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CHAPTER – 2 

SOLAR ENERGY 

 

Introduction 

Energy from the sun is called solar energy. The Sun’s energy comes from nuclear fusion reaction that 

takes place deep in the sun. Hydrogen nucleus fuse into helium nucleus. The energy from these reactions 

flow out from the sun and escape into space. Solar energy is some times called radiant energy. These are 

different kinds of radiant energy emitted by sun. The most important are light infrared rays. Ultra violet 

rays, and X- Rays. The sun is a large sphere of very hot gases. It’s diameter is 1.39x106 KM. While that 

of the earth is 1.27x104 KM. The mean distance between the two is 1.5x108 KM. The beam radiation 

received from the sun on the earth is reflected in to space, another 15% is absorbed by the earth 

atmosphere and the rest is absorbed by the earth’s surface. This absorbed radiation consists of light and 

infrared radiation with out which the earth would be barren. All life on the earth depends on solar energy. 

Green plants make food by means of photosynthesis. Light is essential from in this process to take place. 

This light usually comes from sun. Animal get their food from plants or by eating other animals that feed 

on plants. Plants and animals also need some heat to stay alive. Thus plants are store houses of solar 

energy. The solar energy that falls on India in one minute is enough to supply the energy needs of our 

country for one day. Man has made very little use of this enormous amount of solar energy that reaches 

the earth. 

 

Solar Constant 

The sun is a large sphere of very hot gases, the heat being generated by various kinds of fusion reactions. 

Its diameter is 1.39x106 KM. While that of the earth is 1.27x104 KM. The mean distance between the two 

is 1.50x108 KM. Although the sun is large, it subtends an angle of only 32 minutes at the earth’s surface. 

This is because it is also a very large distance. Thus the beam radiation received from the sun on the earth 

is almost parallel. The 

brightness of the sun varies from its center to its edge. However for engineering calculations, it is 

customary to assume that the brightness all over the solar disc in uniform. As viewed from the earth, the 

radiation coming from the sun appears to be essentially equivalent to that coming from a back surface at 

57620 k. “The rate at which solar energy arrives at the top of the atmosphere is called solar constant Isc”. 

This is the amount of energy received in unit time on a unit area perpendicular to the sun’s direction at the 

mean distance of the earth from the sun. Because of the sun’s distance and activity vary through out the 

year, the rate of arrival of solar constant is thus an average from which the actual values vary up to 3 

percent in either direction. The National Aeronautics and Space Administration’s (NASA) standard value 

the solar constant, expressed in three common units, is as follows: 

 

(i) 1.353 kilowatts per square meter 

(ii) 116.5 Langleys per hour (1 langely being equal to 1cal/cm2 of solar radiation received in one day) 

(iii) 429.2 Btu per Sqr.ft. per hour. 

 

The distance between the earth and the sun varies a little through the year. Because of this variation, the 

extra – terrestrial flux also varies. The earth is closest to the sun in the summer and farthest away in the 

winter. This variation in the Intensity of solar radiation (I) that reaches the earth. This can be 

approximated by the equation. 

 

    I                                    360(n) 

-------- = 1+ 0.033 Cos ------------ 

   ISC                                 365 

 

where n is the day of the year. 

 



Solar Radiation at the Earth’s Surface 

The solar radiation that penetrates the earth’s atmosphere and reaches the surface differs in both amount 

and character from the radiation at the top of the atmosphere. In the first place. Part of the radiation is 

reflected back in to the space, especially by clouds. Further more, the radiation entering the atmosphere is 

partly absorbed by molecules in the air. Oxygen and Ozone (o3), formed from oxygen, absorb nearly all 

the Ultraviolet radiation, and water vapour and carbon dioxide absorb some of the energy in the infrared 

range. In addition, part of the solar radiation is scattered (i.e. its direction has been changed) by droplets 

in clouds by atmosphere molecules, and by dust particles. 

 

 
 

 

Solar Radiation that has not been absorbed or scattered and reaches the ground directly from the sun is 

called “Direct Radiation” or Beam Radiation. Diffuse radiation is that Solar Radiation received from the 

sun after its direction has been changed by reflection and scattering by the atmosphere. Because of the 

Solar Radiation is catered in all directions in the atmosphere, diffuses radiation comes to the earth from 

all parts of the sky. The sum of the beam and diffuse radiation flux is referred to as total or global 

radiation. 

 

Instruments for measuring solar radiation and sun shine 

Solar Radiation flux is usually measured with the help of a pyranometer or a Pyrheliometer, sunshine 

recorder is used for measuring sunshine. 

 

Pyranometer 

A pyranometer is an instrument which measures either global or diffuse Radiation over a hemispherical 

field of view. Basically the pyranometer consists of a ‘black’ surface which heats up when exposed to 

solar radiation. Its temperature increases until its rate of heat gain by solar radiation equals its rate of heat 

loss by convection, conduction and radiation.The hot Junctions of a thermopile are attached to the black 

surface. While the cold Junctions are located in such a way that they do not receive the radiation. As a 

result, an e.m.f. is generated. This emf which is usually in the range of 0 to 10MV can be read, recorded 

or Integrated over a period of time and is a measure of the global radiation. 

 



 
 

Sun Shine Recorder 

 

The duration of bright sun shine in a day is measured by means of a sunshine recorder.The sun’s Rays are 

focused by a glass sphere to a point on a card strip held in a groove in a spherical bowl mounted 

concentrically with the sphere. Whenever there is bright sunshine, the image formed is intense enough to 

burn a spot on the cord strip. Though the day as the sun moves across the sky, the image moves alone the 

strip. Thus, a burnt trace whose length is proportional to the duration of sunshine is obtained on the strip.  

 
Solar Energy Utilization – Basic ideas about the pre-historic way of using solar energy 

 

Energy is a common Man’s daily commodity: The world energy consumption in 1975 was 8002 million 

tons of coal equivalents and is expected to shoot up to 27,400 million tons of coal equivalents in the year 

2000. It is becoming scarce day by day even then its demand is on the increase. The increased population 

has led to depletion of energy. The process of mankind has influenced the subsequent exploitation of new 

sources of energy from time to time. The utilization of coal, the development of hydro electricity, the 

discovery of oil and gas and the advents of nuclear energy are significantly mile stones in human history. 

Each new source brought about a preformed change in the life style of the people. Each new source 

supplemented the other. The size of the balance of fossil fuels will be over within a hundred years. Hence 

it is essential to tap the other sources of energy to supplement the existing energy demands of all non-

conventional energy source, solar energy holds the greatest promise as it is abundant, renewable and 

pollution free. Its collection, storage on conversion is also easy. Hence worldwide attention is now 

focused on various methods of utilization of solar energy. All life on the earth depends on solar energy. 

Green plants make food by means of photosynthesis. Light is essential from in this process to take place. 

This light usually comes from sun. Animals get their food from plants are store houses of solar energy. 

The solar energy that falls on India in one minute, is enough to supply the energy needs of our country for 

one day. Man has made very little use of this enormous amount of solar energy. That reaches the earth he 



has used solar energy indirectly, for many thousands of years. Wind mills which are driven by wind that 

result from infrared solar energy. 

 

 

Solar Energy applications 

 

1. Heating and cooling of residential building. 

2. Solar water heating. 

3. Solar drying of agricultural and animal products. 

4. Salt production by evaporation of seawater. 

5. Solar cookers. 

6. Solar engines for water pumping. 

7. Solar Refrigeration. 

8. Solar electric power generation. 

9. Solar photo voltaic cells, which can be used for electricity. 

10. Solar furnaces. 

 
 

Types of Conversion 

 

• Photovoltaic conversion 

• Thermoelectric conversion 

 

 



Photovoltaic conversion 

 

 

 
 

 

 

Thermoelectric conversion 

 

 

 
 

Solar Collectors 

 

A solar collector is a device for collecting solar radiation and transfer the energy to fluid passing in 

contact with it. Utilization of solar energy requires solar collectors.  

 

These are generally of two types. 

 

(i) Non- concentrating (or) flat plate solar collector. 

 

(ii) Concentrating (focusing) type solar collector. 

 



The solar energy collector, with its associated absorber, is the essential component of any system for the 

conversion of solar radiation in to more usable form (e.g heat or electricity). In the non-concentrating 

type, the collector area is the same as the absorber area. On the other hand, in concentrating collectors, the 

area intercepting the solar radiation is greater. By means or concentrating collectors, much higher 

temperatures can be obtained than with the non-concentrating type. Concentrating collectors may be used 

to generate medium pressure steam. They use many different arrangements of mirrors and lenses to 

concentrate the sun’s rays on the boiler. This type shows better efficiency than the flat plate type. For best 

efficiency, collectors should be mounted to face the sun as it moves through 

the sky. 

 

(i) Flat plate collectors (non-concentrating) 

Where temperatures below about 90oC are adequate as they are for space and service water heating flat 

plate collectors, which are of the non concentrating type, are particularly convenient. They are made in 

rectangular panels from about 1.7 to 2.9 sq.m, in area, and are relatively simple to construct and erect. 

Flat plates can collect and absorb both direct and diffuse solar radiation, they are consequently partially 

effective even on cloudy days when there is no direct radiation. Flat plate solar collectors may be divided 

into two main classifications based on the type of heat transfer fluid used. 

 

 
 

 
 



Liquid heating Flat Plate Collector 

Liquid heating flat plate collectors are used for heating water and nonfreezing aqueous solutions. There 

are many flat-plate collector designs, but most are based on the principle shown in fig. It is the plate and 

tube type collector. It basically consists of a flat surface with high absorptivity for solar radiation called 

the absorbing surface. Typically a metal plate, usually of copper, steel or aluminum material with tubing 

of copper in thermal contact with the plates are the most commonly used materials. The absorber plate is 

usually made from 

a metal sheet 1 to 2 mm in thickness, while the tubes, which are also of metal, range in diameter from 1 to 

1.5cm. They are soldesed, brazed or clamped to the bottom of the absorber plate with the pitch ranging 

from 5 to 15 Cm, In some designs, the tubes are also in line and integral with the absorber plate. 

The primary function of the absorber is to absorb maximum radiation reaching it through the glazing, to 

lose maximum heat upward to the atmosphere and down ward through the back of the container and to 

transfer the retained heat to the working fluid. Black painted absorbers are preferred because they are 

considerably cheaper and good absorbers of radiation. Heat is transferred from the absorber plate to a 

point of use by circulation of fluid (usually water) across the solar heated surface. Thermal insulation of 5 

to 10cm. Thickness is usually placed behind the absorber plate to prevent the heat losses from the rear 

surface. Insulation materials is generally mineral wool or glass wool or fiber glass. The front covers are 

generally glass that is transparent to incoming solar radiation and opaque to the infra-red re-radiation 

from the absorber. The glass covers act as a convection shield to reduce the losses from the absorber plate 

beneath. The glass thickness of 3 and 4 mm are commonly used. The usual practice is to have 2 covers 

with specific ranging from 1.5 to 

3cm.  

 

Advantages of second glass which is added above the first one are 

 

(i) Losses due to air convection are further reduced. This is important in windy areas. 

(ii) Radiation losses in the infra-red spectrum are reduced by a further 25%, because half of the 50% 

which is emitted out wards from the first glass plate is back radiated. 

 

Concentrating (focusing) type solar collector 

Focusing collector or concentrating type solar collector is a device to collect solar energy with high 

intensity of solar radiation on the energy absorbing surface. Such collectors generally use optical system 

in the form of reflectors or refractors. A focusing collector is a special form of flat-plate collector 

modified by introducing a reflecting or refracting surface between the Solar Radiation and the absorber. 

In these collectors radiation falling on a relatively large area is focused on to a receiver or absorber of 

considerably smaller area. As a result of the energy concentration, fluids can be heated to temperatures of 

500 0C or more.  

 

 



 

The collector consists of a concentrator and a receiver. The concentrator shown is a mirror reflector 

having the shape of a cylindrical parabola. It focuses the sunlight on to its axis where it is absorbed on the 

surface of the absorber tube and transferred to the fluid flow through it. A concentric glass cover around 

the absorber tube helps in reducing the convective and irradiative losses to the surroundings. In order that 

the sun’s rays should always be focused on to the absorber tube, the concentrator has to be rotated. This 

movement is called tracking in the case of cylindrical parabolic concentrators, rotation about a single axis 

is generally required. Fluid temperatures up to around 300oC can be achieved in cylindrical parabolic 

focusing collector system. The generation of still higher working temperatures is possible by using 

parabolic reflectors which have a point focus. 

 

 

Compound parabolic collectors 

 

CPC are non-imaging concentrators. These have the capability of reflecting to the absorber all of the 

incident radiation within wide limits. The necessity of moving the concentrator to accommodate the 

changing solar orientation can be reduced by using a trough with two sections of a parabola facing each 

other Compound parabolic concentrators can accept incoming radiation over a relatively wide range of 

angles. By using multiple internal reflections, any radiation that is entering the aperture, within the 

collector acceptance angle, finds its mway to the absorber surface located at the bottom of the collector. 

The absorber can take a variety of configurations. In the CPC, the lower portion of the reflector (AB and 

AC) is circular, while the upper portions (BD and CE) are parabolic. As the upper part of a CPC 

contribute little to the radiation reaching the absorber, they are usually truncated thus forming a shorter 

version of the CPC, which is also cheaper. CPCs are usually covered with glass  to avoid dust and other 

materials from entering the collector and thus reducing the reflectivity of its walls. 

 

 
 

These collectors are more useful as linear or trough-type concentrators. The acceptance angle is defined 

as the angle through which a source of light can be moved and still converge at the absorber. The 

orientation of a CPC collector is related to its acceptance angle. Also depending on the collector 

acceptance angle, the collector can be stationary or tracking. A CPC concentrator can be orientated with 

its long axis along either the north–south or the east–west direction and its aperture is tilted directly 

towards the equator at an angle equal to the local latitude. When orientated along the north–south 

direction the collector must track the sun by turning its axis so as to face the sun continuously. As the 

acceptance angle of the concentrator along its long axis is wide, seasonal tilt adjustment is not necessary. 

It can also be stationary but radiation will only be received the hours when the sun is within the collector 

acceptance angle. When the concentrator is orientated with its long axis along the east–west direction, 



with a little seasonal adjustment in tilt angle the collector is able to catch the sun’s rays effectively 

through its wide acceptance angle along its long axis. The minimum acceptance angle in this case should 

be equal to the maximum incidence angle projected in a north–south vertical plane during the times when 

output is needed from the collector. For stationary CPC collectors mounted in this mode the minimum 

acceptance angle is equal to 478. This angle covers the declination of the sun from summer to winter 

solstices (2 £ 23.58). In practice bigger angles are used to enable the collector to collect diffuse radiation 

at the expense of a lower concentration ratio. Smaller (less than 3) 

concentration ratio CPCs are of greatest practical interest. 

