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1
WHY DO WE NEED RENEWABLES ?

1.1
ENERGY TODAY

Most of the energy we use today comes from fossil fuels. Coal, oil, and natural gas are all fossil fuels created several millions of years before by the decay of plants and  animals. These fuels lie buried between layers of earth and rock. While fossil fuels are still being created today by underground heat and pressure, they are being consumed much more rapidly than they are created. For that reason, fossil fuels are considered as non-renewable; that is, they are not replaced as soon as we use them. So, we will run out of them sometime in the future. Moreover burning fossil fuels leads to pollution and many environmental impacts. Because our world depends so much on energy, we need to use sources of energy that will last forever. These sources are called renewable energy. Moreover these renewable energy sources are much more environmentally friendly than fossil fuels when they are burned. 

Among fossil fuels somehow special character has uranium-nuclear fuel which can be exhausted in less than 100 years, but in so called breeder reactors it can multiply and last much more. Nevertheless problems with radioactive waste, which will present a danger for millions of years and the the impact of accident in Chernobyl, which showed a risk connected with nuclear energy, most governments in industrialised world are now abandoning nuclear power completely. This development continues despite the fact that nuclear energy, which produce almost zero emissions of greenhouse gases, can be somehow a solution to global climate change (see bellow). Emissions of greenhouse gases are now recognised as the most important force behind the efforts to decrease consumption of fossil power.

WHY DO WE NEED THE CHANGE IN ENERGY USE ?

The main problem isn’t that we use energy, but how we produce and consume energy resources. As long as we continue to cover our energy needs primarily by combustion of fossil fuels or nuclear reactions, we are going to have the problems, the environmental impacts, social and sustainability problems. What we really need are energy sources that will last forever and can be used without pollution of  the environment.

1.2
ENERGY CONSUMPTION – SUSTAINABILITY PROBLEM

Each year, the equivalent of approx. 10 000 million tons of coal is consumed on earth as energy. About 40 % from this is based on oil and together with coal and natural gas more than 90 % of the total energy consumption result from carbon atoms in these fossil fuels. The consequence will be a global warming (greenhouse effect) and the lack of resources in the future.

1.2.1
History of energy consumption 

Ancient discovery of fire and the possibility of burning wood made available, for the first time, fairly large amount of energy for mankind. Later (4000 and 3500 years B.C.) after the first sailing ships and windmills were developed and the use of hydropower began via water mills or irrigation systems, cultural development began to accelerate. For several thousands years human energy demands were covered only by renewable energy sources – sun, biomass, hydro and wind power. It was only until the start of industrial revolution and the ability to transform heat into motion, when energy consumption and industrial development accelerated rapidly. The industrial revolution was a revolution of energy technology based on fossil fuels. This occurred in stages, from the exploitation of coal deposits to oil and natural gas fields on a global scale. It has been only half a century since nuclear power began being used as an energy source. After this fossil-based era world nears the beginning of another major transition, away from fossil fuels and towards renewable energy sources once again. 

Fundamental shift in the energy picture can be found in the enormous increase of energy demand since the middle of the last century. That increase is the result not only of industrial development but also of population growth. World population grew 3.2 times between 1850 and 1970, per-capita use of industrial energy increased about 20-fold, and total world use of industrial and traditional energy forms combined increased more than 12-fold. 

World population and energy use, 1850-1990.

	
	World population

(billions)
	Energy use per person per year

(kW)
	Annual world energy use (TW)

	
	
	Industrial forms
	Traditional forms
	Industrial forms
	Traditional forms
	Total

	1850
	1.13
	0.10
	0.50
	0.11
	0.57
	0.68

	1890
	1.49
	0.32
	0.35
	0.48
	0.52
	1.00

	1930
	2.02
	0.85
	0.28
	1.71
	0.56
	2.27

	1970
	3.62
	2.04
	0.27
	7.38
	0.98
	8.36

	1990
	5.32
	2.19
	0.29
	11.66
	1.54
	13.20


Note: industrial energy forms are mainly coal, oil, and natural gas with modest contributions from hydropower and nuclear energy. Traditional energy forms are fuelwood and charcoal, crop wastes and biogas (dung). An energy use rate of a TW is equivalent to 700 million tonnes of oil per year. Nutritional calories and the energy contributions of animals work are not included. The nutritional energy requirement of an average human being is just over 0.1 kW. 

1.2.2
HOW MUCH DO WE USE

Today fossil fuels such as coal, oil and natural gas account for 90% of total primary energy supply. Estimated total world consumption of primary energy, in all forms (including non-commercial fuels like biomass), is approximately 400 EJ per year, equivalent of some 9500 million tonnes of oil (mtoe) per year.

Annual world primary energy consumption,1992 by source. 

	Fuel Source
	Consumption in EJ
	Consumption in mtoe

	Oil
	131
	3128

	Coal
	91
	2164

	Natural gas
	75
	1781

	Biomass
	55
	1310

	Hydro
	24
	561

	Nuclear
	22
	532

	TOTAL
	398
	9476


Assuming a world population of about 5300 million in that year, this gives an annual average fuel use for every person in the world equivalent to about 1.8 tonnes of oil. These figures include all fuel used by industry, commerce, households etc. They also include large quantities of wood and other biological fuels used mostly in developing countries. Moreover, the figures are averages over the world’s population, and concealed tremendous differences between different regions. 

Fuels are used per person at an average rate in developed countries which is more than six times that in the developing countries. It can be seen from the following table that the developed countries use nearly twice as much fuel as less developed  countries, even though they have less than a third of their population.

Energy consumption in developed and developing countries.

	Year
	Population (billion)
	Total energy use (EJ/year)
	Per capita energy use (GJ/year)

	1990 developed countries
	1.2
	284
	237

	1990 developing countries
	4.1
	142
	35

	1990 world
	5.3
	426
	80


1.2.3
FUTURE TRENDS

The magnitude of energy problem that may face future generations can be illustrated by the simple calculation. The population of the world in 1990 was approximately 5 billion people. The UN estimates of population trends show it continuing to increase to around 8 billion by 2025, but stabilising towards the end of the next century at somewhere between 10 and 12 billion people. Most of that increase will be in the less developed countries. According to the US DOE (Department of energy) outlook for energy use throughout the world continues to show strong prospects for rising levels of consumption over the next two decades, led by growing demand for end-use energy in Asia. World energy demand in 2015 is projected to reach nearly 562 quadrillion British thermal units (Btu). The expected increment in total energy demand between 1995 and 2015 - almost 200 quadrillion Btu - would match the total world energy consumption recorded in 1970, just before the energy crisis of 1973.

Two-thirds of all energy growth will occur in developing economies and economies in transition, with much of that growth concentrated in Asia. Energy growth in the developing countries of Asia is projected to average 4.2 percent per year, compared with 1.3 percent for industrialized economies. The U.S. growth rate is expected to average only about 1 percent per year. As recently as 1990, U.S. energy consumption exceeded total consumption in the nations of developing Asia by 33 quadrillion Btu. By 2015, energy use in developing Asia is expected to exceed U.S. consumption by 48 quadrillion Btu.

World Energy Consumption by Region,1970-2015 (Quadrillion Btu) :

	Region
	1970
	1995
	2010
	2015
	Annual Percent Change

	
	
	
	
	
	1970-1995
	1995-2015

	Industrialized
	135.1
	200.2
	248.7
	260.8
	1.6
	1.3

	United States 
	67.6
	90.6
	107.9
	110.9
	1.2
	1.0

	Developing
	32.0
	112.6
	194.4
	226.2
	5.2
	3.5

	Asia
	18.9
	69.6
	134.7
	159.1
	5.4
	4.2

	EE/FSU
	39.7
	52.1
	70.5
	75.0
	1.1
	1.8

	Total World 
	206.7
	364.9
	513.6
	561.9
	2.3
	2.2


Note: Totals may not equal sum of components due to independent rounding. Figures do not include non-commercial fuels like biomass. 1 Quadrillion Btu = 1,054 EJ.

EE/FSU = Eastern Europe and the Former Soviet Union.

According to the report of US DOE by 2015, oil use is expected to exceed 100 million barrels per day, a consumption rate 50 per cent greater than in 1995. Oil trading patterns are expected to shift markedly as oil consumption in Asia Pacific areas far outpaces domestic production gains, leading to a large increase in imports from Middle East suppliers. World-wide, coal use is projected to exceed 7.3 billion tons by 2015, compared with 5.1 billion tons in 1995. Growth in coal use will be regionally concentrated, occurring for the most part in India and China.

World Energy Consumption by Fuel, 1970-2015(Quadrillion Btu):

	Energy Source
	1970
	1995
	2010
	2015
	Annual Percent Change

	
	
	
	
	
	1970-1995
	1995-2015

	Oil
	97.8
	141.1
	194.8
	213.4
	1.5
	2.1

	Natural Gas
	36.1
	77.7
	129.0
	144.7
	3.1
	3.2

	Coal 
	59.7
	93.1
	122.7
	134.7
	1.8
	1.9

	Nuclear
	0.9
	23.3
	25.0
	22.8
	13.9
	-0.1

	Renewables
	12.2
	29.7
	42.1
	46.3
	3.6
	2.3

	Total 
	206.7
	364.9
	513.6
	561.9
	2.3
	2.2


Note: Totals may not equal sum of components due to independent rounding.

Natural gas is expected to have the highest growth rate among fossil fuels, at 3.1 percent a year, gaining share relative to oil and coal. By 2015 natural gas consumption on a Btu basis will exceed the total oil consumption recorded for 1995, at a level equivalent to two-thirds of the oil consumption projected for 2015. Natural gas consumption in 1995 was only about 55 percent of oil consumption. 

According to US DOE prediction only about 8 percent of projected growth in energy demand over the next two decades will be served by non-fossil fuel sources. In fact, the non-fossil (commercial) fuel share of world energy consumption declines from 15 percent to 12 percent over the projection period. Thus, world carbon emissions are likely to increase by 3.7 billion metric tons, or 61 percent, over the 1990 level by 2015. The Climate Change Convention of 1992 commits all signatories to search for and develop policies to moderate or stabilize carbon emissions. However, even if all the developed countries were able to achieve stabilization of their emissions relative to 1990 levels, overall world carbon emissions would still rise by 2.5 billion metric tons over the next two decades.

Per capita energy use in the world’s industrialized economies, which far exceeds the levels in newly emerging economies, is expected to change only moderately in the next two decades. In some emerging economies (for example, India and China), per capita energy use may double. Even with such growth, however, average per capita energy use in the developing countries will still be less than one-fifth the average for the industrialized countries in 2015.

In the longer term, consumption of oil as the principal source of commercial energy today, will start to decline after the transition phase (between 2020 and 2060). It is expected that natural gas will continue to be used as long as price and availability are satisfactory but as reserves reduce or prices rise coal (which is usually less expensive than natural gas and its international prices are unlikely to rise) will command a greater proportion of the market. To maintain energy levels and because of world-wide environmental concerns some experts predict that coal will have to be utilized cleanly, where gasification process will be the most environmentally friendly way of its future utilization. 

The transition to a sustainable energy system requires that share of renewable energy sources will continually grow. Renewables combined with a system of new technologies, can contribute to a considerable extent to energy requirements in the time horizon beyond 2020. Report for the UN Solar Energy Group for Environment and Development suggests that using technology already on the market or at the advanced engineering testing stage, by the middle of the next century renewable energy sources could account for 60 percent of the world’s electricity market and 40 percent of the market for fuels used directly.

1.2.4
RESERVES OF FOSSIL FUELS 

Fossil fuels are valuable natural energy sources which required several millions of years for their creation but are now rapidly being depleted. The prominent worry that fossil fuels will run out was reported almost 30 years ago by the influential book Limits to Growth. This book reported a series of computer simulations of future resource use in which world fuel consumption continued to rise exponentially. The predicted result was an ultimate collapse in fuel supplies, regardless of the amount of fuel assumed to be available. These fears came into sharp focus in the 1973 fuel crisis, when the member nations OPEC were able for the first time to co-ordinate their policies and raised the price of oil dramatically. One of the factors which gave the OPEC states the power to exert their influence so strongly was that the USA, formerly a major exporter of oil , had become an importer. United States had used up most of the easily obtainable oil from the Texas oil fields. 

The shortage expected in the dramatic concerns of those days do not seem imminent at present. The general principle that the amount of fossil fuels remaining is ultimately limited and cannot last for ever is obviously true, but estimating how long they will last is not a simple process. In any year, newly reported figures for ”proven reserves” of oil, gas and coal are available. Proven reserves are generally taken to be those quantities which geological and engineering information indicate with reasonable certainty can be recovered in the future from known deposits under existing economic and operating conditions. A useful figure of the merit for fuel reserves is the reserve/production ratio. If  the proven reserves remaining at the end of any year are divided by the production (consumption) in that year, the result is the time that those remaining reserves would last if production were to continue at the then-current level. 

According to the British Petroleum statistics the reserves/production (R/P) ratio of the world’s fossil resources is estimated as:

	FUEL
	R/P RATIO

	Oil
	40 years

	Natural gas
	62 years

	Coal
	224 years


Like the fossil fuels, uranium is also one of the depletable natural resources. If uranium is only used in a once-through cycle where it is burned in a reactor only once and disposed as a waste thereafter, confirmed reserves are destined to be depleted in the next 60 years.  

The reserves/production ratio for any region also gives an indication of the dependence of that area on more favoured regions. For example, for oil, the reserve/production ratio was less  than 10 years for Western Europe and for North America it was about 25 years. Obviously, both regions would be in dire straits if they could not import oil from Middle East, where the ratio is nearly 100 years. The Middle East has some 60 % of the world’s reserves of oil, and Saudi Arabia alone contains about 25 %. 

For gas the situation is somewhat different, because of the massive reserves in the former Soviet Union. This region holds some 40 % of the worlds reserves of gas, and another 40% of gas is in the OPEC region. The world as a whole is greatly dependent upon a limited number of regions which have most of the reserves. The reserve/production ratio for coal are much larger and much more evenly distributed. Unfortunately, coal has disadvantages compared to oil and gas. Coal burning creates more CO2 per unit of energy released than is the case with gas and oil, and more sulphur dioxide and nitrogen oxides.

OIL

At some moment during the next five years, we will have consumed more than one half of the total usable fossil oil on Earth. To date, we have extracted 807 billion barrels of crude oil. Only an estimated 995 billion barrels remain that can be extracted at current production costs. If the world-wide rate of oil consumption remained a constant 24 billion barrels of oil per year, we would run out of oil in 2040. But consumption is not static-it is increasing by about 2 percent per year. It seems clear that demand for oil will overshoot supply well before 2040. At some point between 2010 and 2025, all fuel from fossil oil will be too expensive for the average consumer to afford. Exactly when that point comes will depend largely on the actions of Middle Eastern countries.

Exploration for oil, the most important fossil fuel today, is a very expensive business. The amount of exploration is dependent upon economic conditions, particularly the price of oil, and upon political conditions. The world’s proven reserves of oil have increased from some 540 billion barrels in 1969 to just over 1000 billion barrels in 1992, but this does not mean that potential reserves are unlimited. The earth has been surveyed in great detail by the oil companies, and the easiest, cheapest and most promising reservoirs have all been found. Except for the huge pool of oil in the Middle East, the world’s most readily exploitable sources of oil and gas have been used up. It is only because of this that such difficult sources of oil as the North Sea and Alaska have become economically viable - that is, the price of oil has risen enough to make them worth exploiting. In physical terms, the more difficult reserves require deeper holes or extraction in more difficult environments, and the use of more materials and effort to supply the same result. 

Natural Gas

In 1970, world-wide annual consumption of natural gas was 850 billion cubic meters. Today, annual consumption is over 2000 billion cubic meters and is increasing at 3.5 percent per year. A 3.5 percent annual increase in consumption will deplete natural gas reserves by 2050. However, the increase in consumption of natural gas is accelerating at an astonishing rate. Cheap supplies of natural gas will be depleted by 2040. This fact is recently completely neglected by power companies which are building new natural gas power stations to give customers in their area cheaper and cleaner electricity. Experts believe that by 2010, the supply of electricity from new natural gas power facilities will jump to 100,000 megawatts in USA alone. Natural gas power plants are attractive to investors. They have relative short pay back time (an average six year in the USA) and can produce electricity for a cheap rate of two to three US cents per kilowatt-hour. It seems clear that the demand for natural gas fuel will increase in the near future but will slow down in the second half of the next century. 

1.3
ENVIRONMENTAL EFFECTS OF ENERGY USE

Most important environmental impacts caused by energy sources are global climate change and acid rain – both of which have the origin in the combustion of fossil fuels and lead to global or transboundary effects. 

1.3.1
CLIMATE CHANGE

During the last few decades, concern has been growing internationally that increasing concentrations of greenhouse gases in the atmosphere will change our climate in ways detrimental to our social and economic well-being. Climate change or global warming means a gradual increase in the global average air temperature at the earth’s surface. Abundant data demonstrate that global climate has warmed during the past 150 years. The majority of scientists now believe that global warming is taking place, at a rate of around 0,3 (C per decade, and that it is caused by increases in the concentration of so-called ”greenhouse gases” in the atmosphere. The most important single component of these greenhouse gas emissions is carbon dioxide (CO2). The major source of emissions of CO2 are power plants, automobiles, and industry. Combustion of fossil fuels  contributes around 80 percent to total world-wide anthropogenic CO2 emissions.

Another source is global deforestation. Trees remove carbon dioxide from the air as they grow. When they are cut and burned that CO2 is released back into the atmosphere. Massive deforestation around the globe is  releasing large amounts of CO2 and decreasing the forests’ ability to take CO2 from the atmosphere. 

The second major greenhouse gas is methane (CH4). It is a minor by-product of burning coal, and also comes from venting of natural gas (which is nearly pure methane). Different fossil fuels produce different amounts of CO2 per unit of energy released. Coal is largely carbon, and so most of its combustion products are CO2. Natural gas, which is methane, produces water as well as CO2 when it is burned, and so emits less CO2 per unit of energy than coal. Oil falls somewhere between gas and coal in terms of CO2 emissions, as it is made up of a mixture of hydrocarbons. The amount of CO2 produced per unit of energy from coal, oil and gas is in the approximate proportion of 2 to 1,5 to 1. This is one of the reasons why there is a move towards greater use of natural gas instead of coal or oil in power stations, despite the much greater abundance of coal. 

1.3.1.1
HOW GLOBAL WARMING WORKS 

The earth’s atmosphere is made up of several gases, which act as a ”greenhouse”, trapping the sun’s rays as they are reflected from the earth’s surface. Without this mechanism, the earth would be too cold to sustain life as we know it. Since the industrial revolution, humans have been adding huge quantities of greenhouse gases, especially carbon dioxide (CO2) to the atmosphere. More greenhouse gases means that more heat is trapped, which causes global warming. By burning coal, oil and natural gas increases atmospheric concentrations of these gases. Over the past century, increases in industry, transportation, and electricity production have increased gas concentrations in the atmosphere faster than natural processes can remove them leading to human-caused warming of the globe. 

1.3.1.2
THE EVIDENCE

Recently, alarming events that are consistent with scientific predictions about the effects of climate change have become more and more commonplace. The global average temperature has increased by about 0.5° C and sea level has risen by about 30 centimetres in the past century. 1998 was the hottest year since accurate records began in the 1840s, and ten of the hottest years have occurred during the last 15 years. 

Official confirmation of global climate change came in 1995, when the UN Intergovernmental Panel on Climate Change (IPCC), an officially appointed international panel of over 2,500 of the world’s leading scientific experts, found that ”… the balance of the evidence suggests a human influence on the global climate.” It has been concluded that the temperature on this planet during this century has steadily risen with the higher concentration of carbon dioxide, at a rate in accordance with theoretical prediction and that this is an effect which would continue to raise the temperature for another 75 years even if carbon dioxide emission was stopped today. 

The following are events which consistent with scientists predictions of the effects of global warming. The past two decades have witnessed a stream of new heat and precipitation records. Glaciers are melting around the world. There has been a 50 percent reduction in glacier ice in the European Alps since 1900. Alaska’s Columbia Glacier has retreated more than 12 kilometres in the last 16 years while temperatures there have increased. A huge section of an Antarctic ice shelf broke off. Some scientists think this may be the beginning of the end for the Larsen B ice shelf, which is about the size of Connecticut. Severe floods like the devastating Midwestern floods of 1993 and 1997 are becoming more common. Infectious diseases are moving into new areas. Corresponding with global warming, sea levels have risen, and climatic zones are shifting. All these changes exemplify the environmental impact of global climate change. Global warming and climate change pose a serious threat to the survival of many species and to the well-being of people around the world.

1.3.1.3
FUTURE IMPACTS OF CLIMATE CHANGE

The IPCC estimates that air temperatures will increase by another 1-3.5°C, and sea levels may rise by up to 1 meter over the next 100 years. Changes of this magnitude will affect many aspects of our lives. Here are some of them :

More people will die from heat stress. Severe heat waves like the one that killed hundreds of people in Chicago in 1995 will become more frequent. Children and the elderly are most vulnerable to heat stress. 

Tropical diseases will spread. Infectious diseases such as Malaria, Dengue fever, encephalitis, and cholera that are spread by mosquitoes and other disease-carrying organisms which thrive in warmer climates will be able to advance into new areas. This will lead to more incidents like malaria outbreaks in New Jersey and Dengue fever in Texas. 

Seas level will rise. Rising sea level will erode beaches and coastal wetlands  destroying essential habitat and leaving coastal areas more prone to flooding. Just a 50 centimetres sea level rise would double the global population at risk from storm surges. 

The water cycle will be disrupted. As the water cycle intensifies, some areas will experience more severe droughts, while others will have increased flooding. This variability will stress areas that are already prone to water quality and quantity problems. 

Food crop yields will be affected. A warmer climate will increase irrigation demands and the range of certain pests, but it will also extend the growing season for some areas. While some countries will find their food production increases with a warmer climate, the poorest countries that are already subject to hunger are likely to suffer significant decreases in food production. 

Endangered species will suffer. Some of the most vulnerable plants, animals, and ecosystems will suffer major changes. Ten species at high risk from global warming are: Giant Panda, Polar Bear, Indian Tiger, Reindeer, Beluga Whale, Rockhopper Penguin, Snow Finch, Harlequin Frog, Monarch Butterfly, and Grizzly Bear. 

Coral reefs will be harmed. Overheating of ocean waters, as a result of global warming, can lead to coral bleaching, which is a breakdown of the complex biological systems that corals have evolved in order to survive. 

1.3.2
ACID RAIN 

Another side effect of fossil fuels combustion and resulting emissions of pollutants is acid rain (or acid deposition). In the process of burning fossil fuels some of gases, in particular sulphur dioxide (SO2) and nitrogen oxides (NOx) are created. Although natural sources of sulphur oxides and nitrogen oxides do exist, more than 90% of the sulphur and 95% of the nitrogen emissions occurring in North America and Europe are of human origin. Once released into the atmosphere, they can be converted chemically into such secondary pollutants as nitric acid and sulphuric acid, both of which dissolve easily in water. The result is that any rain which follows is slightly acidic. The acidic water droplets can be carried long distances by prevailing winds, returning to Earth as acid rain, snow, or fog. 

Natural factors such as volcanoes, swamps and decaying plant life all produce sulphur dioxide, one of the contributing gases to acid rain. These natural occurrences form some kind of acid rain. There are also some cases where acid rain may be produced naturally, which is also bad for the environment but occurs in much lower amounts and quantities than that of those found in urban areas. Between the 1950’s and the 1970’s the rain over Europe increased in acidity by approximately ten times. In the 1980’s however, acidity levels decreased, but although many countries have started to do something about pollution that causes acid rain, the problem is not going away. 

Acid rain is often phrased as ”acid precipitation”. On the pH scale, rain usually measures 5.6. Anything below this measurement is said to be acidified rainfall. The chemical equation for acid rain is as follows: 

SO2 (Sulphur dioxide) + NO (Nitrogen Oxide) + H2O (Water) = Acid rain

Water solutions vary in their degree of acidity. If pure water is defined as neutral, baking soda solutions are basic (alkaline) and household ammonia is very basic (very alkaline). On the other side of this scale there are ascending degrees of acidity; milk is slightly acidic, tomato juice is slightly more acidic, vinegar, lemon juice is still more acidic, and battery acid is extremely acidic. If there were no pollution at all, normal rainwater would fall on the acid side of this scale, not the alkaline side. Normal rainwater is less acidic than tomato juice, but more acidic than milk. What pollution does is cause the acidity of rain to increase. In some areas of the world, rain can be as acidic as vinegar or lemon juice. 

This acid rain can cause damage to plant life, in some cases seriously affecting the growth of forests, and can erode buildings and corrode metal objects. The primary component involved in corrosion is acid rain. It is estimated that the damage to metal buildings alone amounts to about 2 billion dollars yearly. The highest emissions of sulphur come from those sectors, which use the most energy and the highest sulphur-content fuels, that is solid fuels and high sulphur heavy fuel oil. Solid fuels are the most polluting fossil fuels locally and globally. These fuels range from hard coals to soft brown coals and lignites, which have high proportion of combustion waste and pollutants such as sulphur, heavy metals, moisture and ash content. 

One of the major problems with acid rain is that it gets carried from a mass acid rain producing area to areas that are usually not as badly affected. Tall chimneys that are built to ensure that the pollution that is produced by factories is taken away from nearby cities, puts the pollution into the atmosphere. When these particles get picked up by the moisture in the air, they form acids. As a result they become a part of the clouds. Then these clouds get carried off by wind, which means that when the rain falls it may be a long distance away from where the acidic particles were picked up from. An example of this would be Central and Eastern Europe and Scandinavia. Sweden suffer from acid rain because of huge sulphur emissions from Eastern European power plants with low emission standards and because of wind blowing the particles over to their country. 

DAMAGE TO TREES AND SOIL

When acid rain falls, it can effect forests as well as lakes and rivers. In many countries around the world, trees are suffering greatly because of the results of acid rain. A lot of trees are losing their leaves and thinning at the top. Some trees are affected so severely that they are dying. To grow, trees need healthy soil to develop in. Acid rain is absorbed into the soil making it virtually impossible for these trees to survive. As a result of this, trees are more susceptible to viruses, fungi and insect pests and they are not able to fight them and they then die. 

DESTRUCTION OF BUILDINGS

Acid rain can have a severe effect on buildings. Materials such as stone, stained glass, paintings and other objects can be damaged or even destroyed. It slowly, but gradually, eats away at the material until there is virtually nothing left. Building materials crumble away, metals are corroded, the colour in paint is spoiled, leather is weakened and crusts form on the surface of glass. In certain parts of the world many famous and ancient buildings are been damaged by acid rain. St. Paul’s’ Cathedral in London is having it’s stone work eaten away by acid rain. In Rome the Michelangelo statue of ”Marcus Aurelius” has been removed to protect it from air pollution.

ACID RAIN AND LAKES

Acid rain damages soil when it falls onto the ground. It also has a noticeable effect when it falls directly into or is washed into lakes. Most of the animal and plant life in clean lakes and rivers are unable to tolerate acid rain. They can be poisoned by substances that the acid washes out from the surrounding soil into the water. All over the world there are examples of plant life and animal life suffering a lot or even not surviving the effects of acid rain. For example, thousands of lakes in Scandinavia are without any kind of life, whether it be animal or plant. Over the past years they have received a lot of acid rain as a result of the wind blowing the particles into their country form places such as England, Scotland and Eastern Europe. Since the 1930’s and 40’s some Swedish lakes have increased acidic levels in their rain water  by up to 1,000 times. 

The interactions between living organisms and the chemistry of their aquatic habitats are extremely complex. If the number of one species or group of species changes in response to acidification, then the ecosystem of the entire water body is likely to be affected through the predator-prey relationships of the food web. At first, the effects of acid deposition may be almost imperceptible, but as acidity increases, more and more species of plants and animals decline or disappear. As the water pH approaches 6.0, crustaceans, insects, and some plankton species begin to     disappear.  As pH approaches 5.0, major changes in the makeup of the plankton community occur, less desirable species of mosses and plankton may begin to invade, and the progressive loss of some fish populations is likely, with the more highly valued species being generally the least  tolerant of acidity. Below pH of 5.0, the water is largely devoid of fish, the bottom is covered with undecayed material, and the near shore areas may be dominated by mosses. Terrestrial animals dependent on aquatic ecosystems are also affected. Waterfowl, for example, depend on aquatic organisms for nourishment and nutrients. As these food sources are reduced or eliminated, the quality of habitat declines and the reproductive success of the birds is affected. Both natural vegetation and crops can be affected. 

Human health

We eat food, drink water, and breathe air that has come in contact with acid deposition. Canadian and U.S. studies indicate that there is a link between this pollution and respirator problems in sensitive populations such as children and asthmatics. Acid rain also makes some toxic elements, such as aluminium, copper, and mercury more soluble. Acid deposition can increase the levels of these toxic metals in untreated drinking water supplies. High aluminium concentrations in soil can also prevent the uptake and use of nutrients by plants.  

1.3.3
BAD AIR QUALITY

Beside greenhouse gases, SO2 and NOx emissions that cause acid rain, emissions of particulate matter contribute to bad air quality. Fuel combustion is the most important source of anthropogenic nitrogen oxides, while fuel combustion and evaporative emissions from motor vehicles are the main sources of anthropogenic volatile organic compounds (VOCs). Motor vehicles account for a considerable fraction of the total emissions of nitrogen oxides and VOCs in Europe and North America. NOx emissions also contribute to the formation of tropospheric photochemical oxidants. Photochemical oxidants, especially ozone (O3), are among the most important trace gases in the atmosphere. Their distributions show signs of change due to increasing emissions of ozone precursors (nitrogen oxides, or VOCs, methane and carbon monoxide). According to World Health Organisation air quality guidelines for ozone limit values are frequently exceeded in most parts of developed countries. In the lower troposphere, close to the ground, ozone is a strong oxidant that at elevated concentrations is harmful to human health, materials and plants. In the upper troposphere, ozone is an important greenhouse gas and contributes greatly to the oxidation efficiency of the atmosphere. 

There are reported several ozone and other photochemical oxidants effects on human health, materials, and crops. Increased ozone level can cause premature ageing of lungs and other respiratory tract effects like impaired lung function and increased bronchial reactivity. Increased incidence of asthmatic attacks, and respiratory symptoms, have been observed. Ozone contributes to damage to materials such as paint, textile, rubber and plastics. In the case of crops and some sensitive natural types of vegetation or plant species, exposure to ozone will lead leaf to damage and loss of production. Other photochemical oxidants cause a range of acute effects including eye, nose and throat irritation, chest discomfort, cough and headache. As a second consequence of increases in global trace gas emissions, a further decrease is expected to occur of the self-cleansing capacity of the troposphere. This would result in longer atmospheric residence times of trace gases and, consequently, an enhanced greenhouse effect and an increased influx of ozone-depleting trace gases into the stratosphere.

Heavy metals like arsenic (As), cadmium (Cd), mercury (Hg), lead (Pb) and zinc (Zn) are also released during fuel combustion. Lead pollution as the result of road traffic emissions have decreased markedly since early 80s due to increased consumption of unleaded gasoline and use of catalysts in cars. Nevertheless this sector remains the main source of lead in atmosphere. 

Beside emissions of pollutants there are also some other impacts of  fossil fuel combustion on local environment. Here microclimatic impacts like origination of fogs, less sunshine etc. are the results of large amounts of water vapour effluents from cooling towers of power plants. 

1.3.4
SEA POLLUTION

Damage caused by the transport of oil is related to the pollution of the seas. Here as the scale of oil production has increased during the twentieth century, the quantity of oil transported around the world, most of it by the sea, has also increased. To cope with this increase, in a highly competitive market, the size of oil tankers has increased to the point where they are by far the largest commercial ships. Even in routine operation, this results in large quantities of oil being released into the seas. The tankers fill up with water as ballast for return journeys. When this is emptied, significant quantities of oil are released as well. Despite the fact that the transport of oil is generally a safe industry, the scale of it, and the size of tankers, means that when accidents do occur they have a large effect. Although the number of accidents is small in proportion to the number of tanker journeys, thousands of minor incidents involving oil spills from tankers, and oil storage facilities occur annually. Between 1970 and 1985 there were 186 major oil spills each involving more than 1300 tonnes of oil. In 1989, the tanker Exxon Valdez ran aground off Alaska, releasing 39.000 tonnes of oil to form a slick covering 3.000 square kilometres and causing widespread environmental damage. People usually tend to think of the seas as a vast reservoir which can soak up limitless quantities of whatever we put into it. In fact, the scale of pollution from oil is such that clumps of floating oil are now common almost anywhere in the world’s oceans. 

1.4
SOCIAL PROBLEMS RELATED TO ENERGY USE

Beside environmental problems associated with large-scale use of fossil and nuclear fuels and the problems with sustainability there are also social problems arising from present trends of energy utilization. 

1.4.1
Political and economic problems

In the earlier stages of the industrial revolution, fuel sources were local and widely distributed. Industrial activity tended to grow in areas where local sources of coal were available. As the transport associated with industrialisation spread and developed, fuels began to be transported from more and more distant places. Now, with the most accessible sources of oil and gas depleted, fuels are transported around the world from small number of major producing areas. The result is that the major industrial nations have become dependent upon supplies from those producing nations, in particular oil from the Middle East, and are highly vulnerable to disruption of these supplies. This vulnerability and dependence has been a major factor shaping world politics. A series of major economic and political crises has resulted from Sues crisis in 1956 to the 1970s, oil crisis to the Gulf war in early 1990s. Since the producing nations are generally weak militarily and the consuming nations are generally stronger, latter are under pressure to dominate the former economically, politically and if necessary, militarily to maintain access to oil (most important fuel today). 

1.4.2
VULNERABILITY DUE TO CENTRALISATION

A related aspect of vulnerability in the present form of industrialisation is the centralized nature of fuel production and distribution. Electricity is generated in relatively few, very large power stations, and distributed through the country. Oil is imported in giant tankers, and converted to fuel in large refineries for further distribution. Concerns have been expressed that these large, vital installations offer potential target for terrorists or military opponents. As has been seen in recent years in the Middle East (Gulf War), the result can be massive ecological damage as well as economic devastation. The normal response to such vulnerability is to put greater resources into security and to increased level of protection. High level of centralisation leads also to problems with employment. Decentralized energy production and utilization which is the case of renewable energy sources can create much more new jobs than centralized fossil fuel installations. 

