia, which cause water droplets from wet type cooling towers to freeze 
onto vegetation, dry type cooling towers may be the only available option. Dry type cooling 
tower have been selected for this study, in many remote areas the water is a scarce resource 
and is not available to use. 
 

Most of remote rural areas are in developing countries which lack of river resources, other are 
far from the sea or the precipitation of the area is low. Dry cooling towers are more suitable 
for this study and cheaper than other options.  An air type cooling has been selected for the 
system performance in this thesis in order to condense the vapor feeding the turbine, lower the 
heat rejection temperature, raise power output and increase heat to power conversion 
efficiency. Dry air condenser condensers profit from humid air. The enthalpy of ambient air 
increases with rising humidity and therefore more heat power can be dissipated per kg of air; 
i.e. the same condenser is more efficient when the air is more humid.  
  



 
According to the accessibility and electrical remoteness classification for the low-enthalpy  
geothermal reservoirs studied in this thesis in Chapter 4, the  following three scenarios were 
proposed:  
 

 

 Scenario 1: Central America, Kenya, East China and New Zealand (Tropical climate) 

 Senario 2: Ethiopia, India, Indonesia, Philippines (Mild mid-latitude climate) 
 Scenario 3: Himalaya and Mongolia (Cold mid-latitude climate) 

 
Places like North of  Alaska and Siberia are not included in these scenarios because they are 
not included in the Agglomeration Index data given in Chapter 4.3 (Uchida & Nelson, 2010). 
 
In order to calculate the temperature of the air that comes into the tower to cool the fluid in 
the condenser, a temperature duration curve of the heat sink, as known as ambient dry bulb 
temperature, using worldwide data collected (U.S. Department of Energy, 2010) for the 
selected geothermal fields Table 5.1. 
 
Dry bulb temperature was calculated using EES software. After data collected and a 
temperature study per field and country done is necessary to define three different scenarios. 
The temperature duration curve used as a design parameter in the optimization EES model 
was created as an arithmetic average for each scenario. 
 
 

Figure 5.3 Global map of proposed scenarios  
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 Scenario 1 
Central America regions, Kenya, the east coast of China and New Zealand are included in this 
scenario. 
New Zealand follows a similar curve of dry bulb ambient temperature (excluded in figure 5.2) 
but with higher values, from 4 °C to 43 °C. In case of Kenya the reservoirs are located in a 
microclimatic place that has temperatures next to Central American regions more than other 
of its continent. 
In general, Central America has a distinct wet and dry season. Temperatures are relatively 
similar year-round, but rainfall varies considerably. The wet season runs from June to October 
and the dry season from mid November to May. The Andean regions including parts of 
Ecuador have a distinct wet and dry season. May to November tends to be the driest time of 
year in these areas and also the coldest. The Amazon region it rain and warmer. The average 
daytime temperature is 32-35 ºC while nights can cool down to 20ºC. The geothermal fields 
situated in Central America for this study are in El Salvador, Guatemala, Honduras, 
Nicaragua and Panama.  
 

 
Figure 5.4 Duration curves of dry bulb temperature for scenario 1 
The temperature duration curve used as a design parameter in final EES model, corresponding 
to scenario 1 (Average 1), was created as an arithmetic average of these seven series of data. 
The average temperature of the duration curve in the first scenario is 23 °C.  
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 Scenario 2 
Dubti geothermal field is located in Ethiopia where there are three seasons; from September 
to February is the long dry season followed by a short rainy season, in March and April. May 
is a hot and dry month before the long rainy season in June, July, and August. The coldest 
temperatures generally occur in December or January and the hottest in March, April, or May. 
However, in many localities July has the coldest temperatures because of the moderating 
influence of rainfall. Because Ethiopia is located in the tropical latitudes, its areas of lower 
elevation experience climatic conditions typical of tropical savannah or desert. However, 
relief plays a significant role in moderating temperature, so that higher elevations experience 
weather typical of temperate zones. Thus, average annual temperatures in the highlands are 
about 16 °C, while the lowlands average about 28 °C. 
The South Negros and Leyte geothermal fields are located in Philippines where the climate is 
tropical. It can be divided roughly into two distinct seasons, the dry season and the rainy 
season. The dry season starts in December and runs through to about June. During the months 
of December to February the weather is cold and dry. January is the coldest month of the year 
temperatures around 25 °C. From March to June the weather is hot and dry. May is the hottest 
month of the year.  
 

 
Figure 5.5 Duration curves of dry bulb temperature for scenario 2 
Figure 5.5 shows the temperature duration curve used as test parameter in final EES model 
(Average 2), corresponding to scenario 2, was created as an arithmetic average of these two 
series of data. The average temperature of the duration curve in the second scenario is 13 °C.  
The duration curve is relative humidity of air and atmospheric pressure, which data rise and 
fall as was shown in the form of non continuous line.  
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 Scenario 3 
Mongolia and India (Himalayan region) have very low ambient temperatures.   
Indian dry bulb temperatures were taken in the Himalayan region where Puga, Gujarat, 
Tajasthan, Aravalis, Tattapani and Son Narmada-Tapi geothermal fields are situated. These 
reservoirs mainly experience two seasons winter and summer. On the higher region of the 
middle Himalayas the summer temperature is recorded at around 15 to 18 °C while the 
winters are below freezing point. The climatic condition at region above 4.880 m is below 
freezing point and it is permanently covered with snow. During the winter the snowfall is 
really heavy while the summers are much more mild and soothing. The more altitude the 
height the more cooler the temperature gets here. The climatic condition changes very quickly 
in the Himalayan region due to change in the altitude.  
The geothermal reservoirs of Mongolia for this study are located in Khuvsgul, Zavkhan, 
Arkhangai, Bayankhongor, Uvurkhangai, and Khentii provinces at an average altitude of 
1.800 m. Mongolia has an extreme continental climate. The winter continues long with cold 
temperature but summer is hot and not so long. Winter lasts from November to late April, 
Spring May through June. Summer continued from July through to September. The average 
summer temperature is +20 °C and winter is –25 °C with minimum temperatures of -37 °C.  
 

 
Figure 5.6 Duration curves of dry bulb temperature for scenario 3 

The temperature duration curve used as test parameter in final EES model, corresponding to 
scenario 3, was created as an arithmetic average of these two series of data. The average 
temperature of the duration curve in the second scenario is 2,8 °C.  
Once defined the three scenarios mentioned above, it was decided to use the scenario 1 as 
base for the realization of the thermodynamic optimization in this study. This scenario is the 
most repeated and suitable for developing countries in remote areas, has more possibilities 
because more countries and fields are included in it. For this reason 
the average year temperature of the fields in these countries, 23 °C, is used in the 
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optimization. A test of the different scenarios is shown in Chapter 5.6 comparing the net 
power results depending of ambient temperature. 

5.3 Assumptions 
1. Efficiencies 

 Isentropic efficiency of turbine ηt = 0,80 
 Isentropic efficiency of working fluid pump ηp = 0,80 
 Efficiency of fan in the cooling tower ηfan = 0,99 
 Efficiency of electric generator ηgen = 0,97 

 
2. The water level in the borehole has to be at ground level. 
3. All heat transfer losses are neglected. 
4. Pressure drops of working fluid in particular components are between 0,1 and 0,4 bar. 
5. A pressure drop of  0,7 bar occurs between the evaporator and the turbine. 

 

5.4 Working fluid  
A correct selection of the working fluid utilized in the geothermal system determines  the 
performance of the power plant.  
 
The vaporizer and condenser areas used to calculate the working fluid data are 50 and 70 m2 
respectively and the pinch point temperature difference of the working fluids is 3 °C. 
The working fluid selected should have relatively low boiling point to be used in a binary 
power cycle due to deal with low-temperature geothermal W. These fluids should be stable, 
non corrosive, non-toxic, non-flamable, etc 
 
According to these premises, six working fluids were selected which critical temperature and 
pressure are shown in the following table: 
  
Table 5.2 List of working fluids considered 

Working Fluid 
Critical Temperature 

[°C] 
Critical Pressure 

[bar] 
Isobutane 134,7 36,4 
Isopentane 187,2 33,7 
R227ea 102,8 30,0 
R245fa 134,1 36,4 
R236fa 124,9 32,0 
R134a 101,0 40,6 
 
All the selected working fluid have lower critical pressure and temperature than water.  
The vaporizer pressure of the working fluid has a big effect on the performance of the ORC. 
The pressure is used indistinctly as temperature in this case because for saturated liquid, 
saturated vapor and wet vapor is equivalent . The vaporizer pressure was chosen in order to 
maximize the net work produced from unitary flow of heat source fluid.  
The optimal temperature of evaporation is relatively high, close to the critical temperature of 
the working fluid. 
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Table 5.3 Thermodynamic optimization of the Organic Rankine Cycle Power Plant 

Working Fluid 
Vaporizer Pressure 

[bar] 
Net Power 

[kW] 
Isobutane 26,2 113,5 
Isopentane 9,4 115,6 
R227ea 28,5 87,5 
R245fa 13,7 74,5 
R236fa 31 115 
R134a 36,22 122,6 
 
Vaporizer pressure and net power per each of the six working fluid selected was calculated 
using EES software. Thus R134a reaches the highest net power and vaporizer pressure and 
R227ea the lowest values. 
The graphic representation of the working fluids performance helped to distinguish two 
different groups. 