 

Evacuated tube collectors 

 

Conventional simple flat-plate solar collectors were developed for use in sunny and warm climates. Their 

benefits however are greatly reduced when conditions become unfavorable during cold, cloudy and windy 

days. Furthermore, weathering influences such as condensation and moisture will cause early 

deterioration of internal materials resulting in reduced performance and system failure. Evacuated heat 

pipe solar collectors (tubes) operate differently than the other collectors available on the market. These 

solar collectors consist of a heat pipe inside a vacuum-sealed tube 

 

ETC has demonstrated that the combination of a selective surface and an effective convection suppressor 

can result in good performance at high temperatures. The vacuum envelope reduces convection and 

conduction losses, so the collectors can operate at higher temperatures than FPC. Like FPC, they collect 

both direct and diffuse radiation. However, their efficiency is higher at low incidence angles. This effect 

tends to give ETC an advantage over FPC in day-long performance. 

 

 
ETC use liquid–vapour phase change materials to transfer heat at high efficiency. These collectors feature 

a heat pipe (a highly efficient thermal conductor) placed inside a vacuum-sealed tube. The pipe, which is 

a sealed copper pipe, is then attached to a black copper fin that fills the tube (absorber plate). Protruding 

from the top of each tube is a metal tip attached to the sealed pipe (condenser). The heat pipe contains a 

small amount of fluid(e.g. methanol) that undergoes an evaporating-condensing cycle. In this cycle, solar 

heat evaporates the liquid, and the vapor travels to the heat sink region where it condenses and 



releases its latent heat. The condensed fluid return back to the solar collector and the process is repeated. 

When these tubes are mounted, the metal tips up, into a heat exchanger (manifold) Water, or glycol, flows 

through the manifold and picks up the heat from the tubes. The heated liquid circulates through another 

heat exchanger and gives off its heat to a process or to water that is stored in a solar storage tank. Because 

no evaporation or condensation above the phase-change temperature is possible, the heat pipe offers 

inherent protection from freezing and overheating. This self-limiting temperature control is a unique 

feature of the evacuated heat pipe collector. 

 

Sun tracking concentrating collectors 

 

Energy delivery temperatures can be increased by decreasing the area from which the heat losses occur. 

Temperatures far above those attainable by FPC can be reached if a large amount of solar radiation is 

concentrated on a relatively small collection area. This is done by interposing an optical device between 

the source of radiation and the energy absorbing surface. Concentrating collectors exhibit certain 

advantages as compared with the conventional flat-plate type 

 

The main ones are: 

 

1. The working fluid can achieve higher temperatures in a concentrator system when compared to a flat-

plate system of the same solar energy collecting surface. This means that a higher thermodynamic 

efficiency can be achieved. 

2. It is possible with a concentrator system, to achieve a thermodynamic match between temperature level 

and task. The task may be to operate thermionic, thermodynamic, or other higher temperature devices. 

3. The thermal efficiency is greater because of the small heat loss area relative to the receiver area.  

4. Reflecting surfaces require less material and are structurally simpler than FPC. For a concentrating 

collector the cost per unit area of the solar collecting surface is therefore less than that of a FPC. 

5. Owing to the relatively small area of receiver per unit of collected solar energy, selective surface 

treatment and vacuum insulation to reduce heat losses and improve the collector efficiency are 

economically viable. 

 

Their disadvantages are: 

 

1. Concentrator systems collect little diffuse radiation depending on the concentration ratio. 

2. Some form of tracking system is required so as to enable the collector to follow the sun. 

3. Solar reflecting surfaces may loose their reflectance with time and may require periodic cleaning and 

refurbishing. 

 

Many designs have been considered for concentrating collectors. Concentrators can be reflectors or 

refractors, can be cylindrical or parabolic and can be continuous or segmented. Receivers can be convex, 

flat, cylindrical or concave and can be covered with glazing or uncovered. Concentration ratios, i.e. the 

ratio of aperture to absorber areas, can vary over several orders of magnitude, from as low as unity to high 

values of the order of 10 000. Increased ratios mean increased temperatures at which energy can be 

delivered but consequently these collectors have increased requirements for precision in optical quality 

and positioning of the optical system. Because of the apparent movement of the sun across the sky, 

conventional concentrating collectors must follow the sun’s daily motion. There are two methods by 

which the sun’s motion can be readily tracked. The first is the altazimuth method which requires the 

tracking device to turn in both altitude and azimuth, i.e. when performed properly, this method enables 

the concentrator to follow the sun exactly. Paraboloidal solar collectors generally use this system. The 

second one is the one-axis tracking in which the collector tracks the sun in only one direction either from 

east to west or from north to south. Parabolic trough collectors (PTC) generally use this system. These 



systems require continuous and accurate adjustment to compensate for the changes in the sun’s 

orientation. 

 

The first type of a solar concentrator is effectively a FPC fitted with simple flat reflectors which can 

markedly increase the amount of direct radiation reaching the collector. This is a concentrator because the 

aperture is bigger than the absorber but the system is stationary. The model facilitates the prediction of the 

total energy absorbed by the collector at any hour of the day for any latitude for random tilt angles and 

azimuth angles of the collector and reflectors. 

 

 
 

 

Another type of collector, already covered under the stationary collectors, the CPC is also classified as 

concentrator. This, depending on the acceptance angle, can be stationary or tracking. When tracking is 

used this is very rough or intermitted as concentration ratio is usually small and radiation can be collected 

and concentrated by one or more reflections on the parabolic surfaces. As was seen above one 

disadvantage of concentrating collectors is that, except at low concentration ratios, they can use only the 

direct component of solar radiation, because the diffuse component cannot be concentrated by most types. 

However, an additional advantage of concentrating collectors is that, in summer, when the sun rises well 

to the north of the east–west line, the sun-follower, with its axis oriented north–south, can begin to accept 

radiation directly from the sun long before a fixed, south-facing flat plate can receive anything other than 

diffuse radiation from the portion of the sky that it faces. Thus, in relatively cloudless areas, the 

concentrating collector may capture more radiation per unit of aperture area than a FPC. In concentrating 

collectors solar energy is optically concentrated before being transferred into heat. Concentration can be 

obtained by reflection or refraction of solar radiation by the use of mirrors or lens. The reflected or 

refracted light is concentrated in a focal zone, thus increasing the energy flux in the receiving target. 

Concentrating collectors can also be classified into non-imaging and imaging depending on whether the 

image of the sun is focused at the receiver or not. The concentrator belonging in the first category is the  

CPC whereas all the other types of concentrators belong to the imaging type. 

 

The collectors falling in this category are: 

1. Parabolic trough collector; 

2. Linear Fresnel reflector (LFR); 

3. Parabolic dish; 

4. Central receiver. 

 

 

Parabolic trough collectors 

 

In order to deliver high temperatures with good efficiency a high performance solar collector is required. 

Systems with light structures and low cost technology for process heat applications up to 400 oC could be 

obtained with parabolic through collectors (PTCs). PTCs can effectively produce heat at temperatures 



between 50 and 400 oC. PTCs are made by bending a sheet of reflective material into a parabolic shape. A 

metal black tube, covered with a glass tube to reduce heat losses, is placed along the focal line of the 

receiver. When the parabola is pointed towards the sun, parallel rays incident on the reflector are 

reflected onto the receiver tube. It is sufficient to use a single axis tracking of the sun and thus long 

collector modules are produced. The collector can be orientated in an east–west direction, tracking the sun 

from north to south, or orientated in a north–south direction and tracking the sun from east to west. The 

advantages of the former tracking mode is that very little collector adjustment is required during the day 

and the full aperture always faces the sun at noon time but the collector performance during the early and 

late hours of the day is greatly reduced due to large incidence angles (cosine loss). North–south orientated 

troughs have their highest cosine loss at noon and the lowest in the mornings and evenings when the sun 

is due east or due west. Over the period of one year, a horizontal north–south trough field usually collects 

slightly more energy than a horizontal east–west one. However, the north–south field collects a lot of 

energy in summer and much less in winter. The east–west field collects more energy in the winter than 

a north–south field and less in summer, providing a more constant annual output. Therefore, the choice of 

orientation usually depends on the application and whether more energy is needed during summer or 

during winter. 

 
Parabolic trough technology is the most advanced of the solar thermal technologies because of 

considerable experience with the systems and the development of a small commercial industry to produce 

and market these systems. PTCs are built in modules that are supported from the ground by simple 

pedestals at either end. 

 

Linear Fresnel reflector:  

 

LFR technology relies on an array of linear mirror strips which concentrate light on to a fixed receiver 

mounted on a linear tower. The LFR field can be imagined as a broken-up parabolic trough reflector  but 

unlike parabolic troughs, it does not have to be of parabolic shape, large absorbers can be constructed and 

the absorber does not have to move. A representation of an element of an LFR collector field. The 

greatest advantage of this type of system is that it uses flat or elastically curved reflectors which are 

cheaper compared to parabolic glass reflectors. Additionally, these are mounted close to the ground, thus 

minimizing structural requirements. 

 

 
 



One difficulty with the LFR technology is that avoidance of shading and blocking between adjacent 

reflectors leads to increased spacing between reflectors. Blocking can be reduced by increasing the height 

of the absorber towers, but this increases cost. Compact linear Fresnel reflector (CLFR) technology has 

been recently developed at Sydney University in Australia. This is in effect a second type of solution for 

the Fresnel reflector field problem which has been overlooked until recently. In this design adjacent linear 

elements can be interleaved to avoid shading. The classical LFR system has only one receiver, and there 

is no choice about the direction and orientation of a given reflector. However, if it is assumed that the size 

of the field will be large, as it must be in technology supplying electricity in the MW class, it is 

reasonable to assume that there will be many towers in the system. If they are close enough then 

individual reflectors have the option of directing reflected solar radiation to at least two towers. This 

additional variable in the reflector orientation provides the means for much more densely packed arrays, 

because patterns of alternating reflector orientation can be such that closely packed reflectors can be 

positioned without shading and blocking 

 

 
Parabolic dish reflector (PDR) 

 

A parabolic dish reflector is a point-focus collector that tracks the sun in two axes, concentrating solar 

energy onto a receiver located at the focal point of the dish. The dish structure must track fully the sun to 

reflect the beam into the thermal receiver. For this purpose tracking mechanisms similar to the ones 

described in previous section are employed in double so as the collector is tracked in two axes. The 

receiver absorbs the radiant solar energy, converting it into thermal energy in a circulating fluid. The 

thermal energy can then either be converted into electricity using an engine-generator coupled directly to 

the receiver, or it can be transported through pipes to a central power-conversion system. Parabolic-dish 

systems can achieve temperatures in excess of 1500 oC. Because the receivers are distributed throughout a 

collector field, like parabolic troughs, parabolic dishes are often called distributed-receiver systems.  

 

 

 
 



 

Parabolic dishes have several important advantages: 

1. Because they are always pointing the sun, they are the most efficient of all collector systems; 

2. They typically have concentration ratio in the range of 600–2000, and thus are highly efficient at 

thermal-energy absorption and power conversion systems; 

3. They have modular collector and receiver units that can either function independently or as part of a 

larger system of dishes. 

 

The main use of this type of concentrator is for parabolic dish engines. A parabolic dish-engine system is 

an electric generator that uses sunlight instead of crude oil or coal to produce electricity. The major parts 

of a system are the solar dish concentrator and the power conversion unit. Parabolic-dish systems that 

generate electricity from a central power converter collect the absorbed sunlight from individual receivers 

and deliver it via a heat-transfer fluid to the power-conversion systems. The need to circulate heat transfer 

fluid throughout the collector field raises design issues such as piping layout, pumping requirements, and 

thermal losses. Systems that employ small generators at the focal point of each dish provide energy in the 

form of electricity rather than as heated fluid. The power conversion unit includes the thermal receiver 

and the heat engine. The thermal receiver absorbs the concentrated beam of solar energy, converts it to 

heat, and transfers the heat to the heat engine. A thermal receiver can be a bank of tubes with a cooling 

fluid circulating through it. The heat transfer medium usually employed as the working fluid for an engine 

is hydrogen or helium. Alternate thermal receivers are heat pipes wherein the boiling and condensing of 

an intermediate fluid is used to transfer the heat to the engine. The heat engine system takes the heat from 

the thermal receiver and uses it to produce electricity. The engine-generators have several components; a 

receiver to absorb the concentrated sunlight to heat the working fluid of the engine, which then converts 

the thermal energy into mechanical work; an alternator attached to the engine to convert the work into 

electricity, a waste-heat exhaust system to vent excess heat to the atmosphere, and a control system to 

match the engine’s operation to the available solar energy. This distributed parabolic dish system lacks 

thermal storage capabilities, but can be hybridized to run on fossil fuel during periods without sunshine. 

The Stirling engine is the most common type of heat engine used in dish-engine systems. Other possible 

power conversion unit technologies that are evaluated for future applications are micro turbines and 

concentrating photovoltaic. 

 

Heliostat field collector 

 

For extremely high inputs of radiant energy, a multi-plicity of flat mirrors, or heliostats, using altazimuth 

mounts, can be used to reflect their incident direct solar radiation onto a common. This is called the 

heliostat field or central receiver collector. By using slightly concave mirror segments on the heliostats, 

large amounts of thermal energy can be directed into the cavity of a steam generator to produce steam at 

high temperature and pressure. The concentrated heat energy absorbed by the receiver is transferred to a 

circulating fluid that can be stored and later used to produce power.  

 

 

Central receivers have several advantages:  

1. They collect solar energy optically and transfer it to a single receiver, thus minimizing thermal-energy 

transport requirements; 

2. They typically achieve concentration ratios of 300–1500 and so are highly efficient both in collecting 

energy and in converting it to electricity; 

3. They can conveniently store thermal energy; 

4. They are quite large (generally more than 10 MW) and thus benefit from economies of scale. Each 

heliostat at a central-receiver facility has from 50 to 150 m2 of reflective surface. 

 



 
 

The heliostats collect and concentrate sunlight onto the receiver, which absorbs the concentrated sunlight, 

transferring its energy to a heat transfer fluid. The heat-transport system, which consists primarily of 

pipes, pumps, and valves, directs the transfer fluid in a closed loop between the receiver, storage, and 

Power-conversion systems. A thermal-storage system typically stores the collected energy as sensible 

heat for later delivery to the power-conversion system. The storage system also decouples the collection 

of solar energy from its conversion to electricity. The power-conversion system consists of a steam 

generator, turbine generator, and support equipment, which convert the thermal energy into electricity 

and supply it to the utility grid. In this case incident sunrays are reflected by large tracking mirrored 

collectors, which concentrate the energy flux towards irradiative/convective heat exchangers, where 

energy is transferred to a working thermal fluid. After energy collection by the solar system, the 

conversion of thermal energy to electricity has many similarities with the conventional fossil-fuelled 

thermal power plants. 