1.4.3
MILITARY DANGERS FROM NUCLEAR PROLIFERATION

Nuclear weapon proliferation is one of the biggest threat to the world peace today with several countries already in or trying to be a member of ”nuclear club”. In developed countries nuclear electricity industries grew out of nuclear weapons development. The earliest nuclear reactors were built to produce material for nuclear bombs. There has always been a close connection between the two terms of the technology used, so that military spending on research and development for nuclear weapons technology has in effect been a major subsidy for civilian nuclear electricity industries. Nuclear fuel is not directly useful for nuclear weapons. Much further processing is needed. However, for a country wishing to develop nuclear weapons without publicly revealing the fact, an obvious approach would seem to be combine weapons development with a nuclear electricity generation industry. 

1.5
RENEWABLE ENERGY SOURCES

Fortunately, solutions exist to cut greenhouse gas emissions, reduce acid deposition, improve air quality and to solve social problems related to recent energy use. Shifting investment from fossil fuels like coal and oil to renewable energy and energy efficiency would allow cleaner, more sustainable sources of energy to take their rightful place as market leaders.

Renewable energy systems use resources that are constantly replaced and are usually less polluting. All renewable energy sources – solar energy, hydro power, biomass and wind energy have their origin in activity of the Sun. Geothermal energy which, because of its inexhaustible potential, is sometimes considered as renewable source is getting energy from the heat of the earth.

Renewable energy is a domestic resource which has the potential to contribute to or provide complete security of energy supply. Countries that depend on imports of fossil fuel resources are in danger due to the risk of sharp rise of the cost of imported energy (mainly oil). This is particularly so for developing countries, where the oil import bill adds every year to the problem of financing an already large external deficit.  

Renewables are virtually uninterruptible and is of infinite availability because of its wide spread of complementary technologies - thus fitting well into a policy of diversification of energy supplies. Renewable resources are well-recognized as a good way to protect the economy against price fluctuations and against future environmental costs. Technologies based on renewables are largely pollution-free and make zero or little contribution to the greenhouse effect with its predicted drastic climatic changes. In addition, they produce no nuclear waste and are thus consistent with environmental protection policies, building towards a better environment and sustainable development. 

1.5.1
FUTURE OF RENEWABLES

The shape of our future will be largely determined by how we generate and apply technological innovation the most powerful force for progress in the modern world. The renewable energy sources are able to have a strong transformative effect on the whole of society in the coming decades. By virtually all accounts, renewable energy resources will be an increasingly important part of the power generation mix over the next several decades. Not only do these technologies help reduce global carbon emissions, but they also add some much-needed flexibility to the energy resource mix by decreasing our dependence on limited reserves of fossil fuels. Experts agree that hydropower and biomass will continue to dominate the renewables arena for some time. 

However, the rising stars of the renewables world - wind power and photovoltaics - are on track to become strong players in the energy market of the next century. Wind power is the fastest-growing electricity technology currently available. Wind-generated electricity is already competitive with fossil-fuel based electricity in some locations, and installed wind power capacity now exceeds 10,000 MW world-wide. Meanwhile, PV electricity - although currently three to four times the cost of conventional, delivered electricity - is seeing impressive growth world-wide. PV is particularly attractive for applications not served by the power grid. Advanced thin-film technology (a much less expensive option than crystalline silicon technology) is rapidly entering commercial-scale production. Perhaps even more promising than the technical developments in renewables are the resounding endorsements from major energy companies like Enron, Shell, and British Petroleum, which have invested heavily in PV and wind in recent years and are planning significant increases in these and other renewables efforts. 

The energy-starved developing world, which accounts for a large portion of the projected new electricity demand over the next 20 years, is considered one of the biggest markets for renewables. Many of these countries are attracted to the  modular nature of renewable energy technologies, which can be located close to the users. The renewable technologies are far cheaper and quicker to install than central-station power plants and their extensive lengths of transmission line.

Renewables are also gaining favour in industrialized countries. In the USA, national surveys show that well over half of consumers are willing to pay more for green power, and a number of power companies are now offering this option. In Europe, strong public support for clean energy is causing the renewables market to expand rapidly. In 1997, the European Commission released a white paper on renewable sources of energy, in which it noted that renewables are unevenly and insufficiently exploited in the European Union.  Contributing less than 6% to the EU’s energy consumption, it called for a joint effort to increase this level for export potential and to address climate change.  More than half of Europe’s energy is imported, and will rise to 70% by 2020 without action. Different scenarios show the contribution of renewables by 2010 to range from 9.9% to 12.5%, but a goal of 12% renewables share (”an ambitious but realistic objective”) was set, to be achieved through the installation of one million PV roofs, 15,000 MW of wind and 1,000 MW of biomass energy. The current 6% share includes large-scale hydro, which will not expand for environmental reasons.  Growth is expected from biomass, followed by 40 GW of wind and 100 million square metres of solar thermal collectors.  Photovoltaics will grow up 3 GWp, geothermal by 1 GWe and heat pumps by 2.5 GWth.  Total capital investment to achieve the 12% target will be 165 billion EUR (1997-2010), but it would create up to 900,000 new jobs and drop CO2 emissions by 402 million tonnes/a. 

The European Wind Energy Association estimates up to 320,000 jobs would be created if 40 GW of wind power is installed, the PV Industry Association says it would create 100,000 jobs if 3 GWp is met, the Solar Industry Federation estimates 250,000 jobs under its market objective, and another 350,000 jobs could be created to meet the export market. The white paper proposes a number of tax incentives and other fiscal measures to encourage investments in renewable energies, and measures to encourage passive solar.  ”The overall objective of doubling the current share of renewables to 12% by 2010 can be realistically achieved,” it concludes, and the contribution of renewables to electricity generation could grow from 14% to more than 23% by 2010 if appropriate measures are instituted.

Job creation is one of the most important features related to the development of renewable energy sources. The employment potential of renewables can be estimated according to the following data:

	RE source
	Employment potential

	Wind
	1 job/5 MW

	Hydro
	1 job/ 0,66 MW

	Landfill Gas
	1 job/0,77 MW

	Waste combustion
	1 job/0,33 MW

	Biofuels
	1 job/0,5 MW


1.5.2
HIDDEN COST OF FOSSIL FUELS UTILISATION

It is important to note that when energy experts are comparing different energy sources the question of their price is the crucial one and renewables are mostly considered as more expensive than fossil fuels. What is not known is the fact that such a comparison is usually based of wrong estimation of costs. When we pay the electric bill to the power company or fill up our car’s tank, we usually pay a specific price for the energy which does not express the full cost related to energy consumption. What we do not pay are many hidden costs associated with our energy usage. And there are several of them. Hidden social and environmental costs and risks associated with fossil-fuel use are principal barriers to the commercialization of renewable technologies. It is a well recognised fact that current markets mostly ignore these costs. In effect, relatively harmful sources, e.g., high sulphur coal and oil, are given an unfair market advantage over benign renewable sources. Since competing conventional technologies are able to pass on to society a substantial part of their costs (such as environmental degradation and health-care expenditures) renewable sources, which produce very few or no external and may even cause positive external effects such as job creation, rural regeneration and foreign-exchange earnings, are systematically put at a disadvantage. Internalising all these costs therefore must become a priority if a ”level playing field” is to be created.

While it is extremely difficult to quantify the external costs of such pollution, and some simply cannot be quantified, several studies show them to be substantial. For example, a German study concluded that the external costs (excluding global warming) of electricity generated from fossil-fuel plants are in the range of 2.4-5.5 US c/kWh, while those from nuclear power plants are 6.1-3.1 c/kWh. 

According to the another study sulphur dioxide from US coal burning plants is costing U.S. citizens USD 82 billion per year in additional health costs. Reduced crop yields caused by air pollution is costing US farmers USD 7.5 billion per year. What is important on these US figures is the fact that US citizens are actually paying between 109 billion and 260 billion dollars yearly in hidden energy costs. In other countries similar patterns can also be found.

Had external economic effects been included in the market allocation process, renewable technologies would be in a far better position to compete with fossil fuels, and there might already have been a substantial shift to the penetration of renewable in the market. 

Energy Subsidies

Many governments are heavily subsidising the energy industries. It is interesting to note that the energy technologies with the worst health and environmental impacts usually receive the most government money. The worst polluters, nuclear and combustion technologies, in the U.S. alone receive 90% of the government money. The renewable energy technologies, which offer little or no side effects, receive the least government support. Solar technologies (both PV and thermal together) receive in the USA only 3% of the government money. At the bottom of the list is conservation with 2% of the subsidy dollars. And there is not much difference in other countries of the world. This is amazing since renewables and energy savings offer relief from our energy problems and has no environmental side effects. Something is really wrong here.

Military

World’s dependence on imported oil requires that military will keep the international supply lines open. The U.S. military is spending between 14.6 and 54 billion dollars yearly just defending the oil supplies coming from the Persian Gulf. On the low side, the National Defence Council places the Persian Gulf military cost at 14.6 billion. On the high side, the estimate of 54 billion is made by the Rocky Mountain Institute. There are also other hidden national security costs. One of these is military aid to oil producing nations. Another is diplomatic and foreign policy decisions made on the basis of imported oil.

Radioactive Waste

The major problem associated with nuclear power is, ”What do we do with the radioactive waste?” To date, no one has a viable disposal solution for the thousands of tonnes of high level radioactive waste nuclear power plants generate. This problem is made more severe because it is a long term problem. For example, plutonium (Pu239) has a radioactive half-life of 24,400 years and is environmentally dangerous for over several hundred thousands years. We are making nuclear decisions now that will affect our planet, and all life forms on it, for millennia in the future. The World Watch Institute estimates the disposal costs of nuclear waste at between 1.44 and 8.61 billion dollars per year. Radioactive waste disposal is not actually disposal, but containment. We will have to deal with high level waste for thousands of years. We now have no method of actually disposing of high level waste. We simply store it and hope our children can figure out a safe way to deal with it. This estimate doesn’t include the cost of nuclear accidents. What does a ”Chernobyl or Three Mile Island” cost to clean up? 
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2
SOLAR  ENERGY

2.1
INTRODUCTION

Solar energy runs the engines of the earth. It heats its atmosphere and its lands, generates its winds, drives the water cycle, warms its oceans, grows its plants, feeds its animals, and even (over the long haul) produces its fossil fuels. This energy can be converted into heat and cold, driving force and electricity. 

SOLAR RADIATION

Solar radiation is electromagnetic radiation in the 0.28 - 3.0 µm wavelength range. The solar spectrum includes a small share of ultraviolet radiation (0.28 - 0.38 µm) which is invisible to our eyes and comprises about 2% of the solar spectrum, the visible light which range from 0.38 to 0.78 µm and accounts for around 49% of the spectrum and finally of infrared radiation with long wavelength (0.78...3.0 µm), which makes up most of the remaining 49% of the solar spectrum.

How much solar energy strikes the earth?

The sun generates an enormous amount of energy - approximately 1.1 x 1020 kilowatt-hours every second. (A kilowatt-hour is the amount of energy needed to power a 100 watt light bulb for ten hours.) The earth’s outer atmosphere intercepts about one two-billionth of the energy generated by the sun, or about 1500 quadrillion (1.5 x 1018 ) kilowatt-hours per year. Because of reflection, scattering, and absorption by gases and aerosols in the atmosphere, however, only 47% of this, or approximately 700 quadrillion (7 x 1017 ) kilowatt-hours, reaches the surface of the earth.

In the earth’s atmosphere, solar radiation is received directly (direct radiation) and by diffusion in air, dust, water, etc., contained in the atmosphere (diffuse radiation). The sum of the two is referred to as global radiation.

The amount of incident energy per unit area and day depends on a number of factors, e.g.:

latitude

local climate

season of the year

inclination of the collecting surface in the direction of the sun.

TIME AND SITE

The solar energy varies because of the relative motion of the sun. This variations<small> depend  on the time of day and the season. In general, more solar radiation is present during midday than during either the early morning or late afternoon. At midday, the sun is positioned high in the sky and the path of the sun’s rays through the earth’s atmosphere is shortened. Consequently, less solar radiation is scattered or absorbed, and more solar radiation reaches the earth’s surface. 

The amounts of solar energy arriving at the earth’s surface vary over the year, from an average of less than 0,8 kWh/m2 per day during winter in the North of Europe to more than 4 kWh/m2 per day during summer in this region. The difference is decreasing for the regions closer to the equator. 

The availability of solar energy varies with geographical location of site and is the highest in regions closest to the equator. Thus the average annual global radiation impinging on a horizontal surface which amounts to approx. 1000 kWh/m2 in Central Europe, Central Asia, and Canada reach approx. 1700 kWh/m2 in the Mediterranian and to approx. 2200 kWh/m2 in most equatorial regions in African, Oriental, and Australian desert areas. In general, seasonal and geographical differences in irradiation are considerable (see the table bellow) and must be taken into account for all solar energy applications.

Variations of solar irradiation (tilt angle South 30Deg.) in Europe  and Caribbean region.

	
	Europe
	Caribbean

	
	Southern
	Central
	North
	Barbados

	
	kWh/m2.day

	January
	2,6
	1,7
	0,8
	5,1

	February
	3,9
	3,2
	1,5
	5,6

	March
	4,6
	3,6
	2,6
	6,0

	April
	5,9
	4,7
	3,4
	6,2

	May
	6,3
	5,3
	4,2
	6,1

	June
	6,9
	5,9
	5,0
	5,9

	July
	7,5
	6,0
	4,4
	6,0

	August
	6,6
	5,3
	4,0
	6,1

	September
	5,5
	4,4
	3,3
	5,7

	October
	4,5
	3,3
	2,1
	5,3

	November
	3,0
	2,1
	1,2
	5,1

	December
	2,7
	1,7
	0,8
	4,8

	YEAR
	5,0
	3,9
	2,8
	5,7


CLOUDS

<small>The amount of solar radiation reaching the earth’s surface varies greatly because of changing atmospheric conditions and the changing position of the sun, both during the day and throughout the year. Clouds are the predominant atmospheric condition that determines the amount of solar radiation that reaches the earth. Consequently, regions of the nation with cloudy climates receive less solar radiation than the cloud-free desert climates. For any given location, the solar radiation reaching the earth’s surface decreases with increasing cloud cover. </small>

<small>Local geographical features, such as mountains, oceans, and large lakes, influence the formation of clouds; therefore, the amount of solar radiation received for these areas may be different from that received by adjacent land areas. For example, mountains may receive less solar radiation than adjacent foothills and plains located a short distance away. Winds blowing against mountains force some of the air to rise, and clouds form from the moisture in the air as it cools. Coastlines may also receive a different amount of solar radiation than areas further inland. 

The solar energy which is available during the day varies and depends strongly on the local sky conditions. At noon in clear sky conditions, the global solar irradiation can in e.g. Central Europe reach 1000 W/m2 on a horizontal surface (under very favourable conditions, even higher levels can occur) whilst in very cloudy weather, it may fall to less than 100 W/m2 even at midday. 

POLLUTION</small>
<small>Both man-made and naturally occurring events can limit the amount of solar radiation at the earth’s surface. Urban air pollution, smoke from forest fires, and airborne ash resulting from volcanic activity reduce the solar resource by increasing the scattering and absorption of solar radiation. This has a larger impact on radiation coming in a direct line from the sun (direct radiation) than on the total (global) solar radiation. </small><small>On a day with severely polluted air (smog alert), the direct solar radiation can be reduced by 40%, whereas the global solar radiation is reduced by 15% to 25%. A large volcanic eruption may decrease, over a large portion of the earth, the direct solar radiation by 20% and the global solar radiation by nearly 10% for 6 months to 2 years. As the volcanic ash falls out of the atmosphere, the effect is diminished, but complete removal of the ash may take several years.

2.2
Potentials

Solar radiation provides us at zero cost with 10,000 times more energy than is actually used worldwide. All people of the world buy, trade, and sell a little less than 85 trillion (8.5 x 1013 ) kilowatt-hours of energy per year. But that’s just the commercial market. Because we have no way to keep track of it, we are not sure how much non-commercial energy people consume: how much wood and manure people may gather and burn, for example; or how much water individuals, small groups, or businesses may use to provide mechanical or electrical energy. Some think that such non-commercial energy may constitute as much as a fifth of all energy consumed. But even if this were the case, the total energy consumed by the people of the world would still be only about one seven-thousandth of the solar energy striking the earth’s surface per year.

In some developed countries like in the United States people consume roughly 25 trillion (2.5 x 1013 ) kilowatt-hours per year. This translates to more than 260 kilowatt-hours per person per day - this is the equivalent of running more than one hundred 100 watt bulbs all day, every day. U.S. citizen consumes 33 times as much energy as the average person from India, 13 times as much as the average Chinese, two and a half times as much as the average Japanese, and twice as much as the average Swede. 

Even in such heavy energy consuming countries like USA solar energy falling on the land mass  can many times surplus the energy consumed there. If only 1% of land would be set aside and covered by solar systems (such as solar cells or solar thermal troughs) that were only 10% efficient, the sunshine falling on these systems could supply this nation with all the energy it needed. The same is true for all other developed countries. In a certain sense, it is impractical - besides being extremely expensive, it is not possible to  cover such large areas with solar systems. The damage to ecosystems might be dramatic. But the principle remains. It is possible to cover the same total area in a dispersed manner - on buildings, on houses, along roadsides, on dedicated plots of land, etc. In another sense, it is practical. In many countries already more than 1% of land is dedicated to the mining, drilling, converting, generating, and transporting of energy. And the great majority of this energy is not renewable on a human scale and is far more harmful to the environment than solar systems would prove to be.

2.3
SOLAR ENERGY UTILISATION

In most places of the world much more solar energy hits a home’s roof and walls as is used by its occupants over a year’s time. Harnessing this sun’s light and heat is a clean, simple, and natural way to provide all forms of energy we need. It can be absorbed in solar collectors to provide hot water or space heating in households and commercial buildings. It can be concentrated by parabolic mirrors to provide heat at up to several thousands degrees Celsius. This heat can be used either for heating purposes or to generate electricity. There exist also another way to produce power from the sun - through  photovoltaics. Photovoltaic cells are devices which convert solar radiation directly into electricity. 

Solar radiation can be converted into useful energy using active systems and passive solar design. Active systems are generally those that are very visible like solar collectors or photovoltaic cells. Passive systems are defined as those where the heat moves by natural means due to house design which entails the arrangement of basic building materials to maximize the sun’s energy. 

Solar energy can be converted to useful energy also indirectly, through other energy forms like biomass, wind or hydro power. Solar energy drives the earth´s weather. A large fraction of the incident radiation is absorbed by the oceans and the seas, which are warmed than evaporate and give the power to the rains which feed hydro power plants. Winds which are harnessed by wind turbines are getting its power due to uneven heating of the air. Another category of solar-derived renewable energy sources is biomass. Green plants absorb sunlight and convert it through photosynthesis into organic matter which can be used to produce heat and electricity as well. Thus wind, hydro power and biomass are all indirect forms of solar energy.

2.4
PASSIVE SOLAR ENERGY USE

Passive solar design, or climate responsive buildings use existing technologies and materials to heat, cool and light buildings. They integrate traditional building elements like insulation, south-facing glass, and massive floors with the climate to achieve sustainable results. These living spaces can be built for no extra cost while increasing affordability through lower energy payments. In many countries they also keep investment in the local building industry rather than transferring them to short term energy imports. Passive solar buildings are better for the environment while contributing to an energy independent, sustainable energy future.

Passive solar system uses the building structure as a collector, storage and transfer mechanical equipment. This definition fits most of the more simple systems where heat is stored in the basic structure: walls, ceiling or floor. There are also systems that have heat storage as a permanent element within the building structure, such as bins of rocks, or water-filled drums or bottles. These are also classified as passive solar energy systems. Passive solar homes are ideal places in which to live. They provide beautiful connections to the outdoors, give plenty of natural light, and save energy throughout the year.

History

Building design has historically borrowed its inspiration from the local environment and available building materials. More recently, humankind has designed itself out of nature, taking a path of dominance and control which led to one style of building for nearly any situation. In 100 A.D., Pliny the Younger, a historical writer, built a summer home in Northern Italy featuring thin sheets of mica windows on one room. The room got hotter than the others and saved on short supplies of wood. The famous Roman bath houses in the first to fourth centuries A.D. had large south facing windows to let in the sun’s warmth. By the sixth century, sunrooms on houses and public buildings were so common that the Justinian Code initiated ”sun rights” to ensure individual access to the sun. Conservatories were very popular in the 1800’s creating spaces for guests to walk through warm greenhouses with lush foliage. 

Passive solar buildings in the United States were in such demand by 1947, as a result of scarce energy during the prolonged World War 2, that Libbey-Owens-Ford Glass Company published a book entitled Your Solar House, which profiled forty-nine of the nations greatest solar architects. 

In the mid-1950’s, architect Frank Bridgers designed the world’s first commercial office building using solar water heating and passive design. This solar system has been continuously operating since that time and the Bridgers-Paxton Building is now in the National Historic Register as the world’s first solar heated office building. 

Low oil prices following World War 2 helped keep attention away from solar designs and efficiency. Beginning in the mid-1990’s, market pressures are driving a movement to redesign our building systems to more in line with nature. 

2.4.1
Passive Solar Space Heating 

There are few basic architectural modes for the utilisation of passive solar utilisation in architecture. But these modes, as presented below, can be developed into many different scheme, and enrich the design. 

The essential elements of a passive solar home are: good siting of the house, many south-facing windows (in Northern Hemisphere) to admit solar energy in winter (and, conversely, few east or west facing windows, to limit the collection of unwanted summer sunshine), sufficient interior mass (thermal mass) to smooth out undesirable temperature swings and to store heat for night time and a well-insulated building envelope.

Siting, insulation, windows orientation and mass must be used together. For least variation of indoor temperature the insulation should be placed on the outside of the mass. However where rapid indoor heating is required some insulation or low heat capacity material should be placed at the inside surface. There will be an optimum design for each micro-climate and indications are that a careful balance between mass and insulation in a structure will result not only in energy savings but in initial material cost saving as well. 

2.4.1.1
Site

Landscaping and Trees

According to the U.S. Department of Energy report, ”Landscaping for Energy Efficiency” (DOE/GO-10095-046), careful landscaping can save up to 25% of a household’s energy consumption for heating and cooling. Trees are very effective means of shading in the summer months as well as providing breaks for the cool winter winds. In addition to contributing shade, landscape features combined with a lawn or other ground cover can reduce air temperatures as much as 5 degrees Celsius in the surrounding area when water evaporates from vegetation and cools the surrounding air. Trees are wonderful for natural shading and cooling, but they must be located appropriately so as to provide shade in summer and not block the winter sun. Even deciduous trees that lose their leaves during cold weather block some winter sunlight - a few bare trees can block over 50 percent of the available solar energy.

2.4.1.2
Windows
All effective passive systems depend on windows. Glass or other translucent materials  allow short-wave, solar radiation to enter a building and prohibit the long-wave, heat radiation, from escaping. Windows control the energy flow in two principle ways: they admit solar energy in winter, so warming the house above the otherwise cool to cold internal conditions; and by excluding sun from the windows (by orientation and shading) there exist the opportunity to use ventilation to cool the otherwise warm hot house in summer. If use is to be made of the sun’s heat, then it has to reach buildings when it is useful. Generally, the sun should be able to reach the collection area between 9 a.m. and  3 p.m. in winter with as little obstruction and interference as possible. 

Trees on the site or the neighbours’ site might shade the vital areas of the building. This need to be checked and the building located to minimise any such interference. It is possible to plan a house to have its main outlook in any direction and still be an efficient low energy building. The building envelope, i.e. the walls, floor and roof are the important elements in design, rather than the location of internal spaces. If a window needs to face west it requires correct shading and its size restricted.

Glass permits sun radiation of wavelengths 0.4 to 2.5 microns to pass through it. As this radiant energy collides with opaque objects on the other side of the glass, it’s wavelength increases to 11 microns. Glass acts as an opaque barrier to light of this wavelength thereby trapping the sun’s energy. The amount of light penetrating a glass is dependent on the angle of incidence. The optimum angle of incidence is 90o. When sunlight strikes the glass at 30o or less, the most radiation is reflected.

2.4.1.3
Understanding the Solar Spectrum and Heat Transfer

To make good choices on glazing, it is needed to understand a bit about light and heat. The sunlight that strikes the Earth is comprised of a variety of wavelengths and different glazing will selectively transmit, absorb, and reflect the various components of the solar spectrum. Likewise, reducing glare (via reflection or tinting) is helpful in the workplace by allowing the transmission of visible, or natural, light it is possible to save energy for artificial light. But perhaps the greatest effect on human comfort levels is determined by infrared heat transfer. By specifying the right type of glass, it is possible to trap the infrared heat for warmth, or reflect the infrared heat to prevent warming. 

There are three ways that heat moves through a glazing material. The first is conduction. Conductive heat is transferred through the glazing by direct contact. Heat can be felt by touching the glazing material. The second form of heat transfer is radiation; electromagnetic waves carry heat through a glazing. This produces the feeling of heat radiating from the surface of the glazing. The third method of heat transfer is convection. Convection transfers heat by motion, in this case, air flow. The natural flow of warm air toward colder air allows heat to be lost or gained. 

The R-value of a glazing - its insulating capabilities or resistance to the flow of heat - is determined by the degree of conduction, radiation, and convection through the glazing material. However, air infiltration will also determine the overall R-value of a glazing system. The amount of heat that travels around a glazing is as important as the heat transfer through a glazing. Air can leak in or out of a building around the glazing via the framing. The quality, workmanship, and the installation of the entire glazing system, including the framing, affects air infiltration. 

Advances in glass technology have perhaps been the single largest contributor to building efficiency since the 1970s and they play an important roll in solar design. Some window advances include: 

Double and triple pane windows with much higher insulating values. 

Low emissivity or Low-E glass employing a coating which lets heat in but not out. 

Argon (and other) gas filled windows that increase insulating values above windows with just air. 

Phase-change technologies that can switch from opaque to translucent when a voltage is applied to them. 

2.4.1.4
Basic Glass Types 

Glazing materials include glass, acrylics, fibreglass, and other materials. Although different glazing materials have very specific applications, the use of glass has proven the most diverse. The various types of glass allow the passive solar designer to fine-tune a structure to meet client needs. The single pane is the simplest of glass types, and the building block for higher performance glass. Single panes have a high solar transmission, but have poor insulation - the R-value is about 1,0. Single pane glass can be effective when used as storm windows, in warm climate construction (unless air conditioning is being used), for certain solar collectors, and in seasonal greenhouses. Structures using single pane glass will typically experience large temperature swings, drafts, increased condensation, and provide a minimal buffer from the outdoors. 

Perhaps the most common glass product used today is the double pane unit. Double pane glass is just that: two panes manufactured into one unit. Isolated glass (thermopane) incorporate a spacer bar (filled with a moisture absorbing material called a desiccant) between the panes and are typically sealed with silicone. The spacer creates a dead air space between the panes. This air space increases the resistance to heat transfer; the R-value for double pane is about 1,8-2,1. Huge air spaces will not drastically increase R-value. In fact, a large air space can actually encourage convective heat transfer within the unit and produce a heat loss. A rule of thumb for air space is between 1 and 2 centimetres. It is also possible to go as large as 10-12 centimetres without creating convective flow, but at that point you are dealing with a very large and awkward unit. The demand for greater energy efficiency in building and retrofitting homes has made insulated glass units the standard. With good solar transmission and fair insulation, such unit is a large improvement over the single pane. Windows, doors, skylights, sunrooms, and many other areas utilize double pane glass.

High Performance Glass

High performance or enhanced glass offers even better R-value and solar energy control. By further improving the insulating capability of glass, it is possible dramatically increase  also design options. What were once insulated walls may become sunrooms. Solid roofs and ceilings become windows to the sky. Dark rooms can ”wake up” to natural light, solar heat gain, and wonderful views. For a relatively small increase in cost it is possible to improve efficiency, provide better moisture and UV protection, and gain design flexibility. A variety of high performance glass is now available. 

What are the advantages of this glass? Low emissivity (Low-E) glass is succeeding double pane glass in energy efficient buildings. Emissivity is the measure of infrared (heat) transfer through a material. The higher the emissivity, the more heat is radiated through the material. Conversely, the lower the emissivity, the more heat is reflected by the material. Low-E coatings will reflect, or re-radiate, the infrared heat back into a room, making the space warmer. This translates into R-values from 2.6 to 3.2. In warmer climates it is possible to reverse the unit and re-radiate infrared heat back to the outside, keeping the space cooler. Low-E glass improves the R-value, UV protection, and moisture control. 

Gas-filled windows increase R-value. Properly done, gas-filling will increase the overall R-value of a glass unit by about 1,0. The air within an insulated glass unit is displaced with an inert, harmless gas with better insulation properties. Typical gases used are Krypton and Argon. 

2.4.1.5
Window curtains

In addition to decorative functions, curtains can be used to reduce the heat losses that occur during the cold months as well as the heat gains during the warmer months. The plywood box over the curtain top prevents warm ceiling air from moving between the glass and curtain. The curtain should drop at least 30 cm below the window for it to be effective. The optimum condition would be for it to drop to the floor.

2.4.1.6
Thermal mass

Solar radiation hitting walls, windows, roofs and other surfaces is adsorbed by the building and is stored in thermal mass. This stored heat is then radiated to the interior of the building. Thermal mass in a solar heating system performs the same function as batteries in a solar electric system (see chapter on photovoltaics). Both store solar energy, when available, for later use. 

Thermal mass can be incorporated into a passive solar room in many ways, from tile-covered floors to water-filled drums. Thermal mass materials, which include slab floors, masonry walls, and other heavy building materials, absorb and store heat. They are a key element in passive solar homes. Homes with substantial south-facing glass areas and no thermal storage mass do not perform well.

It is important to know that dark surfaces reflect less, therefore, absorb more heat. In case of a dark tiled floor, the floor will be able to absorb heat all day and radiate heat into the room at night. The rate of heat flow is based on the temperature difference between heat source and the object to which the heat flows. As described above heat flows in three ways - conduction (heat transfer through solid materials), convection (heat transfer through the movement of liquids or gasses), and radiation. All surfaces of a building lose heat via these three modes. Good solar design works to minimize heat loss and maximize efficient heat distribution. The need for thermal mass (heat-storage materials) inside a building is very climate-dependent. Heavy buildings of high thermal mass are consistently more comfortable during hot weather in hot-arid and cool-temperate climates, while in hot-humid climates there is little benefit. In cool-temperature climates the thermal mass acts as a cold-weather heat store thus improving overall comfort and reducing the need for auxiliary heating, except on overcast or very cold days. In intermittently heated buildings, however, it tends to increase the heat needed to maintain the chosen conditions. 

Providing adequate thermal mass is usually the greatest challenge to the passive solar designer. The amount of mass needed is determined by the area of south-facing glazing and the location of the mass. In order to ensure an effective design it is important to follow these guidelines:

Locate the thermal mass in direct sunlight. Thermal mass installed where the sun can reach it directly is more effective than indirect mass placed where the sun’s rays do not penetrate. Houses that rely on indirect storage need three to four times more thermal mass than those using direct storage.

Distribute the thermal mass. Passive solar homes work better if the thermal mass is relatively thin and spread over a wide area. The surface area of the thermal mass should be at least 3 times, and preferably 6 times, greater than the area of the south windows. Slab floors that are 8 to 10 centimetres thick are more cost effective and work better than floors 16 to 20 inches thick.

Do not cover the thermal mass. Carpeting virtually eliminates savings from the passive solar elements. Masonry walls can have drywall finishes, but should not be covered by large wall hangings or lightweight panelling. The drywall should be attached directly to the mass wall, not to covers fastened to the wall that create an undesirable insulating airspace between the drywall and the mass. 

Select an appropriate mass colour. For best performance, finish mass floors with a dark colour. A medium colour can store 70 percent as much solar heat as a dark colour, and may be appropriate in some designs. A matte finish for the floor reduces reflected sunlight, thus increasing the amount of heat captured by the mass and having the additional advantage of reducing glare. The colour of interior mass walls does not significantly affect passive solar performance.

Insulate the thermal mass surfaces. There are several techniques for insulating slab floors and masonry exterior walls. These measures should introduced to achieve the  energy savings. Unfortunately, problems in some case can arise like with termite infestations in foam insulation for perimeter slabs. This can complicate the issue of whether and how to insulate slab-on-grade floors.

Make thermal mass multipurpose. For maximum cost effectiveness, thermal mass elements should serve other purposes as well. Masonry thermal storage walls are one example of a passive solar design that is often cost prohibitive because the mass wall is only needed as thermal mass. On the other hand, tile-covered slab floors store heat, serve as structural elements, and provide a finished floor surface. Masonry interior walls provide structural support, divide rooms, and store heat.

When developing a thermal storage system or simply comparing materials it is useful to look at the storage capacity of the proposed building materials which is referred to as the volumetric heat capacity (J/m3. Deg. Celsius) or more commonly the specific heat and the rate at which the material can take up and store heat. Some examples of common storage materials are given in the following table: 

	 PRIVATE
Material
	Density (kg/m3)
	Volumetric heat capacity

(J/m3. Deg. C)

	 Water
	1000
	4186

	 Concrete
	2100
	1764

	 Brick
	1700
	1360

	 Stone: marble
	2500
	2250

	 Materials not suitable for thermal storage

	 Plasterboard
	950
	798

	 Timber
	610
	866

	 Glass fibre matt
	25
	25


Early solar designers used water (stored in large containers) as the heat storage medium. Although water is cheap, the containers and the space they take are not. Some solar designers turned to rock storage bins as reservoirs for thermal mass. It took three times as much rock to store the same amount of heat as an equivalent volume of water and the moist warm environment of the bins became breeding grounds for odor producing fungi and bacteria. The high cost and the foul odors started to give solar design a bad name. Both water and rock heat storage require complicated control systems, pumps, and blowers. Heat storage is not common in today‘s solar energy utilisation. Main reason for this is that all of these systems rely on electricity, require maintenance, and are subject to periodic breakdown. 