 

 
Figure 5.7 Working fluids R134a, R227ca, R236fa 
R134a, R227ea and R236a working fluids are not appropriate for this ORC design. As Figure 
5.5 shows, they have almost constant work net to high vaporizing pressures. In economic 
terms, these fluids are much more expensive, one of the main goals is to obtain an economic 
design and cost of working fluid has to be optimized. Work net increases until the point that is 
almost constant this is because critical temperature and critical pressure of the working fluids 
are similar than vapor critical conditions. 
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Figure 5.8 Working fluids Isobutane, Isopentane and R245fa 
Isobutane, Isopentane and R45fa working fluids have suitable work net values. Isobutane 
reaches the highest work value with high vaporizing pressure (26,2 bar). Working fluids with 
such a big pressure must be avoided to prevent possible problems during design process.  
 
Doing a comparison between Isopentane and R245fa, Isopentane has lower pressure of 
vaporizing (9,5 bar) versus the 13,7 bar of R245fa.  
R245fa is more environmental friendly but much more expensive than Isopentane. 
 
The working fluid selected to this study is Isopentane, with low vaporizer pressure, better 
price and a maximum work net of 115,6 kW (100kW is needed). 
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5.5 Thermodynamic optimization of the model 
A thermodynamic optimization of the ORC Power Plant model that use isopentane as 
working fluid was created using Engineering Equation Solver (EES) assuming  the premises 
mentioned in Chapter 5. 
 

 
Figure 5.9 Scheme of designed ORC Geothermal Power Plant 
 
The geothermal fluid from the well extracting low-enthalpy geothermal resource goes into the  
the heat exchanger.  The area of the condenser, area of vaporizer and vaporizer pressure to 
produce 100kW with the lowest specific cost was calculated in EES.  
According these assumptions, the area calculated for the vaporizer was 50 m2 and with a 
pressure of 9,6 bar. The area of the condenser was 65 m2. The specific cost with these values 
resulted 1.388 $ and the power net generated 113 kW. 
In order to find an optimal result, the value of the area of the condenser and the area of 
vaporizer as well as the pressure in the vaporizer to obtain the lowest specific cost  in 
each case  until the values converge. In this point the value of specific cost is the lowest with 
the highest work net suitable for this study. 
 The plots below were created with EES to show the graphical demonstration of the 
optimization results based in the dry bulb average temperatures for scenario 1. 
 



 
Figure 5.10  (a) Condenser area vs Specific cost; (b) Vaporizer area vs Specific cost 
Where area is given in square meters and cost in $. 
 
The specific cost decreases parabolically from areas of vaporizer smaller than 50 m2, when 
the lowest specific cost is reached (1.388 $), after 55 m2 continues with similar low cost to 
increase linearly when the  area´s value increase. 
In case condenser, the specific cost decreases parobolically and reaches the lowest value when 
the condenser area is 65 m2. The specific cost increases linearly for areas bigger than 65 m2. 
 
  

 
Figure 5.11 Vaporizer pressure (bar) vs Specific cost ($).  

Specific cost decreases when pressure of vaporizer is next to the value selected for the 
performance of the system, 9,6 bar. The lowest specific cost calculated in the optimal 
vaporizer pressure point  was equals to 1.833 $. 
 



Work net ,i.e. the maximun work value during a year changes when the pressure of the 
vaporizer changes. 
  

 

 
Figure 5.12 Vaporizer pressure (bar) vs work net (kW) 

Figure 5.11 shows the maximun work net value calculated  during the system optimization. It 
occurs when the vaporizer pressure is between 9 and 10 bar (9,6 bar). For vaporizer pressures 
lower than 9 bar the work net is lower as farther from the maximun point. When the vapotizer 
pressure is higher than ten the work net decreases parabolically. 
 
The thermodynamic properties of each process state in the optimum system were included  in 
the table below. 
 

Table 5.4 Thermodynamic properties of each process state of designed system. 
Parameter 

Unit 
Enthalpy 
h[kJ/kg] 

Pressure 
P [bar] 

Entropy 
s [kJ/kg. °C] 

Temperature 
T [ °C] 

S quality 
       X 

[0]   1   23   

[1] 130 8.95 -0.37 112 100 

[2] 82.3 1.801 -0.33 75.31 100 

[3] -302.2 1.801 -1.53 45.63   

[4] -300.5 9.75 -1.53 46.1   

[5] -124.5 9.6 -1.04 113.8 0 

[6] 130 9.45 -0.37 113 1 

 
Negative enthalpy (h) and entropy (s) of the reaction means that the reaction is exothermic, 
i.e. heat is released. 
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Table 5.5 Heat transfer and area of heat exchangers components of scenario 1  

Component 
Heat transfer 
[W/m2] 

Area 
[m2] 

Preheater 410,8 18,55 
Bolier 718,8 31,46 
Desuperheater 134,8 14,81 
Condenser 895,7 50,19 
 
Condenser occupies the bigger area, about 50 m2 and the highest heat transfer following by 
the boiler, preheater and desuperheater respectively. 
Work performance of the power plant is different in each component (Table 5.5) 

 
Table 5.6 Work per component in the system designed 

Component  Work net 
[kW] 

Turbine 103,4 
Generator 100,3 
Pump 5,51 
Fan 10,18 

Total 84,61 
 
Turbine and generator have almost the same work value, 103,4 kW and 100,3 kW 
respectively. In case of the fan 10,18 kW and the pump 5,51 kW. 
 

5.6 Test Scenarios with ORC standard 
Seasonal and diurnal temperature fluctuations have significant effects on air cooling 
temperature and on the condenser temperature. The power produced by plants that utilise a 
low-enthalpy resources are more susceptible to ambient temperature fluctuations than 
conventional power plants. The Lower ambient temperature the higher power net. 
 

Table 5.7 Work net produced in the according to the average temperatures in the scenarios 

Scenario 
Average annual ambient temperature 

[ °C] 
Work net 

                    [kW] 
1 23 113,1 
2 13 136,7 
3 2,8 162,2 
l 
According to the three scenarios defined in Chapter 5.2.5, and the annual average temperature 
calculated to the scenario 1 was 23 °C, 13 °C in the second scenario and 2,8 °C in scenario 
number 3. 
 
Scenario 1 has lower maximum power net value, 113 kW, because of the higher temperature. 
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The scenario 2 shows a maximum power net value about 138 kW and the highest power net is 
produced in the coldest areas like Himalaya and Mongolia, in these cases reaches the 250 kW. 
 
Thereby the standard small geothermal power plant designed in this thesis is serves as 
standard model or reference suitable for the three scenarios, i.e. it can be performance in all 
the low-enthalpy geothermal fields shown in the table 5.1 obtaining power net values in the 
range of 100 to 250 kW, using Isopentane as a working fluid.  The standard system designed 
can be set in all remote low-enthalpy geothermal reservoirs with different dry ambient 
temperature. 
 

 
Figure 5.13 Power net produced per hours of the year per each scenario 
5.6.1 Scenario 2  
The following three tables indicate the main results of the ORC cycle design calculations 
tested in scenario 2. 
 The table below shows the thermodynamic properties of each process state in the standard 
system . 
 

Table 5.8 Thermodynamic properties of each process state in scenario 2 

Parameter 
Unit 

Enthalpy 
h[kJ/kg] 

Pressure 
P [bar]  Entropy 

s [kJ/kg. °C] 
Temperature 

T [ °C] 
S quality 
          X 

[0]      -0.37 13   
[1] 130 1  -0.33 112 100 
[2] 73.13 8.95  -1.61 69.56 100 
[3] -325.2 1.324  -1.61 35.84   
[4] -323.4 1.324  -1.04 36.31   
[5] -124.5 9.75  -0.38 113.8 0 
[6] 130 9.6  -0.37 113 1 

Heat transfer values and area corresponding to different components of the systems are 
detailed in the table below: 
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Table 5.9 Heat transfer and area of heat exchangers components in scenario 2 

Component 
Heat transfer 
[W/m2] 

Area 
[m2] 

Preheater 551,3 19,86  
Bolier 705 30,15 
Desuperheater 171,9 15,42 
Condenser 931,7 49,58  
 
Heat transfer in heat exchangers varies in function of the area of each component. The 
condenser area is the biggest one, almost 50 m2 with heat transfer of 931,7 W/m2. Boiler has 
705 W/m2 and an area about 30 m2. Preheater has a heat transfer about 550 W/m2 in almost 20 
m2. Desuperheater is the smallest, 15,42 m2 and heat transfer of 171,9 W/ m2. 
Work values per component of the system designed are shown in the table below: 
 
Table 5.10 Work per component in the system designed in scenario 2 

Component  
Work 
[kW] 

Turbine 157,6 
Generator 152,8 
Pump 6,08 
Fan 10,09 
Total 136,63 
 
Turbine and generator have 157,6 and 152,8 kW of work correspondingly. In case of fan 10 
kW and the pump 6 kW. 
 
5.6.2 Scenario 3  
The following three tables indicate the main results of the ORC cycle design calculations 
tested in scenario 3. 
 The table below shows the thermodynamic properties of each process state in the standard 
geothermal power plant. 
 