 

Thermal analysis of collectors 

 

The basic parameter to consider is the collector thermal efficiency. This is defined as the ratio of the 

useful energy delivered to the energy incident on the collector aperture. The incident solar flux consists of 

direct and diffuse radiation. While FPC can collect both, concentrating collectors can only utilize direct 

radiation if the concentration ratio is greater than 10. 

 

The useful energy collected from a collector 
 

 
 

 

Where  

 

Inlet fluid temperature (Ti) 

Average plate temperature (Tp) 

Fr is the correction factor, or collector heat removal factor. 

Ac is total collector aperture area  

Gt is total (direct plus diffuse) solar energy incident on the collector aperture 

τα is transmittance–absorptance product 

UL is solar collector heat transfer loss coefficient 

Ta is Ambient temperature 
 



Fr (correction factor, or collector heat removal factor) 
 

 
 

 

Overall heat loss coefficient 

 

 
 

 

Overall transmittance–absorptance product 
 

 
 

 

Where  

 

β = incidence angle (degrees), collector slope (degrees), misalignment angle error (degrees) 

Ub = bottom heat loss coefficient 

Ue = edges heat loss coefficient 

Ac = total collector aperture area 

I = total horizontal radiation per unit area 

Ibt = incident beam radiation per unit area 

Id = horizontal diffuse radiation per unit area 

cp = specific heat at constant pressure 

 
 

 

Solar Declination (δ) 

 

δ= 23.45* sin [(360*(284+n))/365)] 

 

 

Solar hour angle (ω) = 15 deg /hour ( noon based )  (Positive – morning/Negative-- afternoon ) 

 

 

Solar altitude angle ( α ) 

 

sin α = cos ϕ *cos δ *cos ω + sin ϕ * sin δ 

 

Solar incident angle (θ) 

 

θ = (π/2)-α 
 

 

 

Collector efficiency 
 

 



Problem 1:  

Data for a flat plate collector used for heating the building are given below. Find the Collector 

Efficiency.   

 

 

Factor  Specifications  

Location and latitude  Baroda, 22 deg  

Day and time  January 1, 11.30 -12.30 (IST)  

Average intensity of Solar radiation  395 W/m2 hr  

Collector tilt  Latitude +15 deg  

Heat removal factor for collector  0.810  

Transmittance of the glass  0.88 

Absorptance of the glass  0.90  

Top loss coefficient of collector  6.80 W/m2   deg Celsius  

Collector fluid temperature  60 deg Celsius  

Ambient Temperature  15 deg Celsius  
 

 

Problem 2:  

Data for a flat plate collector used for heating the building are given below. Find the Collector 

Efficiency.   

 

Factor Specifications 

Location and latitude Coimbatore, 11 deg 

Day and time March 25, 14.30 -15.30 (IST) 

Average intensity of Solar radiation 560 W/m2 hr 

Collector tilt Latitude +26 deg 

Heat removal factor for collector 0.82 

Transmittance of the glass 0.88 

Absorptance of the glass 0.93 

Top loss coefficient of collector 7.95 W/m2   deg Celsius 

Collector fluid temperature 75 deg Celsius 

Ambient Temperature 25 deg Celsius 

 

 



Collector efficiencies of various liquid collectors 

 

 
 

 

Solar collector applications:  

 

Solar collectors have been used in a variety of applications. The most important technologies in use are 

listed together with the type of collector that can be used in each case. 

 
Application Collector 

Solar water heating 

Thermosyphon systems Flat-plate collectors (FPC) 

Integrated collector storage Compound parabolic collectors (CPC) 

Direct circulation FPC, CPC ETC (Evacuated tube collectors) 

Indirect water heating systems FPC, CPC ETC 

Air systems FPC 

 
Application Collector 

Space heating and cooling 

Space heating and service hot water FPC, CPC ETC 

Air systems FPC 

Water systems FPC, CPC ETC 

Heat pump systems FPC, CPC ETC 

Absorption systems FPC, CPC ETC 

Adsorption (desiccant) cooling FPC, CPC ETC 

Mechanical systems PDR(Parabolic dish reflector) 

 



 
Application Collector 

Solar refrigeration 

Adsorption units FPC, CPC ETC 

 
Application Collector 

Industrial process heat 

Industrial air and water systems FPC, CPC ETC 

Steam generation systems PTC(Parabolic trough collectors), 

 LFR(Linear Fresnel reflector) 

 
Application Collector 

Solar desalination 

Multistage flash (MSF) FPC, CPC ETC 

Multiple effect boiling (MEB) FPC, CPC ETC 

Vapour compression (VC) FPC, CPC ETC 

 
Application Collector 

Solar thermal power systems 

Parabolic trough collector systems PTC 

Parabolic tower systems HFC(Heliostat field collector) 

Parabolic dish systems PDR 

Solar furnaces HFC, PDR 

Solar chemistry systems CPC, PTC, LFR 

 
Solar water heating systems: 

 

The main part of a SWH is the solar collector array that absorbs solar radiation and converts it into heat. 

This heat is then absorbed by a heat transfer fluid (water, non-freezing liquid, or air) that passes through 

the collector. This heat can then be stored or used directly. Portions of the solar energy system are 

exposed to the weather conditions, so they must be protected from freezing and from overheating caused 

by high isolation levels during periods of low energy demand. In solar water heating systems, potable 

water can either be heated directly in the collector (direct systems) or indirectly by a heat transfer fluid 

that is heated in the collector, passes through a heat exchanger to transfer its heat to the domestic or 

service water (indirect systems). The heat transfer fluid is transported either naturally (passive systems) or 

by forced circulation (active systems). Natural circulation occurs by natural convection 

(thermosyphoning), whereas for the forced circulation systems pumps or fans are used. Except for 

thermosyphon and integrated collector storage (ICS) systems, which need no control, solar domestic and 

service hot water systems are controlled using differential thermostats. 

 

Five types of solar energy systems can be used to heat domestic and service hot water: thermosyphon, 

ICS, direct circulation, indirect, and air. The first two are called passive systems as no pump is employed, 

whereas the others are called active systems because a pump or fan is employed in order to circulate the 

fluid. For freeze protection, recirculation and drain-down are used for direct solar water heating systems 

and drain-back is used for indirect water heating systems. 

 



Thermosyphon solar water heater 

 

 
 

Thermosyphon systems heat potable water or heat transfer fluid and use natural convection to transport it 

from the collector to storage. The water in the collector expands becoming less dense as the sun heats it 

and rises through the collector into the top of the storage tank. There it is replaced by the cooler water that 

has sunk to the bottom of the tank, from which it flows down the collector. The circulation continuous as 

long as there is sunshine. Since the driving force is only a small density difference larger than normal pipe 

sizes must be used to minimize pipe friction. Connecting lines must be well insulated to prevent heat 

losses and sloped to prevent formation of air pockets which would stop circulation. At night, or whenever 

the collector is cooler than the water in the tank the direction of the thermosyphon flow will reverse, thus 

cooling the stored water. One way to prevent this is to place the top of the collector well below (about 30 

cm) the bottom of the storage tank.  

 

The main disadvantage of thermosyphon systems is the fact that they are comparatively tall units, which 

makes them not very attractive aesthetically. Usually, a cold water storage tank is installed on top of the 

solar collector, supplying both the hot water cylinder and the cold water needs of the house, thus making 

the collector unit taller and even less attractive. Additionally, extremely hard or acidic water can cause 

scale deposits that clog or corrode the absorber fluid passages. For direct systems, pressure reducing 

valves are required when the city water is used directly (no cold water storage tank) and pressure is 

greater than the working pressure of the collectors. There have been extensive analyses of the 

performance of thermosyphon SWH, both experimentally and analytically by numerous researchers. 

 

Integrated collector storage systems 

 

ICS systems use hot water storage as part of the collector, i.e. the surface of the storage tank is used also 

as an absorber. As in all other systems, to improve stratification, the hot water is drawn from the top of 

the tank and cold make-up water enters to the bottom of the tank on the opposite side. The main 

disadvantage of the ICS systems is the high thermal losses from the storage tank to the surroundings since 

most of the surface area of the storage tank cannot be thermally insulated as it is intentionally exposed for 

the absorption of solar radiation. In particular, the thermal losses are greatest during the night and 

overcast days with low ambient temperature. Due to these losses the water temperature drops 

substantially during the night especially during the winter. Various techniques have been used to avoid 

this from happening.  



               
 

 

Direct circulation systems 

 

 
 

In direct circulation systems, a pump is used to circulate potable water from storage to the collectors when 

there is enough available solar energy to increase its temperature and then return the heated water to the 

storage tank until it is needed. As a pump circulates the water, the collectors can be mounted either above 

or below the storage tank. The optimum flow rate for such units is about 0.015 l/m2 of collector area. 

Direct circulation systems can be used in areas where freezing is not frequent. For extreme weather 

conditions, freeze protection is usually provided by recirculating warm water from the storage tank. 

Direct circulation systems often use a single storage tank equipped with an auxiliary water heater, but 

two-tank storage systems can also be used. 

 

Direct circulation systems can be used with water supplied from a cold water storage tank or connected 

directly to city water mains. Pressure-reducing valves and pressure relief valves are required however 

when the city water pressure is greater than the working pressure of the collectors. Direct water heating 

systems should not be used in areas where the water is extremely hard or acidic because scale deposits 

may clog or corrode the collectors. A variation of the direct circulation system is the drain down systems. 

In this case also potable water is pumped from storage to the collector array where it is heated. When a 

freezing condition or a power failure occurs, the system drains automatically by isolating the collector 

array and exterior piping from the make-up water supply and draining it using the two normally open 

(NO) valves. It should be noted that the solar collectors and associated piping must be carefully sloped to 

drain the collector’s exterior piping when circulation stops. The same comments about pressure and scale 

deposits apply here as for the direct circulation systems. 

 

 



Drain-down system 

 

 
 

 

Indirect water heating systems 

 

Indirect water heating systems, circulate a heat transfer fluid through the closed collector loop to a heat 

exchanger, where its heat is transferred to the potable water. The most commonly used heat transfer fluids 

are water/ethylene glycol solutions, although other heat transfer fluids such as silicone oils and 

refrigerants can also be used. When fluids that are non potable or toxic are used double-wall heat 

exchangers should be employed. The heat exchanger can be located inside the storage tank, around the 

storage tank (tank mantle) or can be external. It should be noted that the collector loop is closed and 

therefore an expansion tank and a pressure relief valve are required. Additional over temperature 

protection may be needed to prevent the collector heat transfer fluid from decomposing or becoming 

corrosive.  
 

 
 

A variation of indirect water heating systems is the drainback system. Drain-back systems are generally 

indirect  water heating systems that circulate water through the closed collector loop to a heat exchanger, 

where its heat is transferred to the potable water. Circulation continues as long as usable energy is 

available. When the circulation pump stops the collector fluid drains by gravity to a drainback tank. If the 

system is pressurised the tank serves also as an expansion tank when the system is operating and in this 



case it must be protected with a temperature and pressure relief valves. As the collector loop is isolated 

from the potable water, no valves are needed to actuate draining, and scaling is not a problem, however, 

the collector array and exterior piping must be adequately sloped to drain completely. 

 
 

Air systems 

 

Air systems are indirect water heating systems that circulate air via ductwork through the collectors to an 

air-to liquid heat exchanger. In the heat exchanger, heat is transferred to the potable water, which is also 

circulated through the heat exchanger and returned to the storage tank. This type of system is used most 

often, because air systems are generally used for preheating domestic hot water and thus auxiliary is used 

only in one tank as shown.  

 

 
 

 

The main advantage of the system is that air does not need to be protected from freezing or boiling, is 

noncorrosive, and is free. The disadvantages are that air handling equipment (ducts and fans) need more 



space than piping and pumps, air leaks are difficult to detect, and parasitic power consumption is 

generally higher than that of liquid systems. 

 

Solar thermal power systems 
 

The process of conversion of solar to mechanical and electrical energy by thermal means is fundamentally 

similar to the traditional thermal processes. These systems differ from the ones considered so far as these 

operate at much higher temperatures. This method is concerned with generation of mechanical and 

electrical energy from solar energy by processes based mainly on concentrating collectors and heat 

engines. There are also another three kinds of power systems, which are not covered in this paper. These 

are the photovoltaic cells for the direct conversion of solar to electrical energy by solid state devices, 

solar-biological processes that produce fuels for operation of conventional engines or power plants and 

solar ponds. The basic process for conversion of solar to mechanical energy is shown schematically. 

Energy is collected by concentrating collectors, stored (if appropriate), and used to operate a heat engine. 

The main problem of these systems is that the efficiency of the collector is reduced as its operating 

temperature increases, whereas the efficiency of the heat engine increases as its operating temperature 

increases. The maximum operating temperature of stationary collectors is low relative to desirable input 

temperatures of heat engines, therefore concentrating collectors are used exclusively for such 

applications. 

 
Identifying the best available sites for the erection of solar thermal power plants is a basic issue of project 

development. Recently the planning tool STEPS was developed by the German Aerospace Centre (DLR), 

which uses satellite and Geographic Information System (GIS) data in order to select a suitable site. The 

factors taken into account are the slope of the terrain, land use (forest, desert, etc.), geomorphologic 

features, hydrographical features, the proximity to infrastructure (power lines, roads, etc.) and of course 

solar irradiation of the area. 
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Geothermal Energy 

 

INTRODUCTION 
 

Heat is a form of energy and geothermal energy is, literally, the heat contained within the Earth 
that generates geological phenomena on a planetary scale. ‘Geothermal energy’ is often used 
nowadays, however, to indicate that part of the Earth's heat that can, or could, be recovered 
and exploited by man, and it is in this sense that we will use the term from now on. 
 
Brief geothermal history 
 
The presence of volcanoes, hot springs, and other thermal phenomena must have led our 
ancestors to surmise that parts of the interior of the Earth were hot. However, it was not until a 
period between the sixteenth and seventeenth century, when the first mines were excavated to 
a few hundred metres below ground level, that man deduced, from simple physical sensations, 
that the Earth's temperature increased with depth. The first measurements by thermometer 
were probably performed in 1740 by DeGensanne, in a mine near Belfort, in France (Buffon, 
1778). By 1870, modern scientific methods were being used to study the thermal regime of the 
Earth (Bullard, 1965), but it was not until the twentieth century, and the discovery of the role 
played by radiogenic heat, that we could fully comprehend such phenomena as heat balance 
and the Earth's 
thermal history. All modern thermal models of the Earth, in fact, must take into account the 
heat continually generated by the decay of the long-lived radioactive isotopes of uranium 
(U238, U235), thorium (Th232) and potassium (K40), which are present in the Earth (Lubimova, 
1968). Added to radiogenic heat, in uncertain proportions, are other  potential sources of heat 
such as the primordial energy of planetary accretion. Realistic theories on these models were 
not available until the 1980s, when it was demonstrated that there was no equilibrium between 
the radiogenic heat generated in the Earth's interior and the heat dissipated into space from 
the Earth, 
and that our planet is slowly cooling down. To give some idea of the phenomenon involved and 
its scale, we will cite a heat balance from Stacey and Loper (1988), in which the total flow of 
heat from the Earth is estimated at 42 x 1012 W (conduction, convection and radiation). Of this 
figure, 8 x 1012 W come from the crust, which represents only 2% of the total volume of the 
Earth but is rich in radioactive isotopes, 32.3 x 1012 W come from the mantle, which represents 
82% of the total volume of the Earth, and 1.7 x 1012 W come from the core, which accounts for 
16% of the total volume and contains no radioactive isotopes. Since the radiogenic heat of the 
mantle is estimated at 22 x 1012 W, the cooling rate of this part of the Earth is 10.3 x 1012 W. 
 