2.4.1.7
Thermal insulation

Materials generally available for building purposes can be classified into two generic groups - bulk materials and reflective foil laminates (RFL). The first of these relies on the resistance of air trapped in pockets between the fibres of the blanket type materials (mineral fibre materials) or the cells formed in the foamed structure of board or slab type materials (usually made from plastics such as polystyrene and polyurethane foams). The second reflects radiant energy away from the object or surface being protected. Thermal insulation in the outer fabric of a building is a vital component of an energy-efficient design strategy. The key to successful energy-efficient design is the control of heat flow through the external fabric. All the solar energy gained could be easily lost from an inadequately insulated building before it is able to be of benefit. It will have been noted that some materials have a very much higher thermal resistance per unit thickness than others irrespective of their density. The fact that air is a good insulator especially if it is bounded by a bright foil surface to limit radiation transfer can be very useful as well.

2.4.1.8
Cooling

In many parts of the world a passive solar building needs cooling as much as heating. One of the best, time proven methods of cooling is thermal coupling with the earth’s constant temperature. Dropping the ground floor at least one meter into the earth provides a more even exterior temperature which aids cooling as well as heating. Adequate structural engineering, drainage, and damp proofing are essential in below ground areas. Thermal isolation is the best and most economical way to temper the building’s environment. Using the earth’s thermal mass keeps the house at a reasonable temperature, and so does good insulation. Shades located outside and inside the windows, ventilation and reflective films on the windows are also very important in order to control temperature inside the building.

External Shades and Shutters

Exterior window shading treatments are effective cooling measures because they block both direct and indirect sunlight outside of the home. Solar shade screens are an excellent exterior shading product with a thick weave that blocks up to 70 percent of all incoming sunlight. The screens absorb sunlight so they should be used on the exterior of the windows. From outside, they look slightly darker than regular screening, but from the inside many people do not detect a difference. Most products also serve as insect screening. They should be removed in winter to allow full sunlight through the windows. A more expensive alternative to the fibreglass product is a thin, metal screen that blocks sunlight, but still allows a view from inside to outside. Hinged decorative exterior shutters which close over the windows are also excellent shading options. However, they obscure the view, block daylight completely, may be expensive and may be difficult for many households to operate on a daily basis.

Interior Shades and Shutters

Shutters and shades located inside the house include curtains, roll-down shades, and Venetian blinds. Interior shutters and shades are generally the least effective shading measures because they try to block sunlight that has already entered the room. However, if passive solar windows do not have exterior shading, interior measures are needed. The most effective interior treatments are solid shades with a reflective surface facing outside. In fact, simple white roller blinds keep the house cooler than more expensive louvered blinds, which do not provide a solid surface and allow trapped heat to migrate between the blinds into the house.

Reflective Films and Tints

Reflective film, which adheres to glass and is found often in commercial buildings, can block up to 85% of incoming sunlight. The film blocks sunlight all year, so it is inappropriate on south windows in passive solar homes. However, it may be practical for unshaded east and west windows. These films are not recommended for windows that experience partial shading because they absorb sunlight and heat the glass unevenly. The uneven heating of windows may break the glass or ruin the seal between double-glazed units. 

Ventilation 

Ventilation is the changing of air in buildings to control oxygen, heat and contaminants. Ventilation may occur in few forms. Building orientation, form, plan and user actions also alter air flow paths. Natural ventilation consumes no energy and has few if any running costs, but depends on weather conditions and can be difficult to control. Mechanical and air-conditioned ventilation are energy-driven alternatives to natural ventilation, normally dictated by building type, site and function. They can be particularly efficient as supplements to natural ventilation. Mechanical ventilation uses fans and ducts to supply and extract air in localised areas such as a kitchen. Air conditioning both treats and supplies air. It is particularly useful to cool air below ambient temperatures.

2.4.2
SOLAR ARCHITECTURE & ACTIVE SYSTEMS

It is important to design the house with the aim to incorporate active solar systems (see below) like collectors or photovoltaic modules as  well. The building should orient these appliances due south. Tilt of the solar collectors should be in Europe and North America more than 50° (from horizontal) to maximize winter heat collection. Solar collectors should be thermally locked with the roof. Non-tracking photovoltaics receive the most yearly insolation (exposure to the sun’s rays) when tilted at an angle, from horizontal, equal to the building’s latitude. Design of the building’s roof should be done to such angles and southern orientation as integral aspects of the building. Hot water collectors and photovoltaic panels should be located as close as possible to their main areas of use. It is important to concentrate these areas of use. For example, putting the bathrooms and kitchen close together economizes on their installation and minimizes energy loss. All appliances should be selected with efficiency as the prime criterion.

SUMMARY 

Passive use of sunlight contributes around 15% of space heating needs in typical building. It is important source of energy savings which can be utilised everywhere and almost at no extra cost. There are some principles which can help a designer to harness solar energy through thermally efficient buildings.

SITE

It is important to become familiar with the energy flows of house surroundings. The nature and relationship of the lay of the land, water courses, vegetation, soil types, wind directions, and exposure to the sun should be investigated. A site suitable for solar design should balance and complement these elements. It must have unobstructed exposure to the sun from 9 am to 3 pm during the heating season.

Heating

In Northern hemisphere orientation due south of the main solar insolating spaces, i.e. greenhouse, and/or main daytime activity areas is important. Glass should be open to the sun patterns during the winter. By facing of the windows to the south, and virtually none to the north maximaze solar gain. Multiple pane glass in all windows is recommended. 

THERMAL MASS

Thermal mass including masonry floors, walls and water storage is important to absorb ambient heat during the day and release it at night. Insulation of the building further  minimize heat loss through windows, walls and roof. 

NATURAL HEAT FLOW 

It is useful to design the house with the natural heat flow in mind. Hot air rises, so placing  some activity areas on a second floor to draw heat up from a lower collector area and across other areas can save a lot of energy. Buffer areas of the building (unheated rooms, or partially heated spaces such as utility rooms, vestibules and storage areas) should be oriented due to the north to lessen the impact of the winter’s cold. Using a vestibule on doors to the exterior can lead to energy savings. Vestibules cut heat loss and provide a buffer zone between the exterior and the interior. 

2.5
SOLAR COLLECTORS

Using energy from the sun to heat water is one of the oldest uses of solar energy. Solar collectors are the heart of most solar energy systems. The collector absorbs the sun’s light energy and changes it into heat energy. This energy is than transferred to a fluid or air which are used to warm buildings, heat water, generate electricity, dry crops or cook food. Solar collectors can be used for nearly any process that requires heat. 

Domestic hot water is the second-highest energy cost in the typical household in Europe or North America. In fact, for some homes it can be the highest energy expenditure. Solar water heating can reduce domestic water heating costs by as much as 70%. Designed to pre-heat the domestic water that is supplied to conventional water collector, it can result in remarkable savings. It’s easy to install and almost maintenance free. 

Today, solar water heating systems are being used for single family houses, apartment buildings, schools,  car washes, hospitals, restaurants, agricultural farms and different industries. This is a diverse list of private, commercial and industrial buildings, but they all have one thing in common -  they all use  hot water. Owners of these buildings have found that solar water heating systems are cost-effective in meeting their hot water needs all over the world. 

HISTORY

Solar water heating was used long before fossil fuels dominated our energy system. The principles of solar heat have been known for thousands of years. A black surface gets hot in the sun, while a lighter coloured surface remains cooler, with white being the coolest. This principle is used by solar water collectors which are one of the best known applications for the direct use of the sun’s energy. They were developed some two hundred years ago and the first known flat plate collector was made by Swiss scientist Horace de Saussure in 1767, later used by Sir John Herschel to cook food during his South Africa expedition in the 1830’s. 

Solar technology advanced to roughly it’s present design in 1908 when William J. Bailey of  the Carnegie Steel Company (USA), invented a collector with an insulated box and copper coils. This collector was very similar to the thermosyphon system (described bellow).  Bailey sold 4000 units by the end of World War I and a Florida businessperson who bought the patent rights sold nearly 60 000 units by 1941. In the U.S. the rationing of copper during World War II sent the solar water heating market into a sharp decline. 

Little interest was shown in such devices until the world-wide oil crisis of 1973. This crisis promoted new interest in alternative energy sources. As a result, solar energy has, received increased attention and many countries are taking a keen interest in new developments. The efficiency of solar heating systems and collectors has improved from the early 1970s. The efficiencies can be attributed to the use of low-iron, tempered glass for glazing (low-iron glass allows the transmission of more solar energy than conventional glass), improved insulation, and the development of durable selective coatings.

2.5.1
SOLAR COLLECTOR MARKET

Solar domestic hot-water systems are technically mature and available practically all over the world. The market for flat-type collectors has been reported as substantial in Israel, China, Cyprus, Japan, Australia, Austria, Germany, Greece Turkey and USA. Sales in Europe are mainly for domestic water heating, which may also include space heating and heating swimming pools. World production of solar collectors in 1995 was 1,3 million m2 where market in Europe and Mediterranean countries is reported to be about 40% of the world market. Total amount of installed solar collectors exceeded 30 million m2 and the development of sales was very rapid since 1980. Since 1989 there is steady increase with around 20 % per year. 

Among countries in Europe, Greece has become the leader in production of solar systems and exports 40% of all collectors produced and comprises 30% of the market in Germany.  The industry‘s goal for the year 2005 represents 1,3 million systems and 5 million m2 of collectors.  A project on Crete will need 20,000 collectors over two years.  The Greek market installs 70,000 solar systems a year, reducing CO2 emissions by 1,5 million tonnes.

Sales in the EU in 1996 were reported to be over 0,7 million m2 of glazed collectors and about 0,15 million m2 of unglazed collectors (Renewable energy world, Sept. 1998). All the indications are that this trend will continue at a rapid pace since measures are being taken all over the EU for the promotion of solar systems. 

Table : Glazed solar collector production in 1994 (Source : Sun in action. The solar thermal market, a strategic plan for action in Europe. European Solar Industry Federation. Altener Program).

	Country
	Glazed solar collector production in 1994

	Germany
	170 000 m2

	Greece
	165 000 m2

	Austria
	100 000 m2

	UK
	40 000 m2

	Denmark
	20 000 m2

	Others
	55 000 m2

	EU total
	550 000 m2


Table : Installed solar collector area in the world (Source: Sun in action. The solar thermal market, a strategic plan for action in Europe. European Solar Industry Federation. Altener Program).

	Country
	Installed solar collector area

	Mediterranean countries
	8,5 million m2

	USA
	6,5 million m2

	Japan
	6 million m2

	EU
	5,6 million m2

	Australia
	2,5 million m2

	China
	1,5 million m2


Installed solar collector area per head of population was 0,5 m2 in Cyprus in 1992 the largest in Europe and followed by Greece and Austria. Collector area per head of population increased in Austria up to 0,2 m2 in 1998 and amounted total area of 1,5 million m2.  Austria is first in sales per capita followed by Greece  but both countries still fall behind the world leaders Israel and Cyprus. Analysis of statistical figures like collector area per head of population shows that favourable climatic conditions have less influence than socio-economic boundary conditions. The success in Cyprus is explained not only by the absence of any other local source of energy but also by countries regulation. Strong legislation promoting solar energy utilisation is in force also in Israel. Israel and Cyprus have imposed statutory requirements for solar heating systems in all new buildings. These requirements were introduced in stages: thus in Israel initially all new apartment buildings of up to eight storeys were required to have a community solar water heating system with appropriate storage tanks. This was later extended to all new dwellings in the country. Finally in 1983 new regulations required hotels, hospitals and schools to install solar water heating equipment. These regulations were coupled with financial incentives. A similar attempt has also been made in Cyprus and it was recently estimated that 90 % of individual dwellings and 15 % of apartments in Cyprus are now equipped with solar water heaters.

2.5.2
POTENTIALS

In Europe the total rapidly exploitable potential for solar collectors production is estimated to be 360 million m2 , representing a market volume of 50 billion USD at an annual average growth rate of 23%. In 2005 the area occupied by glazed solar collector installations in the EU is expected to rise to 28 million m2. Moreover, unglazed solar collectors for heating swimming pools  are expected to reach 20 million m2.

2.5.3
SOLAR COLLECTORS TYPES

Typical solar collectors collect the sun’s energy usually with rooftop arrays of piping and net metal sheets, painted black to absorb as much radiation as possible. They are encased in glass or plastic and angled towards south to catch maximum sunshine. The collectors act as miniature greenhouses, trapping heat under their glass plates. Because solar radiation is so diffuse, the collectors must have a large area.

Solar collectors can be made in various sizes and constructions depending on requirements. They give enough hot water for washing, showers and cooking. They can be used also as pre-heaters for existing water heaters. Today there are several collectors on the market. They can be divided into several categories. One of them is division according temperature they produce:

Low-temperature collectors provide low grade heat, less than 50 degrees Celsius, through either metallic or non-metallic absorbers for applications such as swimming pool heating and low-grade water. 

Medium-temperature collectors provide medium to high-grade heat (greater than 50 degrees Celsius, usually 60 to 80 degrees), either through glazed flat-plate collectors using air or liquid as the heat transfer medium or through concentrator collectors that concentrate the heat to levels greater than ”one sun.” These include evacuated tube collectors, and are most commonly used for residential hot water heating. 

High-temperature collectors are parabolic dish or trough collectors primarily used by independent power producers to generate electricity for the electric grid. 

2.5.3.1
Batch Solar Water Collectors

The simplest type of solar water collector is a ”batch” collector, so called because the collector is the storage tank - water is heated and stored a batch at a time. Batch collectors are used as pre-heaters for conventional or instantaneous water heaters. When hot water is used in the household, solar-preheated water is drawn into the conventional water collector. Since the water has already been heated by the sun, this reduces energy consumption. A batch solar water collector is a low cost alternative to an active solar hot water system, offering no moving parts, low maintenance, and zero operational cost. The acronym for a batch type solar water collector is ICS, meaning Integrated Collector and Storage. Batch collectors, also known as ”breadbox” , use one or more black tanks filled with water and placed in an insulated, glazed box. Some boxes include reflectors to increase the solar radiation. Solar energy passes through the glazing and heats the water in the tanks. These devices are inexpensive solar water collectors but must be drained or protected from freezing when temperatures drop below freezing. 

2.5.3.2
Flat-Plate Collectors

Flat-plate collectors are the most common collectors for residential water heating and space-heating installations. A typical flat-plate collector is an insulated metal box with a glass or plastic cover called the glazing and a dark-coloured absorber plate. The glazing can be transparent or translucent. Translucent (transmitting light only) low-iron glass is a common glazing material for flat-plate collectors because low-iron glass transmits a high percentage of the total available solar energy. The glazing allows the light to strike the absorber plate but reduces the amount of heat that can escape. The sides and bottom of the collector are usually insulated, further minimising heat loss.

The absorber plate is usually black because dark colours absorb more solar energy than light colours. Sunlight passes through the glazing and strikes the absorber plate, which heats up, changing solar radiation into heat energy. The heat is transferred to the air or liquid passing through the flow tubes. Because most black paints still reflect approximately 10% of the incident radiation some absorber plates are covered with ”selective coatings,” which retain the absorbed sunlight better and are more durable than ordinary black paint. The selective coating used in the collector consists of a very precise thin layer of an amorphous semiconductor plated on to a metal substratum. Selective coatings has both high absorptivity in the visible region and low emissivity in the long-wave infrared region.

Absorber plates are often made of metal usually copper or aluminium because they are both good heat conductors. Copper is more expensive, but is a better conductor and is less prone to corrosion than aluminium. An absorber plate must have high thermal conductivity, to transfer the collected energy to the water with minimum temperature loss. Flat-plate collectors fall into two basic categories: liquid and air. And both types can be either glazed or unglazed. 

2.5.3.3
Liquid Collectors

In a liquid collector, solar energy heats a liquid as it flows through tubes in the absorber plate. For this type of collector, the flow tubes are attached to the absorber plate so the heat absorbed by the absorber plate is readily conducted to the liquid.

The flow tubes can be routed in parallel, using inlet and outlet headers, or in a serpentine pattern. A serpentine pattern eliminates the possibility of header leaks and ensures uniform flow. A serpentine pattern can pose some problems for systems that must drain for freeze protection because the curved flow passages will not drain completely. 

The simplest liquid systems use potable household water, which is heated as it passes directly through the collector and then flows to the house to be used for bathing, laundry, etc. This design is known as an ”open-loop” (or ”direct”) system. In areas where freezing temperatures are common, however, liquid collectors must either drain the water when the temperature drops or use an antifreeze type of heat-transfer fluid. 

In systems with heat-transfer fluids, the transfer fluid absorbs heat from the collector and then passes through a heat exchanger. The heat exchanger, which generally is in the water storage tank inside the house, transfers heat to the water. Such designs are called ”closed-loop” (or ”indirect”) systems. 

Glazed liquid collectors are used for heating household water and sometimes for space heating. Unglazed liquid collectors are commonly used to heat water for swimming pools. Because these collectors need not withstand high temperatures, they can use less expensive materials such as plastic or rubber. They also do not require freeze-proofing because swimming pools are generally used only in warm weather. 

2.5.3.4
Air Collectors

Air collectors have the advantage of eliminating the freezing and boiling problems associated with liquid systems. Although leaks are harder to detect and plug in an air system, they are also less troublesome than leaks in a liquid system. Air systems can often use less expensive materials, such as plastic glazing, because their operating temperatures are usually lower than those of liquid collectors.

Air collectors are simple, flat-plate collectors used primarily for space heating and drying crops. The absorber plates in air collectors can be metal sheets, layers of screen, or non-metallic materials. The air flows through the absorber by natural convection or when forced by a fan. Because air conducts heat much less readily than liquid does, less heat is transferred between the air and the absorber than in a liquid collector. In some solar air-heating systems, fans on the absorber are used to increase air turbulence and improve heat transfer. The disadvantage of this strategy is that it can also increase the amount of power needed for fans and, thus, increase the costs of operating the system. In colder climates, the air is routed between the absorber plate and the back insulation to reduce heat loss through the glazing. However, if the air will not be heated more than 17°C above the outdoor temperature, the air can flow on both sides of the absorber plate without sacrificing efficiency.

The best features of air collector systems are simplicity and reliability. The collectors are relatively simple devices. A well-made blower can be expected to have a 10 to 20 year life span if properly maintained, and the controls are extremely reliable. Since air will not freeze, no heat exchanger is required. 

However, the use of solar air heating collectors is still limited to supply hot air for space heating and for drying of agricultural products mainly in developing countries. The major limitations for the wide adoption of solar air heaters are the high cost for commercially produced solar air heaters, the large collector area required due to the low density and the low specific heat capacity of the air compared to liquid heat transfer fluids, the extended air duct system required, the high power requirement for forcing the air through the collector, and the difficulty of heat storage. In countries with comparatively low insolation and extended periods of adverse weather, supplementary heat is required which increases investment costs to a level which limits its competitiveness to conventional heating systems. Promising ways to reduce the collector cost are the integration of the collector into the walls or roofs of buildings and the development of collectors which can be constructed using prefabricated components.

HOW IT WORKS ?

Solar air heaters can be classified based on the mode of air circulation. In the bare plate collector, which is the most simple solar air heater, the air passes through the collector underneath the absorber. This kind of solar air heater is only suitable for temperature rise between 3 - 5 deg. Celsius due to the high convection and radiation losses at the surface. The top losses can be reduced significantly by covering the absorber with a transparent material of low transitivity for infrared radiation. The air flow occurs in this kind of solar air heater either underneath the absorber or between absorber and transparent cover. Due to the transparent cover, the incident radiation on the absorber is reduced slightly, but due to the reduction of the convective heat losses, temperature rise between 20 and 50 degrees Celsius can be achieved depending on insolation and air flow rate. A further reduction of the heat losses can be achieved if the air is made to pass above and underneath the absorber since this doubles the heat transfer area. The heat losses due to radiation will be reduced by this process due to lower absorber temperature. However, there is simultaneous reduction in the absorptivity of the absorber due to dust deposit if air flow is above or on both sides of the absorber. 

Some solar air collectors eliminate the cost of the glazing, the metal box, and the insulation. Such a collector is made of black, perforated metal. The best heat transfer can be achieved by using porous material as absorber.  The sun heats the metal, and a fan pulls air through the holes in the metal, which heats the air. For residential installations, these collectors are available in different sizes. Typical collector  2,4-meter by 0,8-meter panels are capable of heating 0,002 m3 per second of outside air. On a sunny winter day, the panel can produce temperatures up to 28°C higher than the outdoor air temperature. Transpired air collectors not only heat air, but also improve indoor air quality by directly preheating fresh outdoor air. These collectors have achieved very high efficiencies - more than 70% in some commercial applications. Plus, because the collectors require no glazing or insulation, they are inexpensive to manufacture. 

2.5.3.5
Evacuated-Tube Collectors

Conventional simple flat-plate solar collectors were developed for use in sunny and warm climates. Their benefits are greatly reduced when conditions become unfavourable 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. These shortcomings are reduced in evacuated-tube  collectors.

Evacuated-tube collectors heat water in residential applications that require higher temperatures. In an evacuated-tube collector, sunlight enters through the outer glass tube, strikes the absorber tube, and changes to heat. The heat is transferred to the liquid flowing through the absorber tube. The collector consists of rows of parallel transparent glass tubes, each of which contains an absorber tube (in place of the absorber plate in a flat-plate collector) covered with a selective coating. The heated liquid circulates through heat exchanger and gives off its heat to water that is stored in a solar storage tank.

Evacuated tube collectors are modular tubes which can be added or removed as hot-water needs change. When evacuated tubes are manufactured, air is evacuated from the space between the two tubes, forming a vacuum. Conductive and convective heat losses are eliminated because there is no air to conduct heat or to circulate and cause convective losses. There can still be some radiant heat loss (heat energy will move through space from a warmer to a cooler surface, even across a vacuum). However, this loss is small and of little importance compared with the amount of heat transferred to the liquid in the absorber tube. The vacuum in the glass tube, being the best possible insulation for a solar collector, suppresses heat losses and also protects the absorber plate and the ”heat-pipe” from external adverse conditions. This results in exceptional performance far superior to any other type of solar collector.

Evacuated-tube collectors are available in a number of designs. Some use a third glass tube inside the absorber tube or other configurations of heat-transfer fins and fluid tubes. One commercially available evacuated-tube collector stores 19 litres of water in each tube, eliminating the need for a separate solar storage tank. Reflectors placed behind the evacuated tubes can help to focus additional sunlight on the collector.

Due to the atmospheric pressure and the technical problems related to the sealing of the collector casing, the construction of an evacuated flat-plate collector is extremely difficult. To overcome the enormous atmospheric pressure, many internal supports for the transparent cover pane must be introduced. However, the problems of an effective high vacuum system with reasonable production costs remain so far unsolved. It is more feasible to apply and adapt the mature technology related to the lamp industries with proven mass production. Building a tubular evacuated solar collector and the maintenance of its high vacuum, similar to light bulbs and TV tubes, is practical. The ideal vacuum insulation of the tubular evacuated solar collector, obtained by means of a suitable exhausting process, has to be maintained during the life of the device to reduce the thermal losses through the internal gaseous atmosphere (convection losses).

In high temperature region these collectors are more efficient than flat-plate collectors for a couple of reasons. First, they perform well in both direct and diffuse solar radiation. This characteristic, combined with the fact that the vacuum minimizes heat losses to the outdoors, makes these collectors particularly useful in areas with cold, cloudy winters. Second, because of the circular shape of the evacuated tube, sunlight is perpendicular to the absorber for most of the day. For comparison, in a flat-plate collector that is in a fixed position, the sun is only perpendicular to the collector at noon. Evacuated-tube collectors achieve both higher temperatures and higher efficiencies than flat-plate collectors, but they are also more expensive.

2.5.3.6
Concentrating Collectors

Concentrating collectors use mirrored surfaces to concentrate the sun’s energy on an absorber called a receiver. They also achieve higher temperatures than flat-plate collectors, however concentrators can only focus direct solar radiation, with the result being that their performance is poor on hazy or cloudy days. The mirrored surface focuses sunlight collected over a large area onto a smaller absorber area to achieve high temperatures. Some designs concentrate solar energy onto a focal point, while others concentrate the sun’s rays along a thin line called the focal line. The receiver is located at the focal point or along the focal line. A heat-transfer fluid flows through the receiver and absorbs heat. Concentrators are most practical in areas of high insolation, such as those close to the equator and in the desert areas.

Concentrators perform best when pointed directly at the sun. To do this, these systems use tracking mechanisms to move the collectors during the day to keep them focused on the sun. Single-axis trackers move east to west; dual-axis trackers move east and west and north and south (to follow the sun throughout the year). Concentrators are used mostly in commercial applications because they are expensive and because the trackers need frequent maintenance. Some residential solar energy systems use parabolic-trough concentrating systems. These installations can provide hot water, space heating, and water purification. Most residential systems use single-axis trackers, which are less expensive and simpler than dual-axis trackers. For more information about concentrating collectors see chapter Solar Thermal Power Production.

2.5.3.7
SOLAR COOKERS AND STILLS

There exists also some other inexpensive, ”low-tech” solar collectors with specific functions like solar box cookers (used for cooking) and solar stills producing inexpensive distilled water from virtually any water source. 

Solar box cookers (see chapter on Solar cooking) are inexpensive to buy and easy to build and use. They consist of a roomy, insulated box lined with reflective material, covered with glazing, and fitted with an external reflector. Black cooking pots serve as absorbers, heating up more quickly than aluminium or stainless steel cookware. Box cookers can also be used to kill bacteria in water if the temperature can reach the boiling point.

Solar stills (see chapter on Solar water distillation) provide inexpensive distilled water from even salty or badly contaminated water. They work on the principle that water in an open container will evaporate. A solar still uses solar energy to speed up the evaporation process. The stills consist of an insulated, dark-coloured container covered with glazing that is tilted so the condensing fresh water can trickle into a collection trough. A small solar still, which is about the size of kitchen stove, can produce up to ten litres of distilled water on a sunny day.

2.5.4
Technology Examples

Solar energy has a variety of practical and cost-effective applications in today’s homes and buildings. The main applications of solar collectors are as follows :

hot water preparation in households, commercial buildings and industry,

water heating in swimming pools,

space heating in buildings,

drying crops and houses,

space cooling and refrigeration,

water distillation,

solar cooking.

The technologies for all applications are considered to be mature and for the first two, under the appropriate conditions, economically viable. Separate chapter is devoted to concentrating collectors which are cost effectively used for power production especially in regions with high insolation (see chapter on Solar Thermal Power).

2.5.4.1
Solar Thermal Residential Water Heating

Today, several million homes and businesses use solar water heating systems. These systems are providing consumers a cost-effective and reliable choice for hot water. Taking a shower with solar-heated water, or heating a house with solar-heated air or water, is a natural and simple method for both conserving energy and saving fossil fuels. When a solar heating system has been designed and installed correctly, it can be aesthetically appealing and also add to the value of the home. On new construction, they can be worked into the building design to be almost invisible, while on existing construction it can be a real challenge to make them fit in.

A solar water collector is saving an owner money but it also help protect the environment. Emissions of one to two tons of carbon dioxide are saved by a single conventional water collector every year. Other pollutants, such as sulphur dioxides, carbon monoxide and nitrous oxides are also displaced when a homeowner decides to tap into a solar energy. 

Hot water production is the most widely distributed utilisation of direct solar heating. An installation consists of one or more collectors in which a fluid is heated by the sun, plus a hot-water tank where the water is heated by the hot liquid. Even in the areas of low insolation like in Northern Europe a solar heating system can provide 50-70% of the hot water demand.  It is not possible to obtain more, unless there is a seasonal storage (see chapter below). In Southern Europe a solar collector is able to cover 70-90% of the hot-water consumption. Heating water with the sun is very practical and cost effective. While photovoltaics (see chapter on photovoltaics) range from 10-15% efficiency, thermal water panels range from 50-90% efficiency. In combination with a wood stove coil/loop, virtually year round domestic hot water can be obtained without the use of fossil fuels.

HOW IS A SOLAR WATER COLLECTOR COMPETITIVE WITH CONVENTIONAL HEATERS ?

Costs of complete solar water heating systems differs considerably from country to country (in Europe and the USA e.g. between 2000 - 4000 USD). They also depend on hot water requirements and the climate conditions in the area. This is usually a higher initial investment than required for an electric or gas heater but when adding all of the costs involved with heating water in home, the life-cycle cost of a solar water heating system is usually lower than traditional heating system. It must be noted that simple pay-back time for investment into solar heating system depends on prices of  fossil fuels substituted by solar energy. In EU countries pay-back times are generally less than 10 years. The expected life span of the solar heating system is 20-30 years.

Important feature of solar installation is energy pay-back time - time needed to produce as much energy by solar system as it was needed to produce this system. In Northern Europe with less solar radiation than in other parts of the world a solar heating system for hot-water preparation has an energy pay back period of 3-4 years.

HOW MUCH ENERGY CAN WE GET ?

The amount of energy we can get from solar heating system depends on available insolation and efficiency of the solar system. Insolation differs widely in the world and is crucial for solar system. The amount of solar radiation available in some regions of the world is given in chapter Solar Radiation. The efficiency of solar system depends on efficiency of solar collector and losses in the hot water circulation system. As the later depends on various specific parameters we will focus only on solar collector efficiency. Efficiency is defined as the ration between the amount of energy produced and solar energy falling down on collector. Efficiencies are different for different collector types and depends on solar intensity, thermal and optical losses - higher losses means lower efficiencies. Thermal losses are minimal if the temperature of water used for application is the same as ambient air temperature. Thus simple absorber without glazing used for pool heating achieve the highest efficiencies up to 90%. But when these collectors are used for warm domestic hot water preparation (water temperature 40 degrees Celsius higher than ambient air temperature) their efficiencies are usually lower than 20%.  In this case the best results are achieved by flat-plate collectors (with selective coatings) and evacuated tube collectors  which are best suited for this application. When higher water temperatures are needed (e.g. for space heating) evacuated -tube collectors are the best but also the most expensive. 

Solar collector efficiencies for insolation typical for Central Europe at noon during summer day - 800 W/m2.

	
	Efficiency at temperature difference (*)

	Collector Type
	0 deg. C

pool heating
	40 deg. C

domestic hot water
	50 deg. C (**)

space heating

	Absorber without glazing
	90 %
	20 %
	0%

	Flat-plate (non-selective coating)
	75 %
	35 %
	0%

	Flat-plate (selective coating) 
	80 %
	55 %
	25 %

	Evacuated-tube
	60 %
	55 %
	50 %


 * Difference between ambient temperature and temperature of water inside solar collector. 

** Values are related to lower insolation during early spring (400 W/m2).

Low efficiency of evacuated tube collector in low temperature region is caused by high optical losses on curved surface of the glass.

Bearing in mind that there are huge differences between prices of collectors it is obvious that the crucial criteria for collector type selection is purpose of its utilisation. A comparison of different collector types and their economy features are given in the table below.

Typical characteristics of different types of solar collectors according German ministry of economy  are following.

	Purpose
	Collector type
	Temp. in (C
	Production kWh/m2/year

	Pool heating
	Absorber
	20-40
	250-300

	Warm water preparation
	Flat-plate

Evacuated-tube
	20-70

20-100
	250-450

350-450

	Drying
	Air collector
	20-50
	300-400


* per m2 under 20 years collector life expectation.

2.5.4.2
Guidelines on Solar Water Heating System Sizing

A solar water heating system can be used as the sole source for hot water or may include a back-up conventional system to meet heavy or unusual hot water requirements throughout the year. Systems are usually sized according to the number of rooms, people and household water needs. There are several different configurations of solar water heating systems. In general, however, there are two main types: active systems which have pumps and  controls to deliver solar heat to the storage tank, and passive systems like thermosiphons which utilise natural circulation of hot water.

When designing a solar water heating system, it is important to decide first how much hot water will be used per average day. If the amount of hot water is known, the size of system (collectors, storage tank) have to be calculated. Here are some general remarks on what should be taken into consideration when designing solar heating system. 

2.5.4.3
Solar Collector

The main part of the solar heating system are the solar collectors. Most frequently used are flat-plate collectors consisting of an absorber where the solar radiation is transferred to heat in the solar collector fluid, insulation along the edge and under the absorber a case that holds everything together, and allows the necessary ventilation and a glass or plastic cover.

When glass is used as cover, it is important that the iron content is low or zero, so at least 95% of the solar radiation pass through the glass. In practice no more than single layer of glass is used. If a plastic cover is used, it is important that the plastic can stand up to the UV-rays from the sun. It has been found that polycarbonate plates are very satisfactory. 

The absorber can be made of a plate with tubes where the collector fluid flows. Usually the absorber is made of copper or stainless steel. Experience have shown, that best absorber tubes are those made from copper. Ordinary steel tubes cause big problems with corrosion. It is essential that the absorber can stand up to the UV-light from the sun, and the stagnation temperature (dry-boiling temperature), which is 100-140(C for solar collectors without selective coating, and 150-200(C with selective coating.

Construction of a flat plate collector requires soldering and brazing of tubes and physically bonding the tubes to sheet. The more physical contact between the sheet and the tubes, the more heat transfer to the fluid moving through the tubes. The absorber is often covered by a selective black coating, which absorbs the sun rays, but holds back the heat radiation. The problem with normal black paint is that it will outgas, or boil off the metal under the extreme heat. Also, under normal cases, black paint will radiate heat, rather than absorb it for transfer to the fluid.

Many choices for the framework of solar collectors are reasonably available. Wood, plastic, steel or aluminium have all been used with varying degrees of success, but nothing is as good as aluminium. Aluminium weathers the elements with very low maintenance, and has colour choices baked on, so there is no need to paint the exterior of solar panel. Over the years, plastics have proven to be a poor choice for the major parts of a solar panel. For the exterior, plastic has a nasty habit of degrading from the sun’s ultraviolet rays. Plastic discolours and eventually becomes brittle and cracks. Plastic also has a high coefficient of expansion. This means it expands and contracts so much that making the joints weather tight is difficult. Using steel for framework means also some problems. One is that the panels need painting regularly and two, they react chemically with the copper interior.

Solar collectors are usually mounted directly on top of the roof, or at a frame placed on a flat roof or the ground. Solar collectors can also be integrated in the roofing. In some cases  problems with sealing between the solar collector and the rest of the roof can arise.

The size of solar collectors depends on the daily hot water requirements. In general one person may require approx. up to 50 litres of hot water at approx. 55° to 60° degrees Celsius per day (for domestic bathing only, without laundry). It has been shown that in average 1-1,5 m2 solar collector area is needed per 50 litres daily consumption of hot water. Selection of size would also depend on availability of standard products. Prizes vary with the collector size and with the installation charges. Installation is simplest when the system is incorporated in the initial planning of the construction of a new house. This allows the architect to incorporate the collectors into the plan, both esthetically and economically.