Table 5.11 Thermodynamic properties of each process state in scenario 3 

Parameter 
Unit 

Enthalpy 
h[kJ/kg] 

Pressure 
P [bar]  Entropy 

s [kJ/kg. °C] 
Temperature 

T [ °C] 
S quality 

X 
[0]   1    2.8   
[1] 130 8.95  -0.3715 112 100 
[2] 63.16 0.9441  -0.3212 63.45 100 
[3] -348.2 0.9441  -1.684 25.83   
[4] -346.4 9.75  -1.682 26.31   
[5] -124.5 9.6  -1.036 113.8 0 
[6] 130 9.45  -0.3765 113 1 
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Heat transfer values and area corresponding to different components of the systems are 
detailed below: 
 

Table 5.12 Heat transfer and area of heat exchanger’s components 

Component 
Heat transfer 
[W/m2] 

Area 
[m] 

Preheater 610,8 20,27  
Bolier 700,5 29,74 
Desuperheater 185 15,48 
Condenser 947,2 49,52  
 
The values of heat transfer in the heat exchangers components change when the areas of the 
components change. The component with biggest area is the condenser, with almost 50 m2 
and heat transfer of 947,2 W/m2. The Boiler has 700 W/m2 and an area about 30 m2. The 
preheater heat transfer is 610,8 W/m2  and an area of 20,27 m2. The smallest component is the 
desuperheater with 15,48 m2 and heat transfer of 185 W/ m2. 
Work values per component of the system designed are shown in the table below: 
 

Table 5.13 Work per component in the system designed 

Component  
Work 
[kW] 

Turbine 184 
Generator 178,5 
Pump 6,25 
Fan 9,98 
Total 162,27 
 
Turbine and generator have a work of 184 kW and 178,5 kW respectively. In case of the fan 
almost 10 kW and 6,25 kW the pump. 
 
5.6.3 Thermal efficiency 
Organic Rankine Cycle power production from low temperature resources has inherently a  
low thermal efficiency.  Low efficiency requires increased power  plant equipment size 
(turbine,  condenser, pump and boiler) that can  become a very expensive cost .  The use of 
ORC power plant hardware derived from air-conditioning equipment overcomes  this cost 
problem since air conditioning  hardware has a  cost structure almost an order of magnitude 
smaller than that of  traditional power generating equipment (Brasz & Biederman, 2005). 
    
Table 5.14Thermal efficiency 

Scenario 
Thermal efficiency 

[%] 
1 10,7 
2 12,1 
3 13,6 
 



For low-enthalpy temperatures, the efficiency is relatively low, in and depends strongly on 
heat sink temperature defined by the ambient temperature (Chapter 5.2.2).  
Thermal efficiency obtained in this study varies between 10,7%  to 13,6%. 
 
5.6.4 Choice of components 
 
 Heat exchangers 
Heat exchangers consist of preheater and evaporator which permit the exchange of energy 
from one fluid to another, usually without permitting physical contact between the fluids. 
Shell and tube heat exchangers normally consist of a package of tubes fastened into holes, 
drilled in metal plates called tubesheets. The tubes may be rolled into grooves in the 
tubesheet, welded to the tubesheet, or both to ensure against leakage. The tube bundle is 
placed inside a large pipe called a shell. Heat is exchanged between a fluid flowing inside the 
tubes and a fluid flowing outside the tubes in the shell. 
The type of shell-and-tube heat exchanger is determined by the type of flow and the number 
of times the fluid in the tubes passes through the fluid in the shell. Scaling often occurs in heat 
exchangers.  
The assembly, size, and material used in the design of heat exchangers is very important. 
Carbon steel is the cheapest kind of steel used for heat exchangers, except in cases that the pH 
of the brine is acidic because carbon steel is corrosive and will be destroyed. Nickel has been 
discarded because of the higher price. In order to choose an economic material to heat 
exchangers, two types of stainless steel were selected: 304 and 316. Steel 304 is about 30% 
cheaper than steel 316 although has less resistance to corrosion. The cheapest material for 
heat exchangers that do not operate on corrosive materials is the best selection.  
In order to calculate the number of tubes and area of occupied by the heat exchangers a length 
of 7m per tube and a diameter of 20 mm is assumed. The distance between tubes is equal to 
twice the tubes diameter as figure shows. The tube velocity for water is approximately 1, 5  
m/s. 

 
Figure 5.14 (a) Heat exchanger´s scheme; (b)Shell-tubes 

In figure 5.14 (a), n represents the number of tubes inside heat exchanger. Figure 5.14 (b) 
shows a scheme of shell-tubes inside heat exchanger. Every tube is separated to other one 
twice times the diameter. 

퐴 = 퐷푖푎푚푒푡푒푟 × 휋 × 퐿푒푛푔푡ℎ 푡푢푏푒푠 
 
The condenser has an area of 50 m2, the total lenght of tube needed is 796 m, i.e. 113 tubes  7 
m length and a diameter of 20 mm ocuppied an area of 0,18 m2.  
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In case of evaporator, with an area of 65 m2, the total tubes lenght is 1035 m, it means that 
148 tubes of 7 m length and a diameter of 20 mm ocuppied an area of 0,23 m2. 
Heat exchangers made of carbon steel are 2,5 times cheaper than steel 316  and is suitable for 
the range of  size and pressure considered for this study and the best choicce to and optimized 
design. 
 

 Turbine 
The purpose of the turbine is to change the potential energy of pressurized gasses into 
rotational kinetic energy. The stream of high-pressure vapor of organic fluid expands in the 
turbine, causing its internal part to rotate. The rotor is connected by a shaft to the generator 
which changes rotational kinetic energy into electricity. The expansion process is considered 
adiabatic and a steady sate of operation is assumed. 
A turbine is not the mos appropiate in ORC geothermal power plant design of 100 kW, 
turbines are a good choice to generate more than 500 kW, a twin screw expander is much 
more suitable. Turbine is also inappropiate to the performace of a small geothermal power 
plant design because is too expensive and not necessary to generate such as low power 
(Smith, Stosic, & Kovacevik, 2008). 
 
Screw expander  
 
Most screw machines are built to operate as compressors. To operate as expanders, only their 
direction of rotation has to be reversed.  Unlike turbo-machines, design differences to 
optimise them for either function are minimal. The driving torque is due to pressure on the 
rotors.  Volume changes in the working chamber, associated with rotation, alter the pressure. 
Fluid dynamic effects have only a small effect on performance.  
Rotor tip speeds are roughly one order of magnitude less than those in turbo-machines.  
Hence, screw expanders can usually be directly coupled to normal 2 and 4 pole generators 
Because of the low fluid velocities, the presence of liquid in the working chamber does not 
damage the rotors and can improve performance by sealing the gaps and acting as a lubricant. 
 

            
Figure 5.15 (a) Twin screw expander; (b) SRM ”A” rotor (Smith & Stosik, 2005) 

 
Screw expander allow admission of wet vapor.  This raises cycle efficiency and decreases cost 
of heat exchangers. Permits direct coupling to generator, thereby reducing transmission 
losses; screw expander with authors’ “A” profile rotors can be lubricated by working fluid 
containing only traces of lubricating oil. This drastically cuts the expander cost; can be 
produced by modifying standard mass produced air compressors for very small additional cost 
(Smith & Stosik, 2005). 
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Screw Expanders is much better suited to small-scale ORC geothermal power production than 
turbines because: (Green Energy, 2010) 

 The cost of a screw expander is up to one-tenth that of a comparable turbo expander. The 
net result is a total power system cost savings of 35% or more in sizes below 1 MW. 
 

 Screw expanders operate at roughly one-tenth the rotational speed of turbo expanders, 
making for high efficiency and robust, reliable performance with less maintenance.  
There is no “warm-up” delay like there is in turbine operation. The twin screw expanders 
start and stop the generators as soon as hot and cold sources are turned on or off.  

 
 

 Screw expanders operate without high speed turbine’s expensive gear boxes and/or 
electronics in caustic environments that would severely damage high speed turbine 
systems.  
 

 Screw expanders are more versatile, able to operate in environments that severely damage 
high-speed turbo expanders, leading to higher plant efficiencies and more reliable 
operation. Twin screw expanders are not damaged by liquids or wet vapor (impossible 
with Turbines) allowing ElectraTherm’s patented process lubrication system which 
eliminates the need for traditional oil pump, tank, lines and filter.  

 

 The twin screws are positive displacement expanders that operate like ball bearings and do 
not “scuff” to drive a generator. Operating life is increased. 
 

5.6.5 Communications and control system 
Remote small geothermal power plants can reduce their labor costs including monitoring and 
control system of the plant. 
The installation of a dedicated dsl satellite system allows remote monitoring of the power 
plant for any location around the world. The data collection system and communication is 
designed to permite remote real-time logon capability so operators can control and monitor 
the system in location of the planet as easily as if they were onsite. Operators can access to 
data logging of system components, includiong pressures and temperatures throughout the 
system, power output, etc. Alarms and alerts will be sent out in the system in case of potential 
problems. 
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6 EXERGY ANALYSIS 
Exergy analysis is an approach used to address the aspects of energy use or energy 
transformation that are governed by the second law of thermodynamics. While the first law of 
thermodynamics implies that heat and work are both forms of energy transfer, the second law 
implies that they are not equivalent. When heat transfer occurs, it is not just energy that is 
transferred, entropy is also transferred. When an amount of energy is transferred as heat, the 
corresponding amount of entropy transfer is inversely proportional to the absolute temperature 
at which the heat transfer occurs. 
Energy is conserved as a law of nature and therefore, for a cycle or a steady process, the 
energy output equals the energy input. Exergy is the potential for doing shaft work in the 
context of an equilibrium environment which cannot be created, but can be destroyed. For a 
cycle or steady process the exergy output will be less than or equal to the exergy input. The 
localization in space and time of where exergy destruction occurs thus localizes where the 
potential for producing shaft work has been destroyed. Minimization of exergy destruction 
results in thermodynamic improvement and can be used as the basis for the thermodynamic 
optimization of this study. 
Heat exchanger decrease the efficiency if there are pressure losses, thermal interaction with 
environment and Swise conduction in the walls of the heat exchanger (Bejan, 1997). 