In more recent estimates, based on a greater number of data, the total flow of heat from the 
Earth is about 6 percent higher than the figure utilized by Stacey and Loper in 1988. Even so, 
the cooling process is still very slow. The temperature of the mantle has decreased no more 
than 300 to 350 °C in three billion years, remaining at about 4000 °C at its base. It has been 



estimated that the total heat content of the Earth, reckoned above an assumed average surface 
temperature of 15 °C, is of the order of 12.6 x 1024 MJ, and that of  the crust is of the order of 
5.4 x 1021 MJ (Armstead, 1983). 
 
The thermal energy of the Earth is therefore immense, but only a fraction could be utilized by 
mankind. So far our utilization of this energy has been limited to areas in which geological 
conditions permit a carrier (water in the liquid phase or steam) to ‘transfer’ the heat from deep 
hot zones to or near the surface, thus giving rise to geothermal resources; innovative 
techniques in the near future, however, may offer new perspectives in this sector. 
 

 
 

In many areas of life, practical applications precede scientific research and technological 
developments, and the geothermal sector is a good example of this. In the early part of the 
nineteenth century the geothermal fluids were already being exploited for their energy 
content. A chemical industry was set up in that period in Italy (in the zone now known as 
Larderello), to extract boric acid from the boric hot waters emerging naturally or from specially 
drilled shallow boreholes. The boric acid was obtained by evaporating the boric waters in iron 
boilers, using the wood from nearby forests as fuel. In 1827 Francesco Larderel, founder of this 
industry, developed a system for utilizing the heat of the boric fluids in the evaporation process, 
rather than burning wood from the rapidly depleting forests. 



 
Exploitation of the natural steam for its mechanical energy began at much the same time. The 
geothermal steam was used to raise liquids in primitive gas lifts and later in reciprocating and 
centrifugal pumps and winches, all of which were used in drilling or the local boric acid industry. 
Between 1850 and 1875 the factory at Larderello held the monopoly in Europe for boric acid 
production. Between 1910 and 1940 the low pressure steam in this part of Tuscany was 
brought into use to heat the industrial and residential buildings and greenhouses. Other 
countries also began developing their geothermal resources on an industrial scale. In 1892 the 
first geothermal district heating system began operations in Boise, Idaho (USA). In 1928 Iceland, 
another pioneer in the utilization of geothermal energy, also began exploiting its geothermal 
fluids (mainly hot waters) for domestic heating purposes. By 1904 the first attempt was being 
made at generating electricity from geothermal steam; again, it was to take place at Larderello. 
 

 

NATURE OF GEOTHERMAL RESOURCES 

 
The geothermal gradient expresses the increase in temperature with depth in the Earth's crust. 
Down to the depths accessible by drilling with modern technology, i.e. over 10,000 m, the 
average geothermal gradient is about 2.5-3 °C/100 m. For example, if the temperature within 
the first few metres below ground-level, which on average corresponds to the mean annual 
temperature of the external air, is 15 °C, then we can reasonably assume that the temperature 
will be about 65°-75 °C at 2000 m depth, 90°- 105 °C at 3000 m and so on for a further few 
thousand metres. There are, however, vast areas in which the geothermal gradient is far from 
the average value. In areas in which the deep rock basement has undergone rapid sinking, and 
the basin is filled with geologically ‘very young’ sediments, the geothermal gradient may be 
lower than 1 °C/100 m. On the other hand, in some ‘geothermal areas’ the gradient is more 
than ten times the average value. 
 
The difference in temperature between deep hotter zones and shallow colder zones generates 
a conductive flow of heat from the former towards the latter, with a tendency to create 
uniform conditions, although, as often happens with natural phenomena, this situation is never 
actually attained. The mean terrestrial heat flow of continents and oceans is 65 and 101 mWm-
2, respectively, which, when areally weighted, yield a global mean of 87 mWm-2 (Pollack et al., 
1993). These values are based on 24,774 measurements at 20,201 sites covering about 62% of 
the Earth's surface. Empirical estimators, referenced to geological map units, enabled heat flow 
to be estimated in areas without measurements. The heat flow analysis by Pollack et al. (1993) 
is the most recent in print form. The University of North Dakota is currently providing access via 
internet to an updated heat flow database comprising data on oceanic and continental areas. 
The temperature increase with depth, as well as volcanoes, geysers, hot springs, etc., are in a 
sense the visible or tangible expression of the heat in the interior of the Earth, but this heat also 
engenders other phenomena that are less discernible by man, but of such magnitude that the 
Earth has been compared to an immense ‘thermal engine’. We will try to describe these 
phenomena, referred to collectively as the plate tectonics theory, in simple terms, and their 



relationship with geothermal resources. Our planet consists of a crust, which reaches a 
thickness of about 20-65 km in continental areas and about 5-6 km in oceanic areas, a mantle, 
which is roughly 2900 km thick, and a core, about 3470 km in radius. The physical and chemical 
characteristics of the crust, mantle and core vary from the surface of the Earth to its centre. The 
outermost shell of the Earth, known as the lithosphere, is made up of the crust and the upper 
layer of the mantle. Ranging in thickness from less than 80 km in oceanic zones to over 200 km 
in continental areas, the lithosphere behaves as a rigid body. Below the lithosphere is the zone 
known as the asthenosphere, 200-300 km in thickness, and of a ‘less rigid’ or ‘more plastic’ 
behaviour. In other words, on a geological scale in which time is measured in millions of years, 
this part of the Earth behaves in much the same way as a fluid in certain processes. Because of 
the difference in temperature between the different parts of the asthenosphere, convective 
movements and, possibly, convective cells were formed some tens of millions of years ago. 
Their extremely slow movement (a few centimetres per year) is maintained by the heat 
produced continually by the decay of the radioactive elements and the heat coming from the 
deepest parts of the Earth. Immense volumes of deep hotter rocks, less dense and lighter than 
the surrounding material, rise with these movements towards the surface, while the colder, 
denser and heavier rocks near the surface tend to sink, re-heat and rise to the surface once 
again, very similar to what happens to water boiling in a pot or kettle. In zones where the 
lithosphere is thinner, and especially in oceanic areas, the lithosphere is pushed upwards and 
broken by the very hot, partly molten material ascending from the asthenosphere, in 
correspondence to the ascending branch of convective cells. It is this mechanism that created 
and still creates the spreading ridges that extend for more than 60,000 km beneath the oceans, 
emerging in some places (Azores, Iceland) and even creeping between continents, as in the Red 
Sea. A relatively tiny fraction of the molten rocks upwelling from the asthenosphere emerges 
from the crests of these ridges and, in contact with the seawater, solidifies to form a new 
oceanic crust. Most of the material rising from the asthenosphere, however, divides into two 
branches that flow in opposite directions beneath the lithosphere. The continual generation of 
new crust and the pull of these two branches in opposite directions has caused the ocean beds 
on either side of the ridges to drift apart at a rate of a few centimetres per year. Consequently, 
the area of the ocean beds (the oceanic lithosphere) tends to increase. The ridges are cut 
perpendicularly by enormous fractures, in some cases a few thousand kilometres in length, 
called transform faults. These phenomena lead to a simple observation: since there is 
apparently no increase in the Earth's surface with time, the formation of new lithosphere along 
the ridges and the spreading of the ocean beds must be accompanied by a comparable 
shrinkage of the lithosphere in other parts of the globe. This is indeed what happens in 
subduction zones, the largest of which are indicated by huge ocean trenches, such as those 
extending along the western margin of the Pacific Ocean and the western coast of South 
America. In the subduction zones the lithosphere folds downwards, plunges under the adjacent 
lithosphere and re-descends to the very hot deep zones, where it is "digested" by the mantle 
and the cycle begins all over again. Part of the lithospheric material returns to a molten state 
and may rise to the surface again through fractures in the crust. As a consequence, magmatic 
arcs with numerous volcanoes are formed parallel to the trenches, on the opposite side to that 
of the ridges. Where the trenches are located in the ocean, as in the Western Pacific, these 
magmatic arcs consist of chains of volcanic islands; where the trenches run along the margins of 



continents the arcs consist of chains of mountains with numerous volcanoes, such as the Andes. 
Spreading ridges, transform faults and subduction zones form a vast network that divides our 
planet into six immense and several other smaller lithospheric areas or plates. Because of the 
huge tensions generated by the Earth's thermal engine and the asymmetry of the zones 
producing and consuming lithospheric material, these plates drift slowly up against one 
another, shifting position continually. 
 

 

 
 
World pattern of plates, oceanic ridges, oceanic trenches, subduction zones, and geothermal fields. 
Arrows show the direction of movement of the plates towards the subduction zones. (1) Geothermal 
fields producing electricity; (2) mid-oceanic ridges crossed by transform faults (long transversal 
fractures); (3) subduction zones, where the subducting plate bends downwards and melts in the 
asthenosphere. 
 
 



Geothermal systems 
 
Geothermal systems can therefore be found in regions with a normal or slightly above normal 
geothermal gradient, and especially in regions around plate margins where the geothermal 
gradients may be significantly higher than the average value. In the first case the systems will 
be characterised by low temperatures, usually no higher than 100 °C at economic depths; in the 
second case the temperatures could cover a wide range from low to very high, and even above 
400 °C.  
 
What is a geothermal system and what happens in such a system?  
 
It can be described schematically as ‘convecting water in the upper crust of the Earth, which, in 
a confined space, transfers heat from a heat source to a heat sink, usually the free surface’ 
(Hochstein, 1990). A geothermal system is made up of three main elements: a heat source, a 
reservoir and a fluid, which is the carrier that transfers the heat. The heat source can be either 
a very high temperature (> 600 °C) magmatic intrusion that has reached relatively shallow 
depths (5-10 km) or, as in certain low-temperature systems, the Earth's normal temperature, 
which, as we explained earlier, increases with depth. The reservoir is a volume of hot 
permeable rocks from which the circulating fluids extract heat. The reservoir is generally 
overlain by a cover of impermeable rocks and connected to a surficial recharge area through 
which the meteoric waters can replace or partly replace the fluids that escape from the 
reservoir through springs or are extracted by boreholes. The geothermal fluid is water, in the 
majority of cases meteoric water, in the liquid or vapour phase, depending on its temperature 
and pressure. This water often carries with it chemicals and gases such as CO2, H2S, etc.  
 

 



The mechanism underlying geothermal systems is by and large governed by fluid convection. 
Convection occurs because of the heating and consequent thermal expansion of fluids in a 
gravity field; heat, which is supplied at the base of the circulation system, is the energy that 
drives the system. Heated fluid of lower density tends to rise and to be replaced by colder fluid 
of high density, coming from the margins of the system.  

 
Model of a geothermal system. Curve 1 is the reference curve for the boiling point of 

pure water. Curve 2 shows the temperature profile along a typical circulation route 

from recharge at point A to discharge at point E 
 
Convection, by its nature, tends to increase temperatures in the upper part of a system as 
temperatures in the lower part decrease The phenomenon we have just described may seem 
quite a simple one but the reconstruction of a good model of a real geothermal system is by no 
means easy to achieve. It requires skill in many disciplines and a vast experience, especially 
when dealing with high -temperature systems. Geothermal systems also occur in nature in a 
variety of combinations of geological, physical and chemical characteristics, thus giving rise to 
several different types of system. 
 
Of all the elements of a geothermal system, the heat source is the only one that need be 
natural. Providing conditions are favourable, the other two elements could be ‘artificial’. For 
example, the geothermal fluids extracted from the reservoir to drive the turbine in a 
geothermal power-plant could, after their utilization, be injected back into the reservoir 
through specific injection wells. In this way the natural recharge of the reservoir is integrated by 
an artificial recharge. For many years now re-injection has also been adopted in various parts of 
the world as a means of drastically reducing the impact on the environment of geothermal 
plant operations. Artificial recharge through injection wells can also help to replenish and 
maintain ‘old’ or ‘exhausted’ geothermal fields. For example, in The Geysers field in California, 



USA, one of the biggest geothermal fields in the world, production began to decline 
dramatically at the end of the 1980s because of a lack of fluids. The first project of this type, the 
Southeast Geysers Effluent Recycling Project, was launched in 1997, to transport treated 
wastewater for 48 km to the geothermal field. This project has led to the reactivation of a 
number of power plants that had been abandoned because of a lack of fluids. In the second 
system, the Santa Rosa Geysers Recharge Project, 41.5 million litres per day of tertiary treated 
waste-water will be pumped from the Santa Rosa regional sewage treatment plant and other 
cities through a 66-km pipeline to The Geysers field, where it will recharge the reservoir 
through specially drilled boreholes. In the so-called Hot Dry Rock (HDR) projects, which were 
experimented for the first time at Los Alamos, New Mexico, USA, in 1970, both the fluid and the 
reservoir are artificial. High-pressure water is pumped through a specially drilled well into a 
deep body of hot, compact rock, causing its hydraulic fracturing. The water permeates these 
artificial fractures, extracting heat from the surrounding rock, which acts as a natural reservoir. 
This 'reservoir' is later penetrated by a second well, which is used to extract the heated water. 
The system therefore consists of (i) the borehole used for hydraulic fracturing, through which 
cold water is injected into (ii) the artificial reservoir, and (iii) the borehole used to extract the 
hot water. The entire system, complete with surface utilization plant, could form a closed loop 

 
Schematic of a commercial-scale Hot Dry Rock 

 

 

 

 

 

 

 

 

 



DEFINITION AND CLASSIFICATION OF GEOTHERMAL RESOURCES 
 
There is no standard international terminology in use throughout the geothermal community, 
which is unfortunate, as this would facilitate mutual comprehension. The following are some of 
the most common definitions and classifications in this discipline. According to Muffler and 
Cataldi (1978), when we speak generically about geothermal resources, what we are usually 
referring to is what should more accurately be called the accessible resource base; that is, all of 
the thermal energy stored between the Earth's surface and a specified depth in the crust, 
beneath a specified area and measured from local mean annual temperature. The accessible 
resource base includes the useful accessible resource base (= Resource ) — that part of the 
accessible resource base that could be extracted economically and legally at some specified 
time in the future (less than a hundred years). This category includes the identified economic 
resource (= Reserve ) — that part of the resources of a given area that can be extracted legally 
at a cost competitive with other commercial energy sources and that are known and 
characterized by drilling or by geochemical, geophysical and geological evidence. 
 