SOLAR COLLECTOR ORIENTATION

The orientation of solar collectors (which way they face and how they are tilted) optimizes their collection ability. The earth’s atmosphere absorbs and reflects a significant portion of solar radiation. Thus, the most energy that can be gathered on any given sunny day is at solar noon, when the direct beam radiation is least affected by the atmosphere. Solar noon is true south in the northern hemisphere. Although orienting the collectors to true south will normally maximize performance, a variation within 20° east or west is acceptable without additional collector surface area.

A solar collector that traces the sun, will usually receive about 20% more solar radiation than a south facing optimum placed collector. This additional output do not compensate the costs related to a construction, which has to trace the sun. Usually it will be cheaper to install a 20% larger solar collector.

Local weather patterns (i.e., morning haze or prevailing afternoon cloudiness) should also be considered in collector orientation. If local weather is not a factor and collectors cannot be faced true south, orienting them to the west is generally preferable due to higher afternoon temperatures (collectors have less heat loss with higher outside temperatures). 

Since elevation of the sun varies throughout the year depending on local latitude, collectors should be tilted towards the sun depending upon application. In general, seasonal differences in irradiation are considerable and must be taken into account for all solar energy applications. Tilting the collecting surface some 30...50 degrees to the South in the Northern Hemisphere or to the North in the Southern Hemisphere yields somewhat better wintertime results for the region in question, but also some losses in summer. Space heating systems are tilted more to the position of the winter sun. In the tropics, a nearly horizontal receiving surface is generally most advantageous because of the sun’s high altitude. The most desired angle of inclination to mount the solar collector is the local latitude. Positive difference between latitude and roof angle results better system performance in winter. Lower solar collector mounting angle than the local latitude will result in greater system performance in summer. Variations of solar collector tilt angle for architectural reasons can be compensated with additional collector size.

2.5.4.4
Storage Tank

The storage tank shall store the solar heat. This is done by storing hot water until it is needed. There are several different sizes of tanks available. All tanks must have connections for cold water inlet and hot water outlet as well as two connections for circulation pipes. Hot water storage tanks can easily be fitted to a stand. The most efficient is a vertical tank with good temperature stratification, so the cold inlet water aren’t mixed with the warmer water at the top of the tank. A horizontal tank reduces the output by 10-20%. 

The heat from the solar collectors is delivered to the water in a heat exchanger. As heat exchanger is mostly used a coil in the bottom of the tank, or a cap around the tank with collector fluid. In low-flow and self-circulating systems a cap are always used. In low-flow systems the solar collector fluid flows slowly down through the cap of the storage tank, which gives a stratification of collector fluid in the cap corresponding to the stratification in the tank. This gives more ideal heat transfer, and thereby a higher efficiency than in traditional systems.

All hot water storage tanks must be well insulated to keep the water hot during the night. Heat loss depends on many factors (ambient temperature, wind, season, etc.) and will be approximately 0,5 to 1 degree Celsius per hour during the night. The insulation of the tank must be so good, that hot water from a sunny day still is hot two days later. Especially the top must be well insulated, and without thermal bridges. Experience shows that a minimum thickness of insulation of 100 mm should be maintained.

It must be ensured that piping from the storage tank do not lead to self-circulation, which can drain the tank for hot water during periods without hot water consumption. If there is a flow tube pipe for the hot water, this must not be connected to the cold water; but has to enter at the upper part of the tank. Usually the outlet of the storage tank is equipped with a scalding protection, so the water delivered for use never gets warmer than e.g. 60(C, regardless of the temperature in the tank.

PRIVATE
The solar water collector storage tank should have a size of 80 litres of hot water storage volume per person with a hot water consumption of 50 litres per day. These are the average values. If the home have a dishwasher, washing machine, several children taking daily showers or baths during the day, so all of this water usage must be figured into the total water needs. 

2.5.4.5
Solar Collector Circuit

The solar collector circuit connects the solar collector to the storage tank. The components of the circuit are:

a pump that ensures circulation (not needed in self-circulating systems). The pump is usually controlled by a difference thermostat, so it starts running, when the solar collector is a bit warmer than the storage tank. If the storage tank has a heat exchanger coil at the bottom, a more simple control system can be used; e.g. a light sensor, or a timer that starts the pump during day time.

pipelines connecting hot water storage tank and collectors. Layout of pipelines should secure to be of shortest possible distance. Pipes should not be exposed to the weather if possible. Best is to keep them inside the house where possible. It is important to have several separate pipes from the collector to the taps to reduce heat losses (smaller pipes) and to give a fast supply of hot water to the user, with a maximum delay of about 10 to 20 seconds. Pipelines must be produced of a non-corroding material. Systems with open expansion are most risky to get corrosion problems.

a one-way valve which prevents that the solar collector fluid runs backwards at night, and empties the storage tank for heat (not necessary in all kinds of installations).

an expansion tank; either an open container at the top of the installation, or a pressurised expansion tank that contains minimum 5% of the solar collector fluid.

overpressure protection (only in connection with pressurized expansion tank); must be a type that manage to let out the solar collector fluid, if the system is boiling. There must always be an accumulation tank to the fluid in case of boiling. This is normally a safety valve and a non-return valve (check), or a non-return valve and a vent pipe which will  release over-pressure due to the increase of volume by heating. 

air outlets, automatic or simply screws; must be used at all height points in the system, as air pockets always will appear.

filling valve.

dirt filter for the pump, to remove dirt, e.g. from the installation (can be spared in some installations).

manometers and thermometers according to need.

the solar collector fluid must be able to stand frost, and must not be toxic. 

Usually is used an approved liquid, consisting of water with 40% propylene glycol (can stand  minus 20 (C), and a substance that can be seen and tasted, if solar collector fluid leak to the tap water. Oil can also be used as collector fluid, but it is difficult to make a collector circuit with oil tight.

2.5.4.6
MAINTENANCE

The simplicity of solar water heating systems means that maintenance is minimal. Required maintenance will depend on type of system. Experience shows that once or twice a year it must be controlled, that there are enough fluid and pressure on the system. Once a year it should be checked that the solar collector fluid hasn’t become acid. Acid indicator paper can be used. Acid fluid should be changed. In case the system is boiling, it is simply needed to fill new fluid on the system; as the old fluid may be damaged by the boiling.

An important consideration when designing a system is the freeze-protection requirements. Some storage tanks must be softened, and the anti-corrosion zinc block shall be changed after approximately  10 years, it prolongs the life span significantly.

2.5.4.7
GUIDELINES FOR SOLAR COLLECTOR SYSTEM SIZING

For a typical solar water collectors (heating from 8 to 45(C) with selective absorbers, the following hand rules can be used:

in average 50 litres of hot water per person and day is needed.

1-1,5 m2 solar collector area is needed per 50 litres daily consumption of hot water.

the storage tank shall be 40-70 litres per m2 solar collector or 80 litres per head.  

the heat exchanger in the storage tank shall be able to transfer 40-60 W/(C per m2 solar collector at 50(C.

If these guidelines are followed, a typical solar water collector installed in Northern Europe will cover 60-70% of the annual hot water consumption, and be able to produce 350-500 kWh/m2 per year. For larger buildings (e.g. hotels, hospitals, apartment blocks), the collector areas and storage volumes required per head are smaller, but good dimensioning needs detailed analysis of demand and local climate conditions. The experience shows that solar systems for hot water preparation should be designed to be as simple as possible and not oversized. 

Example

For a family with 4 persons which uses 200 litre of hot water each day solar collector with 6 m2 area are needed.  During the year they can produce up to 3000 kWh of clean energy. When solar collectors substitute the oil boiler than net saving can achieve at least 300 litres of oil annually.

2.5.4.8
THERMOSIPHON

Thermosiphons are solar water heating systems with natural circulation (i.e. by convection) which can be used in non-freezing areas. These systems are not the highest in overall efficiency but they do offer many advantages to the home builder. They are simple to make and most of these devices operate without the assistance of an electric pump. This thermosiphon circulation occurs because of the variation of water density with its temperature. With the heating of the water in the collector (usually flat-plate), the warm water rises, and since it is connected in a riser pipe to the hot water storage tank and a down-comer pipe again to the collector, it is replaced by the cooler, heavier cold water from the bottom of the hot water storage tank. It is therefore necessary to place the collectors below the hot water storage tank and to insulate both connecting circulation pipes. 

Thermosiphon systems have serious problems with their collectors freezing and bursting, even in areas with only one or two mild freezes a year. It only takes one frozen night to ruin an unprotected collector. Some systems are designed to avoid freeze damage by using 10 centimetres or larger copper tubing in a double glazed, insulated enclosure. Quite simply, the volume of water in system is too large to freeze and burst in a mild freeze. This type of installations is popular in sub-tropical and tropical areas. 

The complete thermosiphon circulation system may be divided into three separate sections:

The flat plate collector (absorber). 

The circulation piping. 

The hot water storage tank (boiler).

Usually solar collector is located on a lower story, porch, or shed roof so that the top of the panel is at least 50 centimetres  below the bottom of the storage tank. Tank location is usually in a second story, an attic, sometimes a cupola - somewhere that ensures an 50 cm vertical height difference between panel and the tank.

2.5.4.9
Solar Pool Heating

Solar pool heating system is a wise investment. In the USA the Department of Energy has identified swimming pools as a huge consumer of energy across the country, and has recognized pool heating as one of the most cost-effective means of reducing energy consumption. Solar pool heating systems are being used in virtually every area of the United States or Europe. Over 200 000 pools are heated by solar in the United States alone. The oldest systems have been in use for more than 25 years, and are cost-effective, highly reliable and require minimal maintenance. Important fact is that they function well and are cost-effective for the swimming season even in northern climates. Systems can also be designed for indoor pools as well as for larger municipal and commercial pools.

Despite the fact that price of installation varies on the size of the pool and other site-specific installation conditions if solar systems are installed in order to reduce or eliminate fuel or electricity consumption, they generally pay for themselves in energy savings in many countries in two to four years. Moreover solar pool heating can extend the swimming season by several weeks without additional cost. 

Most homes can accommodate a solar pool heating system. These systems can be as simple as water running through a black hose. For outside pools, the only thing which is needed is the absorber portion of the solar collector. Inside pools need standard solar collectors to provide winter heating. 

Although solar collectors are often installed on a roof, they can be installed wherever they can be exposed to the sun for a good portion of the day. The type of roof or roofing material is not important. The appropriate area of solar collectors required for a given swimming pool is directly related to the area of the pool itself. The proper ratio of pool area to solar collector area will vary according to such factors as location, the orientation of the solar collectors, the amount of shading on the pool or solar collectors, and the desired swimming season. In general, however, the area of solar collectors required is usually 50% to 100% of the pool surface area.

HOW DO SOLAR POOL HEATING SYSTEMS WORK?

Adequate swimming pool heating can be achieved by having low temperature collectors directly connected to the filter circulation. In a few cases an additional ”booster pump” or a slightly larger filtration pump may be needed. Today’s most efficient systems employ the use of an automatically controlled diverting valve. The pool’s filtration system is set to run during the period of most intense sunshine. During this period, when the solar control senses that adequate heat is present in the solar collectors, it causes a motorized diverting valve to turn, forcing the flow of pool water through the solar collectors, where water is heated. The heated water then returns to the pool. When heat is no longer present, the water bypasses the solar collector. Thus, most systems have very few moving parts which minimizes operation and maintenance requirements. Additional precautions are required against corrosion in collectors, since the water is quite aggressive (use of low temperature collectors, possibly made of plastics). 

PLACING THE SYSTEMS

Systems can quite easily be placed out of sight in a remote places, for example upon a suitable roof; however some basic design rules should be observed. The chosen site should be level or slightly sloping (less than 30( to horizontal) with the return manifolds higher than the infeed manifolds and all hoses rising steadily from one to the other to ensure all air is expelled during operation.

Both a non-return valve and a vacuum release valve should be fitted to systems placed at more than 1 meter above pool level to prevent the reverse flow of water into the pool and the flattening of hoses when the collector drains at the end of each operating cycle. All connections into the pool filtration circuit must be made after the filter unit and, if applicable, before any existing conventional heater to avoid pressurising the solar system. 

OPERATION AND MAINTENANCE

The simplicity of solar pool heating systems means that operation and maintenance requirements are minimal. In fact, in most cases no additional maintenance beyond normal filter cleaning and winter close-up is necessary. The system should be drained in the winter months; however, in some cases even this may not be necessary because the system drains itself. In addition, solar pool heating equipment is so reliable that many solar pool collector manufacturers provide warranty coverage for their products which far exceeds that of automobiles and household appliances.

2.5.5
SOLAR SPACE HEATING

So far only systems for warm water preparation have been described. An active solar heating plant can provide hot water, and additional heating via the central heating system at the same time. To get a reasonable output, the central heating temperature must be as low as possible (preferably around 50(C), and there must be a storage for the space heating. A smart solution is to combine the solar heating installation with under-floor heating, where the floor function as heat storage.

Solar heating installations for space heating usually give less profit than hot-water installations, both according economy and energy, as heating is seldom needed during summer. But if heat is needed during summer (like in some mountain areas), then space heating installations is a good idea. In central Europe, some 20% of the total heat load of a traditional house, and close to 50% low energy house, could be supplied by an advanced active solar heating system employing water storage only. The remaining heat need to be drawn from auxiliary energy systems. To increase the solar fraction, would in practice require larger storage capacities. 

For single houses, systems with well-insulated water tanks between 5-30 m³ have been constructed especially in Switzerland (so-called Jenni system) but the costs are too high and the storage is often unpractical. The solar fraction of a Jenni-system is >50% and may reach even 100%.

If all of the load in the above example were supplied by an up-to-date active solar heating system, a 25 m² collector area and 85 m³ storage water tank with 100 cm insulation around would be needed. Improving the energy storage capacity of the storage unit, would dramatically improve the practical possibilities for storage. 

Although individual solar space heating is technically feasible, it is likely that it would be far more cost effective to invest in insulation to cut space heating demands.

2.5.5.1
SEASONAL STORAGE

If a far larger collector together with a much larger storage tank were fitted, solar energy should be able to supply energy for several houses. Basic problem with solar energy is related to the fact that most of the energy is needed during the winter when solar insolation is the lowest and on the other side much of summer potential output can not be used because the demand is mostly not there. So capital investment into larger collectors with larger gains would be wasted. 

Despite this fact there are several installations using summer heat produced by solar collectors and saved through to the winter. These installations are using large storage tanks (seasonal storage). Problem is that the volume of hot water storage needed to supply a house is almost the same size as the house itself. In addition, the tank would need to be better insulated. A normal domestic hot water cylinder would require insulation of 4 metres thick to retain most of its heat from summer to winter. It therefore pays to make  storage volume really  enormous. This reduces the ratio of surface area to volume. 

Large solar heating plants for district heating are now in use, e.g. in Denmark, Sweden, Switzerland, France or USA. Solar modules are mostly installed directly at the ground in larger fields. Without a storage such solar heating installation would cover approximately 5% of the annual heat demand, as the plant never must produce more than the minimum heat consumption, including loss in the district heating system (by 20% transmission loss). If there is a day-to-night storage, then the solar heating installation can cover 10-12% of the heat demand including transmission loss, and with a seasonal storage up to 100%. There is also a possibility to combine district heating with individual solar water collectors. Then the district heating system can be closed during summer, when the sun provides hot water, and there is no need for space heating.

Present solar storage systems 

Large-size seasonal storage systems for communities have been demonstrated in several countries but are still too expensive. The size of a central storage system may range from a few thousand m³ up to a few 100 000 m³. The largest storage project in Europe is in Oulu, Finland where a large rock cavern heat storage of 200 000 m³ will be connected to a combined heat and power plant burning biomass. This district heating plant was built under the EU-Thermie programme. 

Another successful project with seasonal storage of hot water has been constructed in Lyckebo, Sweden. This project is using a rock cavern filled with water (volume of 105 000 m3) and flat plate solar collectors with area of 28 800 m2 which supply 100% energy (8500 MWh/a) for space and water heating of 550 dwellings. All houses are connected to communal district heating system. The temperature of supply water is 70 degrees Celsius and the temperature of return water is 55 degrees. 

The pay-back times of such installations are very long. The important lesson from space heating systems has been that it is essential to invest in energy conservation and passive solar design first and then to use solar energy to help  supply the remaining reduced load. 

Combining solar with other renewable sources

Combining renewable energy sources such as solar heat with solar storage in form of biomass may be a good solution. Or, if the remaining load of a low energy house is very low, some liquid or gaseous biofuels with advanced burners together with solar heating may be used.

Solar heating together with solid biomass boilers may provide interesting synergy and also solution to the seasonal storage of solar energy. Using biomass in the summer may be non-optimal, as the boiler efficiencies at partial loads are low and also relative piping losses may be high - in smaller systems using wood in the summer may even be uncomfortable. Solar heating may well provide 100% of the summertime loads in such cases. In the winter, when the solar yield is negligible, the biomass options provides almost all of the heat needed.

Experiences notably from central Europe with solar heating and biomass together are positive. Some 20-30% of the total load is typically provided by solar heating and the main load, i.e. 70-80% of the total load, by biomass. Combined solar heat and biomass may be used for both single-family houses and for district heating. For central European conditions, around 10 m³ of biomass (e.g. wood) would be enough for a single-family house with solar heating system replacing well up to 3 m³ per year in a household.

2.5.5.2
Solar Thermal Commercial Water Heating

Many businesses use solar water heating to preheat the water before using another method to heat it to boiling or for steam. Being less dependent on fluctuating fuel prices is another factor that makes solar system a wise investment. In many cases installation of solar water heating will derive an immediate and significant savings in energy costs. Depending on the volume of hot water needed and the local climate a business can realize savings of 40 - 80% on electric or fuel bills. For example the 24-story Kook Jae office building in Seoul, South Korea meets over 85% of its daily hot water needs with a solar hot water heating system. The system has been in operation since 1984 and is so efficient that it has exceeded it’s design specifications and even provides 10 to 20 percent of the annual space heating requirement.

There are several different configurations of solar water heating systems. In general, however, the amount of hot water that a commercial business demands requires an active system. Active systems typically consist of solar collectors on a south-facing roof (in Northern hemisphere), and a storage tank near the existing water collector. When sufficient heat is present in the solar panel, a ”controller” turns on a pump which begins circulating fluid, either water or antifreeze, through the solar panel. The fluid picks up the heat from the collector and transfers the heat to the potable water supply which is stored in a tank until needed. If the solar-heated water is not at the desired temperature, a back-up energy source can be used to bring the water temperature up to the desired level. The type and size of a system is calculated by determining ‘ water-heating load similar to the way described in chapter on solar collector sizing for households (see above). Similarly required maintenance for commercial systems will depend on the type and size of system, but the simplicity of solar water heating systems means that maintenance is minimal.

While for many businesses the biggest advantage of a solar water collector is the resulting savings in utility bills, value must be placed on the substantial environmental benefit. Air pollutants, such as sulphur dioxides, carbon monoxide and nitrous oxides are also displaced when a business owner decides to tap into a cleaner source of energy - the sun.

Industrial Process Heat 

Industry requires heat in a variety of temperature ranges, depending on the process at hand. Many of these processes can be served by collectors ranging from the flat-plate variety, which are restricted to temperatures below 100 degrees C, to concentrating collectors which can produce temperatures of several hundred degrees. 

2.5.5.3
SOLAR COOLING

The world demand of energy for air-conditioning and cooling is increasing. This is not only due to an increasing wish for comfort in highly industrialized countries but also follows the necessity of e.g. food storage and medical applications in hot climates especially third world countries.

Today there are mainly three techniques available for active cooling. First of all the compression machine driven by electricity which is today the standard cooling device in Europe. On the other hand there is the absorption cooling machine using heat as driving force. Both compression and absorption machines are able to provide air conditioning, i.e. chilled water at about 5°C, and refrigeration, i.e. temperatures below 0°C. There is a third possibility which is desiccant and evaporative cooling used for air conditioning. All systems can be driven by solar energy and in addition have the advantage of using absolute harmless working fluids like simple water, solutions of certain salts in water or ammonia. Possible applications of this technology are not only air-conditioning but also refrigeration (food storage etc.). 

The vast use of present compression cooling machines is also responsible for an increasing peak demand of electrical power in summer which reaches already the capacity limit in some southern countries. Because most of the electrical power stems from fossil fired power plants this also increases the production of CO2 which is no longer acceptable. A more innovative approach is to use solar energy from thermal collectors as driving force for air-conditioning systems. This idea is very promising in the sense that to some extent the demanded cooling power is correlated with the incident solar radiation intensity which also delivers the driving force. 

In principle compression cooling machine can be driven by solar energy i.e. by electricity from photovoltaic panels but we will restrict to sorption cooling machines using heat from a thermal solar collector due to the advantage of using environmental harmless refrigerants and the higher market penetration of thermal solar collectors. A higher market penetration is also found for absorption cooling machines compared to desiccant cooling systems. Moreover absorption machines can also be used as retrofit in standard air conditioning systems using chilled water.  Solar collectors are used for vaporization heat in absorption machine. 

In Kuwait, where air conditioning is essential for summer cooling in residential, commercial and public buildings, the use of solar for air conditioning has received serious attention during the seventies and eighties. Development has primarily focused on modifying conventional steam-fired cooling systems for use with solar-heated water at temperatures below 100°C. Some attention has also been paid to using photovoltaic systems to generate the electricity needed to operate a conventional vapour compression air conditioning unit. 

2.5.5.4
SOLAR Drying 

A solar collector that heats air, can be used as a cheap heat source for drying crops like corn, fruit or vegetable. Since solar air collectors can efficiently increase the ambient air temperature by 5 to 10 degrees Celsius (some sophisticated devices by even more), it can also be used effectively for air conditioning in warehouses. 

The use of simple and low cost solar air collectors for heating the drying air of crop dryers offers a promising alternative to reduce the tremendous post harvest losses in developing countries. The lack of adequate storage and preservation facilities in the developing countries result in considerable food losses. Although reliable estimate of the magnitude of the post harvest losses in these countries is not possible, some references indicates estimates of about 50 to 60%. To avoid such losses, growers usually sell of their produce immediately after harvest at low prices. Reduction in these losses through the processing of fresh products into dried products would be of great significant to growers and consumers alike. In several developing countries, open air sun drying is the widely practiced method of food preservation. This involves spreading the fresh material on the ground, on rocks, along the roadside, or on the roofs. The advantage of this method lies in its simplicity and cheapness. However, the quality of the final product is low due to long drying time, contamination by dirt and dust, infestation by insects and degradation by overheating. Furthermore, drying to a low moisture content is difficult resulting in spoilage during subsequent storage. The introduction of solar dryers is an appropriate technology that can help to improve the quality of the dried products and to reduce the wastage. 

Various types of small scale solar dryers were developed for drying small amounts of agricultural products in developing countries. In the natural convection dryers, the solar air heater is either incorporated into the dryer, or the air heater is connected to a cabinet or chamber dryer. The solar air-collector may consist of a black mat covered by a plastic plate. The air is drawn through the mat, where it is heated, and thereafter blown through the crops. These dryers can be used both in arid and humid regions for drying fruits, vegetables and spices. Due to their enlarged capacity they are mainly used on larger farms or by cooperatives for producing high quality products. Integrating the solar air heater into the south oriented roof of the barn is common system used in industrialized countries for drying hay. 

Solar dryers are usually classified according to the mode of air flow into natural convection and forced convection dryers. Natural convection dryers do not require a fan to pump the air through the dryer. The low air flow rate and the long drying time, however, result in low capacity and product quality. Thus, this system is restricted to the processing of small quantities agricultural surplus for family consumption. Where large quantities of fresh produce are to be processed for the commercial market, forced convection dryers should be used. One fundamental disadvantage of forced convection dryers lies in their requirement of electrical power to run the fan. Since the rural or remote areas of many developing countries are not connected to the national electric grid, the use of these dryers is limited to electrified urban areas. Even in the urban locales with grid-connected electricity, the service is unreliable. In view of the prevailing economic difficulties in most of these countries, this situation is not expected to change in the foreseenable future. The application of photovoltaic to generate the electricity required by the fan could boost the dissemination of solar dryers in the developing countries.

In developed countries the solar air heater usually consists of a black absorber foil, a transparent plastic foil where the air is forced by a fan between the space. To enlarge the collector area, the roof is extended southward to the ground and the whole roof is used as collector. The solar greenhouse dryer is used for drying medicinal and aromatic plants on large farms. By using a photovoltaic driven blower, it can be secured that only when the sun shines, air is blown in. Such installations are commonly used in summer cottages in Denmark and Sweden, where they keep the houses dry most of the year.

While solar drying has many advantages over sun drying, lack of control over the weather is the main problem with both methods. In many regions weather is not suitable for sun or solar drying because there are few consecutive days of high temperatures and low humidity. It is likely that the food will sour or mold before drying is completed.

2.5.5.5
SOLAR COOKING

Successful solar cookers were first reported in Europe and India as early as the 18th century. Solar cookers and ovens, absorb solar energy and convert it to heat, which is  captured inside an enclosed area. This absorbed heat is used for cooking or baking various kinds of food. In solar cookers temperatures as high as 200 degrees Celsius can be achieved. 

Solar cookers come in may shapes and sizes. For example there are: box ovens, concentrating-type or reflector cookers, solar steam cookers etc. This list could go on forever. Designs vary, but all cookers trap heat in some form of insulated compartment. In most of these designs the sun actually strikes the food.

Box-type solar cookers

Box-type solar cookers consist of a well-insulated box with a black interior, into which black pots containing food are placed. The cover of the box usually comprises a two-pane ”window” that lets solar radiation enter the box but keeps the heat from escaping. This in addition to a lid with a mirror on the inside that can be adjusted to intensify the incident radiation when it is open and improve the box’s insulation when it is closed. 

The main advantages of box-type solar cookers are:

They make use of both direct and diffuse solar radiation.

Several vessels can be heated at once.

They are light and portable.

They are easy to handle and operate.

They needn’t track the sun.

The moderate temperatures make stirring unnecessary.

The food can be kept warm until evening.

The boxes are easy to make and repair using locally or regionally available materials.

They are relatively inexpensive (compared to other types of solar cookers).

There are some disadvantages too, of course:

Cooking must be limited to the daylight hours.

The moderate temperatures make for long cooking times.

The glass cover causes considerable heat losses.

Such cookers cannot be used for frying or grilling. 

Thanks to their simple construction, relatively low cost, uncomplicated handling and easy operation, solar cooking boxes are the most widely used type of solar cooker. There are all sorts of box-type solar cookers: mass-produced, hand-crafted, do-it-yourself types etc. with shapes resembling a suitcase or a wide, low box, and stationary types made of clay, with a horizontal lid for tropical and subtropical areas or an inclined lid for more temperate regions. Standard models with aperture areas of about 0,25 m2 are the rule for a family of five, and larger versions measuring 1 m2 and more are available on the market.

2.5.5.5.1
GUIDELINES FOR CONSTRUCTION 

Since the heat absorbed by the inner box needs to be conducted to the area beneath the cooking pots, the best choice of material is aluminium, because it is a very good heat conductor. Additionally, aluminium is good for reasons of corrosion prevention, i.e. iron sheet boxes, even galvanized ones, could not stand up indefinitely to the hot, humid conditions that are created inside during the cooking process. Sheet copper is prohibitively expensive.

No metal parts should placed to the outside around the top rim of the inner box: thermal bridges must be avoided. The insulation may consist of glass, rock wool or some natural material like residue from the processing of peanuts, coconuts, rice, corn, etc. Whatever kind of material is used, it must be kept dry. 

The cover could consist of one or two panes of glass with a layer of air between them. The pane-to-pane clearance usually amounts to 10...20 mm. Recent experiments have shown that a honeycomb structure of transparent material that divides the inner space into small vertical compartments can substantially reduce the cooker’s heat losses, thus increasing its efficiency accordingly. The inside cover pane is exposed to substantial amounts of thermal stress, for which reason tempered (safety) glass is frequently used; otherwise, both panes may consist of normal window glass with a thickness of about 3 mm.

The outer cover, or lid, of the solar cooking box always serves as a reflector to amplify the incident radiation. The reflecting surface may consist of an ordinary glass mirror (heavy, expensive, fragile, but easily obtainable anywhere), plastic sheet with a reflecting coating (Mylar, Tedlar, etc.; cheap, but not very durable and hard to find), or a metal mirror (unbreakable). In an emergency, even foil from empty cigarette packs will do the job.

The outer box of the solar cooker may be made of wood, glass-reinforced plastic (GRP) or metal. GRP is light, inexpensive and fairly weather-resistant, but not necessarily stable enough for continuous use. Wood is more stable, but also heavier and less weather-resistant. A metal case aluminium with wooden bracing offers the best finish and is adequately stable with regard to mechanical impact and the effects of weather. An aluminium-clad wooden box is the most stable of all, but it is expensive and time-consuming to make, in addition to being heavy.

The capacity of a normal box-type solar cooker with a 0.25 m2 area of incidence (aperture) amounts about 4 kg ready-to-eat food, or enough to feed a family of five.

The inside of a solar cooking box can reach a peak temperature of over 150 (C on a sunny day in the tropics; that amounts to a thermal head of 120 (C, referred to the ambient temperature. Since the water content of food does not heat up beyond 100 (C, a loaded solar cooker will always show an accordingly lower inside temperature.

The temperature inside of the solar cooker drops off sharply when the vessels are placed inside it. Also important is the fact that the temperature remains well below 100 (C for the greater part of the cooking time. Nevertheless the boiling temperature of 100 (C is not necessary for most vegetables and cereals.

The average achievable cooking times in box-type solar cookers amount to somewhere between 1 and 3 hours for good insolation and a reasonable fill volume. Thin-walled aluminium vessels yield much shorter cooking times than stainless steel pots. The time taken for cooking is also influenced by the following factors:

The cooking time is shortened by strong insolation and viceversa

High ambient temperatures shorten the cooking time, and viceversa

Small volumes (shallow fill) in the pot make for shorter cooking times, and vice versa.

Reflector cookers

The most elementary kind of reflector cooker is one that consists of (more or less) parabolic reflectors and a holder for the cooking pot situated at the cooker’s focal spot. If the cooker is properly aligned with the sun, the solar energy bounces off of the reflectors such that it all meets at the focal spot, thus heating the pot. The reflector can be a rigid axial paraboloid, made for example from sheet metal or from a reflecting foil. The reflecting surface is usually made of treated aluminium or a mirror-finish metal or plastic sheet, but it may also consist of numerous little flat mirrors cemented onto the inside of the paraboloid. Depending on the desired focal length, the reflector may have the shape of a deep bowl that completely ”swallows” the pot (short focal length, pot shielded from the wind) or that of a shallow plate with the cooking pot mounted in the focal point a certain distance above or in front of it.

All reflector cookers exploit only direct insolation and must track the sun at all times. The tracking requirement makes them somewhat complicated to handle, depending on the nature and stability of the stand and adjusting mechanism.

The advantages of reflector cookers include:

The ability to achieve high temperatures and accordingly short cooking times.

Relatively inexpensive versions are possible.

Some of them can also be used for baking. 

The above mentioned merits stand in contrast to the following drawbacks, some of which are quite serious:

Depending on its focal length, the cooker must be realigned with the sun every 15 minutes or so.

Only direct insolation is exploited, i.e. diffuse radiation goes unused.

Even scattered clouds can cause high heat losses.

The handling and operation of such cookers is not easy; it requires practice, a good grasp of the working principle. 

The reflected radiation is blinding, and there is danger of injury by burning when manipulating the pot in the cooker’s focal spot.

Cooking is restricted to the daylight hours.

The cook must stand out in the hot sun (single exception: fixed-focus cookers).

The efficiency is heavily dependent on the momentary wind conditions.

Any food cooked around noon or in the afternoon gets cold by evening.

Particularly the cooker’s complicated handling, in combination with  the fact that the cook has to stand out in the sun, is a major impediment with regard to the acceptance of reflector cookers. But in China, where the food demands high cooking power and temperature, eccentric axis reflector cookers have been disseminated and accepted in a large number.

Thermal output

The thermal output of a solar cooker is determined by the insolation level, the cooker’s effective collecting area (usually between 0,25 m2 and 2 m2), and its thermal efficiency (usually between 20% and 50%). Table below compares some typical area, efficiency and cooking-power values for a box-type solar cooker and a reflector.

Standard values for area, efficiency and power output of reflector cookers and cooking boxes  

	
	Area in m2
	Normal efficiency
	Output in W at insolation of

850 W/m2
	Time needed to cook 1 litre of water

	Reflector cooker
	1,25
	30 %
	320
	17 min

	Cooking box
	0,25
	40 %
	85
	64 min


As a rule, reflector cookers have a much larger collecting area than do cooking boxes. Consequently, they are able to generate a much higher power output, meaning that they can boil more water, cook more food, or process comparable amounts in less time. On the other hand, their thermal efficiency is lower, because the cooking pot is completely exposed to the cooling effects of the surrounding atmosphere. 

In many tropical and subtropical countries, one can count on clear skies and normal daily insolation patterns for most of the year. At about midday, when the global radiation reaches up to 1000 W/m2 , the thermal output levels (50 to 350 W, depending on the type and size of the cooker) may be regarded as quite realistic. The insolation is naturally lower during the morning and afternoon hours and cannot be fully compensated for by solar tracking. 

By way of comparison: burning 1 kg of dry wood in one hour yields approximately 5000 W times the thermal efficiency of the cooking facility (15% for a three-stone hearth and 25-30% for an improved cookstove used in developing countries). The thermal power actually reaching the cooking pot therefore amounts to between 750 and 1500 W.

Insolation drops off sharply under cloud and during the rainy season. The lack of direct radiation leaves reflector cookers without the slightest chance, and cooking boxes can do little more than keep prepared food warm. The weak point of solar cooking is that no matter what kind of device is used: on cloudy and rainy days (up to between 2 and 4 months per year in most Third World countries) cooking has to be done according to conventional methods, e.g. over a wood/dung fire or on a gas/kerosene-fuelled cooker.

<<TOC4>> Solar Radiation

The first and foremost prerequisite for success in a solar cooker application is adequate insolation, with only infrequent interruptions during the day and/or the year. The duration and intensity of solar radiation must suffice to allow the use of a solar cooker for prolonged, worthwhile regular periods. While cooking with solar energy is possible in Central Europe on a sunny summer day, a minimum irradiation of 1500 kWh/m2 per year (corresponding to a mean daily insolation of 4 kWh/m2 per day) should be available for any solar cooker. But these annual data can sometimes be misleading. The essential condition for solar cooking is a reliable ”summer weather”, i.e. essentially predictable sequences of regular cloudless days.