In a ORC geothermal power plant, exergy loss occurs in a preheater when geothermal fluid is 
rejected from the plant and also in the dissipative process that occurs the cooling tower. 
Exergy of any stream of matter may be similar to energy divided into components: 
 

퐸̇ = 퐸̇ +  퐸̇ + 퐸̇ + 퐸̇  
 
In this analysis is assumed that all streams have negrligible kinetic and potetial exergy. Onthe 
other hand. As the stream does not a significant change in its chemical composition, 
chemicalenergy of each component at the inlet and outlet is the same. Accordingly, a change 
in exergy of a stream is equal to a change of its physical exergy: 
 

푒 = ℎ − ℎ − 푇 (푆 푆 ) 
 
Where T0 is the dead state temperature (ambient temperature) in Kelvin. 
 
Exergy flow into some control region is always greater than flow from control region, 
according to the exergy balance equation. The difference, known as irreversibility rate, takes 
place during each thermodynamic process. Irreversibility in the heat exchangers is principally 
caused by heat transfer over a temperature difference.  
 
The  table below shows time rates of exergy in a system with isopentane used as a working 
fluid, and assumed sizes of heat exchangers of 50 m2

 in case of condenser and a vaporizer area 
equals to 65 m2

. 
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Table 6.1 Exergy time rates for considered system using Isopentane as a working fluid. 

Type of exergy time rate Time rates of exergy (kW) 
Heat source   
Exergy inflow to vaporizer 546,4 
Exergy outflow from vaporizer 349,3 
Exergy loss in preheater 235,9 
Working fluid   
Preheater   
Exergy destruction in preheater 34,33 
Exergy at inlet of preheater 9,5 
Exergy at outlet of preheater 88,54 
Vaporizer   
Exergy destruction in vaporizer 31,7 
Exergy at inlet of vaporizer 88,54 
Exergy at outlet of vaporizer 254 
Piping between evaporator and turbine   
Exergy destruction 4,1 
Turbine   
Exergy drop in turbine 161,74 
Exergy destruction in turbine 32,54 
Work done by turbine 133,1 
Exergy at inlet to turbine 249,9 
Exergy at outlet of turbine 88,16 
Condenser   
Exergy drop in condenser 82,47 
Exergy destruction in condenser 57,69 
Exergy at inlet of condenser 88,16 
Exergy at outlet of condenser 5,69 
Pump   
Exergy raise in pump 3,36 
Exergy destruction in pump 2,08 
Work done on pump 5,89 
Exergy at inlet of pump 5,69 
Exergy at outlet of pump 9,05 
Piping between regenerator and preheater   
Exergy destruction 4,1 
Air Cooling   
Condenser   
Exergy raise at condenser 24,77 
Exergy at inlet of condenser 0 
Exergy at outlet of condenser 24,77 
Fan   
Work done on fan 10,15 
Exergy loss in fan 24,77 



 
Exergy time rates in the system are also shown in a Grassman diagram in Figure 6.1. 
 

 
Figure 6.1 Grassman diagram   



6.1 Exergetic efficiency 
Exergetic efficiency, as known as Second Law efficiency, is defined as the ratio of the 
product of a process to the required input of fuel, expressed in exergy units. The term 
‘product’ represents the desired output of a process and ‘fuel’ refers to the resource that is 
used to generate this output, which only in some cases is an actual fuel. Rational efficiency 
shows the percentage of the fuel exergy that is transferred to product exergy. Exergetic 
efficiency, if calculated not for a single component but for the whole plant, is equal to the 
Second Law or brutal efficiency. 
 

ε=
퐸
퐸  

 
There are two defined efficiencies based on exergy, brute-force and functional. A brute-force 
exergy is the ratio of the sum of all output exergy terms to the sum of all input exergy terms, 
and a functional exergy efficiency is defined as the ratio of the exergy associated with the 
desired energy output to the exergy associated with the energy expended to achieve the 
desired output. (DiPippo R. , 2008) 
 
Table 6.2 Exergetic efficiencies for particular components 

Component Exergy efficiency 
Preheater 69,7% 
Evaporator 83,9% 
Piping 98,3% 
Turbine 82,3% 
Condenser 30% 
Pump  64,6% 
 
Exergy efficiency varies between components. Piping, evaporator and turbine have the 
highest exergetic efficiency percentage follow by the preheater and the pump. The condenser 
has the lowest exergy efficiency, about one third of the total efficiency. 

 
Figure 6.2 Exergetic efficiency 
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7 ECONOMIC ANALYSIS 
Cost-competitiveness is one of the factors that will play very important role in determining 
the future of each renewable energy source, and geothermal energy is no exception.  
Currently in terms of production cost, geothermal energy is very respectable energy source 
with 6,5 ¢/kWh, which is very similar to production costs of wind energy. Coal and nuclear 
power are still economically most acceptable energy sources with their 4 to 5 ¢/kWh 
generation costs but if we look at natural gas production costs at 7 cents and petroleum around 
0,1 $, geothermal energy certainly looks to be economically viable alternative energy source 
(Haluzan, 2010). 
 
Geothermal capital costs are relatively low. This is because geothermal energy projects 
usually require less land compares to wind or solar energy projects. Compared to nuclear and 
even coal power plants geothermal power plants also have one big advantage in form of fewer 
permits because they are less harmful to environment than nuclear and coal power plants. And 
since there are no emissions like this is the case with fossil fuels there is also no need to 
capture or sequester carbon emissions, a requirement that can add 40-60% to capital cost of 
fossil fuel projects. 
 
Relatively low production costs are not the only reason why geothermal energy is 
economically viable renewable energy source. The fact that geothermal energy doesn't depend 
on weather is probably her main economic advantage since this gives geothermal energy 
excellent base load electricity. The heat from Earth's core is available all the time, meaning 
that with geothermal energy it is fairly easy to predict the amount of generated electricity. 
However wind and solar energy do not have this advantage since sun doesn’t shine every day, 
nor does the wind blow all the time.  
 
 Another issue that makes geothermal energy economically viable is also very high load 
factor. Load factor is the difference between how much the generator is designed to produce 
and how much it actually produces. The smaller the difference, the higher load factor. The 
load factor of conventional power stations is on average around 50%, wind farms have the 
load factor around 30-40%, while geothermal energy has load factor close to 90% due to the 
fact that geothermal energy is unalterable to weather conditions. 
Geothermal energy is not only energy source recommended from the environmental point of 
view but also from economic point of view. 

Three different scenarios were analyzed in this thesis: scenario 1, scenario 2 and scenario 3 
(Chapter 5.2.5). 
 The reported costs of small geothermal power plants vary from 6 ¢/kWh to 7 ¢/kWh. 
The economic analysis was done for the standard system designed in this thesis. The total cost 
of production in a small geothermal power plant consists of capital investment and operation 
and maintenance costs (O&M).  
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7.1 Total Capital Investment (TCI) 
The Total Capital Investment of an small  ORC geothermal power plant includes fixed capital 
investments, startup costs, working capital, licencing, research and development costs and 
allowance for funds used during construction. 
 
TCI  is defined by the following formula (Bejan, 1997): 
 

푇퐶퐼 =  퐹퐶퐼 +  푆푈퐶 +  푊퐶 +  퐿푅퐷 +  퐴퐹푈퐷퐶 
Where: 
 

FCI:  fixed capital investment 
SUC: startup costs 
WC: working capital 
LRD: costs of licensing, research and development 
AFUDC: allowance for funds used during construction 

 
For more information see Figure 7.1 in Chapter 7.3  of this dissertation. 
 

7.2 Fixed Capital Investment (FCI) 
FIC is the capital needed to purchase and install the equipment needed and build all the 
facilities required taking into account direct and indirect costs. Direct costs refer to the 
equipment, material and labor involved in the creation of permanent facilities. Most of costs 
are fixed in the short run and variable in the long. Indirect costs are expenses, such as for 
computing, maintenance, security, supervision. Indirect costs are usually constant for a wide 
range of output and grouped under fixed costs.  
 
Cost of geothermal wells 
The main cost involved in geothermal exploration is drilling.  In small geothermal plants use 
abandoned or old wells in the geothermal reservoir is priority, thereby the well cost also can 
be reduced by drilling shallow drill holes.  
 

7.3 Results of economic analysis 
 

 Main Components Cost 
The main component cost of the studied model was calculated based in the rating over area 
time’s unit cost as shows the table below: 
 
Table 7.1Main component cost 

Component 
Rating [kW] 
/Area [m2] 

Unit cost 
[$/kW] Price [$] 

Vaporizer 50 400 20.000  
Condenser 65 400 26.000 
Turbine 129,2 600 75.520 
Pump 5,89 600 3.536 



 

 Power plant cost 
Power plant costs contain the main component costs shown in Table 7.1 and the packaging 
and logistic needed to build the power plant. As the goal is to have an economic solution to 
supply electricity in remote regions, a reduction in packaging is another way to optimize cost. 
300 $ per kW generated is added to the total main component cost to calculate the cost of the 
power plant, in this study the cost amounts to 157.029 $. 
 

 
Figure 7.1 Main components cost and Power plant costs ($) per scenario 

Main component cost and power plant cost increases. When the dry bulb temperature is 
lower, the work net produced is higher and the work net in the system is higher, consequently 
the components are more expensive.  
 
Specific cost 
Is calculated as the power plant cost divided by the power net of the system. Obtain the lowest 
specific cost is very important during the power plant optimization. EES was used to calculate 
the specific cost depending of the area of the condenser and vaporizer and the vaporizer 
pressure linked with the work net produced. The lowest specific cost obtained gives the better 
optimization.  
 