The most common criterion for classifying geothermal resources is, however, that based on the 
enthalpy of the geothermal fluids that act as the carrier transporting heat from the deep hot 
rocks to the surface. Enthalpy, which can be considered more or less proportional to 
temperature, is used to express the heat (thermal energy) content of the fluids, and gives a 
rough idea of their 'value'. The resources are divided into low, medium and high enthalpy (or 
temperature) resources, according to criteria that are generally based on the energy content of 
the fluids and their potential forms of utilization. 
 
Classification of geothermal resources (°C) 

 
Source Muffler and 

Cataldi 
Hochstein Benderitter 

and Cormy 
Nicholson Axelsson and 

Gunnlaugsson 
Low enthalpy 

resources 
< 90 <125 <100 

≤150 ≤190 

Intermediate 

enthalpy 

resources 

90-150 125-225 100-200 -- -- 

High 

enthalpy 

resources 

>150 >225 >200 >150 >190 

 
Frequently a distinction is made between water- or liquid-dominated geothermal systems and 
vapour-dominated (or dry steam) geothermal systems. In water-dominated systems liquid 
water is the continuous, pressure-controlling fluid  phase. Some vapour may be present, 
generally as discrete bubbles. These geothermal systems, whose temperatures may range from 
< 125 to > 225 °C, are the most widely distributed in the world. Depending on temperature and 
pressure conditions, they can produce hot water, water and steam mixtures, wet steam and, in 
some cases, dry steam. In vapour-dominated systems liquid water and vapour normally co-exist 



in the reservoir, with vapour as the continuous, pressure-controlling phase. Geothermal 
systems of this type, the best-known of which are Larderello in Italy and The Geysers in 
California, are somewhat rare, and are high-temperature systems. They normally produce dry-
to superheated steam. 
 
The terms wet, dry and superheated steam, which are used frequently by geothermists, need 
some explanation for readers who are not of an engineering background. To make it as simple 
as possible, let us take the example of a pot filled with liquid water in which pressure can be 
kept constant at 1 atm (101.3 kPa). If we then heat the water, it will begin boiling once it 
reaches a temperature of 100 °C (boiling temperature at a pressure of 1 atm) and will pass from 
the liquid to the gas (vapour) phase. After a certain time the pot will contain both liquid and 
vapour. The vapour coexisting with the liquid, and in thermodynamic equilibrium with it, is wet 
steam. If we continue to heat the pot and maintain the pressure at 1 atm, the liquid will 
evaporate entirely and the pot will contain steam only. This is what we call dry steam. Both wet 
and dry steam are called “saturated steam”. Finally, increasing the temperature to, say, 120 °C, 
and keeping the pressure at 1 atm, we will obtain superheated steam with a superheating of 20 
°C, i.e. 20 °C above the vaporisation temperature at that pressure. At other temperatures and 
pressures, of course, these phenomena also take place in the underground, in what one author 
many years ago called “nature's tea-kettle”. 
 
Another division between geothermal systems is that based on the reservoir equilibrium state 
(Nicholson, 1993), considering the circulation of the reservoir fluid and the mechanism of heat 
transfer. In the dynamic systems the reservoir is continually recharged by water that is heated 
and then discharged from the reservoir either to the surface or into underground permeable 
formations. Heat is transferred through the system by convection and circulation of the fluid. 
This category includes high temperature (>150 °C) and low-temperature (<150 °C) systems. In 
the static systems (also known as stagnant or storage systems) there is only minor or no 
recharge to the reservoir and heat is transferred only by conduction. This category includes low 
temperature  and geopressured systems. The geopressured systems are characteristically found 
in large sedimentary basins (e.g. Gulf of Mexico, USA) at depths of 3 - 7 km. The geopressured 
reservoirs consist of permeable sedimentary rocks, included within impermeable low-
conductivity strata, containing pressurized hot water that remained trapped at the moment of 
deposition of the sediments. The hot water pressure approaches lithostatic pressure, greatly 
exceeding the hydrostatic pressure. The geopressured reservoirs can also contain significant 
amounts of methane. The geopressured systems could produce thermal and hydraulic energy 
(pressurized hot water) and methane gas. These resources have been investigated extensively, 
but so far there has been no industrial exploitation. 
 
As geothermal energy is usually described as renewable and sustainable, it is important to 
define these terms. Renewable describes a property of the energy source, whereas sustainable 
describes how the resource is utilised.  The most critical factor for the classification of 
geothermal energy as a renewable energy source is the rate of energy recharge. In the 
exploitation of natural geothermal systems, energy recharge takes place by advection of 
thermal water on the same time scale as production from the resource. This justifies our 



classification of geothermal energy as a renewable energy resource. In the case of hot, dry 
rocks, and some of the hot water aquifers in sedimentary basins, energy recharge is only by 
thermal conduction; due to the slow rate of the latter process, however, hot dry rocks and 
some sedimentary reservoirs should be considered as finite energy resources The sustainability 
in consumption of a resource is dependent on its original quantity, its rate of generation and its 
rate of consumption. Consumption can obviously be sustained over any period of time in which 
a resource is being created faster than it is being depleted. The term sustainable development 
is used by the World Commission on Environment and Development to indicate development 
that ‘….meets the needs of the present generation without compromising the needs of future 
generations’. In this context, sustainable development does not imply that any given energy 
resource needs to be used in a totally sustainable fashion, but merely that a replacement for 
the resource can be found that will allow future generations to provide for themselves despite 
the fact that the particular resource has been depleted. Thus, it may not be necessary that a 
specific geothermal field be exploited in sustainable fashion. Perhaps we should direct our 
geothermal sustainability studies towards reaching and then sustaining a certain overall level of 
geothermal production at a national or regional level, both for electric power generation and 
direct heat applications, for a certain period, say 300 years, by bringing new geothermal 
systems on line as others are depleted. 
 
Geophysical surveys are directed at obtaining indirectly, from the surface or from depth 
intervals close to the surface, the physical parameters of deep geological formations. These 
physical parameters include: 
 

 temperature (thermal survey) 

 electrical conductivity (electrical and electromagnetic methods) 

 propagation velocity of elastic waves (seismic survey) 

 density (gravity survey) 

 magnetic susceptibility (magnetic survey). 

 

 

 

 

 

 

 

 

 

 

 

 

 



UTILIZATION OF GEOTHERMAL RESOURCES 

 
Electricity generation is the most important form of utilization of high-temperature geothermal 
resources (> 150 °C). The medium-to-low temperature resources (< 150 °C) are suited to many 
different types of application. The classical Lindal diagram (Lindal, 1973), which shows the 
possible uses of geothermal fluids at different temperatures, still holds valid (Figure 10, derived 
from the original Lindal diagram, with the addition of electricity generation from binary cycles. 
Fluids at temperatures below 20 °C are rarely used and in very particular conditions or in heat 
pump applications. The Lindal diagram emphasises two important aspects of the utilization of 
geothermal resources (Gudmundsson, 1988): (a) with cascading and combined uses it is 
possible to enhance the feasibility of geothermal projects and (b) the resource temperature 
may limit the possible uses. Existing designs for thermal processes can, however, be modified 
for geothermal fluid utilization in certain cases, thus widening its field of application. 
 

 
 

Electricity generation:  
 
Electricity generation mainly takes place in conventional steam turbines and binary plants, 
depending on the characteristics of the geothermal resource. Conventional steam turbines 
require fluids at temperatures of at least 150 °C and are available with either atmospheric 
(back-pressure) or condensing exhausts. Atmospheric exhaust turbines are simpler and 
cheaper. The steam, direct from dry steam wells or, after separation, from wet wells, is passed 
through a turbine and exhausted to the atmosphere. 
With this type of unit, steam consumption (from the same inlet pressure) per kilowatt-hour 
produced is almost double that of a condensing unit. However, the atmospheric exhaust 
turbines are extremely useful as pilot plants, stand-by plants, in the case of small supplies from 
isolated wells, and for generating electricity from test wells during field development. 



 
They are also used when the steam has a high non condensable gas content (>12% in weight). 
The atmospheric exhaust units can be constructed and installed very quickly and put into 
operation in little more than 13-14 months from their order date. This type of machine is 
usually available in small sizes (2.5 - 5 MWe). 
 
The condensing units, having more auxiliary equipment, are more complex than the 
atmospheric exhaust units and the bigger sizes can take twice as long to construct and  install. 
The specific steam consumption of the condensing units is, however, about half that of the 
atmospheric exhaust units. Condensing plants of 55 - 60 MWe capacity are very common, but 
recently plants of 110 MWe have also been constructed and installed.  
 

 
Sketch of a condensing geothermal power-plant. The flow of high-temperature fluid is 

indicated in red, and the cooling water in blue. 

 

Generating electricity from low-to-medium temperature geothermal fluids and from the waste 
hot waters coming from the separators in water - dominated geothermal fields has made 
considerable progress since improvements were made in binary fluid technology. The binary 
plants utilize a secondary working fluid, usually an organic fluid (typically n-pentane), that has a 
low boiling point and high vapour pressure at low temperatures when compared to steam. The 



secondary fluid is operated through a conventional Rankine cycle (ORC): the geothermal fluid 
yields heat to the secondary  fluid through heat exchangers, in which this fluid is heated and 
vaporises; the vapour produced drives a normal axial flow turbine, is then cooled and 
condensed, and the cycle begins again. 
 

 
 
By selecting suitable secondary fluids, binary systems can be designed to utilize geothermal 
fluids in the temperature range 85-170 °C. The upper limit depends on the thermal stability of 
the organic binary fluid, and the lower limit on technical-economic factors: below this 
temperature the size of the heat exchangers required would render the project uneconomical. 
Apart from low-to-medium temperature geothermal fluids and waste fluids, binary systems can 
also be utilised where flashing of the geothermal fluids should preferably be avoided (for 
example, to prevent well sealing). In this case, downhole pumps can be used to keep the fluids 
in a pressurised liquid state, and the energy can be extracted from the circulating fluid by 
means of binary units. Binary plants are usually constructed in small modular units of a few 
hundred kWe to a few MWe capacity. These units can then be linked up to create power-plants 
of a few tens of megawatts. Their cost depends on a number of factors, but particularly on the 
temperature of the geothermal fluid produced, which influences the size of the turbine, heat 
exchangers and cooling system. The total size of the plant has little effect on the specific cost, 
as a series of standard modular units is joined together to obtain larger 
capacities. 
Binary plant technology is a very cost-effective and reliable means of converting into electricity 
the energy available from water-dominated geothermal fields (below 170 °C). A new binary 
system, the Kalina cycle, which utilizes a water-ammonia mixture as working fluid, was 
developed in the 1990s. The working fluid is expanded, in superheated conditions, through the 
high-pressure turbine and then re-heated before entering the low-pressure turbine. After the 
second expansion the saturated vapour moves through a recuperative boiler before being 
condensed in a water-cooled condenser. The Kalina cycle is more efficient than existing 
geothermal ORC binary power plants, but is of more complex design. 
 
Small mobile plants, conventional or not, ca n not only reduce the risk inherent to drilling new 
wells but, what is more important, they can help in meeting the energy requirements of 
isolated areas. The standard of living of many communities could be considerably improved 



were they able to draw on local sources of energy. Electricity could facilitate many apparently 
banal, but extremely important operations, such as pumping water for irrigation, freezing fruit 
and vegetables for longer conservation. The convenience of the small mobile plants is most 
evident for areas without ready access to conventional fuels, and for communities that would 
be too expensive to connect to the national electric grid, despite the presence of high voltage 
transmission lines in the vicinity. The expense involved in serving these small by-passed 
Communities is prohibitive, since the step-down transformers needed to tap electricity from 
high voltage lines cost more than US$ 675,000 each, installed, and the simplest form of local 
distribution of electricity, at 11 kV using wooden poles, costs a minimum of US$ 20,000 per 
kilometre. By comparison, the capital cost of a binary unit is of the order of 1500-2500 US$/kW 
installed, excluding drilling costs. 
 
The demand for electric capacity per person at off-grid sites will range from 0.2 kW in less-
developed areas to 1.0 kW or higher in developed areas. A 100 kWe plant could serve 100 to 
500 people. A 1000 kWe plant would serve 1000 to 5000 people. 
 

Direct heat uses 
 
Direct heat use is one of the oldest, most versatile and also the most common form of 
utilization of geothermal energy. Bathing, space and district heating, agricultural applications, 
aquaculture and some industrial uses are the best known forms of utilization, but heat pumps 
are the most widespread (12.5% of the total energy use). There are many other types of 
utilization, on a much smaller scale, some of which are unusual. Space and district heating have 
made great progress in Iceland, where the total capacity of the operating geothermal district 
heating system had risen to about 1200 MWt ,but they are also widely distributed in the East 
European countries, as well as in the United States, China, Japan, France, etc. 

 
Simplified flow diagram of the geothermal district heating system 

 



Geothermal district heating systems are capital intensive. The main costs are initial investment 
costs, for production and injection wells, down-hole and transmission pumps, pipelines and 
distribution networks, monitoring and control equipment, peaking stations and storage tanks. 
Operating expenses, however, are comparatively lower than in conventional systems, and 
consist of pumping power, system maintenance, control and management. A crucial factor in 
estimating the initial cost of the system is the thermal load density, or the heat demand divided 
by the ground area of the district. A high heat density determines the economic feasibility of a 
district heating project, since the distribution network is expensive. Some economic benefit can 
be achieved by combining heating and cooling in areas where the climate permits. The load 
factor in a system with combined heating and cooling would be higher than the factor for 
heating  alone, and the unit energy price would consequently improve Space cooling is a 
feasible option where absorption machines can be adapted to geothermal use. The technology 
of these machines is well known, and they are readily available on the market. The absorption 
cycle is a process that utilises heat instead of electricity as the energy source. The refrigeration 
effect is obtained by utilising two fluids: a refrigerant, which circulates, evaporates and 
condenses, and a secondary fluid or absorbent. For applications above 0 °C (primarily in space 
and process conditioning), the cycle uses lithium bromide as the absorbent and water as the 
refrigerant. For applications below 0 °C an ammonia/water cycle is adopted, with ammonia as 
the refrigerant and water as the absorbent. Geothermal fluids provide the thermal energy to  
drive these machines, although their efficiency decreases with temperatures lower than 105 °C. 

 
 

Geothermal space conditioning (heating and cooling) has expanded considerably since the 
1980s, following on the introduction and widespread use of heat pumps. The various systems of 
heat pumps available permit us to economically extract and utilize the heat content of low-
temperature bodies, such as the ground and shallow aquifers, ponds, etc. 
 