Supply of solar energy varies substantially from country to country, even within the Third World’s tropical belt. Thus, local data must be referred to - and they are not always available. Some examples: In India solar radiation in most regions is good to very good for purposes of solar energy exploitation. The yearly averages of daily annual global radiation range from 5 to 7 kWh/m2 per day, depending on the region. In most places, the insolation reaches its minimum during the monsoon season and is nearly as weak again during the months of December and January.

In Kenya’s climate and insolation potential are favourable to the use of solar cookers. Kenya is close to the equator and therefore has a purely tropical climate. In Nairobi, the daily irradiation alternates between 3,5 kWh/m2 per day in July and 6,5 kWh/m2 per day  in February, but it remains practically uniform (6,0 – 6,5 kWh/m2 per day) in other regions of Kenya like Lodwar. Solar irradiation in Nairobi is adequate for cooking with solar energy nine months a year (excluding June through August). On the other hand, conventional cooking facilities must be relied on for cloudy or hazy days. In the Lodwar area, though, solar cookers can be used year-round. 

2.5.5.5.2
SOLAR COOKERS FOR DEVELOPING COUNTRIES

The purpose of solar cookers, of course, is to save energy in the face of a double energy crisis: the poor people’s energy crisis is the increasing scarcity of firewood, and the nation’s energy crisis is the growing pressure on its balance of payments. Solar cooker should be judged with that in mind.

Compared to other nations, developing countries consume very little energy. For example, India’s 1982 per capita energy consumption rate, at 7325 GJ, was one of the world’s lowest. But the country’s energy consumption rate is increasing nearly twice as fast as its gross national product. The same is true for the  most developing countries.

The poor majority of the people in developing countries cover most of their energy requirement in a non-commercial way, using traditional, locally available sources of energy and their own physical labour. They simply cannot afford to buy any appreciable amounts of commercial energy.

The logical consequence is a relative shortage of fuel for use by the poor, whose living conditions deteriorate even more as a result. Solar cookers could at least try to compensate.

If the ”poor” majority of the Third World’s people is the target group, then solar cookers must be first and foremost to the benefit of the rural population.

Cooking-energy quantities

The daily fuel requirement varies according to the kind of food being cooked and the number of warm meals. In the typical developing country, each native burns one ton of firewood each year.

In India, the average family needs somewhere between 3 and 7 kg of wood per day; in the cooler regions, the daily firewood demand varies between just under 20 kg in the winter and 14 kg in the summer. In the southern part of Mali, the average 15-member (!) family burns about 15 kg of wood each day. A survey conducted in an Afghan refugee camp in Pakistan showed a daily firewood demand of up to 10 kg per family and day. More than half of the wood used in the average household goes for baking, and the remainder is used for cooking. Additional wood is needed for heating in the wintertime, of course. 

Despite the fact that above examples indicate that the required amounts of cooking energy are extremely variable much cooking energy can be saved by using solar cookers.

The prime function of solar cookers is to help reduce firewood consumption, since most cooking fires are still fuelled with firewood. The trouble is, firewood is usually quite inexpensive in comparison with kerosene, bottled gas or electricity (based on relative energy content).Increasing, uncontrolled felling of wood for people’s own use and for selling are a main cause of deforestation, desertification, erosion, receding groundwater levels and it has long-term adverse effects on the ecological balance. Pakistan’s meagre forest heritage and rampant deforestation in Kenya show that such fears are well-founded. If denudation of the Sudan’s forests continues at the present rate, they will be gone by the year 2005. 

For most solar cookers, little data is available on the actual cost of production. Since most of those solar cookers produced in developing countries are prototypes that do not yet display the technical maturity needed for series production, pertinent information is of low indicative value. Due to the chronic shortage of foreign currency in the Third World, preference should be given to cookers that can be made locally using indigenous materials.

The problem is that practically any amount of money paid for solar cooker, however small, would still be too expensive for most rural households as long as firewood can be gathered for free and the farmers earn very little money.

On the whole, solar cookers could, at best contribute little toward a national energy policy. But they could make a very substantial contribution toward improving the living conditions of the poor and helping them overcome their own energy crisis.

2.5.5.6
SOLAR WATER DISTLLATION

Many people throughout the world do not have access to clean water. Of the 2,4 billion people in developing countries, less than 500 million have access to safe drinking water, let alone distilled water. The answer to these problems is a solar still. A solar still is a simple device that can convert saline, brackish, or polluted water into distilled water. The principles of solar distillation have been around for centuries. In the fourth century B.C., Aristotle suggested a method of evaporating sea water to produce potable water. However, the first solar still was not produced until 1874, when J. Harding and C. Wilson built a still in Chile to provide fresh water to a nitrate mining community. This 4700 m2 still produced 24000 litres of water per day. Currently there are large still installations in Australia, Greece, Spain and Tunisia, and on Petit St. Vincent Island in the Caribbean. Smaller stills are commonly used in other countries.

Practically any seacoast and many desert areas can be made inhabitable by using sunshine to pump and purify water. Solar energy does the pumping (see chapter on  photovoltaics), purification, and controls seawater feed to the stills.

Solar Still Basics

The most common still in use is the single basin solar still. The still consists of an air tight basin that holds the polluted or salt water, covered by a sloped sheet of glass or plastic. The bottom of the basin is black to help absorb the solar radiation. The cover allows the radiation to enter the still and evaporate the water. The water then condenses on the under side of the cover (which is cooled by the outside air), and runs down the sloped cover into a trough or tube. The tube is also inclined so that the collected water flows out of the still. 

The process is exactly Mother Nature’s method of getting fresh water into the clouds from oceans, lakes, swamps, etc. All the water we have ever consumed has already been solar distilled a several thousand times around the hydrologic cycle. 

Solar Still Performance

Operation of the still requires no routine maintenance and has no routine operating costs. The rated production of the still is an estimated annual average and is not exact, as the amount of sunshine can vary widely. Stills produce more in hot climates than in cold ones, more at low latitudes than high, and more in summer than in winter. At the 23° North latitude of the central Bahamas, the estimated average production of the installation was 12 times higher in June than in mid-winter. In higher latitudes, addition of a mirror to the rear of each still increases winter production. Some stills also functions in freezing climates. In general solar still can produce 1 litre of distilled of water a day per square meter of still. On very sunny days over one litre of water can be gained. The still is usually filled once daily, at night or in the morning. 

Still Costs

The cost of a solar distillation system will vary widely, due to size and site-specific circumstances. The stills are usually inexpensive to build. Some small models designed in the USA cost 25 USD with glass or 18 USD with plastic (the amount of water produced is smaller). If the stills are used for one year, they will produce water at approximately 10 cents per litre.

Water Quality

The distilled water produced is of very high quality, normally better than that sold in bottles as distilled water. It routinely tests lower than one part per million total dissolved solids. It is also aerated, as it condenses in the presence of air inside the still. The water may taste a little strange at first because distilled water does not have any of the minerals which most people are accustomed to drinking. Tests have shown that the stills eliminated all bacteria, and that the incidence of pesticides, fertilizers and solvents is reduced by 75–99,5%. This is of great importance for many countries where cholera and other water borne diseases are killing people daily. 

DESIGNING SOLAR STILL

There are a few things to keep in mind when designing the solar still:

The tank can be made of cement, adobe, plastic, tile, or any other water resistant material.

If plastic is used to line the bottom of the still or for the condensate trough, make sure the tank never remains dry. This could melt the plastic.

Insulation should be used if possible. Even a small amount will greatly increase the efficiency of the still. 

The container holding the distilled water should be protected from solar radiation to avoid re-evaporation.

2.6
SOLAR THERMAL POWER PRODUCTION

In addition to using the warmth of the sun directly, it is possible (in areas with high level of solar radiation) to use the heat to make steam to drive a turbine and produce electricity. If undertaken on a large scale, solar thermal electricity is very cost-competitive. The first commercial applications of this technology appeared in the early 1980’s, and the industry grew very rapidly. Today, utilities in the U.S. have installed more than 400 megawatts of solar thermal generating capacity, providing electricity to 350.000 people and displace the equivalent of 2,3 million barrels of oil annually. Nine plants in California’s Mojave Desert are generating 354 MWe of solar electric capacity, and have accumulated 100 plant-years of commercial operating experience.  The technology is maturing to the point where officials say it can compete directly with conventional power technologies in many regions of USA. A number of opportunities for solar thermal projects may open soon in other regions of the world. India, Egypt, Morocco, and Mexico have active programs that will receive grants from the Global Environment Facility, and independent power producers are designing power projects in Greece, Spain, and the US. 

According to the way how the heat is produced solar thermal power plants can be divided between solar concentrators (mirrors) and solar ponds. 

2.6.1
SOLAR concentrators

Solar thermal electric power plants generate heat by using lenses and reflectors to concentrate the sun’s energy. Because the heat can be stored, these plants can generate power when it is needed, day or night, rain or shine.

Large mirrors - of the point focusing type or the line focusing variety - can concentrate solar beams to such an extent that water can be converted to steam with enough power to drive a generating turbine. Enormous fields of such mirrors have been constructed by Luz Corp. in the Californian desert, for the production of 354 MW of electric power. Such systems can convert solar to electric power with an efficiency of about 15%. 

All solar thermal technologies except solar ponds achieve high temperatures by utilizing solar concentrators to reflect sunlight from a large area to a smaller receiver area. A typical system consists of the concentrator, receiver, heat transfer, storage system and a delivery system. 

The sun’s heat can be collected in a variety of different ways. Today‘s technology includes solar parabolic troughs, solar parabolic dish and power towers. Because these technologies involve a thermal intermediary, they can be readily hybridized with fossil fuel and in some cases adapted to utilize thermal storage. The primary advantage of hybridization and thermal storage is that the technologies can provide dispatchable power (dispatchability means that power production can be shifted to the period when it is needed) and operate during periods when solar energy is not available. Hybridization and thermal storage can enhance the economic value of the electricity produced and reduce its average cost.

2.6.1.1
Solar Parabolic Troughs 

These systems use parabolic trough-shaped mirrors to focus sunlight on thermally efficient receiver tubes that contain a heat transfer fluid. Fluid is heated to almost 400 (C and pumped through a series of heat exchangers to produce superheated steam which powers a conventional turbine generator to produce electricity. A transparent glass tube placed in focal line of the trough may envelop the receiver tube to reduce heat loss. Parabolic troughs usually employ single-axis or dual-axis tracking. In rare instances, they may be stationary.

Nine trough systems, built in the mid to late 1980’s by Luz International set up electricity-generating plants in the southern California desert with a total installed capacity of 354 MW, making parabolic troughs the largest solar thermal electric generating producers to date. These plants supply electricity to the Southern California Edison utility grid. In 1984 Luz International installed Solar Electric Generating System I (SEGS I) in Daggett, California. It has an electricity capacity of 13,8 MW. Oil is heated in the receiver tubes to 343°C to produce steam for electricity generation. SEGS I contains six hours of thermal storage, and uses natural gas-fueled super heaters to supplement the solar energy when solar energy is not available. Luz also constructed additional plants, SEGS II through VII, with 30 MW capacity each. In 1990, Luz completed construction of SEGS VIII and IX in Harper Lake, each with 80 MW capacity. As a result of numerous regulatory and policy obstacles, Luz International and four subsidiaries filed for bankruptcy on November 25, 1991. Three companies now operate and maintain SEGS I - IX under the same contract that Luz International had negotiated with Southern California Edison. Plans to construct SEGS X, XI, and XII were cancelled, eliminating 240 MW of additional planned capacity.

Cost projections for trough technology are higher than those for power towers and dish/engine systems (see bellow) due in large part to the lower solar concentration and hence lower temperatures and efficiency. However, with long  operating experience, continued technology improvements, and operating and maintenance cost reductions, troughs are the least expensive, most reliable solar thermal power production technology for near-term applications.

2.6.1.2
Solar Parabolic Dish/engine 

These systems use an array of parabolic dish-shaped mirrors (similar in shape to a satellite dish) to focus solar energy onto a receiver located at the focal point of the dish. Fluid in the receiver is heated up to 1000°C and is utilized directly to generate electricity in a small engine attached to the receiver. 

Engines currently under consideration include Stirling and Brayton cycle engines. Several prototype dish/engine systems, ranging in size from 7 to 25 kW have been deployed in various locations in the USA. High optical efficiency and low start up losses make dish/engine systems the most efficient of all solar technologies. A Stirling engine/parabolic dish system holds the world’s record for converting sunlight into electricity. In 1984, a 29% net efficiency was measured at Rancho Mirage, California. 

In addition, the modular design of dish/engine systems make them a good match for both remote power needs in the kilowatt range as well as hybrid end-of-the-line grid-connected utility applications in the megawatt range.

This technology has been successfully demonstrated in a number of applications. One such application was the STEP project in the state of Georgia (USA). The Solar Total Energy Project (STEP) was a large solar parabolic dish system that operated between 1982 and 1989 in Shenandoah, Georgia. It consisted of 114 dishes, each 7 meters in diameter. The system furnished high-pressure steam for electricity generation, medium-pressure steam for knitwear pressing, and low-pressure steam to run the air conditioning system for a nearby knitwear factory. In October 1989, Georgia Power shut down the facility due to the failure of its main turbine, and lack of funds for necessary plant repairs. 

A cooperative venture between Sandia National Lab and Cummins Power Generation is  recently attempting to commercialize 7,5 kilowatt (kW) dish/engine systems. The systems are out of the component stage and into the validation stage. When they accumulate sufficient running time, they will be ready for the marketplace. Cummins hopes to sell 10.000 units a year by 2004. Other companies are also entering into parabolic dish/Stirling technology. Stirling Technology, Stirling Thermal Motors, and Detroit Diesel have teamed up with Science Applications International Corporation in a USD 36 million joint venture with the Department of Energy, to develop a 25 kW membrane dish/Stirling system.

The National Renewable Energy Laboratory (NREL) and the Cummins Engine Company are testing two new receivers for dish/engine solar thermal power systems: the pool-boiler receiver and the heat-pipe receiver. The pool-boiler receiver operates like a double boiler on a stove. It boils a liquid metal and transfers the heat energy to an engine on top. The heat-pipe receiver also uses a liquid metal, but instead of pooling the liquid, it uses a wick to transfer the molten liquid to a dome receiver. 

2.6.1.3
Solar Central Receivers or Power Towers 

These systems use a circular field array of heliostats (large individually-tracking mirrors) to focus sunlight onto a central receiver mounted on top of a tower which absorbs the heat energy that is then utilized in driving a turbine electric generator. A computer-controlled, dual-axis tracking system keeps the heliostats properly aligned, so that the reflected rays of the sun are always aimed at the receiver. Fluid circulating through the receiver transports heat to a thermal storage system, which  can turn a turbine to generate electricity or provide heat directly for industrial applications. Temperatures achieved at the receiver range from 538°C to 1482°C.

The first power tower ”Solar One” built near Barstow in Southern California, successfully demonstrated this technology for electricity generation. This facility operated in the mid-1980’s, used a water/steam system to generate 10 MW of power. In 1992, a consortium of U.S. utilities decided to retrofit Solar One to demonstrate a molten-salt receiver and thermal storage system. The addition of this thermal storage capability makes power towers unique among solar technologies by promising dispatchable power at load factors of up to 65%. In this system, molten-salt is pumped from a ”cold” tank at 288 (C and cycled through the receiver where it is heated to 565 (C and returned to a ”hot” tank. The hot salt can then be used to generate electricity when needed. Current designs allow storage ranging from 3 to 13 hours. 

”Solar Two”, a power tower electricity generating plant in California, is a 10-megawatt prototype for large-scale commercial power plants. This facility first generated power in April 1996, and was scheduled to run for a 3-year test, evaluation, and power production phase to prove the molten-salt technology. It stores the sun’s energy in molten salt at 550 (C, which allows the plant to generate power day and night, rain or shine. The successful completion of Solar Two should facilitate the early commercial deployment of power towers in the 30 to 200 MW range (source: Southern California Edison).

2.6.1.4
Technology Comparison

Table below highlights the key features of the three solar thermal power technologies. Towers and troughs are best suited for large, grid-connected power projects in the 30-200 MW size, whereas, dish/engine systems are modular and can be used in single dish applications or grouped in dish farms to create larger multi-megawatt projects. Parabolic trough plants are the most mature solar power technology available today and the technology most likely to be used for near-term deployments. Power towers, with low cost and efficient thermal storage, promise to offer dispatchable, high capacity factor, solar-only power plants in the near future. The modular nature of dishes will allow them to be used in smaller, high-value applications. Towers and dishes offer the opportunity to achieve higher solar-to-electric efficiencies and lower cost than parabolic trough plants, but uncertainty remains as to whether these technologies can achieve the necessary capital cost reductions and availability improvements. Parabolic troughs are currently a proven technology primarily waiting for an opportunity to be developed. Power towers require the operability and maintainability of the molten-salt technology to be demonstrated and the development of low cost heliostats. Dish/engine systems require the development of at least one commercial engine and the development of a low cost concentrator.

Characteristics of solar thermal electric power systems (as of 1993).

	
	Parabolic Trough
	Dish/Engine
	Power Tower

	Size
	30-320 MW
	5-25 kW
	10-200 MW

	Operating Temperature (ºC/ºF)
	390/734
	750/1382
	565/1049

	Annual Capacity Factor
	23-50%
	25%
	20-77%

	Peak Efficiency
	20%(d)
	29.4%(d)
	23%(p)

	Net Annual Efficiency
	11(d)-16%
	12-25%(p)
	7(d)-20%

	Commercial Status
	Commercially Scale-up Prototype
	Demonstration
	Available Demonstration

	Technology Development Risk
	Low
	High
	Medium

	Storage Available
	Limited
	Battery
	Yes

	Hybrid Designs
	Yes
	Yes
	Yes

	Cost USD/W 
	2,7 – 4,0
	1,3 - 12,6
	2,5 - 4,4


(p) = predicted; (d) = demonstrated; 

Comparison of Major Solar Thermal Technologies.

	PRIVATE

	Parabolic Trough
	Parabolic Dish
	Power Tower

	Applications
	Grid-connected electric plants; process heat for industrial use.
	Stand-alone small power systems; grid support
	Grid-connected electric plants; process heat for industrial use.

	Advantages
	Dispatchable peaking electricity; commercially available with 4,500 GWh operating experience; hybrid (solar/fossil) operation.
	Dispatchable electricity, high conversion efficiencies; modularity; hybrid (solar/fossil) operation.
	Dispatchable base load electricity; high conversion efficiencies; energy storage; hybrid (solar/fossil) operation.


2.6.1.5
Solar Thermal Power Cost and Development Issues

The cost of electricity from solar thermal power systems depends on a multitude of factors. These factors include capital and operating and maintenance cost, and system performance. However, it is important to note that the technology cost and the eventual cost of electricity generated is significantly influenced by factors ”external” to the technology itself. As an example, for troughs and power towers, small stand-alone projects will be very expensive. In order to reduce the technology costs to compete with current fossil technologies, it will be necessary to scale-up projects to larger plant sizes and to develop solar power parks where multiple projects are built at the same site in a time phased succession. In addition, since these technologies in essence replace conventional fuel with capital equipment, the cost of capital and taxation issues related to capital intensive technologies will have a strong effect on their competitiveness.

Cost Versus Value

Through the use of thermal storage and hybridization, solar thermal electric technologies can provide a firm and dispatchable source of power. Firm implies that the power source has a high reliability and will be able to produce power when the utility needs it. As a result, firm dispatchable power is of value to a utility because it offsets the utility’s need to build and operate new power plants. Dispatchability implies that power production can be shifted to the period when it is needed.  This means that even though a solar thermal plant might cost more, it can have a higher value.

BENEFITS

Solar thermal power plants create two and one-half times as many skilled, high paying jobs as do conventional power plants that use fossil fuels. California Energy Commission study shows that even with existing tax credits, a solar thermal electric plant pays about 1,7 times more in federal, state, and local taxes than an equivalent natural gas combined cycle plant. If the plants paid the same level of taxes, their cost of electricity would be roughly the same. 

POTENTIAL

Utilizing only 1% of the earth’s deserts to produce clean solar thermal electric energy would provide more electricity than is currently being produced on the entire planet by fossil fuels.

FUTURE

Over 700 megawatts of solar thermal electric systems should be deployed by the year 2003 in the U.S. and internationally. The market for these systems should exceed 5.000 megawatts by 2010, enough to serve the residential needs of 7 million people which will save the energy equivalent of 46 million barrels of oil per year. 

Summary

Solar thermal power technologies based on concentrating technologies are in different stages of development. Trough technology is commercially available today, with 354 MW currently operating in the Mojave Desert in California. Power towers are in the demonstration phase, with the 10 MW Solar Two pilot plant located in Barstow (USA), currently undergoing testing and power production. Dish/engine technology has been demonstrated. Several system designs are under engineering development, a 25 kW prototype unit is on display in Golden (USA),  and five to eight second-generation systems have been scheduled for field validation in 1998. Solar thermal power technologies have distinct features that make them attractive energy options in the expanding renewable energy market world-wide. 

Solar thermal electricity generating systems have come a long way over the past few decades. Increased research and development of solar thermal technology will make these systems more cost competitive with fossil fuels, increase their reliability, and become a serious alternative for meeting or supplying increased electricity demand. 

2.6.2
Solar Ponds 

Neither focusing mirrors nor solar cells can generate electricity at night. For this purpose the daytime solar energy must be stored in storage tanks, a process which occurs naturally in a solar pond. 

Salt-gradient solar ponds have a high concentration of salt near the bottom, a non-convecting salt gradient middle layer (with salt concentration increasing with depth), and a surface convecting layer with low salt concentration. Sunlight strikes the pond surface and is trapped in the bottom layer because of its high salt concentration. The highly saline water, heated by the solar energy absorbed in the pond floor, can not rise owing to its great density. It simply sits at the pond bottom heating up until it almost boils (while the surface layers of water stay relatively cool)! This hot brine can then be used as a day or night heat source from which a special organic-fluid turbine can generate electricity. The middle gradient layer in solar pond acts as an insulator, preventing convection and heat loss to the surface. Temperature differences between the bottom an surface layers are sufficient to drive a generator. A transfer fluid piped through the bottom layer carries heat away for direct end-use application. The heat may also be part of a closed-loop Rankine cycle system that turns a turbine to generate electricity. 

This type of power station has been tested at Beit Ha’Arava (Israel) near the Dead Sea. Israel leads the world in salt-gradient solar pond technology. Ormat Systems Inc. has installed several systems in the Dead Sea. The largest is a 5 MW electric system. This 20 hectare pond converts sunlight to electricity at an efficiency of about 1%. It consists of a pond of water with very high salinity in its lower depths. Although the solar pond operated successfully for several years, in 1989 it was shut down for economical reasons. The largest solar pond in the USA is a 0,3 hectare pond in El Paso, Texas, which has operated reliably since its start in 1986. The pond runs a 70 kW (electric) organic Rankine-cycle turbine generator, and a 20 000 litres per day desalting unit, while also providing process heat to an adjacent food processing company. The pond has reached and sustained temperatures higher than 90 (C in its heat-storage zone, generated more than 100 kW of electric power during peak output , and produced more than 350 000 litres of potable water in a 24 hour period. During five year operation, it has produced more than 50 000 kWh of electricity. A man-made, salt-gradient solar pond was  built in Miamisburg, (Ohio, USA) and it heats a municipal swimming pool and a recreational building.

2.7
PHOTOVOLTAICS

Photovoltaics (PV) is the term derived from Greek word for light - photos- and the name for unit of electromotive force - volt. Photovoltaics means direct generation of electricity from light. Recently this process is utilised by means of solar cells. The ”solar cells”, made from semiconductor materials such as silicon, produce electric currents when exposed to sunlight. By manufacturing modules which contain dozens of such solar cells and connecting the modules large power stations can be built. The largest photovoltaic power station that has yet been constructed is the 5 MW system at Carrisa Plain, California. The efficiency of photovoltaic power stations is presently about 10% but individual solar cells have been fabricated with efficiencies exceeding 20%. 

HISTORY OF PHOTOVOLTAICS

The history of photovoltaics dates back to 1839 and major developments evolved as follows:

· In 1839 Edmund Becquerel, a French physicist observed the photovoltaic effect. 

· In 1883 Selenium PV cells were built by Charles Edgar Fritts, a New York electrician. Cells converted light in the visible spectrum into electricity and were 1% to 2% efficient. (light sensors for cameras are still made from selenium today).

· In the early 1950’s the Czochralski meter was developed for producing highly purecrystalline silicon. 

· In 1954 Bell Telephone Laboratories produced a silicon PV cell with a 4% efficiency and later achieved 11% efficiency.

· In 1958 the US Vanguard space satellite used a small (less than one watt) array to power its radio. The space program has played an important role in the development of PV’s ever since.

· During the 1973-74 oil price shock several countries launched photovoltaic utilization programmes, resulting in the installation and testing of over 3,100 PV systems in USA alone, many of which are in operation today.

2.7.1
PV MARKET

The present PV market is characterised by a fairly high and stable increase of over 20 % per year, however on a still fairly low level of production volume. The world-wide module production for 1998 amounted to about 125 MW while prices have dropped from USD 50/W in 1976 to USD 5/W in 1999. Nevertheless kWh prices of electricity produced by PV systems are still too expensive by a factor 3 to 10  (depending on the site and system design) as compared to conventional electric energy. The PV market is thus a small niche market, however with steadily increasing market segments where PV is already cost competitive as e.g. in many stand alone system applications.

Progress is visible in many parts of the world. The Japanese government is investing USD 250 million a year to increase manufacturing capacity from 40 MW (1997) to 190 MW (2000) and national programs are being launched in Europe, driven by energy independence and environment.  These programs, combined with environmental pressures such as climate change, can accelerate growth of the PV industry.  Shell Solar has built the world’s largest PV manufacturing facility in Germany, with current annual production of 10 MW and future growth to 25 MW. The cost was 50 million German Mark.

2.7.2
PV UTILISATION

For a range of applications solar cells are technically feasible and economically viable alternative to fossil fuels. A solar cell can directly convert the sun’s irradiation to electricity and this process  requires no moving parts. This results in a relatively long service life of solar generators. PV systems have been the best choice for many jobs since the first commercial PV cells were developed. For example, PV cells have been the exclusive power source for satellites orbiting the earth since the 1960s. PV systems have been used for remote stand-alone systems throughout the world since the 1970s. In the 1980s, commercial and consumer product manufacturers began incorporating PV into everything from watches and calculators to music boxes. And in the 1990s, many utilities are finding PV to be the best choice for thousands of small power needs. 

PV systems are now generating electricity to pump water, light up the night, activate switches, charge batteries, supply the electric utility grid, and more. PV systems produce power in all types of weather.  On partly cloudy days they can produce up to 80% of their potential energy delivery; on hazy/humid days, about 50%; and on extremely overcast days, they still produce up to 30%.

PV cells are no longer just available in panels. Different companies are incorporating PV into light-weight, flexible and durable roofing shingles, as well as inverted curtain walls for building facades. These new products make the economics of photovoltaics more attractive by incorporating the PV cells into building materials. In remote areas or locations, PV is the most cost-effective, reliable and durable energy solution available. For grid-connected systems PV can provide, in some regions, a cost competitive energy solution. In all regions, both remote and grid connected, PV provides clean energy without the polluting effects of conventional power sources. 

Solar powered water pumping systems are effective and economical for virtually any water pumping need. Electric utilities in the USA found that it is more economical to use PV powered water pumps than to maintain distribution lines to remote pumps. Several utilities are offering photovoltaic water pumping systems as customer service options. 

Other agriculture solutions include electric fence charging and lighting. In greenhouse or hydroponics operations, solar can provide the power for water circulation, fans, lights and climate control equipment. 

PV modules supplied electricity also to the Breitling Orbiter 3 balloon during its non-stop trip around the world.  For three weeks in March 1999, the balloon’s on-board equipment was powered by 20 modules suspended under the nacelle.  Each module was tilted to ensure even power output during rotation, and recharged five lead batteries for navigation instruments, satellite communications systems, lighting and water heating. The modules functioned perfectly throughout epic voyage.

PV is successfully utilised also in village electrification. Today two billion people in the world are without electricity. A large portion live in the developing world, where 75% of the population lives without electricity. There is rarely a utility grid in these remote, rural or suburban villages. Experience shows that PV delivers cost-effective electricity for basic services, such as:

· light

· water pumping

· communications

· health facilities

· businesses

People not served by a power grid often rely on fossil fuels like kerosene and diesel. There are a number of problems associated with the use of fossil fuels. 

· Imported fossil fuels drain foreign currency.

· Transporting is difficult because of infrastructure.

· Maintenance of fossil fuel generators is difficult because of lack of spare parts.

· Generators pollute the environment by loud noises and exhaust. 

Electric lights powered by PV are more effective than kerosene lights in developing countries, and installing a PV system is usually less expensive than extending the power lines. Moreover, many developing countries are located in areas with high insolation levels, providing them with a free abundant source of energy year round. Using photovoltaics to generate electricity from sunlight is simple and has proven reliable in tens of thousands of applications world-wide.

During the next decades, a large part of the world’s population will be introduced to electricity produced by PV systems. These PV systems will make the traditional requirements of building large, expensive power plants and distribution systems unnecessary. As the costs of PV continue to decline and as PV technology continues to improve, several potentially huge markets for PV will open up. For example, building materials that incorporate PV cells will be designed right into homes, helping to ventilate and light the buildings. Consumer products ranging from battery-powered hand tools to automobiles will take advantage of electricity - producing components containing PV materials. Meanwhile, electric utilities will find more and more ways to use PV to supply the needs of their customers. 

The EU wants to double the share of renewables by 2010, and key actions include one million PV systems (500.000 roof and the export of 500.000 village systems) with total installed capacity of 1 GW. BP Amoco (one of the world’s leading marketers of petroleum products) will incorporate solar energy into 200 of its new service stations in Britain, Australia, Germany, Austria, Switzerland, the Netherlands, Japan, Portugal and Spain, France and the US. The USD 50 million program will involve 400 panels, generating 3,5 MW and saving 3.500 tonnes of CO2 emissions every year.  The project will make BP Amoco one of the world’s largest users of solar power, as well as one of the largest manufacturers of cells and modules. The solar panels will generate more power than consumed for lighting and pump power, and will be grid-connected to allow excess electricity to be exported during the day and the shortfall imported at night. The world market for photovoltaics will reach 1000 MW by 2010 and 5 million MW by 2050, according to the president of BP Solar.

2.7.3
TECHNOLOGY

Solar PV systems are simple to operate and have no moving parts; however, PV cells employ sophisticated semiconductor devices, many of which are similar to those developed in the integrated circuit industry. PV cells operate on the physical principle that electric current will flow between two semiconductors with different electrical properties when they are put in contact with each other and exposed to light. A collection of these PV cells constitutes a PV panel, or module. PV modules, because of their electrical properties, produce direct rather than alternating current (AC). Direct current (DC) is electric current that flows in a single direction. Many simple devices, such as those that run on batteries, use direct current. Alternating current, in contrast, is electric current that reverses its direction at regular intervals. This is the type of electricity provided by utilities and required to run most modern appliances and electronic devices. In the simplest systems, DC produced by PV modules is used directly. In applications where AC is necessary, an inverter can be added to the system to convert the DC to AC. 

2.7.4
PV CELLS

Today’s solar cell production is almost exclusively based on silicon. About 80% of all modules are fabricated using crystalline silicon cells (multicrystalline and single crystalline) and about 20% are based on amorphous silicon thin film cells. The crystalline cells  are the more common, generally blue-coloured frosty looking ones. Amorphous means noncrystalline, and these look smooth and change color depending on the way you hold them. Monocrystalline silicon  has the best efficiency - about 14% of the  sunlight can be utilized - but it is more  expensive than multicrystalline silicon, which  typically has 11% efficiency.  Amorphous  silicon is widely used in small appliances such  as watches and calculators, but its efficiency  and long-term stability are significantly lower;  consequently, it is rarely used in power  applications.

On a laboratory and/or a pilot production scale there are, however, several alternative thin film solar cells under development which may penetrate the market in the future. The most advanced of the presently investigated thin film systems are: 

· amorphous silicon (a-Si: H) cells, 

· cadmium telluride/cadmium sulfide (CTS) cells, 

· copper indium diselenide or copper indium/gallium diselenide (CIS or CIGS) cells, crystalline silicon thin film (c-Si film) cells and

· nanocrystalline dye sensitised electrochemical (nc-dye) cells.

PV cells are ”sandwiches” of silicon, the second most abundant material in the world. Ninety-nine percent of today’s solar cells are made of silicon (Si), and other solar cells are governed by basically the same physics as Si solar cells. One layer of silicon is treated with a substance to create an excess of electrons. This becomes the negative or ”N” layer. The other layer is treated to create a deficiency of electrons, and becomes the positive or ”P” layer. Assembled together with conductors, the arrangement becomes a light-sensitive NP junction semiconductor. It’s called a semiconductor, because, unlike a wire, the unit conducts in only one direction; from negative to positive. When exposed to sunlight (or other intense light source), the voltage is about 0,5 Volts DC, and the potential current flow (amps) is proportional to the light energy (photons). In any PV, the voltage is nearly constant, and the current is proportional to the size of the PV and the intensity of the light. 

Photovoltaic cells are made from hyper pure silicon that is precisely doped with other materials. The hyper pure silicon substrates used to make PV cells are very expensive. After all, the same amount of hyper pure silicon used in a single 50 Watt PV module could have been made into enough integrated circuits for about two thousand computers. The remainder of the materials used by PV cells are aluminum, glass, and plastic - all inexpensive and easily recyclable materials. 