Table 7.2 Main components cost, power plant cost and specific cost per each scenario 

Scenario 
Main components cost 

[$] 
Power plant cost 

[$] 
Specific cost 

[$] 
1 127.029 157.029 1.388 
2 141.362 171.362 1.254 
3 156.835 186.835 1.152 

 
The lowest specific cost after the thermoeconomic optimization in scenario 1 was 1.338 $. 
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Figure 7.2 Specific cost per scenario 
Figure 7.2 shows as the specific cost is inversely proportional to the cost of the main 
components and the power plant cost per scenario, i.e. in case of scenario 3, the specific cost 
was the lowest with 1152$ and the highest components and power plant  costs (Figure 7.1). 
 

7.4 Operation and maintenance (O&M) costs  
Operation and Maintenance (O&M) costs are all costs including during the operational phase 
of the power plant. Economic analysis usually distinguishes fixed and variable operation and 
maintenance costs, but in the case of small scale geothermal power production, variable costs 
are relatively low.  
 
Operation costs include all expenses related to the operation of the power plant including 
labor, scaling and corrosion control, consumable goods costs such as lubricants, taxes, etc.  
Geographical location and weather conditions (snow removal and fire prevention) and 
insurance costs are also included. 
Remote control technologies gives significant advantages to issolated small geothermal power 
plants, with this kind of control the operation cost will be lower because only people to work 
in control panels are needed. (Chapter 5.8) 
 
Maintenance costs include all expenses related to the maintenance of the equipment including 
field pipes, turbine, generator, etc. This equipment is taking into account only if is  in good 
working status The annual cost of power plant maintenance is about 5% of the initial capital 
costs. 
 

Table 7.3 Annual operation and maintenance costs 

Components Annual O&M cost 
Preheater and evaporator  9% 
Cooling tower 5% 
Turbine and working fluid pump 2% 
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7.5 Levelized cost 
The power cost considered here is “levelized” cost (¢/kWh) over the project life, the initial 
capital cost being amortized over a period of 30 years. The initial capital cost includes all 
interest payments and project financing costs. 
This economic analysis considers power cost rather than power price or project profitability 
because, unlike price or profitability, cost is substantially independent of the corporate culture 
of the developer and operator, financing mechanism, local market forces and government 
policies. Cost calculations in this study ignore any royalty burden, tax liability or tax credit. 
(Sanyal, 2004). 
Levelized costs uses the energy production cost estimated per kW of power generation 
capability at yearly average temperature. Three different yearly average temperatures were 
studied (Chapter 5.2.2). According to the specific cost calculated (Chapter 7.3) that denotes 
the timing to use and assuming 8500 hr/year generation the levelized cost was calculated and 
results were included in Table 7.4. 
 
Table 7.4 Levelized cost 

Scenario 
Yearly Average 

Temperature 
[°C] 

Specific cost 
[$] 

Levelized cost 
[¢/kWh] 

1 23 1.388 6,12 
2 13 1.254 6,77 
3 2,8 1.152 7,37 

 
The levelized cost calculated shows a crude estimate because actual duration curves were not 
calculated in this study. 
 
Conclusions from economic analysis 
 
An analysis of the cost model shown in Table 7.1 indicates that, for current available 
technology, the power plant cost can be reduced by adopting ORC technology, O&M costs 
can be reduced by remote monitoring and exploration costs can be cheaper by utilizing 
available data from oil and groundwater wells. Costs can further be reduced because, 
geothermal power plants have the capacity to be on line more than 90% of the time, therefore, 
backup system costs need not be included in the project cost. The unit cost of electricity can 
be brought down if the power plant is located near the national grid network, i.e. electrical 
remoteness type 1 (Table 4.1). The levelized cost obtained from 6,12 ¢/kWh in scenario 1, 
6,77 ¢/kWh in scenario 2 and 7,37 ¢/kWh corresponding to scenario 3.  
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8 ENVIRONMENTAL IMPACT 
Small geothermal power plants do have some environmental impacts. However, these impacts 
should be balanced against geothermal advantages over conventional power sources. The 
primary impacts of geothermal power plant construction and energy production are gaseous 
emissions, land use, noise, potential ground subsidence, water pollution, water usage, thermal 
pollution, induced landslides and seismicity, disturbance of natural hydrothermal 
manifestations, disturbance of wildlife habitat, vegetation and landscapes (P.Valdimarsson, 
2010). 
 
Gaseous emissions 
Geothermal fluids contain dissolved gases such as carbon dioxide (CO2) and hydrogen sulfide 
(H2S), small amounts of ammonia, hydrogen, nitrogen, methane and radon, and smaller 
quantities of boron, arsenic, and mercury. (Boomfield & Moore, 2003) 
Geothermal power provides many environmental advantages over fossil fuel power sources in 
terms of air emissions because geothermal energy production releases no nitrogen oxides, no 
sulfur dioxide, and much less carbon CO2 than fossil fuel power. The reduction in nitrogen 
and sulfur emissions reduces local and regional impacts of acid rain, and reduction in CO2 
emissions reduce contributions to potential global climate change. Geothermal small power 
plant CO2 emissions depends on the characteristics of the reservoir fluid and the type of 
power generation plant. Binary plants have no CO2 emissions. (DiPippo, 1991) 
H2S emissions do not contribute to acid rain or global climate change create a sulfur smell. 
The range of H2S emissions from geothermal plants is less than 1 part per billion. H2S 
emissions can vary significantly from field to field, depending on the amount of hydrogen 
sulfide contained in the geothermal fluid and the type of plant used to exploit the reservoir.  
 
Noise 
Noise occurs during exploration drilling and construction phases, noise levels from these 
operations can range from 45 to 120 decibels (dBa). For comparison, noise levels in quiet 
suburban residences are on the order of 50 dBa, noise levels in noisy urban environments are 
typically 80–90 dBa. (Brower, 1992) 
 
Land use and landscape impacts 
Small geothermal power plants require little land comparing with big ones. Geothermal 
installations don’t require harvesting of forests or damming of rivers. Small geothermal plants 
can be sited in remote lands and forests can share land local wildlife.  Geothermal plants takes 
into account the water pollution. Water is reinjected in the reservoir. 
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9 DISADVANTAGES OF STANDARD DESIGN AND EXPECTED 
PROBLEMS  

Due to the complexity and time limitations for this study, it have not been able to avoid 
making some assumptions and simplifications that make the end result a estimation. 
The scarce and spread data available about low-enthalpy geothermal reservoirs worldwide 
make this an arduous research in which data collected from the last 30 years. Many of the 
studies currently being made have not been published so that the list of reservoirs could 
increase or change in many cases. One example is in Tanzania, in the north of Song-we river. 
It is an ideal place to design a small geothermal power plant  being a remote area where there 
are hot springs around 140 °C and flow rate of  25 l / s, due to its policy and monopoly power 
in the country until late 2010 is not to be included in this analysis. (Delvaux & Kraml, 2010) 
 
Difficulty of obtaining data from abandoned wells of the different reservoirs of the world, 
makes the situation and the final cost of this analysis is less precise than desired for the reason 
that it is a universal plant and the diversity of countries that can be implemented has left a 
very important part as social and environmental policy of each country independently. 
Another very significant factor, is the cultural implication and consequences and changes 
following the electricity in a remote area to date had not be available to her. You could do a 
separate study to differentiate the people who are targeted in the electricity, their use, their 
needs. The importance and life change in the population, in education, health, jobs, etc. 
 
The “electrical remoteness” definition is essential in this study, the lack of data, maps, 
particular software to calculate these distances, data structures, access-tree make this 
classification as a starting point for a large study that could / should be proposed to unify and 
give a measurement scale to the place, density, relevance, access, and overall population 
which means a change in each of the lives and regions affected by a new opportunity, a light, 
a fact with more opportunities. The possibility to define an accessibility-distance-electric 
algorithm is open. In some countries electric grid data in is still not public this information is 
needed to the classification and a electrical remoteness analysis in depth. 
 
The study of temperature per country and/or reservoir was estimated based on U.S. data. Each 
location is at an altitude amsl, pressure and there is no evidence why a particular entry have 
been used by region or country. 
The thermodynamic study calculated using ESS, describes the main steps and components as 
well as heat transfer, exergy and costs, without reaching a top-down study as it would be in 
reality, due to limited time and resources. 
 
Financial estimation can be detailed using economic techniques for engineering. The 
sensitivity study is not considered in this thesis. The environmental study for area where the 
project would be implemented, gases emissions, politics, nature reserves, wildlife, must be 
studied to do a successful and real project. 
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10 CONCLUSIONS AND RECOMENDATIONS 
After the market study and the definition of data of the geothermal reservoirs applicable to 
this thesis, as are those low-enthalpy geothermal reservoirs for remote areas of the planet that 
can supply electricity to these isolated communities by providing a better new life. The 
proposed project of geothermal power generation system is designed and analyzed to 
investigate the technical and economical feasibility. The need to examine the linkages 
between energy access, remote places, poverty, and the environment in detail to find possible 
ways of overcoming the vicious cycle that this interdependence can create among those barely 
subsisting within such circumstances. It has the opportunity to use  universal model of small 
geothermal power plants is not only an effort to improve local  living standards, but also to 
prevent the progressive deterioration to the planet. 
  
The selection of fields and temperatures are the base for the universal design of a small 
geothermal power plant to supply enough electricity for a population of about two thousand 
people, i.e. 100 kW taking into account the demand for such stocks. The reservoir temperature 
used for this design was of 150 °C and flow rate of 6 l/s assuming a well head pressure of 10 
bars.  The option of dry cooling is the most suitable from localization, technical and economic 
aspects. It has been concluded that the most suitable working fluid for the proposed model is 
the Isopentane, taking into account that make a higher power production without forgetting 
that is the most economical and environmentally friendly. 
 