As engineers already know, heat pumps are machines that move heat in a direction opposite to 
that in which it would tend to go naturally, i.e. from a cold space or body to a warmer one. A 
heat pump is effectively nothing more than a refrigeration unit. Any refrigeration device 
(window air conditioner, refrigerator, freezer, etc.) moves heat from a space (to keep it cool) 
and discharges that heat at higher temperatures. The only difference between a heat pump and 
a refrigeration unit is the desired effect, cooling for the refrigeration unit and heating for the 
heat pump. A second distinguishing factor of many heat pumps is that they are reversible and 
can provide either heating or cooling in the space. The heat pumps, of course, need energy to 
operate, but in suitable climatic conditions and with a good design, the energy balance will be a 
positive one 
 

 
Sketch of a heat pump in heating mode 

 

The agricultural applications of geothermal fluids consist of open-field agriculture and 
greenhouse heating. Thermal water can be used in open-field agriculture to irrigate and/or heat 
the soil. The greatest drawback in irrigating with warm waters is that, to obtain any worthwhile 
variation in soil temperature, such large quantities of water are required at temperatures low 
enough to prevent damage to the plants that the fields would be flooded. One possible solution 
to this problem is to adopt a subsurface irrigation system coupled to a buried-pipeline soil-
heating device. Heating the soil in buried pipelines without the irrigation system could decrease 
the heat conductivity of the soil, because of the drop in humidity around the pipes, and 
consequent thermal insulation. The best solution seems to be that of combining soil heating 
and irrigation. The chemical composition of the geothermal waters used in irrigation must be 
monitored carefully to avoid adverse effects on the plants.  
 
 



The main advantages of temperature control in open-field agriculture are: 
 
 (a) it prevents any damage ensuing from low environmental temperatures,  
 
(b) it extends the growing season, increases plant growth, and boosts production,  
 
(c) it sterilizes the soil 
 
The most common application of geothermal energy in agriculture is, however, in greenhouse 
heating, which has been developed on a large scale in many countries. The cultivation of 
vegetables and flowers out-of-season, or in an unnatural climate, can now draw on a widely 
experimented technology. Various solutions are available for achieving optimum growth 
conditions, based on the optimum growth temperature of each plant , and on the quantity of 
light, on the CO2 concentration in the greenhouse environment, on the humidity of the soil and 
air, and on air movement. 

 
 
The walls of the greenhouse can be made of glass, fibreglass, rigid plastic panels or plastic film. 
Glass panels are more transparent than plastic and will let in far more light, but will provide less 
thermal insulation, are less resistant to shocks, and are heavier and more expensive than the 
plastic panels. The simplest greenhouses are made of single plastic films, but recently some 
greenhouses have been constructed with a double layer of film separated by an air space. This 
system reduces the heat loss through the walls by 30 - 40%, and thus greatly enhances the 
overall efficiency of the greenhouse. Greenhouse heating can be accomplished by forced 
circulation of air in heat exchangers, hot-water circulating pipes or ducts located in or on the 
floor, finned units located along the walls and under benches, or a combination of these 
methods 
 



 
Heating systems in geothermal greenhouses. Heating installations with natural air 

movement ((natural convection): (a) aerial pipe heating; (b) bench heating; (c) lowposition 

heating pipes for aerial heating. (d) Soil heating. Heating installations with 

forced air movement (forced convection): (e) lateral position;(f) aerial fan; (g) highposition 

ducts; (h) low-position ducts. 

 

Exploitation of geothermal heat in greenhouse heating can considerably reduce their  operating 
costs, which in some cases account for 35% of the product costs (vegetables, flowers, house-
plants and tree seedlings).  
 
Farm animals and aquatic species, as well as vegetables and plants, can benefit in quality and 
quantity from optimum conditioning of their environmental temperature. In many cases 
geothermal waters could be used profitably in a combination of animal husbandry and 
geothermal greenhouses. The energy required to heat a breeding installation is about 50% of 
that required for a greenhouse of the same surface area, so a cascade utilization could be 



adopted. Breeding in a temperature-controlled environment improves animal health, and the 
hot fluids can also be utilised to clean, sanitise and dry the animal shelters and waste products. 
 

 
 

Effect of temperature on growth or production of food animals. 

 

Aquaculture , which is the controlled breeding of aquatic forms of life, is gaining world-wide 
importance nowadays, due to an increasing market demand. Control of the breeding 
temperatures for aquatic species is of much greater importance than for land species, as can be 
seen in Figure 19, which shows that the growth curve trend of aquatic species is very different 
from that of land species. By maintaining an optimum temperature artificially we can breed 
more exotic species, improve production and even, in some cases, double the reproductive 
cycle (Barbier and Fanelli, 1977). The species that are typically raised are carp, catfish, bass, 
tilapia, mullet, eels, salmon, sturgeon, shrimp, lobster, crayfish, crabs, oysters, clams, scallops, 
mussels and abalone. Aquaculture also includes alligator and crocodile breeding, as tourist 
attractions and for their skins, which could prove a lucrative activity. Past experience in the 
United States has shown that, by maintaining its growth temperature at about 30 °C, an 
alligator can be grown to a length of about 2 m in 3 years, whereas alligators bred under natural 
conditions will reach a length of only 1.2 m over the same period. These reptiles have been 
bred on farms in Colorado and Idaho for some years now, and the Icelanders are planning 
something similar. The temperatures required for aquatic species are generally in the 20 - 30 °C 
range. The size of the installation will depend on the temperature of the geothermal source, 
the temperature required in the fish ponds and the heat losses from the latter. The cultivation 
of Spirulina can also be considered a form of aquaculture. This single-celled, spiral-shaped, 
blue-green micro-algae is frequently called ‘super-food’ because of its nutrient density; it has 
also been proposed to solve the problem of famine in the poorest countries of the world, 



although at the moment it is being marketed as a nutritional food supplement. Spirulina is now 
being farmed in a number of tropical and sub-tropical countries, in lakes or artificial basins, 
where conditions are ideal for its fast and widespread growth (a hot, alkaline environment rich 
in CO2). Geothermal energy has already been used successfully to provide the heat needed to 
grow Spirulina throughout the year in temperate countries. 
 
The entire temperature range of geothermal fluids, whether steam or water, can be exploited 
in industrial applications, as shown in the Lindal diagram. The different possible forms of 
utilization include process heating, evaporation, drying, distillation, sterilisation, washing, de-
icing, and salt extraction. Industrial process heat has applications in 19 countries (Lund and 
Freeston, 2001), where the installations tend to be large and energy consumption high. 
Examples also include concrete curing, bottling of water and carbonated drinks, paper and 
vehicle parts production, oil recovery, milk pasteurisation, leather industry, chemical extraction, 
CO2 extraction, laundry use, diatomaceous earth drying, pulp and paper processing, and borate 
and boric acid production. There are also plans to utilise low-temperature geothermal fluids to 
deice runaways and disperse fog in some airports. A cottage industry has developed in Japan 
that utilises the bleaching properties of the H2S in geothermal waters to produce  innovative 
and much admired textiles for ladies' clothing. In Japan they have also experimented a 
technique for manufacturing a lightweight 'geothermal wood' that is particularly suited to 
certain types of constructions. During treatment in the hot spring water the polysaccharides in 
the original wood hydrolise, rendering the material more porous and thus lighter. 
 
Economic considerations 
 
The elements that have to be considered in any cost estimate, whether assigned to plant or 
operating costs, and the price of the 'products' of geothermal energy, are all more numerous 
and more complicated than in other forms of energy. All these elements must nevertheless be 
carefully evaluated before launching a geothermal project. We can only offer a few indications 
of a more general character, which, together with information on local conditions and on the 
value of the geothermal fluids available, should help the potential investor to reach a decision. 
 

 A resource-plant system (geothermal power facility) consists of the geothermal wells, 
the pipelines carrying the geothermal fluids, the utilization plant and, frequently, a re-
injection system as well. The interaction of all these elements bears heavily on 
investment costs, and must therefore be subjected to careful analysis. To give an 
example, in the generation of electricity, a discharge-to-the-atmosphere plant is the 
simplest solution, and is therefore cheaper than a condensing plant of the same 
capacity. It will, however, require almost twice as much steam as the condensing plant 
to operate, and, consequently, twice as many wells to feed it. Since wells are very 
expensive, a condensing power plant is effectively a cheaper option than the discharge-
to-atmosphere plant. The latter is, in fact, usually chosen for reasons other than 
economy.  
 



 Geothermal fluids can be transported over fairly long distances in thermally insulated 
pipelines. In ideal conditions, the pipelines can be as long as 60 km. However, the 
pipelines, the ancillary equipment needed (pumps, valves, etc.), and their maintenance, 
are all quite expensive, and could weigh heavily on the capital cost and operating costs 
of a geothermal plant. The distance between the resource and the utilization site 
should therefore be kept as small as possible.  

 

 The capital cost of a geothermal plant is usually higher, and sometimes much higher, 
than that of a similar plant run on a conventional fuel. Conversely, the energy driving a 
geothermal plant costs far less than conventional fuel, and corresponds to the cost of 
maintaining the geothermal elements of the plant (pipelines, valves,  pumps, heat 
exchangers, etc.). The higher capital outlay should be recovered by the savings in 
energy costs. The resource-plant system should therefore be designed to last long 
enough to amortise the initial investment and, wherever possible, even longer. 

 

 Appreciable savings can be achieved by adopting integrated systems that offer a higher 
utilization factor (for example, combining space-heating and cooling) or cascade 
systems, where the plants are connected in series, each utilising the waste water from 
the preceding plant (for example, electricity generation + greenhouse heating + animal 
husbandry).  

 

 

 
 

Cascade uses of geothermal energy 
 

 In order to reduce maintenance costs and shut-downs, the technical complexity of the 
plant should be on a level that is accessible to local technical personnel or to experts 
who are readily available. Highly specialised technicians or the manufacturers should 
ideally be needed only for large-scale maintenance operations or major breakdowns. 



 Finally, if the geothermal plant is to produce consumer products, a careful market 
survey must be carried out beforehand to guarantee an outlet for these products. The 
necessary infrastructures for the economic transport of the end-product from the 
production site to the consumer should already exist, or be included in the initial 
project. 



Biomass 

What is Biomass? 

Biomass is any organic matter—wood, crops, seaweed, animal wastes—that can be used as an 
energy source. Biomass is probably our oldest source of energy after the sun. For thousands of 
years, people have burned wood to heat their homes and cook their food. Biomass gets its 
energy from the sun. All organic matter contains stored energy from the sun. During a process 
called photosynthesis, sunlight gives plants the energy they need to convert water and carbon 
dioxide into oxygen and sugars. These sugars, called carbohydrates, supply plants and the 
animals that eat plants with energy. Foods rich in carbohydrates are a good source of energy 
for the human body! Biomass is a renewable energy source because its supplies are not limited. 
We can always grow trees and crops, and waste will always exist. 
 

Types of Biomass 
 

We use four types of biomass today—wood and agricultural products, solid waste, landfill gas 
and biogas, and alcohol fuels. The uses for alcohol fuels, like ethanol, will be discussed in depth 
in the coming pages. 
 
Wood and Agricultural Products 
 
Most biomass used today is home grown energy. Wood—logs, chips, bark, and sawdust—
accounts for about 46 percent of biomass energy. But any organic matter can produce biomass 
energy. Other biomass sources include agricultural waste products like fruit pits and corncobs. 
Wood and wood waste, along with agricultural waste, are used to generate electricity. Much of 
the electricity is used by the industries making the waste; it is not distributed by utilities, it is 
cogenerated. Paper mills and saw mills use much of their waste products to generate steam 
and electricity for their use. However, since they use so much energy, they need to buy 
additional electricity from utilities. Increasingly, timber companies and companies involved with 
wood products are seeing the benefits of using their lumber scrap and sawdust for power 
generation. This saves disposal costs and, in some areas, may reduce the companies’ utility 
bills. In fact, the pulp and paper industries rely on biomass to meet 63 percent of their energy 
needs. Other industries that use biomass include lumber producers, furniture manufacturers, 
agricultural businesses like nut and rice growers, and liquor producers. 
 
Solid Waste 
 
Burning trash turns waste into a usable form of energy. One ton (2,000 pounds) of garbage 
contains about as much heat energy as 500 pounds of coal. Garbage is not all biomass; perhaps 
half of its energy content comes from plastics, which are made from petroleum and natural gas. 
Power plants that burn garbage for energy are called waste-to-energy plants. These plants 
generate electricity much as coal-fired plants do, except that combustible garbage—not coal—



is the fuel used to fire their boilers. Making electricity from garbage costs more than making it 
from coal and other energy sources. The main advantage of burning solid waste is that it 
reduces the amount of garbage dumped in landfills by 60 to 90 percent, which in turn reduces 
the cost of landfill disposal. It also makes use of the energy in the garbage, rather than burying 
it in a landfill, where it remains unused. 
 

 
 

 
 

Landfill Gas and Biogas 
 
Bacteria and fungi are not picky eaters. They eat dead plants and animals, causing them to rot 
or decay. A fungus on a rotting log is converting cellulose to sugars to feed itself. Although this 
process is slowed in a landfill, a substance called methane gas is still produced as the waste 
decays. New regulations require landfills to collect methane gas for safety and environmental 
reasons. Methane gas is colorless and odorless, but it is not harmless. The gas can cause fires or 
explosions if it seeps into nearby homes and is ignited. Landfills can collect the methane gas, 
purify it, and use it as fuel. Methane, the main ingredient in natural gas, is a good energy 
source. Most gas furnaces and stoves use methane supplied by utility companies. In 2003, East 
Kentucky Power Cooperative began recovering methane from three landfills. The utility now 



uses the gas at six landfills to generate enough electricity to power about 9,000 Kentucky 
homes. Today, a small portion of landfill gas is used to provide energy. Most is burned off at the 
landfill. With today’s low natural gas prices, this higher-priced biogas is rarely economical to 
collect. Methane, however, is a more powerful greenhouse gas than carbon dioxide. It is better 
to burn landfill methane and change it into carbon dioxide than release it into the atmosphere. 
Methane can also be produced using energy from agricultural and human wastes. Biogas 
digesters are airtight containers or pits lined with steel or bricks. Waste put into the containers 
is fermented without oxygen to produce a methane-rich gas. This gas can be used to produce 
electricity, or for cooking and lighting. It is a safe and clean burning gas, producing little carbon 
monoxide and no smoke. Biogas digesters are inexpensive to build and maintain. They can be 
built as family-sized or community-sized units. They need moderate temperatures and moisture 
for the fermentation process to occur. For developing countries, biogas digesters may be one of 
the best answers to many of their energy needs. They can help reverse the rampant 
deforestation caused by wood-burning, reduce air pollution, fertilize over-used fields, and 
produce clean, safe energy for rural communities. 
 