2.7.5
SOLAR MODULES

Solar modules are an array of solar cells  which are interconnected and encapsulated  behind a glass cover. The stronger the light falling down on the cells and the larger the cell surface, the more  electricity is generated and the higher the  current. Modules are rated in peak watts (Wp). A watt is the unit used to express the  power of a generator or the demand of a consumer. One peak watt is a specification  which indicates the amount of power generated  under rated conditions, i.e. when solar  irradiance of 1 kW/m2 is incident on the cell at a temperature of 25 (C. This level of intensity is achieved when weather conditions are good and  the sun is at its zenith. No more than a cell of  10 x 10 cm is necessary to generate a peak watt.  Larger modules, 1 m x 40 cm in size, have an  output of about 40-50 Wp. Most of the time, however, the irradiation is  below 1 kW/m2. Furthermore, in sunlight the  module will warm up beyond the rated temperature. Both effects will reduce the module’s performance. For typical conditions an average output  of about 6 Wh per day and 2000 Wh per year  per peak watt can be expected. To have the idea of how  much that is, 5 Wh is the energy consumed by a 50 W lamp in 6 minutes (50W x 0,1h = 5Wh) or by a small radio in one hour (5W x 1h =  5Wh).

Although some differences still exist in product quality, most international companies produce fairly reliable units which can be expected  to work for 20 years. Meanwhile, suppliers  guarantee the specified power output for a period of up to 10 years. The most decisive criterion for the  comparison of different modules is the price per peak watt. In other words, it is possible to get  more power for the money with a 120 Wp  module which costs USD 569 (4,74 USD/Wp) than with a  ”cheap” 90 Wp module that costs USD 489 (5,43 USD/Wp). The rated efficiency of a system is a less important consideration.

2.7.6
PV ADVANTAGES

High Reliability

PV cells were originally developed for use in space, where repair is extremely expensive, if not impossible.  PV still powers nearly every satellite circling the earth because it operates reliably for long periods of time with virtually no maintenance.

Low Operating Costs

PV cells use the energy from sunlight to produce electricity - the fuel is free.  With no moving parts, the cells require low-maintenance. Cost-effective PV systems are ideal for supplying power to communication stations on mountain tops, navigational buoys at sea, or homes far from utility power lines.

Non-polluting

Because they burn no fuel and have no moving parts, PV systems are clean and silent. This is especially important where the main alternatives for obtaining power and light are from diesel generators and kerosene lanterns.

Modular

A PV system can be constructed to any size.  Furthermore, the owner of a PV system can enlarge or move it if his or her energy needs change.  For instance, homeowners can add modules every few years as their energy usage and financial resources grow.  Ranchers can use mobile trailer-mounted pumping systems to water cattle as they are rotated between fields.

Low Construction Costs

PV systems are usually placed close to where the electricity is used, meaning much shorter wire runs than if power is brought in from the utility grid. In addition, using PV eliminates the need for a step-down transformer from the utility line. Fewer wires mean lower costs and shorter construction time. 

HOW MUCH DOES PV-GENERATED ELECTRICITY COST? 

There is no simple answer.  Many small PV systems designed to power a few fluorescent lights and a small TV in remote hoses are much cheaper than the next best alternatives running a new power line, replacing and disposing of primary batteries (those batteries that are used once and then disposed of, such as flashlight batteries), or using an engine generator. The cost of electricity from larger systems, those able, for example, to power a modern home, is evaluated according to the cost per kilowatt hour (kWh). The cost depends on the initial cost, interest on the loan (for paying the initial cost), the cost of system maintenance, the expected lifetime of the system, and how much electricity it produces. Using typical borrowing costs and equipment life, the cost of PV-generated electricity in USA in 1998 ranged from USD 0,20 to USD 0,50/kWh. 

HOW MUCH SPACE DOES PV TAKE?

The most common modules (using cells made from crystalline silicon) generate 100-120 watts per square meter (W/m2).  Thus, one square meter module generates enough electricity to power a 100 W light bulb.  At the upper end of the range, a PV power plant laid out on a square piece of land measuring approximately 160 km on a side could supply all the electricity consumed annually be the entire United States. Better alternative than to use open land area is to place PV modules on the roofs of buildings or integrate them into facades of the walls. This option is usually cheaper because it can replace traditional building materials which have to be used anyway. 

2.7.7
Simple PV Systems

The sunlight that creates the need for water pumping and ventilation can be harnessed using the most basic PV systems to meet those same needs. Photovoltaic modules produce the most electricity on clear, sunny days. Simple PV systems use the DC electricity as soon as it is generated to run water pumps or fans. These basic PV systems have several advantages for the special jobs they do. The energy is produced where and when it is needed, so complex wiring, storage, and control systems are unnecessary. Small systems, under 500 W, weigh less than 70 kilograms making them easy to transport and install. Most installations take only a few hours. And, although pumps and fans require regular maintenance, the PV modules require only an occasional inspection and cleaning.

2.7.8
Solar Water Pumping

Photovoltaic pumping systems provide a welcome alternative to fuel burning generators or  hand pumps. They provide the most water precisely when it is needed the most - when the sun shines the brightest! Solar pumps are simple to install and maintain. The smallest systems can be installed by one person in a couple hours, with no experience or special equipment required.  Advantages of using PV-powered pumps include:

· low maintenance

· ease of installation

· reliability

· scalability

Solar power differs fundamentally from conventional electric or engine-powered systems, so solar pumps often depart from the conventional. PV arrays produce DC power, rather than the AC from conventional sources. And, the power available varies with the sun’s intensity. Since it costs less to store water (in tanks) than energy (in batteries) solar pumps tend to be low in power, pumping slowly through the duration of the solar day. 

Simple, efficient systems are the key to economical solar pumping. Special, low-power DC pumps are used without batteries or AC conversion. Modern DC motors work well at varying voltage and speed. The better DC motors require maintenance (brush replacement) only after periods of 5 years or more. Most solar pumps used for small scale application (homes, small irrigation, livestock) are ”positive displacement” pumps which seal water in cavities and force it upward. This differs from faster, conventional centrifugal type pumps (including jet and submersible pumps) which spin and ”blow” the water up. 

Positive displacement pumps include piston, diaphragm, rotary vane, and pump jacks. They work best for low volumes, particularly where variable running speeds occur. Centrifugal, jet and turbine pumps are used for higher volume systems. Electronic matching devices known as Power Trackers and Linear Current Boosters allow solar pumps to start and run under low-light conditions. This permits direct use of the sun’s power without bothersome storage batteries. Solar trackers may be used to aim the panels at the Sun from morning to sunset, extending the useable period of sunlight. Storage tanks usually hold a 3-10 day supply of water, to meet demands during cloudy periods. Solar pumps use surprisingly little power. They utilize high efficiency design and the long duration of the solar day, rather than power and speed, to lift the volume of water required. 

In areas where photovoltaic pumps have entered into competition with diesel-driven pumps, their comparatively high initial cost is offset by the achieved savings on fuel and reduced maintenance expenditures. Studies concerning the economic efficiency of photovoltaic pumping systems confirm that they are often able to yield cost advantages over diesel-driven pumps, depending on the country-specific situation. 

2.7.9
PV SYSTEMS WITH BATTERIES

The most simple solutions have certain drawbacks - the most obvious one  being that in case of PV powered pump or fan could only be  used during the daytime, when the sun is  shining. To compensate for these limitations, a battery is added to the system. The battery is charged by the solar generator, stores the energy and makes it available at the times and  in the amounts needed. In the most remote and hostile environments, PV-generated electrical energy stored in batteries can power a wide variety of equipment. Storing electrical energy makes PV systems a reliable source of electric power day and night, rain or shine. PV systems with battery storage are being used all over the world to power lights, sensors, recording equipment, switches, appliances, telephones, televisions, and even power tools. 

A solar module generates a direct current (DC), generally at a voltage of 12  V. Many appliances, such as lights, TV’s,  refrigerators, fans, tools etc., are now available for 12V DC operation. Nevertheless the majority of common electrical household appliances are  designed to operate on 110 V or 220 V alternating current (AC). PV systems with batteries can be designed to power DC or AC equipment. People who want to run conventional AC equipment add a power conditioning device called an inverter between the batteries and the load. Although a small amount of energy is lost in converting DC to AC, an inverter makes PV-generated electricity behave like utility power to operate everyday AC appliances, lights, or computers. 

PV systems with batteries operate by connecting the PV modules to a battery, and the battery, in turn, to the load. During daylight hours, the PV modules charge the battery. The battery supplies power to the load whenever needed. A simple electrical device called a charge controller keeps the batteries charged properly and helps prolong their life by protecting them from overcharging or from being completely drained. Batteries make PV systems useful in more situations, but also require some maintenance. The batteries used in PV systems are often similar to car batteries, but are built somewhat differently to allow more of their stored energy to be used each day. They are said to be deep cycling. Batteries designed for PV projects pose the same risks and demand the same caution in handling and storage as automotive batteries. The fluid in unsealed batteries should be checked periodically, and batteries should be protected from extremely cold weather. 

A solar generating system with batteries supplies electricity when it is needed. How much electricity can be used after sunset or on cloudy days is determined by the output of the PV modules and the nature of the battery bank. Including more modules and batteries increases system cost, so energy usage must be carefully studied to determine optimum system size. A well-designed system balances cost and convenience to meet the user’s needs, and can be expanded if those needs change.  

2.7.10
DESIGNING PV HOME SYSTEM WITH BATTERIES

A solar-powered system with batteries can run quite a lot of consumer devices, but only, of  course, if the energy demand does not exceed  the generator output. The right sizing of the system is thus necessary. The first step towards having such a system that will provide energy needs is specification of the system.

CalculatION OF energy demand

In case of designing PV powered home system the first step to make is to create a list of all electrical appliances in the household. Check the power input required for the operation of these appliances and put this on the list. 

As an example average data on power consumption for some devices are in the table below, but it is important to bear in mind that these are only rough estimations. To calculate power consumption (E) of the system with inverter (using AC devices) it is needed to make correction (multiply average consumption by C to calculate the total power demand).

	DEVICE
	Power consumption
	C
	Power demand total

	Fluorescent lamps
	18W
	1,5
	27W

	Radio/Cas.tape,6V
	2W/8W
	2,0
	4W/16W

	Radio/Cas.tape,12V
	8W/12W
	1,0
	8W/12W

	Small b/w TV
	18W
	1,0
	18W


To operate other electrical appliances such as refrigerators, irons, big fans, cooking plates, etc., you would need a bigger and more expensive system. Since such a system is not standardized but will be tailored specifically to your needs, calculation have to be done by an expert. 

Second step is to estimate the amount of time per day that the specific appliances are in operation. This maybe as much as 10 hours for a lamp in the living room, but perhaps only 10 minutes for one in the store. Add these data to your list in a second column in table bellow. Finally, you should make a third column where you list the daily energy requirement. Calculate this figure by multiplying the power by the operating period, e.g. 27 W x 4 h = 108 Wh. When you have added up all the figures in this column, you will have your overall energy demand per day.

	DEVICE
	Power
	No. of h/d
	Energy demand per day

	Fluor.Lamp
	27 W
	4
	108 Wh

	Fluor.Lamp
	27 W
	1
	27 Wh

	Fluor.Lamp
	10 W
	0,5
	5 Wh

	Radio 6V
	4 W
	10
	40 Wh

	TV
	18 W
	4
	72 Wh

	Fan
	14 W
	2
	28 Wh

	Total
	
	
	280 Wh


The next step consists of estimation of the amount of solar insolation which can be expected at home site. In most cases, these figures can be obtained from local PV suppliers or at a local weather station. Important figure is the annual average solar insolation as well as the average in the month with the worst climatic conditions (some general data can be found in chapter on Solar radiation). 

Using the first figure, PV system can be adjusted to the average insolation per year, which means there are some months with more energy than required or calculated and some months with less. If you use the second (low case) figure, you will always have at least enough energy to meet your requirements, except in unusually bad weather periods. However, the PV module will have to be larger and it will also be more costly.

Now you can calculate the rated power of the PV module. Use your energy demand figure (in Wh/d), multiply it by 1,7 to allow for energy losses in the system and divide it by the solar insolation figure (in Wh/d), e.g. 280 (Wh/d) x 1,7/ 5 (kWh/d) = 96,2 W. Unfortunately, PV modules  are only available with a few power ratings. Using a 50 W module, for example, you can build generators of 50 W, 100 W, 150 W, etc.. With a power demand of 95 W, a two-module system would be the best match. Choose the number of modules whose total power rating corresponds approximately to the value you have calculated. If the two figures differ significantly, you have to undersize or oversize the generator. In the first case, the PV system will not be able to meet overall energy demand. Decide whether this partial supply option would be acceptable to you. In the second case, you will have surplus energy.

Designing the battery size depends on energy demand and the number of PV modules. For above mentioned example battery capacity of 60 Ah per module as a minimum should be used and 100 Ah as an optimum. Such a battery can store 1200 Wh at 12 V. This capacity can cover 4 days of energy needs for above mentioned example with daily energy consumption of 280 Wh.

SYSTEM DC VOLTAGE

In the past, almost all systems used 12 V DC as their base voltage. This was because the systems were small and extensively employed 12 V DC appliances powered directly from the battery. Now, with the arrival of efficient and reliable inverters, 12 Volt use has declined and 24 V DC is becoming the favored battery voltage. At this moment, the system’s DC voltage should be determined by how much power the system cycles daily. Systems producing and consuming less than 2000 Watt-hours daily are best served by 12 Volts. Systems cycling over 2000 and less than 6000 Watt-hours daily should use 24 V DC as a base voltage. Systems cycling over 6000 Watt-hours daily should use 48 Volts.

System voltage is a very important factor effecting the choice of inverter, controls, battery chargers, and system wiring. Once these components are bought, they usually cannot be changed. While some hardware, like PV modules, can be reconnected from 12 to higher voltages, other hardware like inverters, controls, and wiring is specified for a particular voltage and must operate there. 

BATTERY

A battery stores the energy delivered by the  solar generator and provides power for various  appliances. As a component of an solar powered home system a battery has to fulfil three tasks:

a)
It covers peak loads which the PV modules cannot meet on its own (buffer).

b)
It provides energy during the night  (short-term storage).

c)
It compensates for periods of bad weather or  of unusually high energy demand  (medium-term storage).

Automotive batteries, which are available all over the world at reasonable prices, are the  most commonly employed type of battery.  However, they are designed to deliver high  currents over short periods. They cannot  withstand the continuos cycles of charging and  discharging that are typical for solar systems. The industry has developed batteries,  sometimes called solar batteries, which meet  these conditions. Their main feature is low  sensitivity to cyclic operation. 

Unfortunately,  there are only a few developing countries in  which such batteries are produced, and  imported batteries may be very expensive owing to transport costs and customs  duties. In such cases, a heavy-duty truck  battery may be an appropriate, easily  accessible alternative, even if it has to be  replaced more often.

In the case of large PV systems, the capacity of one  battery may not be sufficient. If so, more than  one battery, can be  switched in parallel, i.e. all poles marked + and  all marked - are connected to each other. Thick  copper wires, preferably less than 30 cm long,  should be used for the connection. During charging, batteries produce gases  which are potentially explosive. Thus, you should avoid using an open fire nearby.  However, gassing is relatively low, especially if  a charge regulator is used; the risk is thus no  greater than that normally involved in the use  of automotive batteries in cars. Nevertheless,  the batteries need to be well ventilated.  Therefore you should not cover them up or put  them in boxes.

The capacity of a battery is indicated in  ampere-hours (Ah). A 100 Ah, 12 V battery,  for instance, can store 1200 Wh (12 V x 100  Ah). However, the capacity will vary,  depending on the duration of the charging or  discharging process. In other words, a battery  will deliver more energy during a 100 h  discharging period than during a 10 h period.  The charging period is indicated by an index to  the capacity C, e.g. C100 for 100 hours. Note  that suppliers may use different reference  periods.

When storing energy in batteries, a certain  amount of energy is lost in the process. Automotive batteries have efficiencies of about 75%, while solar batteries may perform slightly better. Some of the battery capacity is lost in each charging-discharging cycle and eventually drops to a level at which the battery has to be replaced. Solar batteries have a longer lifetime than heavy-duty automotive batteries, which last about 2 or 3 years.

SIZING THE PV SYSTEM’S BATTERY

It is important to size the PV systems battery with a minimum of four days of storage. Consider the system that consumes 2480 watt-hours daily. If we divide this figure by system voltage of 12 V DC, we arrive at a daily consumption of 206 Ampere-hours from the battery. So four days of storage would be 4 days x 206 Ampere-hours per day or 824 Ampere-hours. If the battery is a lead-acid type, then we should add 20% to this amount to ensure that the battery is never fully discharged. This brings our ideal lead-acid battery up to a capacity of 989 Ampere-hours. If the battery is nickel-cadmium or nickel-iron, then this extra 20% capacity is not required because alkaline batteries don’t mind being fully discharged on a regular basis. 

THE CHARGE REGULATOR

A battery can only be expected to last several  years if a good charge regulator is employed. It  protects the battery against overcharging and deep-discharging, both of which are harmful to  the battery. If a battery is fully charged, the regulator  reduces the current delivered by the solar generator to a level which equalizes the natural losses. On the other hand, the regulator  interrupts the amount of energy supplied to the  load appliances when the battery has  discharged to a critical level. Thus, in most  cases a sudden interruption in supply is not a system failure, but rather an effect of this  safeguard mechanism.

Charge regulators are electronic components and, as such, may be affected by malfunctions  and improper handling of the systems.  Improved designs are equipped with safeguards  to prevent damages to the regulator and other  components. These include safeguards against short  circuit and battery reverse polarity (mixing up  of the batteries’ +/- poles) as well as a blocking  diode to prevent overnight battery discharge. Many models indicate certain states of  operation and malfunctions by means of LEDs (light emitting diodes = small lamps). A few  even indicate the state of charge. Nevertheless the state of charge is  difficult to determine and can only be roughly estimated.

THE INVERTER

The inverter converts low voltage DC power (stored in the battery and produced by the PVs) into standard alternating current, house power (120 or 240 V AC, 50 or 60 Hz). Inverters come in sizes from 250 watts (about 300 USD) to over 8000 watts (about 6000 USD). The electric power produced by modern sine wave inverters is far purer than the power delivered to your wall sockets by your local electric utility. There are also ”modified sine wave” inverters that are less expensive yet still up to most household tasks. This type of inverter may create a buzz in some electronic equipment and telephones which can be a minor problem. The better sine wave inverters have made great improvements in performance and price in recent years. Inverters can also provide a ”utility buffer” between your system and the utility grid, allowing you to sell your excess power generated back to the utility for distribution by their grid.

CABLES

A simple means of avoiding unnecessary  losses is to use appropriate cables and to attach them properly to the devices. Cables should  always be as short as possible. The ones  connecting the different appliances should have  a cross-sectional area of at least 1,6 mm2. To  ensure that the voltage loss does not exceed 3%, the cable between the PV generator and the battery should have a cross-section of 0,35 mm2  (12 V- system) or 0.17 mm2 (24 V-system) per  metre and module. Thus, a 10 m cable for 2 modules would require at least 10 x 2 x0,35  mm2 = 7 mm2. Since cables with a cross-section  exceeding 10 mm2 are difficult to handle and even difficult to get, higher losses have to be accepted in some cases.  If a part of this cable is exposed to the open air, it should be designed so that will withstand all weather conditions. Tolerance to ultraviolet rays may be an important feature.

TRACKERS

PV modules work best when their cells are perpendicular to the Sun’s incoming rays. Adjustment of static mounted PV modules can result in from 10% (in winter) to 40% (in summer) more power output yearly. Tracking means mounting the array on a movable platform which follows the sun’s daily motion. A tracker is a special PV mounting rack that follows the path of the sun. In general the extra energy captured by following the sun must be weighed against the costs of installing and maintaining the tracking system.

Trackers cost money just like PV modules. In many countries it is not cost effective to track less than eight modules (e.g. in the USA). Under eight modules, we will get more power output for money if we spend the money on more panels rather than a tracker. At eight panels in the system, the tracker starts to pay off. There are exceptions to this rule, for example array direct water pumps. If PVs are directly driving a water pump, without a battery in the system, then it is cost effective to track two or more PV modules. This has to do with technical details like the peak voltage required to drive the pumps electric motor.

THE LAMPS

Due to their excellent efficiency and long  lifetime, energy saving lamps should always be used in PV operated systems. Fluorescent tubes or the new compact fluorescent lamps (CFL) are suitable in many cases, 18 W CFL lamp is able to substitute traditional 100 W incadescent light bulb. CFL lamps require electronic ballasts to be operated with a DC system. The quality of such ballasts varies considerably and  sometimes proves to be very poor. Low-quality ballasts will result in high costs for continuous replacement of worn-out tubes. It is important for ballasts to have a good efficiency, a high number starting cycles, reliable ignition at low temperatures and low voltages (10,5 V), and protection against short-circuit, open circuit, reverse polarity and radio interference. Despite the fact that most CFL lamps on the market are working only with AC current there are few companies offering also DC powered lamps.

Lifetime AND PRICING of Components

A very important consideration in the economic analysis is the lifetime of a PV system. Lifetimes of the various components of a PV power supply have been estimated, based on experiences gained over the past few years.

The lifetime of PV panels is estimated at 20 years. Proper encapsulation and the use of low-iron tempered glass ensure a lifetime which may go well beyond. 

Galvanized iron frames and anchors are part of most PV systems. Properly galvanized material should last as long as the panels although some maintenance may be required.

Batteries. Depending on the character of the charge/discharge cycles, the average lifetime of the so-called ”Solar Batteries”, has been 4 years.

Battery chargers are assumed to last at least 10 years.

Inverters are assumed to last for 10 years.

Rough guidelines for pricing of the several components:

	Inverters 
	USD 0,50/W

	Frames (galvanized)
	USD 0,30/Wp

	Control Devices
	USD 0,50/Wp

	Cables 
	USD 0,70/m

	Local stationary batteries
	USD 100/kWh capacity

	PV modules
	USD 5 /Wp


2.7.11
 PV WITH GENERATORS

Working together, PV and other electric generators can meet more varied demands for electricity, conveniently and for a lower cost than either can meet alone. When power must always be available or when larger amounts of electricity than a PV system alone can supply are occasionally needed, an electric generator can work effectively with a PV system to supply the load. During the daytime, the PV modules quietly supply daytime energy needs and charge batteries. If the batteries run low, the engine-generator runs at full power its most constant fuel-efficient mode of operation until they are charged. And in some systems the generator makes up the difference when electrical demand exceeds the combined output of the PV modules and the batteries. Systems using several types of electrical generation combine the advantages of each. Engine-generators can produce electricity any time. Thus, they provide an excellent backup for the PV modules (which produce power only during daylight hours) when power is needed at night or on cloudy days. On the other hand, PV operates quietly and inexpensively, and does not pollute. Using PV and generators together can also reduce the initial cost of the system. If no other form of generation is available, the PV array and the battery storage must be large enough to supply night time electrical needs. 

However, having an engine-generator as backup means fewer PV modules and batteries are necessary to supply power whenever it is needed. Including generators makes designing PV systems more complex, but they are still easy to operate. In fact, modern electronic controllers allow such systems to operate automatically. Controllers can be set to automatically switch generators or to supply AC or DC loads or some of each. In addition to engine generators, electricity from wind generators, small hydro plants, and any other source of electrical energy can be added to make a larger hybrid power system.

2.7.12 GRID-CONNECTED PV

Where utility power is available, a grid-connected home PV system can supply some of the energy needed and use the utility in place of batteries. Several thousands of homeowners around the world are using PV systems connected to the utility grid. They are doing so because they like that the system reduces the amount of electricity they purchase from the utility each month. They also like the fact that PV consumes no fuel and generates no pollution. The owner of a grid-connected PV system buys and sells electricity each month. Electricity generated by the PV system is either used on site or fed through a meter into the utility grid. When a home or business requires more electricity than the PV array is generating, for example, in the evening, the need is automatically met by power from the utility grid. When the home or business requires less electricity than the PV array is generating, the excess is fed (or sold ) back to the utility. Used this way, the utility backs up the PV like batteries do in stand-alone systems. At the end of the month a credit for electricity sold gets deducted from charges for electricity purchased. In some countries utilities are required to buy power from owners of PV systems (and other independent producers of electricity). 

An approved, utility-grade inverter converts the DC power from PV modules into AC power that exactly matches the voltage and frequency of the electricity flowing in the utility line, and also meets the utility safety and power quality requirements. Safety switches in the inverter automatically disconnect the PV system from the line if utility power fails. This safety disconnect protects utility repair personnel from being shocked by electricity flowing from the PV array into what they would expect to be a dead utility line.  In some countries utilities are establishing rate structures that may make PV grid-connected systems more economical. (At today‘s prices, when the cost of installing a utility-connected PV system is divided by the amount of electricity it will produce over 30 years, PV- generated electricity is almost everywhere more expensive than power supplied by the utility.) For example, some utilities charge higher prices at certain times of the day. In some parts of the USA, the highest charges for electricity under this time-of-day pricing structure are now nearly equal to the cost of energy from PV. The better the match between the electrical output of the PV modules and the time of highest prices, the more effective the system will be in reducing utility bills. 

Grid connected systems are growing especially in USA and Europe. One such a project was commissioned in California. Twelve homes in a major housing development in Compton (southern California) are using integrated solar roof tiles to provide household electricity from sunlight.  Central Park Estates, an affordable single-family housing development, uses solar roof tiles as an integral and aesthetically pleasing part of the homes. The solar roofs are connected to the local power grid, and meters will ‘spin backwards’ when the PV cells produce excess power.

2.7.13
 Utility-Scale PV

Electric, gas, and water utilities have been using small PV systems economically for several years. Most of these systems are less than 1 kW and use batteries for energy storage. These systems are performing many jobs for utilities, from powering aircraft warning beacons on transmission towers to monitoring air quality of fluid flows. They have demonstrated the reliability and durability of PV for utility applications and are paving the way for larger systems to be added in the future.

Utilities are exploring PV to expand generation capacity and meet increasing environmental and safety concerns. Large-scale photovoltaic power plants, consisting of many PV arrays installed together, can prove useful to utilities. Utilities can build PV plants much more quickly than they can build conventional power plants because the arrays themselves are easy to install and connect together electrically. Utilities can locate PV plants where they are most needed in the grid because siting PV arrays is much easier than siting a conventional power plant. And unlike conventional power plants, PV plants can be expanded incrementally as demand increases. Finally, PV power plants consume no fuel and produce no air or water pollution while they silently generate electricity. Unfortunately, PV generation plants have several characteristics that have slowed their use by utilities. Under current utility accounting, PV-generated electricity still costs considerably more than electricity generated by conventional plants. Furthermore, photovoltaic systems produce power only during daylight hours and their output varies with the weather. 

Utility planners must therefore treat a PV power plant differently than a conventional plant in order to integrate PV generation into the rest of their power generation, transmission, and distribution systems. On the other hand, utilities are becoming more involved with PV. For example in USA utilities are exploring connecting PV systems to the utility grid in locations where they have a higher value. For example, adding PV generation near where the electricity is used avoids the energy losses resulting from sending current long distances through the power lines. Thus, the PV system is worth more to the utility when it is located near the customer. PV systems could also be installed at locations in the utility distribution system that are servicing areas whose populations are growing rapidly. Placed in these locations, the PV systems could eliminate the need for the utility to increase the size of the power lines and servicing area. Installing PV systems near other utility distribution equipment such as substations can also relieve overloading of the equipment in the substation. 

Photovoltaics are unlike any other energy source that has ever been available to utilities. PV generation requires a large initial expense, but the fuel costs are zero. Coal- or gas- fired plants cost less to build initially (relative to their output) but require continued fuel expense. Fuel expenses fluctuate and are difficult to predict due to the uncertainty of future environmental regulations. Fossil fuel prices will rise over time, while the overall cost of PVs (and all renewable energy resources) is expected to continue to drop, especially as their environmental advantages are valued.

2.8
Guideline for Estimation of  SolarPRIVATE 
 Potentials, Barriers and Effects

2.8.1
Solar heating

This section is mainly covering active solar heating, where the solar energy is transferred to heat in solar collectors and from there transported by a fluid to its final use. Another important use of solar heat is passive solar heating, where buildings are designed to capture the maximum of the solar energy coming through windows and upon walls to be used for space-heating.

Resource Estimation
The incoming solar energy on most buildings in Europe exceed the energy consumption of the building. A typical storey apartment house in Central Europe (Czech republic) receives 1077 kWh/m2, while each storey consumes about 150 kWh/m2 for heating and 25-50 kWh/m2 for light and cooking, adding up to 875 - 1000 kWh/m2 for the 5 storeys together (all measured per m2 horizontal surface). While the incoming solar energy is sufficient over the year, the practical usable resource is limited by the fluctuations of the solar energy and the storage capacity. Reasonable good estimates of usable solar heat can be made as a fraction of the different heat demands.

For house-integrated systems, the limitations are normally that solar heating can only cover 60-80% of the hot water demand and 25 - 50% of space heating. The variations are depending on location and systems used. In Northern Europe the limitations are respectively 70% and 30% for hot water and space heating coverage.

For central solar heating systems for district heating, analyses and experience show that these systems can cover 5% of consumption without storage, 10% with 12 hour storage and about 80% with seasonal storage. These figures are based on district heating systems which have 20% average energy losses and mainly deliver to dwellings. The energy delivered from solar heating systems without storage is by far the cheapest solution.

For industries that uses heat below 100oC, solar heating can cover about 30% if they have a steady consumption of heat. For drying processes solar energy can cover up to 100% depending on season, temperature, and limitations to drying period.

Solar heating to swimming pools can cover most of the heat demand for indoor pools and up to 100% for outdoor pools used during summer.

To evaluate the potential for solar heating is, thus, most a question of assessing the demand for low-temperature heat.

Barriers
Most applications for solar heating are well developed, and the technical barrier is more lack of local availability of a certain technology than lack of the technology as such. Thus the main barriers, beside economy, are:

· lack of information of available technologies and their optimal design and integration in heating systems.

· lack of local skills for production and installation.

In some occasions lack of access to solar energy can be a barrier. For active solar heating it is almost always possible to find a place for the solar collectors with enough sunshine. For passive solar energy, where the solar energy is typically coming through normal windows, neighbouring buildings or high trees can give a severe reduction of the solar energy gain.

Effect on economy, environment and employment
Economy
The economy of using solar energy ranges from almost no costs, when simple passive solar energy designs are integrated into building design and land-use planning to very high costs for solar heating systems with seasonal storage. For solar heating systems, some typical prices are for installed systems:

	PRIVATE 
Application
	Collector size
	Annual production

	Single family hot water,         Northern Europe
	4-6 m2
	2000 kWh

	Single family hot water,

South Europe
	4 m2
	2500 kWh

	Swimming pool, outdoor
	100 m2
	10.000 kWh

	District heating
	1000 m2
	440 kWh/ m2


Notes: 

The annual production is given for Northern European conditions, except for the Southern European single family system, where production is given for Southern European conditions.

Environment
The heat produced in a solar collector replaces energy produced in more polluting ways, which is the main environmental effect. Usually the solar collectors are mounted on top of a roof, in which case there is no local impact of the environment.

The energy needed to produce a solar collector is equivalent to production of energy by the solar collector in 1-4 years. 

Effects of employment
The majority of the employment is in the production and installation of solar collectors. Based on Danish experience, the employment is estimated to 17 man-years to produce and install 1000 m2 of solar collectors for families. These 1000 m2 replaces 800 MWh of primary energy (net energy production 400 MWh). With 30 years lifetime of the solar collectors, the constant employment of producing solar collectors to replace 1 TWh will be 700 persons. 

Country Estimates 

In principle all heat demand can be covered by solar energy with seasonal storage. There is therefore no absolute limit to this resource, only economical limitations. In Denmark it is estimated that without seasonal storage, solar energy can cover 13% of the heat demand, including commercial and industrial use. In more sunny places, this fraction is naturally larger.

2.8.2
Photovoltaics Electricity

Photovoltaic (PV) cells produce direct current electricity with output varying directly with the level of solar radiation. PV cells are integrated in modules which are the basic elements of PV systems. PV modules can be designed to operate at almost any voltage, up to several hundred Volt, by connecting cells and modules in series. For applications requiring alternating current, inverters must be used.

PV cell efficiency is calculated as the percentage difference between the irradiated power (Watt) per area unit (m2), and the power supplied as electric energy from the photovoltaic cell. There is a distinction between theoretical efficiency, laboratory efficiency, and practical efficiency. It is important to know the difference between these terms, and it is of course only the practical efficiency which is of interest to users of photovoltaics. 

Practical efficiency of mass produced PV cells:

single crystalline silicon 
16 - 17%

polycrystalline silicon
14 - 15%

amorphous silicon
 8 -  9%

PV systems are usually divided in:

1.
Stand-alone systems that rely on PV power only. Beside the PV modules they include charge controllers and batteries.

2.
Hybrid systems that consists of a combination of PV cells and a complementary means of electricity generation such as wind, diesel or gas. Often smaller batteries and chargers/controllers are also used in these systems.

3.
Grid connected systems, which work as small power stations feeding power into the grid.

Tips and Applications

When designing a photovoltaic installation a number of things must be taken into consideration, if an optimum solution is wanted. At first it must be clarified, how much energy is demanded from the photovoltaic installation. After that the total daily consumption in Ampere hours (Ah) must be estimated. From the total daily and weekly consumption the total energy storage capacity can be calculated. It must be considered how many days without sun, the installation shall be capable of functioning. At the end it can be calculated, how many photovoltaic modules are required to produce sufficient energy. The photovoltaic application can also be combined with other energy sources. A combination of small wind generators and photovoltaics is an obvious possibility. The energy can be stored in good lead batteries (solar batteries, traction-batteries) or in nickel/cadmium batteries.

Resource estimation
The solar energy which is available during the day varies because of the relative motion of the sun, and depends strongly on the local sky conditions. At noon in clear sky conditions, the solar irradiation can reach 1000 W/m2 while, in very cloudy weather, it may fall to less than 100 W/m2 even at midday. The availability of solar energy varies both with tilt angle and the orientation of surface, decreasing as the surface is moved away from South.

Commercial cells are sold with rated output power (Watt peak power, Wp). This corresponds to their maximum output in standard test conditions, when the solar irradiation is near to its maximum at 1000 W/m2, and the cell temperature is 25oC. In practice, PV modules seldom work at these conditions. Rough estimate of the output (P) from PV systems can be made according to the equation:

P (kWh/day) = Pp (kW) * I (kWh/m2 per day) * PR

where:

Pp

is rated output power in kW, which is equivalent to efficiency multiplied by the area in m2
I

is solar irradiation on the surface, in kWh/m2 per day

PR
is Performance Ratio determined by the system.

Daily mean solar irradiation (I) in Europe in kWh/m2 per day (sloping south, tilt angle from horizon 30o) can be found above in table in chapter Solar Energy (Introduction).