A thermodynamic design and economic optimization of small geothermal power plant to 
create a universal model that serves as a standard for different management scenarios result of 
the difference in temperature of the remote region in particular. It is necessary to distinguish 
dry, tropical climates and extremely cold climates. The temperature agent is directly related to 
the generation of power. The power output per scenario is 113,1 kW, 136,7 kW and 162 kW, 
respectively. The thermal efficiency of each power value is 10,7%, 12,1% and 13,6%, 
respectively, i.e. scenario 3 yields the maximum electricity at the highest efficiency. 
The calculation of exergy has been made according to each stage to verify the existing 
differences in the standard based on the scenario chosen. Exergetic efficiency per main 
component of the system designed where piping, evaporator and turbine were in ranges 
between 82-98%, about 65-70% in pump and preheater and the lowest values were found in 
the condenser, 30%. 
 
From an economic point of view, costs of power plant obtained per scenario were 157.029 $, 
171.362 $ and 186,835 $respectively, which 127,029 $, 141.362 $ and 156, 835 $ are main 
component costs per scenario studied. Thus specific costs for the first scenario are 1.288 $, 
1.254 and for the second and 1.152 for the third one. 
 
The choice of suitable turbine and material for heat exchangers was also found to be the 
crucial part of the analysis as it has a significant impact on the cost of the system. In waste 
heat recovery applications, the use of cheaper heat exchangers, identical in dimensions, but 
manufactured from carbon steel allows the improvement of plant economics. 
 
 Levelized cost  per unit of net power output in this study varies from 6,12 ¢/kWh in scenario 
1, 6,77 ¢/kWh in scenario 2 and 7,37 ¢/kWh corresponds to scenario 3. It has been shown that 
the solution of small geothermal power plant gives result clean energy and low price for the 
consumer who is one of the greatest challenges of this dissertation. 
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APPENDIX  A – GEOTHERMAL ENERGY MAPS 
 
 
 
 

 
 

Figure Appendix A.1 Distribution of high- and low-enthalpy geothermal resources, power generation with installed geothermal capacity 
(MW), geothermal electricity generation (GWh) and share of total national electricity production in the year 2005 (data from Bertani 2005). 
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Figure Appendix A.2 Geothermal gradient data and corresponding depths (International Heat Flow Commission). 
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Figure Appendix A.3 Countries with direct use of geothermal resources and other with geothermal springs (Lund et al. 2005). 
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Figure Appendix A.4 Country-by-country percentage of electricity production, which could be generated from geothermal resources (Gawell et al., 1999).



APPENDIX B – GEOTHERMAL RESERVOIRS 

 
Ahuachapán [A, 95 MW], Berlín [B, 109 MW] and Chinameca [C] 

Figure Appendix B.1 Location of geothermal fields of El Salvador 
 

 
Zunil [A, 28 MW], Amatitlán [B, 24 MW], Tecuamburro [C] and Moyuta [D]. 

Figure Appendix B.2 Location of geothermal fields of Guatemala 



 
Momotombo [A, 77 MW], San Jacinto [B, 10 MW], El Hoyo [C], and Chiltepe [D] 

Figure Appendix B.3  Location of Location of geothermal fields of Nicaragua  

 

 
Aluto-Langano [A, 7 MW] and Tendaho [B] 

Figure Appendix B.4 Location of geothermal fields of Ethiopia 



 
Figure Appendix B.5 Geothermal provinces in China 

 

.  
Lahendong [A, 60 MW], Sibayak [B, 13 MW], Gunung Salak [C, 377 MW], Kamojang [D, 
200 MW], Wayang Windu [E, 227 MW], Darajat [F, 260 MW] and Dieng [G, 60 MW] 

Figure Appendix B.6  Location of geothermal fields of Indonesia 



 

 
Figure Appendix B.7  Map of geothermal fields of Kenya 
 
 



  

 
Figure Appendix B.8 Location of georhermal provinces of India 
 



 
 

 
Figure Appendix B.9  Location of geothermal fields of New Zealand. 

 



 

 
Bac-Man [A, 152 MW], Mak-Ban [B, 458 MW], Mindanao [C, 103 MW], North Negros [D, 

49 MW], Palinpinon [E, 192 MW], Tiwi [F, 234 MW] and Tongonan [G, 716 MW]. 

Figure Appendix B.10 Location of geothermal fields of Philippines 



 
 

 
Figure Appendix B.11 Geothermal hot springs in Mongolia 

 

APPENDIX C - DATA OF WORLDWIDE GEOTHERMAL FIELDS  
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Country Field Type Temp.     
(°C) 

Running 
Capacity 

(MW) 

Maximum Utilization Annual 
Utilization 

Flow 
Rate 
(kg/s) 

Temperature 
(°C) 

Ave. 
Flow 
(kg/s) 

Energy 
(TJ/yr) 

Capacity 
Factor Inlet Outlet 

Algeria Hammam W 90 20 80 90 30 80 633.12 0.25 

Algeria Meskhoutine W 50 10 83 50 20 83 348.4 0.13 
Algeria H. Ouled Ali, W 28 3 100 28 20 80 84.4 0.03 
Algeria Guelma Ain Berda W 47 0.85 12 47 30 12 27 0.07 
Algeria Guelma 

Mouhammadia well 
W 48 0.96 10 48 25 10 30.33 0.09 

Algeria Teleghma well W 37 0.5 7 37 20 7 16 0.07 
Algeria Hammam Boughrara  W 68 1 9 68 35 9 45.1 0.16 
Algeria Hammam Bouhnifia  W 35 0.3 5 35 20 5 10 0.06 
Algeria Hammam Chiguer  W 47 0.5 6 47 25 6 17 0.09 
Algeria Hammam Rabbi  W 46 0.17 6 46 39 6 6 1 
Algeria Ham. S.Aissa, W 31 27791 60 31 20 60 87.0 0.04 
Algeria Saida Ain Skhouna W 28 6 150 28 18 150 197.8 0.04 
Algeria Saida Ghardaia well  W 21 0.73 44 21 17 44 23 0.016 
Algeria Ouargla well  W 43 6 65 43 20 65 197.0 0.09 
Argentina Federación  (ER)  W 125 3.14 125 41 35  81 1 
Argentina Concordia   (ER)  W 5 0.19 5 41 35  5 1 
Argentina Villa Elisa (ER)  W 3 0.10 3 38 33  2 1 
Argentina Colón       (ER)  W 35.8 0.75 35.8 33 28  15 1 
Argentina La Paz      (ER)  W 33.3 1.53 33.3 41 30  44 1 
Argentina Villaguay   (ER)  W 8 0.45 8 41 28  12 1 
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Country Field Type Temp.     
(°C) 

Running 
Capacity 

(MW) 

Maximum Utilization Annual 
Utilization 

Flow 
Rate 
(kg/s) 

Temperature 
(°C) 

Ave. 
Flow 
(kg/s) 

Energy 
(TJ/yr) 

Capacity 
Factor Inlet Outlet 

Argentina Maria grande (ER)  W 10 0.60 10 43 28  15 1 
Argentina Gualeguaychu (ER)  W 6 0.41 6 33 28  3 1 
Argentina Concordia (ER)  W 69 3.70 69 43 30  111 1 
Argentina Basavilbaso  (ER)  W 20 0.57 20 42 35  16 1 
Argentina Victoria     (ER)  W 13 0.37 13 37 30  12 1 
Argentina Diam ante    (ER)  W 5 0.24 5 47 35  6 1 
Argentina San José     (ER)  W 3 0.10 3 36 33  1 0 
Argentina Campo Timbo  

(SFE)  
W 18 0.30 18 36 32  8 1 

Argentina Obera        (MIS)  W 44.4 3.40 44.4 51.3 33  111 1 
Argentina Cerro Azul   (MIS)  W 11 0.54 11 32.3 20  13 1 
Argentina Posadas      (MIS)  W 17.22 1.08 17.22 35 20  32 1 
Argentina Uritorco     (CBA)  W 20 0.70 20 38 29  23 1 
Argentina Cerro San Mart (RN)  W 8 0.79 8 41 18  21 1 
Argentina La Carrindanga (BA)  W 7 0.22 7 55 35  20 1 
Argentina San Clemente   (BA)  W 9 0.10 9 41 35  6 1 
Argentina Necochea       (BA)  W 2 0.15 2 37 35  1 1 
Argentina Mar de Ajo     (BA)  W 12 3.35 12 38 35  4 1 
Argentina Medanos     (BA)  W 33.3 2.00 33.3 74 50  1 0 
Argentina Copahue     (NQ)  W 8 0.10 8 75 35  32 0 
Argentina Gan Gan     (CHU)  W 9 0.10 9 40319 18  3 1 
Argentina Caim ancito (JY)  W 2 0.14 2 45 35  1 1 
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Country Field Type Temp.     
(°C) 

Running 
Capacity 

(MW) 

Maximum Utilization Annual 
Utilization 

Flow 
Rate 
(kg/s) 

Temperature 
(°C) 

Ave. 
Flow 
(kg/s) 

Energy 
(TJ/yr) 

Capacity 
Factor Inlet Outlet 

Argentina Aguas Cal iente  (JY)  W 1 0.10 1 45 35  5 0 
Argentina El Sauce   (SAL)  W 7 0.10 7 35 30  2 0 
Argentina Termas de Inti   

(SAL)  
W 0.5 0.29 0.5 60 35  1 0 

Argentina Rosario de  W 1 0.10 1 60 40  2 1 
Argentina La Frontera (SAL)  W 7 0.16 7 45 35  3 0 
Argentina Incachule  (SAL)  W 1 0.10 1 55 35  1 0 
Argentina Tocomar    (SAL)  W  0.13  53 33  2 0 
Argentina Fiambala   (CAT)  W 0.1 0.10 0.1 30 25  0 0 
Argentina Aguadita   (CAT)  W 1 0.10 1 60 30  1 0 
Argentina Villavis   (CAT)  W 1 0.10 1 30 27  0 0 
Argentina Llam pa    (CAT)  W 1 0.10 1 36 30  1 0 
Argentina Los Nacim iento   