Use of Biomass 
 
Until the mid-1800s, wood gave Americans 90 percent of the energy used in the country. 
Today, biomass provides about 4.4 percent of the total energy we consume. Biomass has 
largely been replaced by coal, natural gas, and petroleum. Almost half of the biomass used 
today comes from burning wood and wood scraps such as saw dust. More than 43 percent is 
from biofuels, principally ethanol, that are used as a gasoline additive. The rest comes from 
crops, garbage, and landfill gas. Industry is the biggest user of biomass. Almost 52 percent of 
biomass is used by industry. Electric utilities use 10 percent of biomass for power generation. 
Biomass produces 1.4 percent of the electricity we use. Transportation is the next biggest user 
of biomass; almost 26 percent of biomass is used by the transportation sector to produce 
ethanol and biodiesel. 
 
The residential sector uses almost 10 percent of the biomass supply. About one-tenth of 
American homes burn wood for heating, but few use wood as the only source of heat. Most of 
these homes burn wood in fireplaces and wood stoves for additional heat. 
 

 
 

Usually we burn wood and use its energy for heating. Burning, however, is not the only way to 
convert biomass energy into a usable energy source.  



 
There are four ways: 
 
Fermentation: There are several types of processes that can produce an alcohol (ethanol) from 
various plants, especially corn. The two most commonly used processes involve using yeast to 
ferment the starch in the plant to produce ethanol. One of the newest processes involves using 
enzymes to break down the cellulose in the plant fibers, allowing more ethanol to be made 
from each plant, because all of the plant tissue is utilized, not just the starch. 
 
Burning: We can burn biomass in waste-to-energy plants to produce steam for making 
electricity, or we can burn it to provide heat for industries and homes.  
 
Bacterial Decay: Bacteria feed on dead plants and animals, producing methane. Methane is 
produced whenever organic material decays. Methane is the main ingredient in natural gas, the 
gas sold by natural gas utilities. Many landfills are recovering and using the methane gas 
produced by the garbage.  
 
Conversion: Biomass can be converted into gas or liquid fuels by using chemicals or heat. In 
India, cow manure is converted to methane gas to produce electricity. Methane gas can also be 
converted to methanol, a liquid form of methane. 
 

Biomass and the Environment 
 
Environmentally, biomass has some advantages over fossil fuels such as coal and petroleum. 
Biomass contains little sulfur and nitrogen, so it does not produce the pollutants that can cause 
acid rain. Growing plants for use as biomass fuels may also help keep carbon dioxide levels 
balanced. Plants remove carbon dioxide—one of the greenhouse gases—from the atmosphere 
when they grow. 
 

 

 

 

 

 

 



Biogas Plant Designs 

 
Digester Types  

To give an overview, some 

fictitious designs have been chosen 

as they could be found in, for 

example, Europe. The designs are 

selected in a way that all the typical 

elements of modern biogas 

technology appear at least once. All 

designs are above-ground, which is 

common in Europe. Underground 

structures, however, do exist.  

Mixing pit varies in size and shape 

according to the nature of substrate. 

It is equipped with propellers for 

mixing and/or chopping the 

substrate and often with a pump to 

transport the substrate into the 

digester. At times, the substrate is 

also pre-heated in the mixing pit in order to avoid a temperature shock inside the digester.  

Fermenter or digester is insulated and made of concrete or steel. To optimize the flow of 

substrate, large digesters have a longish channel form. Large digesters are almost always agitated 

by slow rotating paddles or rotors or by injected biogas. Co-fermenters have two or more 

separated fermenters. The gas can be collected inside the digester, then usually with a flexible 

cover. The digester can also be filled completely and the gas stored in a separate gas-holder.  

Gas-holder is usually of flexible material, therefore to be protected against weather. It can be 

placed either directly above the substrate, then it acts like a balloon plant, or in a separate 'gas-

bag'.  

slurry store for storage of slurry during winter. The store can be open (like conventional open 

liquid manure storage) or closed and connected to the gas-holder to capture remaining gas 

production. Normally, the store is not heated and only agitated before the slurry is spread on the 

field.  

Gas use element is in Europe in 95% of the cases a thermo-power unit which produces electricity for the 
farm, the grid and heat for the house, greenhouses and other uses. The thermo-power unit has the 
advantage, that the required energy can be produced in any mixture of gas and fossil energy. It can, 

therefore, react to periods of low gas production and high energy requirements or vice versa.  

  

Control glasses for an industrial digester for solid organic waste,  

https://energypedia.info/index.php/File:Indsolcontrol.jpg


 

Concrete digester with two chambers (one heated, one unheated for storage 

 

Concrete digester with integrated plastic gas-holder 

 

Steelvessel fermenter with seperate ballon gas-holder 

https://energypedia.info/index.php/File:Concretedigest1.gif
https://energypedia.info/index.php/File:Concretedigest2.gif
https://energypedia.info/index.php/File:Concretedigest3.gif


Selection of Appropriate Design 

 

In developing countries, the design selection is determined largely be the prevailing design in the 

region, which, in turn takes the climatic, economic and substrate specific conditions into 

consideration. Large plants are designed on a case-to-case basis.  

 

Typical design criteria are:  

Space: determines mainly the decision if the fermenter is above-ground or underground, if it is to 

be constructed as an upright cylinder or as a horizontal plant.  

Existing structures may be used like a liquid manure tank, an empty hall or a steel container. To 

reduce costs, the planner may need to adjust the design to theses existing structures.  

Minimizing costs can be an important design parameter, especially when the monetary benefits 

are expected to be low. In this case a flexible cover of the digester is usually the cheapest 

solution. Minimizing costs is often opposed to maximizing gas yield.  

Available substrate determines not only the size and shape of mixing pit but the digester 

volume (retention time!), the heating and agitation devices. Agitation through gas injection is 

only feasible with homogenous substrate and a dry matter content below 5%. Mechanical 

agitation becomes problematic above 10% dry matter.  

 

Ballon Plants 

 

A balloon plant consists of a heat-sealed plastic or rubber bag (balloon), combining digester and 

gas-holder. The gas is stored in the upper part of the balloon. The inlet and outlet are attached 

directly to the skin of the balloon. Gas pressure can be increased by placing weights on the 

balloon. If the gas pressure exceeds a limit that the balloon can withstand, it may damage the 

skin. Therefore, safety valves are required. If higher gas pressures are needed, a gas pump is 

required. Since the material has to be weather- and UV resistant, specially stabilized, reinforced 

plastic or synthetic caoutchouc is given preference. Other materials which have been used 

successfully include RMP (red mud plastic), Trevira and butyl. The useful life-span does usually 

not exceed 2-5 years.  

Advantages: Standardized prefabrication at low cost,  low construction sophistication, ease of 

transportation, shallow installation suitable for use in areas with a high groundwater table; high 

digester temperatures in warm climates; uncomplicated cleaning, emptying and maintenance; 

difficult substrates like water hyacinths can be used.  



Balloon biogas plants are recommended, if local repair is or can be made possible and the cost 

advantage is substantial.  

Disadvantages: Low gas pressure may require gas pumps; scum cannot be removed during 

operation; the plastic balloon has a relatively short useful life-span and is susceptible to 

mechanical damage and usually not available locally. In addition, local craftsmen are rarely in a 

position to repair a damaged balloon. There is only little scope for the creation of local 

employment and, therefore, limited self-help potential.  

Variations: A variation of the balloon plant is the channel-type digester, which is usually 

covered with plastic sheeting and a sunshade (fig.1-E). Balloon plants can be recommended 

wherever the balloon skin is not likely to be damaged and where the temperature is even and 

high.  

 

Photo
[2]

:Small "foil-plant" (Ivory Coast)  

Fig. 1
[3]

: Simple biogas plants. Floating-drum plant (A), 

fixed-dome plant (B), fixed-dome plant with separate gas 

holder (C), balloon plant (D), channel-type digester with 

plastic sheeting and sunshade (E).  

Horizontal Plants 

 

Horizontal biogas plants are usually chosen when shallow installation is called for (groundwater, 

rock). They are made of masonry or concrete.  

https://energypedia.info/index.php/Types_of_Biogas_Digesters_and_Plants#cite_note-Henning-1
https://energypedia.info/index.php/Types_of_Biogas_Digesters_and_Plants#cite_note-Biogas_Plants.2C_L._Sasse.2C_GATE.2C_1988.2C_p._14-2
https://energypedia.info/index.php/File:Foilplant.jpg
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Advantages: Shallow construction despite large slurry space.  

Disadvantages: Problems with gas-space leakage, difficult elimination of scum.  

 

Earth-pit Plants 

 

Masonry digesters are not necessary in stable soil (e.g. laterite). It is sufficient to line the pit with 

a thin layer of cement (wire-mesh fixed to the pit wall and plastered) in order to prevent seepage. 

The edge of the pit is reinforced with a ring of masonry that also serves as anchorage for the gas-

holder. The gas-holder can be made of metal or plastic sheeting. If plastic sheeting is used, it 

must be attached to a quadratic wooden frame that extends down into the slurry and is anchored 

in place to counter its buoyancy. The requisite gas pressure is achieved by placing weights on the 

gas-holder. An overflow point in the peripheral wall serves as the slurry outlet.  

Advantages: Low cost of installation (as little as 20% of a floating-drum plant); high potential 

for self help approaches.  

Disadvantages: Short useful life; serviceable only in suitable, impermeable types of soil.  

 

Earth-pit plants can only be recommended for installation in impermeable soil located above the 

groundwater table. Their construction is particularly inexpensive in connection with plastic sheet 

gas-holders.  

 

Ferrocement Plants 

 

The ferro-cement type of construction can be applied either as a self-supporting shell or an earth-

pit lining. The vessel is usually cylindrical. Very small plants (Volume under 6 m
3
) can be 

prefabricated. As in the case of a fixed-dome plant, the ferrocement gasholder requires special 

sealing measures (proven reliability with cemented-on aluminium foil).  

Advantages: Low cost of construction, especially in comparison with potentially high cost of 

masonry for alternative plants; mass production possible; low material input.  

Disadvantages: Substantial consumption of essentially good-quality cement; workmanship must 

meet high quality standards; uses substantial amounts of expensive wire mesh; construction 

technique not yet adequately time-tested; special sealing measures for the gas-holder are 

necessary. Ferro-cement biogas plants are only recommended in cases where special ferro-

cement know-how is available.  



Biogas Digester Types 

 

Wet fermentation:  

 Fixed-dome plants  
 Floating-drum plants  
 Low-Cost Polyethylene Tube Digester  
 Balloon plants  

Of these, the two most familiar types in developing countries are the fixed-dome plants and 
the floating-drum plants.  

Wet Fermentation Plants 
 

Fixed-dome Plants 

 

A fixed-dome plant consists of a digester with a fixed, non-movable gas holder, which sits on top 

of the digester. When gas production starts, the slurry is displaced into the compensation tank. 

Gas pressure increases with the volume of gas stored and the height difference between the 

slurry level in the digester and the slurry level in the compensation tank.  

The costs of a fixed-dome biogas plant are relatively low. It is simple as no moving parts exist. 

There are also no rusting steel parts and hence a long life of the plant (20 years or more) can be 

expected. The plant is constructed underground, protecting it from physical damage and saving 

space. While the underground digester is protected from low temperatures at night and during 

cold seasons, sunshine and warm seasons take longer to heat up the digester. No day/night 

fluctuations of temperature in the digester positively influence the bacteriological processes.  

The construction of fixed dome plants is labor-intensive, thus creating local employment. Fixed-

dome plants are not easy to build. They should only be built where construction can be 

supervised by experienced biogas technicians. Otherwise plants may not be gas-tight (porosity 

and cracks).  

The basic elements of a fixed dome plant (here the Nicarao Design) are shown in the figure 

below.  

https://energypedia.info/index.php/Types_of_Biogas_Digesters_and_Plants#Fixed-dome_Plants
https://energypedia.info/index.php/Types_of_Biogas_Digesters_and_Plants#Floating-drum_Plants
https://energypedia.info/index.php/Types_of_Biogas_Digesters_and_Plants#Low-Cost_Polyethylen_Tube_Digester


 

Fixed dome plant Nicarao design
[1]

: 1. Mixing tank with inlet pipe and sand trap. 2. Digester. 3. 

Compensation and removal tank. 4. Gasholder. 5. Gaspipe. 6. Entry hatch, with gastight seal. 7. 

Accumulation of thick sludge. 8. Outlet pipe. 9. Reference level. 10. Supernatant scum, broken up by 

varying level. 

 

 

Function  

A fixed-dome plant 

comprises of a closed, 

dome-shaped digester with 

an immovable, rigid gas-

holder and a displacement 

pit, also named 

'compensation tank'. The 

gas is stored in the upper 

part of the digester. When 

gas production 

commences, the slurry is 

displaced into the 

compensating tank. Gas 

pressure increases with the 

volume of gas stored, i.e. 

with the height difference 

between the two slurry 

levels. If there is little gas 

in the gas-holder, the gas pressure is low.  

picture
[4]

:Basic function of a fixed-dome biogas plant, 1 Mixing pit, 2 Digester, 3 

Gasholder, 4 Displacement pit, 5 Gas pipe 
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https://energypedia.info/index.php/File:Fixdomscheme.gif


 

Digester  

The digesters of fixed-dome plants are usually masonry structures, structures of cement and 

ferro-cement exist. Main parameters for the choice of material are:  

 Technical suitability (stability, gas- and liquid tightness);  
 cost-effectiveness;  
 availability in the region and transport costs;  
 availability of local skills for working with the particular building material.  

Fixed dome plants produce just as much gas as floating-drum plants, if they are gas-tight. 

However, utilization of the gas is less effective as the gas pressure fluctuates substantially. 

Burners and other simple appliances cannot be set in an optimal way. If the gas is required at 

constant pressure (e.g., for engines), a gas pressure regulator or a floating gas-holder is 

necessary.  

 

Gas-Holder  

The top part of a fixed-dome plant (the gas 

space) must be gas-tight. Concrete, 

masonry and cement rendering are not 

gas-tight. The gas space must therefore be 

painted with a gas-tight layer (e.g. 'Water-

proofer', Latex or synthetic paints). A 

possibility to reduce the risk of cracking of 

the gas-holder consists in the construction 

of a weak-ring in the masonry of the 

digester. This "ring" is a flexible joint 

between the lower (water-proof) and the 

upper (gas-proof) part of the hemispherical 

structure. It prevents cracks that develop 

due to the hydrostatic pressure in the lower parts to move into the upper parts of the gas-holder.  

Types of Fixed-dome Plants 

 

 Chinese fixed-dome plant is the archetype of all fixed dome plants. Several million have been 
constructed in China. The digester consists of a cylinder with round bottom and top.  

 Janata model was the first fixed-dome design in India, as a response to the Chinese fixed dome 
plant. It is not constructed anymore. The mode of construction lead to cracks in the gasholder - 
very few of these plant had been gas-tight.  