Typical Performance Ratios:

0,8 for grid connected systems

0,5 – 0,7 for hybrid systems

0,2 – 0,3 for stand alone systems for all year use

Typical System Performance
Stand alone systems have low yields because they operate with an almost constant load throughout the year and their PV modules must be sized to provide enough energy in winter even though they will be oversized during summer. Typical professional systems in Europe have annual average yields of 200 - 550 kWp.

Hybrid systems have higher performance ratio, because they can be sized to meet the required load in the summer and can be backed up by other systems like wind or diesel in the winter and in bad weather. Typical annual average yield is 500 - 1250 kWh/kWp depending on the losses caused by the charge controller and the battery.

Grid connected systems have the highest Performance Ratio because all of the energy which they produce can either be used locally or exported to the grid. Typical annual yield is 800 - 1400 kWh/kWp.

Barriers
Despite a sharp decline in costs, PV cells currently cost 5 USD/Wp . Electricity generation costs is currently 0,5 - 1 USD/kWh, which is higher than from other renewable energy sources. In the future, the costs of PV are expected to fall with increasing utilization. Despite its high costs, PV electricity can be cheaper than other sources in remote areas without electric grid and where production of electricity by other means like diesel is difficult or environmentally unacceptable (mountain areas).
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3
BIOMASS

3.1
INTRODUCTION

Biomass as the solar energy stored in chemical form in plant and animal materials is among the most precious and versatile resources on earth. It provides not only food but also energy, building materials, paper, fabrics, medicines and chemicals. Biomass has been used for energy purposes ever since man discovered fire. Today, biomass fuels can be utilised for tasks ranging from heating the house, producing the electricity to fuelling a car. 

THE CHEMICAL COMPOSITION OF BIOMASS

The chemical composition of biomass varies among species, but plants consists of about 25% lignin and 75% carbohydrates or sugars. The carbohydrate fraction consists of many sugar molecules linked together in long chains or polymers. Two larger carbohydrate categories that have significant value are cellulose and hemi-cellulose. The lignin fraction consists of non-sugar type molecules. Nature uses the long cellulose polymers to build the fibers that give a plant its strength. The lignin fraction acts like a ”glue” that holds the cellulose fibers together.

WHERE DOES BIOMASS COME FROM?

Carbon dioxide from the atmosphere and water from the earth are combined in the photosynthetic process to produce carbohydrates (sugars) that form the building blocks of biomass. The solar energy that drives photosynthesis is stored in the chemical bonds of the structural components of biomass. If we burn biomass efficiently (extract the energy stored in the chemical bonds) oxygen from the atmosphere combines with the carbon in plants to produce carbon dioxide and water. The process is cyclic because the carbon dioxide is then available to produce new biomass.

In addition to the aesthetic value of the planet’s flora, biomass represents a useful and valuable resource to man. For millennia humans have exploited the solar energy stored in the chemical bonds by burning biomass as fuel and eating plants for the nutritional energy of their sugar and starch content. More recently, in the last few hundred years, humans have exploited fossilized biomass in the form of coal. This fossil fuel is the result of very slow chemical transformations that convert the sugar polymer fraction into a chemical composition that resembles the lignin fraction. Thus, the additional chemical bonds in coal represent a more concentrated source of energy as fuel. All of the fossil fuels we consume - coal, oil and natural gas - are simply ancient biomass. Over millions of years, the earth has buried ages-old plant material and converted it into these valuable fuels. But while fossil fuels contain the same constituents - hydrogen and carbon - as those found in fresh biomass, they are not considered renewable because they take such a long time to create. 

Environmental impacts pose another significant distinction between biomass and fossil fuels. When a plant decays, it releases most of its chemical matter back into the atmosphere. In contrast, fossil fuels are locked away deep in the ground and do not affect the earth’s atmosphere unless they are burned.

Wood may be the best-known example of biomass. When burned, the wood releases the energy the tree captured from the sun’s rays. But wood is just one example of biomass. Various biomass resources such as agricultural residues (e.g. bagasse from sugarcane, corn fiber, rice straw and hulls, and nutshells), wood waste (e.g. sawdust, timber slash, and mill scrap), the paper trash and urban yard clippings in municipal waste, energy crops (fast growing trees like poplars, willows, and grasses like switchgrass or elephant grass), and the methane captured from landfills, municipal waste water treatment, and manure from cattle or poultry, can also be used. 

Biomass is considered to be one of the key renewable resources of the future at both small- and large-scale levels. It already supplies 14 % of the world’s primary energy consumption. But for three quarters of the world’s population living in developing countries biomass is the most important source of energy. With increases in population and per capita demand, and depletion of fossil-fuel resources, the demand for biomass is expected to increase rapidly in developing countries. On average, biomass produces 38 % of the primary energy in developing countries (90 % in some countries). Biomass is likely to remain an important global source in developing countries well into the next century. 

Even in developed countries, biomass is being increasingly used. A number of developed countries use this source quite substantially, e.g. in Sweden and Austria 15 % of their primary energy consumption is covered by biomass. Sweden has plans to increase further use of biomass as it phases down nuclear and fossil-fuel plants into the next century. 

In the USA , which derives 4 % of its total energy from biomass (nearly as much as it derives from nuclear power), now more than 9000 MW electrical power is installed in facilities firing biomass. But biomass could easily supply 20% more than 20 % of US energy consumption. In other words, due to the available land and agricultural infrastructure this country has, biomass could, sustainably, replace all of the power nuclear plants generate without a major impact on food prices. Furthermore, biomass used to produce ethanol could reduce also oil imports up to 50%.

BIOMASS - SOME BASIC DATA

· Total mass of living matter (including moisture) - 2000 billion tonnes

· Total mass in land plants - 1800 billion tonnes

· Total mass in forests -1600 billion tonnes

· Per capita terrestrial biomass - 400 tonnes

· Energy stored in terrestrial biomass 25 000 EJ

· Net annual production of terrestrial biomass – 400.000 million tonnes

· Rate of energy storage by land biomass - 3000 EJ/y  (95 TW)

· Total consumption of all forms of energy - 400 EJ/y (12 TW)

· Biomass energy consumption - 55 EJ/y ( 1,7 TW)

BIOMASS IN DEVELOPING COUNTRIES

Despite its wide use in developing countries, biomass energy is usually used so inefficiently that only a small percentage of its useful energy is obtained. The overall efficiency in traditional use is only about 5-15 per cent, and biomass is often less convenient to use compared with fossil fuels. It can also be a health hazard in some circumstances, for example, cooking stoves can release particulates, CO, NOx formaldehyde, and other organic compounds in poorly ventilated homes, often far exceeding recommended WHO levels. Furthermore, the traditional uses of biomass, i.e., burning of wood is often associated with the increasing scarcity of hand-gathered wood, nutrient depletion, and the problems of deforestation and desertification. In the early 1980s, almost 1,3 billion people met their fuelwood needs by depleting wood reserves.

Share of biomass on total energy consumption.

	Country
	Total energy from biomass

	Nepal
	95 %

	Malawi
	94 %

	Kenya
	75 %

	India
	50 %

	China
	33 %

	Brazil
	25 %

	Egypt
	20 %


There is an enormous biomass potential that can be tapped by improving the utilization of existing resources and by increasing plant productivity. Bioenergy can be modernized through the application of advanced technology to convert raw biomass into modern, easy-to-use carriers (such as electricity, liquid or gaseous fuels, or processed solid fuels). Therefore, much more useful energy could be extracted from biomass than at present. This could bring very significant social and economic benefits to both rural and urban areas. The present lack of access to convenient sources limits the quality of life of millions of people throughout the world, particularly in rural areas of developing countries. Growing biomass is a rural, labour-intensive activity, and can, therefore, create jobs in rural areas and help stem rural-to-urban migration, whilst, at the same time, providing convenient carriers to help promote other rural industries.

FOOD OR FUEL?

A major criticism often levelled against biomass, particularly against large-scale fuel production, is that it could divert agricultural production away from food crops, especially in developing countries. The basic argument is that energy-crop programmes compete with food crops in a number of ways (agricultural, rural investment, infrastructure, water, fertilizers, skilled labour etc.) and thus cause food shortages and price increases. However, this so-called ”food versus fuel” controversy appears to have been exaggerated in many cases. The subject is far more complex than has generally been presented since agricultural and export policy and the politics of food availability are factors of far greater importance. The argument should be analysed against the background of the world’s (or an individual country’s or region’s) real food situation of food supply and demand (ever-increasing food surpluses in most industrialized and a number of developing countries), the use of food as animal feed, the under-utilized agricultural production potential, the increased potential for agricultural productivity, and the advantages and disadvantages of producing biofuels.

The food shortages and price increases that Brazil suffered a few years ago, were blamed on the ProAlcool programme. However, a closer examination does not support the view that bioethanol production has adversely affected food production since Brazil is one of the world’s largest exporters of agricultural commodities and agricultural production has kept ahead of population growth: in 1976 the production of cereals was 416 kg per capita, and in 1987 - 418 kg per capita. Of the 55 million ha of land area devoted to primary food crops, only 4,1 million ha (7,5 per cent) was used for sugarcane, which represents only 0.6 per cent of the total area registered for economic use (or 0.3 per cent of Brazil’s total area). Of this, only 1,7 million ha was used for ethanol production, so competition between food and crops is not significant. Furthermore, crop rotation in sugarcane areas has led to an increase in certain food crops, while some byproducts such as hydrolyzed bagasse and dry yeast are used as animal feed. Food shortages and price increases in Brazil have resulted from a combination of policies which were biased towards commodity export crops and large acreage increases of such crops, hyper-inflation, currency devaluation, price control of domestic foodstuffs etc. Within this reality, any negative effects that bioethanol production might have had should be considered as part of the overall problem, not the problem.

It is important to mention that developing countries are facing both food and fuel problems. Adoption of agricultural practices should, therefore take into account this reality and evolve efficient methods of utilising available land and other resources to meet both food and fuel needs (besides other products), e.g., from agroforestry systems. 

LAND AVAILABILITY

Biomass differs fundamentally from other forms of fuels since it requires land to grow on and is therefore subject to the range of independent factors which govern how, and by whom, that land should be used. There are basically two main approaches to deciding on land use for biomass. The ”technocratic” approach starts from a need for, then identifies a biological source, the site to grow it, and then considers the possible environmental impacts. This approach generally had ignored many of the local and more remote side-effects of biomass plantations and also ignored the expertise of the local farmers who know the local conditions. This has resulted in many biomass project failures in the past. The ”multi-uses” approach asks how land can best be used for sustainable development, and considers what mixture of land use and cropping patterns will make optimum use of a particular plot of land to meet multiple objectives of food, fuel, fodder, societal needs etc. This requires a full understanding of the complexity of land use.

Generally it can be said that biomass productivity can be improved since in many place of the world is low, being much less than 5 t/ha/yr. for woody species without good management. Increased productivity is the key to both providing competitive costs and better utilisation of available land. Advances have included the identification of fast-growing species, breeding successes and multiple species opportunities, new physiological knowledge of plant growth processes, and manipulation of plants through biotechnology applications, which could raise productivity 5 to 10 times over natural growth rates in plants or trees.

It is now possible with good management, research, and planting of selected species and clones on appropriate soils to obtain 10 to 15 t/ha/yr. in temperate areas and 15 to 25 t/ha/yr. in tropical countries. Record yields of 40 t/ha/yr. (dry weight) have been obtained with eucalyptus in Brazil and Ethiopia. High yields are also feasible with herbaceous (non-woody) crops where the agro-ecological conditions are suitable. For example, in Brazil, the average yield of sugarcane has risen from 47 to 65 t/ha (harvested weight) over the last 15 years while over 100t/ha/yr are common in a number of areas such as Hawaii, South Africa, and Queensland in Australia. It should be possible with various types of biomass production to emulate the three-fold increase in grain yields which have been achieved over the past 45 years although this would require the same high levels of inputs and infrastructure development. However, in trials in Hawaii, yields of 25 t/ha/yr. have been achieved without nitrogen fertilizers when eucalyptus is interplanted with nitrogen fixing Albizia trees.

3.2
ENERGY VALUE

Biomass (when considering its energy potential) refers to all forms of plant-derived material that can be used for energy: wood, herbaceous plants, crop and forest residues, animal wastes etc. Because biomass is a solid fuel it can be compared to coal. On a dry-weight basis, heating values are around 14 MJ per kilogram. The corresponding values for bituminous coals and lignite are 30 GJ/tonne and 10- 20 MJ/kg respectively (see tables at the end). At the time of its harvest biomass contains considerable amount of moisture, ranging from 8 to 20 % for wheat straw, to 30 to 60 % for woods, to 75 to 90 % for animal manure, and to 95 % for water hyacinth. In contrast the moisture content of the most bituminous coals ranges from 2 to 12 %. Thus the energy density for the biomass at the point of production are lower than those for coal. On the other side chemical attributes make it superior in many ways. The ash content of biomass is much lower than for coals, and the ash is generally free of the toxic metals and other contaminants and can be used as soil fertiliser.  

Biomass is generally and wrongly regarded as a low-status fuel, and in many countries rarely finds its way into statistics. It offers considerable flexibility of fuel supply due to the range and diversity of fuels which can be produced. Biomass energy can be used to generate heat and electricity through direct combustion in modern devices, ranging from very-small-scale domestic boilers to multi-megawatt size power plants electricity (e.g. via gas turbines), or liquid fuels for motor vehicles such as ethanol, or other alcohol fuels. Biomass-energy systems can increase economic development without contributing to the greenhouse effect since biomass is not a net emitter of CO2 to the atmosphere when it is produced and used sustainably. It also has other benign environmental attributes such as lower sulphur and NOx emissions and can help rehabilitate degraded lands. There is a growing recognition that the use of biomass in larger commercial systems based on sustainable, already accumulated resources and residues can help improve natural resource management.

Energy contents comparison table.

	
	Content of water %
	MJ/kg
	KW/kg

	Oak- tree
	20
	14,1
	3,9

	Pine-tree
	20
	13,8
	3,8

	Straw
	15
	14,3
	4,0

	Grain
	15
	14,2
	3,9

	Rape oil
	-
	37,1
	10,3

	Hard coal
	4
	30,0-35,0
	8,3

	Brown coal
	20
	10,0-20,0
	5,5

	Heating oil
	-
	42,7
	11,9

	Bio methanol
	-
	19,5
	5,4


	
	MJ/m3
	kWh/m3

	Sewer gas
	16,0
	4,4

	Wood gas
	5,0
	1,4

	Biogas from cattle dung
	22,0
	6,1

	Natural gas
	31,7
	8,8

	Hydrogen
	10,8
	3,0


3.3
BENEFITS OF BIOMASS AS ENERGY SOURCE

Rural economic development in both developed and developing countries is one of the major benefits of biomass. Increase in farm income and market diversification, reduction of agricultural commodity surpluses and derived support payments, enhancement of international competitiveness, revitalization of retarded rural economies, reduction of negative environmental impacts are most important issues related to utilisation of biomass as energy source. The new incomes for farmers and rural population improve the material welfare of rural communities and this might result in a further activation of the local economy. In the end, this will mean a reduction in the emigration rates to urban environments, which is very important in many areas of the world.

The number of jobs created (for production, harvesting and use) and the industrial growth (from developing conversion facilities for fuel, industrial feedstocks, and power) would be enormous. For instance, the U.S. Department of Agriculture estimates that 17,000 jobs are created per every million of gallons of ethanol produced, and the Electric Power Research Institute has estimated that producing 5 quadrillion Btu’s (British Thermal Units) of electricity on 50 million acres of land would increase overall farm income by USD 12 billion annually (the U.S. consumes about 90 quadrillion Btu’s annually).  By providing farmers with stable income, these new markets diversify and strengthen the local economy by keeping income recycling through the community. 

Improvement in agricultural resource utilisation has been frequently proposed in EU. The development of alternative markets for agricultural products might result in more productive uses of the cropland, currently under-utilised in many EU countries. In 1991, the EU planted 128 million ha of land to crops. Approximately 0,8 million ha were removed from production under the set aside program. A much greater amount is planned to remain idled in future. It is clear that reorientation of some of these lands to non-food utilisation (like biomass for energy) might avoid misallocation of agricultural resources. European agriculture relies on the production of a limited number of crops, mainly used for human and livestock food, many of which are at present on surplus production. Reduced prices  have resulted in low and variable income for many EU farmers. The cultivation of energy crops could reduce surpluses. New energy crops may be more economically competitive than crops in surplus production.

3.4
ENVIRONMENTAL BENEFITS

The use of biomass energy has many unique qualities that provide environmental benefits. It can help mitigate climate change, reduce acid rain, soil erosion, water pollution and pressure on landfills, provide wildlife habitat, and help maintain forest health through better management. 

3.4.1
CLIMATE CHANGE 

Climate change is a growing concern world-wide.  Human activity, primarily through the combustion of fossil fuels, has released hundreds of millions of tons of so-called ‘greenhouse gases’ (GHGs) into the atmosphere. GHGs include such gases as carbon dioxide (CO2) and methane (CH4).  The concern is that all of the greenhouse gases in the atmosphere will change the Earth’s climate, disrupting the entire biosphere which currently supports life as we know it.  Biomass energy technologies can help minimize this concern.  Although both methane and carbon dioxide pose significant threats, CH4 is 20 times more potent (though shorter-lived in the atmosphere) than CO2. Capturing methane from landfills, wastewater treatment, and manure lagoons prevents the methane from being vented to the atmosphere and allows the energy to be used to generate electricity or power motor vehicles.  All crops, including biomass energy crops, sequester carbon in the plant and roots while they grow, providing a carbon sink. In other words, the carbon dioxide released while burning biomass is absorbed by the next crop growing. This is called a closed carbon cycle.  In fact, the amount of carbon sequestered may be greater than that released by combustion because most energy crops are perennials, they are harvested by cutting rather than uprooting.  Thus the roots remain to stabilize the soil, sequester carbon and to regenerate the following year.  

3.4.2
ACID RAIN 

Acid rain is caused primarily by the release of sulphur and nitrogen oxides from the combustion of fuels.  Acid rain has been implicated in the killing of lakes, as well as impacting humans and wildlife in other ways.  Since biomass has no sulphur content its burning has no impact on acid rain. Moreover biomass easily mixes with coal what makes an opportunity to ”co-firing”. Co-firing refers to burning biomass jointly with coal in a traditionally coal-fired power plant or heating plant. This is a very simple way of reducing sulphur emissions and thus, reduce acid rain. 

3.4.3
Soil Erosion & Water Pollution

Biomass crops can reduce water pollution in a number of ways. Energy crops can be grown on more marginal lands, in floodplains, and in between annual crops areas. In all these cases, the crops stabilize the soil, thus reducing soil erosion. They also reduce nutrient run-off, which protects aquatic ecosystems. Their shade can even enhance the habitat for numerous aquatic organisms like fish. Furthermore, because energy crops tend to be perennials, they do not have to be planted every year. Since farm machinery spends less time going over the field, less soil compaction and soil disruption takes place.  Another way biomass energy can reduce water pollution is by capturing the methane, through anaerobic digestion, from manure lagoons on cattle, hog and poultry farms.  These enormous lagoons have been responsible for polluting rivers and streams across the country. By utilizing anaerobic digesters, the farmers can reduce odour, capture the methane for energy, and create either liquid or semi-solid soil fertilisers which can be used on-site or sold.

3.5
BIOMASS FUELS

Plants are the most common source of biomass. They have been used in the form of wood, peat and straw for thousands of years. Today the western world is far less reliant on this high energy fuel. This is because of the general acceptance that coal, oil and electricity are cleaner, more efficient and more in keeping with modernisation and technology. However this is not really the right impression. Plants can either be specially grown for energy production, or they can be harvested from the natural environment. Plantations tend to use breeds of plant that are to produce a lot of biomass quickly in a sustainable fashion. These could be trees (e.g. willows or Eucalyptus) or other high growth rate plants (such as sugar cane or maize or soybean).

3.5.1
WOOD RESIDUES

Wood can be, and usually is, removed sustainably from existing forests world-wide by using methods such as coppicing. It is difficult to estimate the mean annual increment  (growth) of the world’s forests. One rough estimate is 12,5x109 m3/yr with an content of 182 EJ equivalent to 1,3 times the total world coal consumption. The estimated global average annual wood harvests in the period 1985-1987 were 3,4x 109 m3/yr (equivalent to 40 EJ/yr.), so some of the unused increment could be recovered for energy purposes while maintaining or possibly even enhancing the productivity of forests.

Operations such as thinning of plantations and trimming of felled trees generate large volumes of forestry residues. At present these are often left to rot on site - even in countries with fuelwood shortages. They can be collected, dried and used as fuel by nearby rural industry and domestic consumers, but their bulk and high water content makes transporting them for wider use uneconomic. In developing countries where charcoal is an important fuel, on-site kilns can reduce transport costs. Mechanical harvesters and chippers have been developed in Europe and North America over the last 15 years to produce uniform 30-40 mm wood chips which can be handled, dried and burned easily in chip-fired boilers. The use of forest residues to produce steam for heating and/or power generation is now a growing business in many countries. American electricity utilities have more than 9 000 MW (output of 9 nuclear power plants) of biomass-fired generating plant on line, much of it constructed in the last ten years. Austria has about 1250 MW of wood-fired heating capacity in the form of domestic stoves and district heating plant, burning waste wood, bark and wood chips. Most of these district heating systems are of 1-2 MW capacity, with a few larger units (around 15 MW) and a number of small-scale CHP systems.

Timber processing is a further source of wood residues. Dry sawdust and waste produced during the processing of cut timber make very good fuel. The British furniture industry is estimated to use 35 000 tonnes of such residues a year, one third of its production, providing 0,5 PJ of space and water heating and process heat. In Sweden, where biomass already provides nearly 15% of primary energy, forestry residues and wood industries contribute over 200 PJ/yr., mainly as fuel for CHP plant.

3.5.2
AGRICULTURAL RESIDUES

Agricultural waste is a potentially huge source of biomass. Crop and animal wastes provide significant amounts of energy coming second only to wood as the dominant biomass fuel world-wide. Waste from agriculture includes: the portions of crop plants discarded like straw, whether damaged or surplus supplies, and animal dung. It was estimated, for example, that 110 million tonnes (Mt) of dung and crop residues were used as fuel in India in 1985, compared with 133 Mt of wood, and in China the mass of available agricultural residues has been estimated at 2,2 times the mass of wood fuel. 

Every year, millions tonnes of straw are produced world-wide with usually half of it surplus to need. In many countries this is still being burned in the field or ploughed back into the soil, but in some developed countries environmental legislation which restrict field burning has drawn attention to its potential as an energy resource 

Effort to remove crop residues from soils and to use them for energy purposes leads to a central question:  how much residue should be left and recycled into soil to sustain production of biomass ? According to the experience from developed countries around 35% of crop residues can be removed from soil without adverse effects on future plant production.

Industrial waste that contains biomass may be used to produce energy. For example the sludge left after alcohol production (known as vinasse) can produce flammable gas. Other useful waste products include, waste from food processing and fluff from the cotton and textiles industry.

3.5.3
SHORT ROTATION PLANTS

Biomass can be also be produced by so-called short-rotation plantation of trees and other plants like grasses (sorghum, sugarcane, switchgrass). All these plants can be used as fuels like wood with the main advantage of their short span between plantation and harvesting – typically between three and eight years. For some grasses harvesting is taking place every six to 12 months. Recently there are about 100 million hectares of land utilised for tree plantation world-wide. Most of these trees are used for forest products markets.

Parameters which are important in evaluating species for short rotation plants include availability of planting stock, ease of propagation, survival ability under adverse conditions and the yield potential measured as dry matter production per hectare per year (t/ha/y). Yield is a measure of a plant’s ability to utilize the site resources. It is the most important factor when considering biomass production due to the need to optimize/maximize yield from a given area of land within a given time frame at the least possible cost. High yielding species are therefore preferred for biomass energy systems.

Some plant communities have shown superiority in dry matter production compared to others grown under similar conditions. Although reported dry matter production of different tree species varies over a wide range depending on soil types and climate, certain species stand out. For Eucalyptus species, yields of up to 65 t/ha/y have been reported, compared to 30 and 43 t/ha/y in Salix and Populus species respectively.

Despite the fact that biomass plantation can be of great importance for most developed countries experience has shown it is unlikely to be established on a large scale in many developing countries, especially in poor rural areas, so long as biofuels (particularly wood) can be obtained at zero or near zero cost.

3.6
BIOMASS FUELS IN DEVELOPING COUNTRIES

3.6.1
Fuelwood

The term fuelwood describe all types of fuels derived from forestry and plantation. Fuelwood accounts for about 10 per cent of the total used in the world. It provides about 20 % of all used in Asia and Latin America, and about 50 % of total used in Africa. However, it is the major source of, in particular for domestic purposes, in poor developing countries: in 22 countries, fuelwood accounted for 25 to 49 %, in 17 countries, 50-74 %, and in 26 countries, 75-100 % of their respective national consumption.

More than half of the total wood harvested in the world is used as fuelwood. For specific countries, for example in Tanzania, the contribution can be as high as 97% . Although fuelwood is the major source of for most rural and low-income people in the developing world, the potential supply of fuelwood is dwindling rapidly, leading to scarcity of and environmental degradation. It is estimated that, for more than a third of the world population, the real crisis is the daily scramble to obtain fuelwood to meet domestic use.

Several studies on fuelwood supply in developing countries have concluded that fuelwood scarcities are real and will continue to exist, unless appropriate approaches to resource management are undertaken. The increase of fuelwood production through efficient techniques, can, therefore, be considered as one of the major pre-requisites for attaining sustainable development in developing countries.

3.6.2
Charcoal 

The main expansion in the use of charcoal in Europe came with the industrial revolution in England in the 17th and 18th centuries. In Sweden, charcoal consumption for iron making grew through most of the 19th century, and was the basis of the good quality tradition of Swedish steel. Today charcoal is an important household fuel and to a lesser extent, industrial fuel in many developing countries. It is mainly used in the urban areas where its ease of storage, high content (30 MJ/kg as compared with 15 MJ/kg in fuelwood), lower levels of smoke emissions, and, resistance to insect attacks make it more attractive than fuelwood. In the United Republic of Tanzania, charcoal accounts for an estimated 90 per cent of biofuels consumed in urban centres.

3.6.3
Residues

Agricultural residues have an enormous potential for production. In favourable circumstances, biomass power generation could be significant given the vast quantities of existing forestry and agricultural residues - over 2 billion tonnes/year world-wide. This potential is currently under-utilized in many areas of the world. In wood-scarce areas, such as Bangladesh, China, the northern plains of India, and Pakistan, as much as 90 per cent of household in many villages covers their energy needs with agricultural residues. It has been estimated that about 800 million people world-wide rely on agricultural residues and dung for cooking, although reliable figures are difficult to obtain. Contrary to the general belief, the use of animal manure as an source is not confined to developing countries alone, e.g., in California a commercial plant generates about 17,5 MW of electricity from cattle manure, and a number of plants are operating in the Europe.

There is 54 EJ of biomass energy theoretically available from recoverable residues in developing countries and 42 EJ in industrialized regions. The amount of potentially recoverable residues includes the three main sources: forestry, crops and dung. The calculations assume only 25 per cent of the potentially harvestable residues are likely to be used. Developing countries could theoretically derive 15 per cent of present energy consumption from this source and industrialized countries could derive 4 per cent. 

Sugarcane residues (bagasse, and leaves) - are particularly important and offer an enormous potential for generation of electricity. Generally, residues are still used very inefficiently for electricity production, in many cases deliberately to prevent their accumulation, but also because of lack of technical and financial capabilities in developing countries. 

Depending on the choice of the gas turbine technology and the extent to which cane tops and leaves can be used for off-season generation, according to some estimates amount of electricity that can be produced from cane residues could be up to 44 times the on-site needs of the sugar factory or alcohol distillery. For each litre of alcohol produced a gas turbine unit (BIG/STIG) would be able to produce more than 11 kWh of electricity in excess of the distillery’s needs (about 820 kWh/t). Another estimate of bagasse in condensing-extraction steam turbines puts the surplus electricity values at 20-65 kWh per ton of cane, and this surplus could be doubled by using barbojo for generation during the off-season. The cost of the generated electricity is estimated to be about USD 0,05/kWh. Revenues from the sale of electricity co-produced with sugar could be comparable with sugar revenues, or alternatively, revenues from the sale of electricity co-produced with ethanol could be much greater than the alcohol revenues. In the latter instance, electricity would become the primary product of sugarcane, and alcohol the by-product.

In India alone, electricity production from sugarcane residues by the year 2030 could be up to 550 TWh/year (the total electricity production from all sources in 1987 was less than 220 TWh. Globally, it has been estimated that about 50,000 MW could be supported by currently produced residues. The theoretical potential of residues in the 80 sugarcane-producing developing countries could be up to 2800 TWh/yr., which is about 70 per cent more than the total electricity production of these countries from all sources in 1987. Studies of the sugarcane industry indicate a combined power capability in excess of 500 TWh/yr. Assuming that a third of the global residue resources could economically and sustainably be recovered by new energy technology, 10 per cent of the current global electricity demand (10.000 TWh/yr.) could be generated.

Obviously, to achieving such goals, these are theoretical calculations with country- and site specific problems. They do however emphasize the potential which many countries have to provide a substantial proportion of their from biomass grown on a sustainable basis.

3.7
METHODS OF GENERATING ENERGY FROM BIOMASS

Nearly all types of raw biomass decompose rather quickly, so few are very good long-term energy stores; and because of their relatively low energy densities, they are likely to be rather expensive to transport over appreciable distances. Recent years have therefore seen considerable effort devoted to the search for the best ways to use these potentially valuable sources of energy.

In considering the methods for extracting the energy, it is possible to order them by the complexity of the processes involved:

Direct combustion of biomass. 

Thermochemical processing to upgrade the biofuel. Processes in this category include pyrolysis, gasification and liquefaction.

Biological processing. Natural processes such as anaerobic digestion and fermentation which lead to a useful gaseous or liquid fuel.

The immediate ‘product, of some of these processes is heat - normally used at place of production or at not too great a distance, for chemical processing or district heating, or to generate steam for power production. For other processes the product is a solid, liquid or gaseous fuel: charcoal, liquid fuel as a petrol substitute or additive, gas for sale or for power generation using either steam or gas turbines. 

3.7.1
COMBUSTION

The technology of direct combustion as the most obvious way of extracting energy from biomass is well understood, straightforward and commercially available. Combustion systems come in a wide range of shapes and sizes burning virtually any kind of fuel, from chicken manure and straw bales to tree trunks, municipal refuse and scrap tyres. Some of the ways in which heat from burning wastes is currently used include space and water heating, industrial processing and electricity generation. One problem with this method is its very low efficiency. With an open fire most of the heat is wasted and is not used to cook or whatever. 

Combustion of wood can be divided into four phases:

· Water inside the wood boils off. Even wood that has been dried for few years has as much as 15 to 20% of water in its cell structure.

· Gas content is freed from the wood. It is vital that these gases should burn and not just disappear up the chimney.

· The gases emitted mix with atmospheric air and burn at a high temperature.

· The rest of the wood (mostly carbon) burns. In perfect combustion the entire energy is utilised and all that is left is a little pile of ashes. 

Three things are needed for effective burning:

· high enough temperatures;

· enough air, and

· enough time for full combustion.

If not enough air gets in, combustion is incomplete and the smoke is black from the unburned carbon. It smells terrible, and you get soot deposited in the chimney, with the risk of fire. If too much air gets in the temperature drops and the gases escape unburned, taking the heat with them. The right amount of air gives the best utilisation of fuel. No smell, no smoke, and very little risk of chimney fires. Regulation of the air supply depends largely on the chimney and the draught it can put up. 

Direct combustion is the simplest and most common method of capturing the energy contained within biomass. Boiling a pan of water over a wood fire is a simple process. Unfortunately, it is also very inefficient, as a little elementary calculation reveals.

The energy content of a cubic metre dry wood is 10 GJ, which is ten million kJ. To raise the temperature of a litre of water by 1 degree Celsius requires 4,2 kJ of heat energy. Bringing a litre to the boil should therefore require rather less than 400 kJ, equivalent to 40 cubic centimetres of wood - one small stick, perhaps. In practice, with a simple open fire we might need at least fifty times this amount: a conversion efficiency no better than 2%.

Designing a stove or boiler which will make rather better use of valuable fuel requires an understanding of the processes involved in the combustion of a solid fuel. The first is one which consumes rather than produces energy: the evaporation of any water in the fuel. With reasonably dry fuel, however, this uses only a few percent of the total energy. In the combustion process itself there are always two stages, because any solid fuel contains two combustible constituents. The volatile matter is released as a mixture of vapours or vaporised tars and oils by the fuel as its temperature rises. The combustion of these produces the little spurts of pyrolysis.

Modern combustion facilities (boilers) usually produce heat, steam (used in industrial process) or electricity. Direct combustion systems vary considerably in their design. The fuel choice makes a difference in the design and efficiency of the combustion system. Direct combustion technology using biomass as the fuel is very similar to that used for coal.  Biomass and coal can be handled and burned in essentially the same fashion. In fact, biomass can be ”co-fired” with coal in small percentages in existing boilers. The biomass which is co-fired are usually low-cost feedstocks, like wood or agricultural waste, which also help to reduce the emissions typically associated with coal. Coal is simply fossilized biomass heated and compressed over millions of years. The process which coal undergoes as it is heated and compressed deep within the earth, adds elements like sulphur and mercury to the coal. Burning coal for heat or electricity releases these elements, which biomass does not contain.

3.7.2
PYROLYSIS

Pyrolysis is the simplest and almost certainly the oldest method of processing one fuel in order to produce a better one. A wide range of energy-rich fuels can be produced by roasting dry wood or even the straw. The process has been used for centuries to produce charcoal. Conventional pyrolysis involves heating the original material (which is often pulverised or shredded then fed into a reactor vessel) in the near-absence of air, typically at 300 - 500 °C, until the volatile matter has been driven off. The residue is then the char - more commonly known as charcoal - a fuel which has about twice the energy density of the original and burns at a much higher temperature. For many centuries, and in much of the world still today, charcoal is produced by pyrolysis of wood. Depending on the moisture content and the efficiency of the process, 4-10 tonnes of wood are required to produce one tonne of charcoal, and if no attempt is made to collect the volatile matter, the charcoal is obtained at the cost of perhaps two-thirds of the original energy content. 