(CAT)  
W 6 0.10 6 24 22  1 0 

Argentina Ojo de Villa Vis  
(CAT)  

W 1 0.18 1 25 22  0 0 

Argentina La Copia          
(CAT)  

W 1 0.38 1 24 22  0 0 

Argentina La Cienaga        
(CAT)  

W 7 42.00 7 31 25  20 1 

Argentina Vis Vis           (CAT)  W 15 0.10 15 41 35  46 1 
Argentina La Soledad        

(SGO)  
W 1  1 45 35  3 1 

Argentina Rio Hondo         W 3  3 42 35    
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Country Field Type Temp.     
(°C) 

Running 
Capacity 

(MW) 

Maximum Utilization Annual 
Utilization 

Flow 
Rate 
(kg/s) 

Temperature 
(°C) 

Ave. 
Flow 
(kg/s) 

Energy 
(TJ/yr) 

Capacity 
Factor Inlet Outlet 

(SGO)  
Caribbean Nevis  The Baths W 43.9 0.046 4.6 43.9 41.5 3.063 0.969 0.66 
Caribbean Dom. Malgretout W 36 0.057 6 36 34.5 9.13 1.806 1 
Chile Mamiña W 51 0.26 2.7 51 28 1.9 5.76 0.7 
Chile Pica W 34 0.08 2.3 34 26 1.6 1.69 0.66 
Chile Socos  W 30 0.17 3.2 30 22 2.56 2.7 0.5 
Chile Colina  W 50 0.79 7.3 50 24 5.62 19.27 0.77 
Chile Cauquenes  W 45 0.18 2.8 45 30 1.8 3.56 0.63 
Chile El Flaco  W 76 0.91 7 76 45 3.6 14.72 0.51 
Chile Panimavida  W 32 0.05 1.8 32 25 1.4 1.29 0.82 
Chile Chillán  W 65 1.27 15.2 65 45 7.8 20.57 0.51 
Chile Tolhuaca  W 61 0.31 4.6 61 45 2.7 5.7 0.58 
Chile Manzanar  W 48 0.38 6.9 48 35 1.9 3.26 0.27 
Chile Huife  W 52 0.41 8.2 52 40 2.1 3.32 0.26 
Chile Minetué W 41 0.52 2.6 41 30 1.3 3.25 0.2 
Chile San Luis W 40 0.04 0.8 40 28 0.6 0.95 0.75 
Chile Palguín  W 39 0.12 2.9 39 28 1.8 2.61 0.69 
Chile Coñaripe  W 64 0.52 6.5 64 45 1.3 3.25 0.2 
Chile Liquiñe  W 46 0.63 13.6 46 35 3.2 4.64 0.23 
Chile Puyehue W 70 0.52 5 70 45 3.4 11.21 0.68 
Chile Aguas Calientes W 65 0.38 4.5 65 45 2.8 7.38 0.62 
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Country Field Type Temp.     
(°C) 

Running 
Capacity 

(MW) 

Maximum Utilization Annual 
Utilization 

Flow 
Rate 
(kg/s) 

Temperature 
(°C) 

Ave. 
Flow 
(kg/s) 

Energy 
(TJ/yr) 

Capacity 
Factor Inlet Outlet 

Chile El Amarillo W 55 0.26 4.2 55 40 2 3.95 0.48 
Chile Puyuhuapi W 68 1.31 13.6 68 45 4.2 12.74 0.31 
China Tianjin  W 73.4 602 4474.1 73.4 38 1655.4 7024.3 0.37 
China Shannxi  W 56.9 228 3322.3 56.9 40 1127.8 2516.5 0.35 
China Shandong  W 55.5 240 3698.3 55.5 40 1294.4 2649 0.35 
China Hebei  W 58.1 90 1187.6 58.1 40 439.4 1049 0.37 
China Beijing  W 57.8 75 950.6 57.8 38 334.7 874.2 0.37 
China Lindian  W 53.3 36 527.6 53.3 37 216.3 465 0.41 
China Others  W 54.5 20 329.4 54.5 40 115.3 220.5 0.35 
China Hebei  W 58.1 44 422.2 58.1 33 156.5 518.1 0.37 
China Beijing  W 52.4 32 394.1 52.4 33 145.9 373.4 0.37 
China Shannxi  W 51.6 12 169.4 51.6 33 59.5 130.2 0.35 
China Tianjin  W 67.6 27 187.8 67.6 33 69.5 317.4 0.37 
China Shandong  W 48.6 5 79.7 48.6 33 27.9 57.4 0.35 
China Others  W 48.5 26 407.1 48.5 33 142.5 291.4 0.35 
China Hubei  W 56.4 64 577.4 56.4 30 202.1 703.7 0.35 
China Guangdong  W 58.2 30 253.5 58.2 30 86.2 320.6 0.34 
China Fujian  W 52.2 22 237.1 52.2 30 80.6 236 0.34 
China Hunan  W 53.8 20 196.5 53.8 30 66.8 209.7 0.34 
China Hebei  W 58.1 16 184 58.1 30 49.7 184.2 0.37 
China Beijing  W 52.4 13 138.6 52.4 30 51.3 151.6 0.37 



 

C - 6 
 

Country Field Type Temp.     
(°C) 

Running 
Capacity 

(MW) 

Maximum Utilization Annual 
Utilization 

Flow 
Rate 
(kg/s) 
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(°C) 

Ave. 
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(kg/s) 
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(TJ/yr) 
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Factor Inlet Outlet 

China Others W 52 32 359.4 52 30 125.8 365 0.35 
China China W  145 1744  △ t=20 1081 2732.6 0.62 
China China W  82 984  △ t=20 393.4 1037.5 0.4 
China China W  1826 21872  △ t=20 8749 23886 0.4 
China Yangbajain W 140-160 15  140-160     
Costa Rica Rincón de la Vieja W/S   70-90      
Costa Rica Miravalles W 240 163 39-76      
El Salvador Ahuachapán W/S 230-240 63       
El Salvador San Vicente W         
El Salvador Berlín W 300 56       
El Salvador Chinameca W 200-260        
France Guadeloupe W 250 15       
Guatemala San Marcos W         
Guatemala Palencia W 240-300        
Guatemala Tecamburro W 240-300        
Guatemala Motagua W 240-300        
Guatemala Ayarza W 240-300        
Guatemala Retana W 240-300        
Guatemala Itxepequelpala W 240-300        
Guatemala Los Achiotes W 240-300        
Guatemala Moyuta W 240-300        
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(°C) 

Running 
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(MW) 
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Utilization 
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Rate 
(kg/s) 

Temperature 
(°C) 
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Factor Inlet Outlet 

Guatemala Totonicapán W 300 24       
Guatemala Zunil II W/S 240 5 

in testing 
      

Guatemala Amatitlán W/S 300 5 
in testing 

      

Iceland Krafla W 190-210 
350 

60       

Iceland Nesjavellir W 300-320 90       
Iceland Svartsengi W 240 46       
Iceland Reykjavík  W  1000 5311 80 35 2388 14173 0.45 
Iceland Seltjarnarnes  W  35 185 80 35 56 335 0.3 
Iceland Mosfellsbær  W  29 156 80 35 79 468 0.5 
Iceland Sudurnes W  136 693 82 35 370 2291 0.53 
Iceland Akranes and 

Borgarfj.  
W  7 36 78 35 12 69 0.33 

Iceland Akranes W  33 182 78 35 62 353 0.34 
Iceland Borgarnes W  10 50 82 35 24 146 0.47 
Iceland Stykkishólmur  W  8 41 80 35 18 108 0.45 
Iceland Dalabyggd  W  3 24 65 35 12 46 0.48 
Iceland Reykholar  W  4 17 95 35 3 24 0.17 
Iceland Sudureyri  W  3 22 70 35 9 44 0.42 
Iceland Drangsnes  W  1 10 60 35 2 7 0.21 
Iceland Hvammstangi  W  5 31 77 35 11 62 0.36 
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Iceland Blönduós  W  7 58 64 35 25 96 0.43 
Iceland Skagafjordur  W  27 174 72 35 88 432 0.51 
Iceland Siglufjordur  W  7 45 70 35 18 83 0.4 
Iceland Ólafsfjordur  W  10 89 62 35 38 136 0.43 
Iceland Dalvik W  16 135 64 35 42 161 0.31 
Iceland Hrísey  W  4 24 79 35 8 45 0.33 
Iceland Akureyri  W  94 521 78 35 175 994 0.34 
Iceland Húsavík  W  26 139 80 35 54 322 0.39 
Iceland Reykjahlíd  W  7 24 99 35 11 89 0.43 
Iceland Eskifjordur  W  8 39 82 35 9 55 0.23 
Iceland Egilsstadir  W  15 96 73 35 28 138 0.29 
Iceland Rangæinga  W  16 100 74 35 33 172 0.33 
Iceland Flúdir  W  38 145 98 35 39 324 0.27 
Iceland Blaskogabyggd  W  33 156 85 35 83 545 0.53 
Iceland Selfoss  W  60 358 75 35 103 542 0.29 
Iceland Hveragerdi  W  71 360 82 35 61 377 0.17 
Iceland Thorlakshofn  W  12 49 94 35 25 192 0.51 
Iceland Reykholar W  10 42 112 55 34 253 0.8 
Honduras Platanares W 225-240 240 1275 80 35 539 3200 0.42 
Honduras Azacualpa W 225-240        
Honduras El Olivar W 225-240        
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Honduras San Ignacio W 225-240        
Honduras Sambo Creek W 225-240        
Honduras Pavana W 225-240        
Honduras Isla del Tigre W 225-240        
Indonesia Kamojang S 245 140       
Indonesia Salak W 240-310 361       
Indonesia Darajat S 245 135       
Indonesia Dieng W 280-330 60       
Indonesia Wayang Windu W 250-270 110       
Indonesia Lahendong W 260-330 20       
Italy Larderello S 150-270 

and 
350 

473       

Italy Travale 
Radicondoli 

S 190-250 
and 
350 

147       

Italy Bagnore W 200-330 19       
Italy Piancastagnaio W 200-300 60       
Japan Ogiri W 260 30       
Japan Otake 