  

 

picture
[5]

: Fixed-dome plant in Tunesia. The final layers of the 

masonry structure are being fixed.  
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 Deenbandhu, the successor of the Janata plant in India, with improved design, was more crack-
proof and consumed less building material than the Janata plant. with a hemisphere digester  

 CAMARTEC model has a simplified structure of a hemispherical dome shell based on a rigid 
foundation ring only and a calculated joint of fraction, the so-called weak / strong ring. It was 
developed in the late 80s in Tanzania.  

 

Fixed dome plant CAMARTEC design
[1] 

 

Climate and Size 

 

Fixed-dome plants must be covered with earth up to the top of the gas-filled space to counteract 

the internal pressure (up to 0,15 bar). The earth cover insulation and the option for internal 

heating makes them suitable for colder climates. Due to economic parameters, the recommended 

minimum size of a fixed-dome plant is 5 m
3
. Digester volumes up to 200 m

3
 are known and 

possible.  

Summary  

Advantages: Low initial costs and long useful life-span; no moving or rusting parts involved; 

basic design is compact, saves space and is well insulated; construction creates local 

employment.  

Advantages are the relatively low construction costs, the absence of moving parts and rusting 

steel parts. If well constructed, fixed dome plants have a long life span. The underground 

construction saves space and protects the digester from temperature changes. The construction 

provides opportunities for skilled local employment.  

Disadvantages: Masonry gas-holders require special sealants and high technical skills for gas-

tight construction; gas leaks occur quite frequently; fluctuating gas pressure complicates gas 

utilization; amount of gas produced is not immediately visible, plant operation not readily 

https://energypedia.info/index.php/Biogas_Technology_in_Tanzania
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understandable; fixed dome plants need exact planning of levels; excavation can be difficult and 

expensive in bedrock.  

Disadvantages are mainly the frequent problems with the gas-tightness of the brickwork gas 

holder (a small crack in the upper brickwork can cause heavy losses of biogas). Fixed-dome 

plants are, therefore, recommended only where construction can be supervised by experienced 

biogas technicians. The gas pressure fluctuates substantially depending on the volume of the 

stored gas. Even though the underground construction buffers temperature extremes, digester 

temperatures are generally low.  

Fixed dome plants can be recommended only where construction can be supervised by 

experienced biogas technicians.  

Variations: Some companies are now looking into small pre-fab fixed dome plants made of 

fibreglass which appears to be a low cost alternative to construction intensive masoned plants. A 

custom made plant can be produced in 2 days and -after transport- installed in less than 1 day!  

 

Floating-drum Plants 

 

Floating-drum plants consist of an underground digester and a moving gas-holder. The gas-

holder floats either directly on the fermentation slurry or in a water jacket of its own. The gas is 

collected in the gas drum, which rises or moves down, according to the amount of gas stored. 

The gas drum is prevented from tilting by a guiding frame. If the drum floats in a water jacket, it 

cannot get stuck, even in substrate with high solid content.  

 

 

The Drum 

 

In the past, floating-drum plants were 

mainly built in India. A floating-drum plant 

consists of a cylindrical or dome-shaped 

digester and a moving, floating gas-holder, 

or drum. The gas-holder floats either 

directly in the fermenting slurry or in a 

separate water jacket. The drum in which 

the biogas collects has an internal and/or 

external guide frame that provides stability 

   

Photo
[5]

:Floating-drum plant in Mauretania  
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and keeps the drum upright. If biogas is produced, the drum moves up, if gas is consumed, the 

gas-holder sinks back.  

Size  

Floating-drum plants are used chiefly for digesting animal and human feces on a continuous-feed 

mode of operation, i.e. with daily input. They are used most frequently by small- to middle-sized 

farms (digester size: 5-15m
3
) or in institutions and larger agro-industrial estates (digester size: 

20-100m
3
).  

Advantages  

Disadvantages: The steel drum is relatively expensive and maintenance-intensive. Removing 

rust and painting has to be carried out regularly. The life-time of the drum is short (up to 15 

years; in tropical coastal regions about five years). If fibrous substrates are used, the gas-holder 

shows a tendency to get "stuck" in the resultant floating scum.  

 

Water-jacket Floating-drum Plants 

 

Water-jacket plants are universally applicable 

and easy to maintain. The drum cannot get 

stuck in a scum layer, even if the substrate has a 

high solids content. Water-jacket plants are 

characterized by a long useful life and a more 

aesthetic appearance (no dirty gas-holder). Due 

to their superior sealing of the substrate 

(hygiene!), they are recommended for use in 

the fermentation of night soil. The extra cost of 

the masonry water jacket is relatively modest.  

 

Material of Digester and Drum 

 

The digester is usually made of brick, concrete or quarry-stone masonry with plaster. The gas 

drum normally consists of 2.5 mm steel sheets for the sides and 2 mm sheets for the top. It has 

welded-in braces which break up surface scum when the drum rotates. The drum must be 

protected against corrosion. Suitable coating products are oil paints, synthetic paints and bitumen 

paints. Correct priming is important. There must be at least two preliminary coats and one 

topcoat. Coatings of used oil are cheap. They must be renewed monthly. Plastic sheeting stuck to 

bitumen sealant has not given good results. In coastal regions, repainting is necessary at least 

once a year, and in dry uplands at least every other year. Gas production will be higher if the 

Water-jacket plant with external guide frame
[6]

: 1 

Mixing pit, 11 Fill pipe, 2 Digester, 3 Gasholder, 31 

Guide frame, 4 Slurry store, 5 Gas pipe 

https://energypedia.info/index.php/Types_of_Biogas_Digesters_and_Plants#cite_note-Sasse.2C_1984-5
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drum is painted black or red rather than blue or white, because the digester temperature is 

increased by solar radiation. Gas drums made of 2 cm wire-mesh-reinforced concrete or fiber-

cement must receive a gas-tight internal coating. The gas drum should have a slightly sloping 

roof, otherwise rainwater will be trapped on it, leading to rust damage. An excessively steep-

pitched roof is unnecessarily expensive and the gas in the tip cannot be used because when the 

drum is resting on the bottom, the gas is no longer under pressure.  

Floating-drums made of glass-fiber reinforced plastic and high-density polyethylene have been 

used successfully, but the construction costs are higher compared to using steel. Floating-drums 

made of wire-mesh-reinforced concrete are liable to hairline cracking and are intrinsically 

porous. They require a gas-tight, elastic internal coating. PVC drums are unsuitable because they 

are not resistant to UV.  

Guide Frame 

 

The side wall of the gas drum should be just as high as the wall above the support ledge. The 

floating-drum must not touch the outer walls. It must not tilt, otherwise the coating will be 

damaged or it will get stuck. For this reason, a floating-drum always requires a guide. This guide 

frame must be designed in a way that allows the gas drum to be removed for repair. The drum 

can only be removed if air can flow into it, either by opening the gas outlet or by emptying the 

water jacket.  

The floating gas drum can be replaced by a balloon above the digester. This reduces construction 

costs but in practice problems always arise with the attachment of the balloon to the digester and 

with the high susceptibility to physical damage.  

Types of Floating-drum Plants 

 

There are different types of floating-drum plants:  

 KVIC model with a cylindrical digester, the oldest and most widespread floating drum biogas 
plant from India.  

 Pragati model with a hemisphere digester  
 Ganesh model made of angular steel and plastic foil  
 floating-drum plant made of pre-fabricated reinforced concrete compound units  
 floating-drum plant made of fibre-glass reinforced polyester  
 low cost floating-drum plants made of plastic water containers or fiberglass drums: ARTI Biogas 

plants  
 BORDA model: The BORDA-plant combines the static advantages of hemispherical digester with 

the process-stability of the floating-drum and the longer life span of a water jacket plant.  

 

https://energypedia.info/index.php?title=ARTI_Biogas_Plant&action=edit&redlink=1
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Summary 

 

Advantages: Advantages are the simple, easily understood operation - the volume of stored gas 

is directly visible. The gas pressure is constant, determined by the weight of the gas holder. The 

construction is relatively easy, construction mistakes do not lead to major problems in operation 

and gas yield.  

Disadvantages: Disadvantages are high material costs of the steel drum, the susceptibility of 

steel parts to corrosion. Because of this, floating drum plants have a shorter life span than fixed-

dome plants and regular maintenance costs for the painting of the drum.  

Low-Cost Polyethylen Tube Digester 

 

Digester  

In the case of the Low-Cost Polyethylene Tube Digester model which is applied in Bolivia (Peru, 

Ecuador, Colombia, Centro America and Mexico), the tubular polyethylene film (two coats of 

300 microns) is bended at each end around a 6 inch PVC drainpipe and is wound with rubber 

strap of recycled tire-tubes. With this system a hermetic isolated tank is obtained (figure td1).    

 

Picture td2
[7]

: Winding In-/Outlet 

Tube Digester.  

 

 

 

Figure td1
[7]

: Scheme of Low-Cost Polyethylene Tube 

Digester.  

One of the 6" PVC drainpipes serves as inlet and the 

other one as the outlet of the slurry. In the tube digester 

finally, a hydraulic level is set up by itself, so that as 

much quantity of added prime matter (the mix of dung 

and water) as quantity of fertilizer leave by the outlet. 

Because the tubular polyethylene is flexible, it is 

https://energypedia.info/index.php/Low-Cost_Polyethylene_Tube_Digesters_in_Bolivia
https://energypedia.info/index.php/Types_of_Biogas_Digesters_and_Plants#cite_note-GTZ_.2F_EnDev_Bolivia-6
https://energypedia.info/index.php/Types_of_Biogas_Digesters_and_Plants#cite_note-GTZ_.2F_EnDev_Bolivia-6
https://energypedia.info/index.php/File:In_Outlet_winding_Tube_Digester.jpg
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necessary to construct a "cradle" which will 

accommodate the reaction tank, so that a trench is 

excavated (picture td3).  

 

 

 

 

 

 

 

Gasholder and Gas Storage Reservoir 

 

The capacity of the gasholder 

corresponds to 1/4 of the total capacity 

of the reaction tube (figure td1).  

To overcome the problem of low gas 

flow rates, two 200 microns tubular 

polyethylene reservoirs are installed 

close to the kitchen, which gives a 1,3 

m³ additional gas storage (picture td4).  

 

 

 
  



Pyrolysis of biomass 

The pyrolysis (gasification) of biomass is a very old energy technology that is becoming 

interesting again among various systems for the energetic utilisation of biomass. Vehicles were 

run on gas produced by pyrolysis of wood in times of war to replace unavailable fossil fuels. 

Pyrolysis has the following main advantages over conventional combustion technologies: 

The combined heat and power generation via biomass gasification techniques connected to gas-

fired engines or gas turbines can achieve significantly higher electrical efficiencies (22 % to 

37 %) compared to biomass combustion technologies with steam generation and standard turbine 

technology (15 % to 18 %). Using the produced gas in fuel cells for power generation can 

achieve an even higher overall electrical 

efficiency in the range of 25 % to 50 %, even in 

small scale biomass pyrolysis plants and during 

partial load operation.  

The improved electrical efficiency of the energy 

conversion via pyrolysis naturally means that 

the potential reduction in CO2 is greater than 

with combustion. The formation of NOx 

compounds can also be greatly reduced and the 

removal of pollutants is generally in most cases. 

The NOx advantages, however, may be partly 

lost if the gas is consumed in gas-fired engines 

or gas turbines. Significantly lower emissions of 

NOx, CO and hydrocarbons can be expected 

when the gas is used in fuel cells instead of using it in gas-fired engines or gas turbines. 

Pyrolysis of biomass generates three different energy products in different quantities: coke, gas 

and oils. Flash pyrolysis gives high oil yields, but the technical efforts needed to process 

pyrolytic oils mean that this energy generating system does not 

seem very promising at the present stage of development. 

However, pyrolysis as a first stage in a two-stage gasification 

plant for straw and other agricultural materials does deserve 

consideration. 

In the typical biomass gasification process, air is used as the 

gasifying agent and hence the gas has a low calorific value (3-5 

MJ/m
3
). After cleaning it can be used in gas-fired engines or gas 

turbines. 

Gas turbines connected to a steam turbine will burn medium 

calorific value gas (12-15 MJ/m³) more favourably than low 

calorific gas. The use of steam injection into the gas turbine 

combustion chamber (Cheng process) requires at the very least 

http://www.habmigern2003.info/biogas/Pyrolysis-Dateien/image001.jpg
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medium calorific value gas. The production of hydrogen or methanol from gasification of 

biomass or the use of producer gas in low-temperature fuel cells also require either gasifiers that 

operate with highly-enriched oxygen and steam, or indirectly heated gasifiers must be used with 

steam as a gasification medium to generate the necessary medium calorific value producer gas 

with high hydrogen content. 

Gasification of wood, wood-type residues and waste in fixed bed or fluidised bed gasifiers with 

combustion of the gas for heat production is now standard. The wood gasifiers employed 

primarily in the north of Europe are used almost entirely for heat generation. Much greater 

technical problems are posed by gasification of straw and other solid agricultural materials, 

which generally have much higher concentrations of chlorine, nitrogen, sulphur, and alkalis. The 

gasification of green biomass is still at an early stage of development. Strengthened development 

efforts on gasification technologies for green biomass materials are essential as the potential 

supply of this type of fuels is comparatively 

large. 

Efficient cleaning of the gas and correct 

adaptation of the products of biomass 

gasification to the specific requirements of 

the gas combustion systems are prerequisites 

for use in gas-fired engines, gas turbines and 

fuel cells. Tar compounds can be effectively 

removed by increasing the gas temperature or 

by catalytic cracking over nickel. However, 

even for wood gasifiers there is still no 

economically viable solution of this tar 

problem. None of the gasifier types currently 

available have been successfully tested in 

connection with gas-fired engines in long 

term operation in working combined heat and 

power stations. 

Pressurised gasification allows higher overall electrical efficiencies to be achieved, but greater 

technical resources are required to feed the biomass into the gasifier, and problems with gas 

cleaning may occur. The gas produced consists mainly of high levels of carbon monoxide and 

hydrogen, coupled with some methane and other combustibles. 

For power plants with integrated biomass gasification in the range 3 to 20 MW electricity, 

fluidised bed gasification of biomass under atmospheric pressure, coupled with gas turbines 

using the Cheng cycle or gas and steam turbines appear to be the most promising technology at 

present in technical and economic terms. For combined heat and power stations with capacities 

up to about 2 MW electricity, gas use in gas-fired engines is, at the moment, more attractive than 

gas turbines. Because of problems with fuel supply and transport, biomass gasification plants 

with capacities above approximately 30 MW electricity are not a viable proposition in Germany 

and most other European countries at the present time. 

http://www.habmigern2003.info/biogas/High_range_sensors_carbon_monoxide.html
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The co-firing of biomass in existing large coal power stations (< 100 MW) is currently being 

investigated in various countries. The integration of biomass-fuelled gasifiers in coal-fired power 

stations would have certain advantages over stand-alone biomass gasification plants. Most 

important are the improved flexibility in response to annual and seasonal fluctuations in biomass 

availability and the lower investment costs. 

 