Hatchoubaru 
W  122       

Japan Takigami W  25       
Japan Yanauzu W  65       



 

C - 10 
 

Country Field Type Temp.     
(°C) 

Running 
Capacity 

(MW) 

Maximum Utilization Annual 
Utilization 

Flow 
Rate 
(kg/s) 

Temperature 
(°C) 

Ave. 
Flow 
(kg/s) 

Energy 
(TJ/yr) 

Capacity 
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Nishiyama 
Japan Onikobe W  12       
Japan Uenotai W 300-320 29       
Japan Kakkonda W 230-260 

350-360 
80       

Japan Matsukawa W 260 24       
Japan Sumikawa W  50       
Japan Mori W 230-250 50       
Kenya Olkaria E W  45       
Kenya Olkaria W W  70       
Kenya Olkaria NE W  12       
Mexico Los Azufres, Mich.  W  0.007 38 72 55 0.045 0.101 0.45 
Mexico Los Azufres, Mich.  W  2.703 0.05 60 40 34.96 78.391 0.92 
Mexico Los Azufres, Mich.  W  0.004 4.583 110 86 0.022 0.059 0.449 
Mexico La Primavera, Jal.  W  0.46 63 48 31 1.389 4.397 0.303 
Mexico Aguas calientes W  4.481 265 43 30 58.65 131.511 0.931 
Mexico Chiapas W  14.414 1,000,0

00 
36 29 183.15 314.047 0.691 

Mexico Chihuahua W  29.288 38 39.3 25 799.67
5 

738.34 0.799 

Mexico Coahuila W  2.274 56 32 25 29.68 55.982 0.781 
Mexico Durango  W  1.64 34 52.5 38 31.5 29.084 0.562 
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Mexico Guanajuato W  2.063 293 40.8 29 15.975 30.553 0.47 
Mexico Hidalgo  W  14.466 271 41.5 32 237.6 369.805 0.811 
Mexico Jalisco  W  10.772 368 37.8 30 250.8 314.265 0.925 
Mexico México  W  12.01 103 35.1 25 316.35 325.467 0.859 
Mexico Michoacán W  4.353 161 44.5 33 90.88 121.069 0.882 
Mexico Morelos W  7.747 95 45 30 142.79 216.591 0.887 
Mexico Nuevo León W  5.962 295 38 30 74.58 147.557 0.785 
Mexico Querétaro W  9.874 770 31.8 26.5 250.7 264.539 0.85 
Mexico San Luis Potosí W  17.075 292 36.8 31 663.97

5 
464.165 0.862 

Mexico Sinaloa W  7.086 7 72.5 61 222.75 170.408 0.763 
Mexico Tlaxcala W 300-340 0.337 10 35 28 4.601 6.979 0.657 
Mexico Veracruz W 150-200 

280-300 
0.293 42 65 48 7.913 7.306 0.791 

Mexico Zacatecas W  2.987 163 36.6 28.5 37.455 83.985 0.891 
Mexico Las Tres 

Virgenes 
W 280 10       

Nepal Sribagar W   0.143 0.9 73 0.8 4.01 0.889 
Nepal Sina Tatopani W   0.017 0.8 30 0.7 0.462 0.875 
Nepal Chamaliya W   0.006 0.3 30 0.3 0.198 1 
Nepal Tapoban W   0.009 0.3 31 0.3 0.277 1 
Nepal Dhanchauri– Luma W   0.02 0.8 24 0.7 0.554 0.875 
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Nepal Tilanadi W   0.044 1.3 42 1.1 1.161 0.846 
Nepal Riar W   0.05 1.5 33 1.3 1.372 0.866 
Nepal Surai Khola  W   0.071 1.7 36 1.4 1.847 0.823 
Nepal Muktinath  W   0.088 3 22 2.7 2.493 0.9 
Nepal  Jomsom W   0.001 0.07 16.5 0.05 0.03 0.714 
Nepal Bhurung Tatopani W   0.316 1.8 72 1.3 7.202 0.722 
Nepal Sadhu Khola W   0.238 1.5 68 1.2 6.015 0.8 
Nepal Jamile W   0.006 0.05 30.6 0.04 0.161 0.8 
Nepal Kharpani W   0.032 0.4 49 0.3 0.752 0.75 
Nepal Machhapuchhre base 

camp 
W   0.304 2.2 64 2 8.705 0.909 

Nepal Mayangdi W   0.084 2 40 1.7 2.242 0.85 
Nepal Down Batase W   0.008 0.1 44.3 0.1 0.241 1 
Nepal Up Batase W   0.005 0.2 21.5 0.2 0.171 1 
Nepal Singha Tatopani W   0.602 6 54 5.6 17.727 0.933 
Nepal Bhulbhulekhar  W   0.035 1.2 34 1 0.923 0.833 
Nepal Chilime W   0.049 0.9 48 0.8 1.372 0.889 
Nepal Syabri Besi W   0.01 0.4 34 0.3 0.237 0.75 
Nepal Pargang  W   0.302 3.8 49 3 7.518 0.789 
Nepal Kodari W   0.276 5.5 42 5.1 8.072 0.927 
New 
Zealand 

Wairakei W/S 160-260 220       
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New 
Zealand 

Ohaaki W 230-280 104       

New 
Zealand 

Rotokawa W 270-330 31       

New 
Zealand 

Kawerau W 240-300 15       

New 
Zealand 

Ngawha W 220-240 10       

New 
Zealand 

Mokai W 270-320 55       

Nicaragua Momotombo W 180-200 
200-240 
240-300 

35       

Nicaragua San Jacinto- 
Tizate 

W 260-280 10 
(by 2005) 

      

Papua 
New Guinea 

Lihir W/S 250-300 6       

Philippines Tiwi W 320 232       
Philippines MakBan W 345 402       
Philippines BacMan W 240 

320 
150       

Philippines Tongonang W 250 
300 

723       

Philippines Palinpinon W 250 
300 

192       

Philippines Mt. Apo W 230 108       
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310 
Portugal Monção    1.26 10 50 20 4 15.8 0.4 
Portugal Chaves     3.52 15 76 20 11 81.3 0.73 
Portugal Caldelas     0.51 9.3 33 20 4.5 7.7 0.48 
Portugal Gerês     0.1 0.9 47 20 0.8 2.8 0.89 
Portugal Taipas    0.37 7.3 32 20 2 3.2 0.27 
Portugal Caldas da Saúde    0.17 4 30 20 3 4 0.75 
Portugal Vizela     0.67 3.8 62 20 2.5 13.8 0.66 
Portugal Carlão     0.02 0.5 29 20 0.5 0.6 0.99 
Portugal Moledo     2 19.1 45 20 4 13.2 0.21 
Portugal Carvalhal     1 6 60 20 0.3 1.6 0.05 
Portugal Cavaca    0.05 1.3 29 20 0 0 0 
Portugal São Pedro do Sul    3.97 19.4 69 20 9 58.2 0.46 
Portugal Alcafache     0.77 5.9 51 20 4 16.4 0.68 
Portugal Sangemil     0.82 6.5 50 20 4 15.8 0.61 
Portugal Felgueira     0.38 5.7 36 20 4 8.4 0.71 
Portugal Luso     0.16 5.4 27 20 2 1.8 0.37 
Portugal Manteigas    0.65 5.5 48 20 3 11.1 0.54 
Portugal Unhais da Serra    0.72 10.2 37 20 5 11.2 0.49 
Portugal Monfortinho     1.66 36 31 20 4 5.8 0.11 
Portugal Caldas da Rainha     0.88 15 34 20 13 24 0.87 
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Portugal Vimeiro     0.38 15 26 20 2 1.6 0.13 
Portugal Monchique     0.32 7 31 20 3 4.4 0.43 
Portugal Longroiva    0.83 8.3 44 20 2.5 7.9 0.3 
Portugal Caldeiras RGrande     0.29 1 90 20 1 9.2 1 
Portugal Carapacho 

(Graciosa)  
   0.28 3 42 20 0.2 0.6 0.07 

Portugal Ferraria (S. Miguel)     2.93 20 55 20 0 0 0 
Portugal Varadouro (Faial)    0.25 3 40 20 0 0 0 
Russia Pahuzhetka W 200 11       
Russia Mutnovsky W/S 240-300 62       
Turkey Kizildere W 240 17       
USA The Geyser S  888       
USA COSO W 200-330 270       
USA East Mesa W 150-190 107       
USA Heber W 160-180 65       
USA Salton Sea W  350       
USA Casa Diablo W 160 27       
USA Brady W  26       
USA Beowave W  16       
USA Dixie Valley W  68       
USA Soda Lake W  17       
USA Sboat W  36       
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USA StillW W  13       
USA Puna W 160 27       
USA Roosevelt W  20       

 