Pyrolysis can also be carried out in the presence of a small quantity of oxygen (‘gasification’), water (‘steam gasification’) or hydrogen (‘hydrogenation’). One of the most useful products is methane, which is a suitable fuel for electricity generation using high-efficiency gas turbines. 

With more sophisticated pyrolysis techniques, the volatiles can be collected, and careful choice of the temperature at which the process takes place allows control of their composition. The liquid product has potential as fuel oil, but is contaminated with acids and must be treated before use. Fast pyrolysis of plant material, such as wood or nutshells, at temperatures of 800-900 degrees Celsius leaves as little as 10% of the material as solid char and converts some 60% into a gas rich in hydrogen and carbon monoxide. This makes fast pyrolysis a competitor with conventional gasification methods (see bellow), but like the latter, it has yet to be developed as a treatment for biomass on a commercial scale.

At present, conventional pyrolysis is considered the more attractive technology. The relatively low temperatures mean that fewer potential pollutants are emitted than in full combustion, giving pyrolysis an environmental advantage in dealing with certain wastes. There have been some trials with small-scale pyrolysis plants treating wastes from the plastics industry and also used tyres - a disposal problem of increasingly urgent concern. 

3.7.3
GASIFICATION

The basic principles of gasification have been under study and development since the early nineteenth century, and during the Second World War nearly a million biomass gasifier-powered vehicles were used in Europe. Interest in biomass gasification was revived during the ”energy crisis” of the 1970s and slumped again with the subsequent decline of oil prices in the 1980s. The World Bank (1989) estimated that only 1000 - 3000 gasifiers have been installed globally, mostly small charcoal gasifiers in South America.

Gasification based on wood as a fuel produces a flammable gas mixture of hydrogen, carbon monoxide, methane and other non flammable by products. This is done by partially burning and partially heating the biomass (using the heat from the limited burning) in the presence of charcoal (a natural by-product of burning biomass). The gas can be used instead of petrol and reduces the power output of the car by 40%. It is also possible that in the future this fuel could be a major source of energy for power stations.

SYNTHETIC FUELS

A gasifier which uses oxygen rather than air can produce a gas consisting mainly of H2, CO and CO2, and the interesting potential of this lies in the fact that removal of the CO2 leaves the mixture called synthesis gas, from which almost any hydrocarbon compound may be synthesised. Reacting the H2 and CO is one way to produce pure methane. Another possible product is methanol (CH3OH), a liquid hydrocarbon with an energy density of 23 GJ per tonne. Producing methanol in this way involves a series of sophisticated chemical processes with high temperatures and pressures and expensive plant, and one might wonder why it is of interest. The answer lies in the product: methanol is that valuable commodity, a liquid fuel which is a direct substitute for gasoline. At present the production of methanol using synthesis gas from biomass is not a commercial proposition, but the technology already exists, having been developed for use with coal as feedstock - as a precaution by coal-rich countries at times when their oil supplies were threatened.

3.7.4
FERMENTATION

Fermentation of sugar solution is the way how ethanol (ethyl alcohol) can be produced. Ethanol is a very high liquid energy fuel  which can be used as the substitute for gasoline in cars. This fuel is used successfully in Brazil. Suitable feedstocks include crushed sugar beet or fruit. Sugars can also be manufactured from vegetable starches and cellulose by pulping and cooking, or from cellulose by milling and treatment with hot acid. After about 30 hours of fermentation, the brew contains 6-10 per cent alcohol, which can be removed by distillation as a fuel. 

Fermentation is an anaerobic biological process in which sugars are converted to alcohol by the action of micro-organisms, usually yeast. The resulting alcohol is ethanol (C2H3OH) rather than methanol (CH3OH), but it too can be used in internal combustion engines, either directly in suitably modified engines or as a gasoline extender in gasohol: gasoline (petrol) containing up to 20% ethanol.

The value of any particular type of biomass as feedstock for fermentation depends on the ease with which it can be converted to sugars. The best known source of ethanol is sugar-cane - or the molasses remaining after the cane juice has been extracted. Other plants whose main carbohydrate is starch (potatoes, corn and other grains) require processing to convert the starch to sugar. This is commonly carried out, as in the production of some alcoholic drinks, by enzymes in malts. Even wood can act as feedstock, but its carbohydrate, cellulose, is resistant to breakdown into sugars by acid or enzymes (even in finely divided forms such as sawdust), adding further complication to the process.

The liquid resulting from fermentation contains only about 10% ethanol, which must be distilled off before it can be used as fuel. The energy content of the final product is about 30 GJ/t, or 24 GJ/m3. The complete process requires a considerable amount of heat, which is usually supplied by crop residues (e.g. sugar cane bagasse or maize stalks and cobs). The energy loss in fermentation is substantial, but this may be compensated for by the convenience and transportability of the liquid fuel, and by the comparatively low cost and familiarity of the technology.

3.7.5
ANAEROBIC DIGESTION

Nature has a provision of destroying and disposing of wastes and dead plants and animals. Tiny micro-organisms called bacteria carry out this decay or decomposition. The farmyard manure and compost is also obtained through decomposition of organic matter. When a heap of vegetable or animal matter and weeds etc. die or decompose at the bottom of back water or shallow lagoons then the bubbles can be noticed rising to the surface of water. Some times these bubbles burn with flame at dusk. This phenomenon was noticed for ages, which puzzled man for a long time. It was only during the last 200 years or so when scientists unlocked this secret, as the decomposition process that takes place under the absence of air (oxygen). This gas, production of which was first noticed in marshy places, was and is still called as ‘Marsh Gas’. It is now well known that this gas (Marsh Gas) is a mixture of methane (CH4) and carbon dioxide (CO2) and is commonly called as the ‘Biogas’. As per records biogas was first discovered by Alessandro Volta in 1776 and Humphery Davy was the first to pronounce the presence of combustible gas Methane in the Farmyard Manure in as early as 1800. The technology of scientifically harnessing this gas from any biodegradable material (organic matter) under artificially created conditions is known as biogas technology.

Anaerobic digestion, like pyrolysis, occurs in the absence of air; but in this case the decomposition is caused by bacterial action rather than high temperatures. It is a process which takes place in almost any biological material, but is favoured by warm, wet and of course airless conditions. It occurs naturally in decaying vegetation on the bottom of ponds, producing the marsh gas which bubbles to the surface and can even catch fire.

Anaerobic digestion also occurs in situations created by human activities. One is the biogas which is generated in concentrations of sewage or animal manure, and the other is the landfill gas produced by domestic refuse buried in landfill sites. In both cases the resulting gas is a mixture consisting mainly of methane and carbon dioxide; but major differences in the nature of the input, the scale of the plant and the time-scale for gas production lead to very different technologies for dealing with the two sources. 

The detailed chemistry of the production of biogas and landfill gas is complex, but it appears that a mixed population of bacteria breaks down the organic material into sugars and then into various acids which are decomposed to produce the final gas, leaving an inert residue whose composition depends on the type of system and the original feedstock.

3.7.5.1
Biogas 

Biogas is a valuable fuel which is in many countries produced in purpose built digesters filled with the feedstock like dung or sewage. Digesters range in size from one cubic metre for a small ‘household’ unit to more than thousand cubic meters used in large commercial installation or farm plants. The input may be continuous or in batches, and digestion is allowed to continue for a period of from ten days to a few weeks. The bacterial action itself generates heat, but in cold climates additional heat is normally required to maintain the ideal process temperature of at least 35 degrees Celsius, and this must be provided from the biogas. In extreme cases all the gas may be used for this purpose, but although the net energy output is then zero, the plant may still pay for itself through the saving in fossil fuel which would have been needed to process the wastes. A well-run digester will produce 200-400 m3 of biogas with a methane content of 50% to 75% for each dry tonne of input.

Landfill gas

A large proportion of ordinary domestic refuse - municipal solid wastes - is biological material and its disposal in landfills creates suitable conditions for anaerobic digestion. That landfill sites produce methane has been known for decades, and recognition of the potential hazard led to the fitting of systems for burning it off; however, it was only in the 1970s that serious attention was paid to the idea of using this ‘undesirable’ product.

The waste matter is more miscellaneous in a landfill than in a biogas digester. Anaerobic digestion takes place much slower, usually over years rather than weeks. The end product, known as landfill gas, is again a mixture consisting mainly of CH4 and CO2. In theory, the lifetime yield of a good site should lie in the range 150-300 m3 of gas per tonne of wastes, with between 50% and 60% by volume of methane. This suggests a total energy of 5-6 GJ per tonne of refuse, but in practice yields are much less.

In developing a site, each area is covered with a layer of impervious clay or similar material after it is filled, producing an environment which encourages anaerobic digestion. The gas is collected by an array of interconnected perforated pipes buried at depths up to 20 metres in the refuse. In new sites this pipe system is constructed before the wastes start to arrive, and in a large well-established landfill there can be several miles of pipes, with as much as 1000 m3 an hour of gas being pumped out.

Increasingly, the gas from landfill sites is used for power generation. At present most plants are based on large internal combustion engines, such as standard marine engines. Driving 500 kW generators, these are well matched to typical gas supply rates of the order of 10 GJ an hour. 

3.8
TECHNOLOGY EXAMPLES

3.8.1
Heat production with wood firing boilers

Most common process of biomass combustion is burning of wood. In developed countries replacing oil or coal-fired central heating boiler with a wood burning one can save between 20 and 60% on heating bills, because wood costs less than oil or coal. At the same time wood burning units are eco-friendly. They only emit the same amount of the greenhouse gas CO2 as the tree absorbed when it was growing. So burning wood does not contribute to global warming. Since wood contains less sulphur than oil does, less sulphate is discharged into the atmosphere. This means less acid rain and less acid in the environment.

Small boilers

Small wood burning boilers are frequently used for heating houses. There are approx. 70.000 small boilers burning firewood, wood chips, or wood pellets in Denmark alone. Such a boiler gives off its heat to radiators in exactly the same way as e.g. an oil-fired one. In this it differs from a wood burning stove, which only gives off its heat to the room it is in. In other words a wood burning boiler can heat whole house and provide hot water. For a single family home, a hand-fired wood burning boiler is usually the best and most economical investment. In larger places such as farms the saving from burning wood is often so great that it pays to install an automatic stoker unit burning wood pellets.

Many of small boilers are manually fired with storage tank for wood. Distinctions should be made between manually fired boilers for fuelwood and automatically fired boilers for wood chips and wood pellets. Manually fired boilers are installed with storage tank so as to accumulate the heat energy from fuel. Automatic boilers are equipped with a silo containing wood pellets or wood chips. A screw feeder feeds the fuel simultaneously with the output demand of the dwelling.

Great advances have been made over the recent 10 years for both boiler types in respect of higher efficiency and reduced emission from the chimney (dust and carbon monoxide). Improvements have been achieved particularly in respect of the design of combustion chamber, combustion air supply, and the automatics controlling the process of combustion. In the field of manually fired boilers, an increase in the efficiency has been achieved from below 50% to 75-90%. For the automatically fired boilers, an increase in the efficiency from 60% to 85-92% has been achieved.

Manually Fired Boilers

The principal rule is that manually fired boilers for fuelwood only have an acceptable combustion at the boiler rated output (at full load). At individual plants with oxygen control, the load can, however, be reduced to approx. 50% of the nominal output without thereby influencing neither the efficiency nor emissions. By oxygen control, a lambda probe measures the oxygen content in the flue gas, and the automatic boiler control varies the combustion air inlet. 

The same system is used in cars. In order for the boiler not to need feeding at intervals of 2-4 hours a day, during the coldest periods of the year, the fuelwood boiler nominal output is selected so as to be up to 2-3 times the output demand of the dwelling. This means that the boiler efficiency should be multiplied by 2 or 3 in the case of manually fired boilers. Boilers designed for fuelwood should always be equipped with storage tank. This ensures both the greatest comfort for the user and the least financial and environmental strain. In case of no storage tank, an increased corrosion of the boiler is often seen due to variations in water and flue gas temperatures. 

Automatically Fired Boilers

Despite an often simple construction, most of the automatically fired boilers can achieve an efficiency of 80-90% and a CO emission of approx. 100 ppm (100 ppm = 0,01 volume %). For some boilers, the figures are 92% and 20 ppm, respectively. An important condition for achieving these good results is that the boiler efficiency during day-to-day operation is close to full load. For automatic boilers, it is of great importance that the boiler nominal output (at full load) does not exceed the max. output demand in winter periods. In the transition periods (3-5 months) spring and autumn, the output demand of the dwelling will typically be approx. 20-40% of the boiler nominal output, which means a deteriorated operating result. During the summer period, the output demand of the dwelling will often be in the range of 1-3 kW, since only the hot water supply will be maintained. This equals 5 -10% of the boiler nominal output. This operating method reduces the efficiency - typically 20-30% lower than that of the nominal output - and an increased negative effect on the environment. The alternative to the deteriorated summer operating is to combine the installation with a storage tank and solar collectors.

3.8.2
MANUALLY-FIRED BOILERS 

BURN-THROUGH 

Nearly all old-fashioned cast iron stoves act on the burn-through principle: air comes in from below  and  passes upwards through the fuel. In burn-through boilers the wood burns very quickly. The gases do not burn very well, since the boiler temperature is low. Most of the gas goes up the chimney, and the energy with it. The flue gases have a very short space in which to give off their heat to the boiler in the convection section. By and large, burn-through furnaces are unsuitable for wood. The useful effect of a burn-through boiler is typically under 50%.

UNDERBURN BOILERS

Underburn boiler is very different from a burn-through one. The air is not drawn through all the fuel at once, but only through part of it. Only the bottom layer of wood burns; the rest dries out and gives off its gases very slowly. Adding extra air (so-called ”secondary air”) direct to the flames burns the gases more effectively. In modern underburning boilers the combustion chamber is ceramic lined, which insulates well and keeps the heat in. This gives a high temperature of combustion, burning the gases most effectively. An underburning boiler typically has a useful effect of 65-75%. 

REVERSE COMBUSTION BOILERS

In reverse combustion too, air is only added to part of the fuel. As in underburning, the gases leave the fuel slowly and are burnt efficiently. Secondary air is also led into an earthenware-lined chamber, giving a high temperature of combustion. The flue gas has to pass  through  the entire boiler, giving it plenty of time to give up its heat. The useful effect is typically of the order of 75-85%. Some reverse combustion boilers have a blower instead of natural draught. Such boilers often have slightly better combustion, with less soot and pollution than ones with natural draught, but their useful effect is not significantly better.

The efficiency of the boiler 

How good a boiler is partially depends on the proportion of the energy in the fuel that it transfers to the central heating system. This proportion is called the ”efficiency”. The efficiency of a boiler is defined as the relationship between the energy in the hot water and that in the wood: the higher the efficiency, the more of the energy in the fuel is transferred to the water in the boiler. Good boilers have a efficiency of the order of 80-90%. 

The a wood consumption in reverse burning boiler is typically between 4 kg/hour for 18 kW boiler to 18 kg/hr for 80 kW boiler. In Central European condition an average single family house (150 m2) need cca 12 m3 of wood for the whole heating season. Typical boilers can burn wood logs up to 80 cm long.  More technical data for Central European condition see the table bellow.

	Power output (kW)
	Wood consumption  (kg/hr)
	Wood consumption in heating season  (m3)

	18
	4
	10

	25
	6
	15

	32
	7
	20

	50
	13
	30

	80
	18
	50


Wood heating value 15 MJ/kg.

STORAGE TANK

It almost always pays to buy a storage tank when installing a wood burning boiler. A storage tank holds water that has been heated up by the boiler. The extra cost repays itself very quickly, and it is easier to fire properly. Shortly after lighting up, combustion is clean and the boiler starts producing masses of heat. Without a storage tank to take up the heat, the water will rapidly get too hot and the damper will have to be shut to stop it boiling. The reduced amount of air leads to smoky, incomplete combustion.

But with a hot water tank you can fire away and store the heat. The water in the boiler cannot overheat because it goes into the tank. The damper remains open and combustion continues at high efficiency. When you need heat in the radiators, it comes from the storage tank. The size of the storage tank depends on the amount of heat the house needs and the efficiency of the boiler. 

Burning wood combined with solar heating

If you do decide to install a wood burning unit, it is recommended also to consider putting in solar heating. The wood burning boiler and the solar panels can frequently use the same storage tank, reducing the cost of the system as a whole. Make sure first that the storage tank is suitable for the purpose. At the same time it makes it unnecessary to have a fire going in summer just to get hot water. And it is cheaper to ”burn” solar energy than wood!

FUEL CHOICE 

Whatever fuel you decide to use, it must be dry. Newly felled timber has a water content of about 50%, which makes it uneconomical to burn. This is because a proportion of the energy in the wood goes to evaporating the water off, giving less energy for heat. So wood has to be dried before it can be burnt. The best thing to do is to leave the wood to dry for at least a year, and preferably two. It is easiest to stack it in an outdoor woodshed so that the rain cannot get at it.

Never burn wood that has been painted or glued, since toxic gases are formed on combustion. Nor should one burn refuse such as waxed paper milk cartons and that sort of thing. You can also burn wood briquettes. They are made of compressed sawdust and wood shavings, about 10 or 20 cm long and 5 cm in diameter. Because they are compressed and have a low water content they have a higher energy density than ordinary wood, so they need less storage space. 

Chimney 

Chimney is responsible for the draught going through the boiler. The difference in the density of the air between the top of the chimney and the outlet on the boiler is what creates the draught. So the height of the chimney, the insulation, and thus the temperature of the smoke all contribute to the draught. Bends and horizontal bits of piping reduce the draught. They create resistance, which the hot air has to overcome. So the idea is to have as few horizontal flues and bends as possible. Some boilers have a built-in blower, ensuring a proper draught at all times. 

BOILER MAINTENANCE

A boiler must be installed and maintained properly. This increases its life and your safety. Most countries have regulations about siting: in some places boilers have to be put in a separate room. The chimney will need sweeping at least once a year. This reduces the risk of fire. Too much soot may mean you are not letting enough air through.

3.8.3
Wood pellets and wood chips IN AUTOMATICALLY-FIRED BOILERS

The automatic boiler is connected to the central heating system in exactly the same way as an oil-fired one. The heat of combustion is transferred to water, which is heated up and carried round the house to the radiators. The automatic boiler thus supplies heat to all the radiators in the house, unlike a wood burning stove, which really only heats the room it is in. Pellets and wood-chips are of a size and shape that make them ideal for automatic boilers, since they can be fed in directly from a bunker. This makes it much easier to stoke, since the bunker only needs filling up once or twice a week. In hand-fired units like wood burning boilers, one has to stoke up several times a day - though they are usually cheaper to buy than automatic ones. 

WOOD PELLETS

Wood pellets are a comparatively new and attractive form of fuel. When you burn wood pellets, you are utilising an energy resource that would otherwise have gone to waste or been dumped in a landfill. Pellets are usually made out of waste (sawdust and wood shavings), and are used in large quantities by district heating systems. The pellets are made in presses, and come out 1-3 cm long and about 1 cm wide. They are clean, pleasant smelling and smooth to touch. Wood pellets have a low moisture content (under 10% by weight), giving them a higher combustion value than other wood fuels. The fact that they are pressed means they take up less space, so they have a higher volume energy (more energy per cubic meter). The burning process is highly combustible and produces little residue. Some countries have exempted pellet appliances from the smoke emission testing requirements.

There are different kinds of pellets. Some manufacturers use a bonding agent to extend the life of the pellets; others make them without it. The bonder used often contains sulphur, which goes up the chimney on burning. Sulphate pollution contributes to acid rain and chimney corrosion, so it is best to buy pellets without a bonding agent. 

Wood pellets characteristics:

	Diameter
	5 - 8 mm

	Length
	max. 30 mm

	Density
	min. 650 kg/m3

	Moisture content
	max. 8% of weight

	Energy value
	4,5 - 5,2 kWh/kg


2 kg pellets = 1 litre of heating oil

There are many advantages in using pellets as the fuel of choice. No trees are cut to make the pellets - they are only made from leftover wood residue. Burning pellet fuel actually helps reduce waste created by lumber production or furniture manufacturing. There are no additives put into the pellets to make them burn longer or more efficiently. Pellet fuel does not smoke or give off any harmful fumes. Using this fuel reduces the need for fossil fuels which are known to be harmful for the environment.

The cost of pellet fuel may depend on the geographic region where it is sold, and the current season. Whether you live in a condominium in the city or a home in the country, pellet fuel is among the safest, healthiest way to heat. This technology is also valuable for non-residential buildings such as hotels, resorts, restaurants, retail stores, offices, hospitals, and schools. Pellets are recently used in over 500.000 homes in North America. 

Wood-chips 

Wood-chips are made of waste wood from the forests. Trees have to be thinned to make room for commercial timber (beams, flooring, furniture). Wood-chips are thus a waste product of normal forestry operations.  Wood is cut up in mechanical chippers. The size and shape of the chips depends on the machine, but they are typically about a centimetre thick and 2 to 5 cm long. The water content of newly felled chips is usually about 50% by weight, but this drops considerably on drying. In many countries like in Denmark wood-chips currently produced are burnt in wood-chip fired district heating stations. They are usually delivered by road, so there must be facilities for storing at least 20 m3 of chips under cover if they are to be used in an automatic burner. 

FUEL CONSUMPTION AND INVESTMENT COST

In the table bellow you can find a comparison of different wood burning systems for single family house 150 m2 (12 kW heat load). Data are coming from Austria.

	Fuel
	Investment costs
	Fuel consumption in heating season
	Operation

	Logs
	From 80.000 ATS
	12 m3


	Fuel input 1-2 times a day

	Chips
	From 150.000 ATS
	28 m3


	Fuel input 1-2 times a year

	Pellets
	From 80.000 ATS
	7,5 m3
	Automatic


BOILER TYPES FOR WOOD PELLETS AND WOOD CHIPS

Automatic furnaces come in three types : 

· Compact units in which the boiler and bunker are in one. 

· Stoker-fired units, with separate boiler and bunker. 

· Boilers with built-in pre-furnace. 

Compact units 

In compact units the fuel is fed into the fire from the bunker by an automatic feeder. The rate at which fuel is fed in is determined by a thermostat, which puts less in when the water is hot and more in when it is cold. Compact units are excellent for wood pellets, but not for wood-chips. This is due to the lower volume energy of chips, so that stoking has to be more frequent. In addition, the water content of wood-chips is often so high that compact units do not combust them properly.

Stoker-fired units 

In stoker-fired units too, the fuel is automatically fed into the boiler. This is a helical conveyor which conveys the fuel from the bunker to the boiler. The fuel is fed in at the bottom of the grate, where it burns. As in compact units, feed-in is thermostatically controlled. Wood pellets are best for stoker-fired units, but chips can also be used if the unit is designed for them. The chips must not be too moist, so they need drying first. The best way of doing this is to leave the trees outside to dry until they are put through the chipper. Chips can also be dried under cover after being cut up. If wood-chips are used, they need drying under cover for at least two months. They also need a lot of storage space.

Boilers with Pre-furnace 

In the third type of unit most of the combustion takes place at high temperature in a pre-furnace. The pre-furnace is earthenware-lined, allowing high temperatures to be maintained. A pre-furnace-mounted boiler is therefore highly suitable for burning wet wood-chips. Heat comes in from the pre-furnace and is transferred to the water in the boiler. Any gases not combusted in the pre-furnace are burnt off in the boiler. Boilers fitted with pre-furnace are designed for burning wood-chips. Some can also burn pellets, though others would be damaged by the heat generated by the dry fuel. Ask the manufacturer before buying. 

Costs 

It costs more to buy an automatic stoker unit than a hand-fired one, because there are more bits and pieces in it. Usually they can be economical if there is a need for a lot of heat during the year. In EU countries it means to have a need to burn the equivalent of at least 3,000 litres of oil a year. If the homeowner use less, it is better to buy a hand-fired unit burning firewood. If the house is already equipped with a boiler that works well and the homeowner is thinking of buying an automatic unit, the cheapest thing is to invest in a separate stoker. In Denmark this sort of thing costs about DKK 20-25.000 to install. A compact unit, a stoked unit or a pre-furnace boiler cost at least DKK 50.000. Despite this a wood burning unit pays in the long run, because the saving on fuel is of the order of DKK 2000 for each 1000 litres of oil replaced. 

Maintenance 

Maintenance is very important, otherwise there is a risk of chimney fires and carbon monoxide poisoning. A properly maintained fire utilises fuel better and gives better value for money. The working life of the unit also depends on maintenance.

3.8.4
STRAW FIRING BOILERS

Straw has a heating value which is similar to that of wood and can be used as a fuel in boilers. Nevertheless there are some difficulties which make straw a fuel source utilised only in large boilers usually connected to district heating systems and agriculture sector .

Straw is a difficult type of fuel. It is difficult to handle and to feed into a boiler because it is inhomogeneous, relatively moist, and bulky in proportion to its energy content: its volume is approx. 10-20 times that of coal. Moreover 70% of the combustible part of the straw is contained in the gases emitted during heating, the so called volatile components. Such a high content of volatile gases makes special demands on the distribution and mixing of the combustion air and to the design of the burner and the combustion chamber. Straw also contains many chlorine compounds which may cause corrosion problems, particularly with high surface temperatures. The softening and melting temperatures of straw ash are relatively low due to a large content of alkali metals. As a consequence, slugging problems may occur at low surface temperatures. 

3.8.4.1
District heating systems

Despite all problems with the straw there is a huge number of straw-fired district heating plants all around the world. Since 1980 more than 70 such plants have been built in Denmark alone. Their output power range from 0,6 MW to 9 MW and the average size is 3,7 MW. These plants use mostly so called Hesston bales of straw with the dimensions 2,4x1,2x1,3 m and a weight of 450 kg. It is common to have a back up system based on oil or gas-fired boiler which can cover required output during peak load situations, repairs and breakdowns. Thus the straw-fired boiler is usually dimensioned for 60-70 % of maximum load which makes it easier to operate at low summer load level.

Straw-firing plants are made up of the same main components: straw storage building, straw weighing device, straw crane, conveyor (feeding unit), feeding system, boiler, flue gas cleaning, stack.
Boiler 

The conveyor carries the straw into the bottom of the boiler which consists of a sturdy iron grate. This is the place where the combustion takes place. The grate is usually divided into several combustion zones with separate blowers supplying combustion air through the grate. Combustion can be controlled individually in each zone , thus an acceptable burn-out of the straw can be obtained. Most of the energy content of the straw is represented by volatile gases (approx. 70%) which are released during heating and are burned off in the combustion chamber above the grate. In order to provide combustion air for the gases, secondary air is supplied through nozzles located in the boiler walls. From the combustion chamber, the flue gases are led to the convection section of the boiler where most of the heat is transferred through the boiler wall to the circulating boiler water. The convector is usually made up of rows of vertical pipes through which the flue gases pass. Most existing plants have an economiser , i.e. a heat exchanger installed after the convector. In this unit , the flue gases transmit more heat to the boiler water, resulting in an increased efficiency of the system.

Quality requirements to the straw

The straw supplied to the plants must conform to certain requirements in order to reduce the risk of operating problems during various processes of energy production. Storage, handling, dosing, feeding, combustion, and the environmental consequences of those processes are all potential causes of problems. The moisture content of the straw is the most important quality criteria for the this fuel. Moisture content varies between 10-25% but in some cases it may be even higher. The calorific value (energy content per kg) of the straw is directly proportional to the moisture content from which the price is calculated.

All heating plants specify a maximum acceptable moisture content in straw supplied. A high water content may cause storing problems and plant malfunction as well as reduced capacity and increased generating costs during handling, dosing and feeding (and possibly a reduction in boiler efficiency). The maximum acceptable moisture content varies from plant to plant but it is usually 18-22% water. Different types of straw behave very differently during combustion. Some types burn almost explosively, leaving hardly any ash, whereas other types burn very slowly, leaving almost complete skeletons of ash on the grate. Experience from straw-fired district heating plants is not always identical from plant to plant, and the different combustion conditions can rarely be explained on the basis of ordinary laboratory examinations.

3.8.4.2
Heating plants smaller than 1 MW 

This type of plant differs technically from district heating plants and is used mostly in agriculture. The use of straw for energy production in the agricultural sector as we know it today started in the 1970’s as a result of the ”energy crisis” and the resulting subsidies for the installation of straw-fired boilers. During the past 10-15 years, the concept of burning straw has developed from small primitive and labour-demanding boilers with batch firing and considerable smoke problems into large boilers emitting little smoke which are either batch-fired or automatic with fuel being supplied only 1-2 times per day.

Batch-fired boilers

Earlier, the market was dominated by boilers for small bales. Today, however, most of the batch-fired boilers are designed for big bales (round bales, medium-sized bales or Hesston bales).The big bale boilers are well suited for an annual heating requirement corresponding to at least 10,000 litres of oil. The boilers are available in different sizes, holding from 1 round bale (200-300 kg) to 2 Hesston bales ( 1,000 kg). The boiler is fired with 1 bale at a time. A tractor fitted with a grab or a fork introduces the bale through a feeding gate at the front of the boiler. In order to ensure proper combustion and minimize particle emission from flue gases, air velocity and supply may be regulated through gradually changing between the upper and lower section of the boiler and by adjusting the air volume.

Batch-fired boilers used to cause many problems when fed with straw of inferior quality and the supply of combustion air was difficult to control. In recent models, however, the control problem has eventually been solved but the water content of the straw must still be kept below 15- l8 %. Today, an efficiency of 75% and a CO content below 0,5% is possible in batch-fired boilers. About l0 years ago, the efficiency was only 35%.

Automatically fired boilers

Interest in automatically fired boilers is due to the large amount of labour needed when operating small bale boilers with batch firing which used to be very popular. Several types of automatic boiler plants have been developed but they all include a dosing device which automatically feeds the straw into the boiler continuously. The dosing device may be designed for whole bales, cut straw or straw pellets.

Boilers for bales of straw

Units consisting of a scarifier/cutter have been developed which separate the bales, parting them into pieces of varying sizes. The bales are fed into this unit on a conveyor. The volume of straw treated is often regulated by merely modifying the velocity of the conveyor. The straw is transported from the scarifier/cutter by worm conveyors or blowers. If blowers are used, the distance to the boiler can be greater than with worms but this equipment also consumes more energy.

The scarifier does not actually cut or shred the straw but it separates the straw into the segments it was compacted into by the piston of the baler. In order to ensure a steady flow of straw through the transport system, the scarifier usually has a retaining device. Most scarifiers have knives to loosen the straw without creating large lumps.

In automatically fired boilers, combustion takes places as the straw is fed into the boiler. The air supply is adapted to the straw volume by means of an adjustable damper on a blower. This ensures a good combustion, a significantly improved utilization factor, and a corresponding reduction of particle emission problems as compared with the first manually fired boilers without air regulating devices. Straw ignites easily in an automatic boiler because fresh straw is supplied continuously.

Bollers for pellets

The use of straw pellets for energy production has aroused some interest in recent years. Until now, only small quantities of straw pellets have been produced. Of interest is the homogeneous and handy nature of this fuel which makes it perfect for transport in tankers and for use in automatic heating plants. There are, however, still unsolved slag problems when the pellets are used in small boilers. The possibility of establishing a sales network for rural districts and villages is being considered in some developed countries. Pellet-fed plants are usually intended for domestic heating and they consist of a boiler and a closed magazine for fuel (straw pellets). A stoker worm feeds the fuel into a hearth located in the boiler. When the plant is operating, the stoker worm works intermittently and the feeding capacity is regulated by adjusting its on/off intervals. Combustion air is supplied by a blower. The amount of ash from a small straw-fired boiler is typically 4% by weight of the straw used. 

3.8.5
EFFICIENT WOOD BURNING TECHNIQUES FOR DEVELOPING COUNTRIES

For more than a third of the world’s people, the real energy crisis is a daily scramble to find the wood they need to cook dinner. Their search for wood, once a simple task, has changed as forests recede, to a day’s labour in some places. Reforestation, use of alternative fuels and fuel conservation through improved stoves are the three methods which offer possible solutions to the firewood crisis. Reforestation programs have been started in many countries, but the high rate of growth in demand means that forests are being cut much faster than they are being replanted. Alternative fuels like biogas and solar energy can be one part of solution. Another part consists of utilisation of efficient wood burning techniques like improved cook stoves.

3.8.5.1
Fuel-efficient cook stoves

The most immediate way to decrease the use of wood as cooking fuel is to introduce improved wood- and charcoal-burning cook stoves. Simple stove models already in use can halve the use of firewood. A concerted effort to develop more efficient models might reduce this figure to 1/3 or ¼, saving more forests than all of the replanting efforts planned for the rest of the century. Using simple hearths such as those used in India, Indonesia, Guatemala and elsewhere, one-third as much wood would provide the same service. These clay ”cookers” are usually built on the spot with a closed hearth, holes in which to place the vessels to be heated, and a short chimney for the draught. Their energy yield varies, depending on the model, between approximately 15 and 25%. If these ”cookers” were used throughout the Sahel, firewood consumption would be reduced by two-thirds: 0,2 m3 instead of 0,6 m3 per person per year. There are clear benefits of improved cook stoves to the individual family, the local community, the nation and the global community.  In brief, they include:

Less time spent gathering wood or less money spent on fuel,- less smoke in the kitchen; lessening of respiratory problems associated with smoke inhalation,- less manure used as fuel, releasing more fertilizer for agriculture,- little initial cost compared to most other kinds of cookers, - improved hygiene with models that raise cooking off the floor, - safety: fewer burns from open flames; less chance of children falling into the fire or boiling pots; if pots are securely set into the stove, less chance of children pulling them down on themselves,- cooking convenience: stoves (an be made to any height and can have work space on the surface, - the fire requires less attention, as stoves with damper control can be easier to tend. Stove building may create new jobs,- potential for using local materials and- potential for local innovations,- money and time saved can be invested elsewhere in the community. Lowered rate of deforestation improves climate, wood supply and hydrology; decreases soil erosion,- potential for reducing dependence on imported fuel.

<<TOC4>> Cooking with retained heat

In regions where much of the daily cooking involves a long simmering period (required for many beans, grains, stews and soups) the amount of fuel needed to complete the cooking process can be greatly reduced by cooking with retained heat. This is a practice of ancient origin which is still used in some parts of the world today.

In some areas a pit is dug and lined with rocks previously heated in a fire. The food to be cooked is placed in the lined pit, often covered with leaves, and the whole is covered by a mound of earth. The heat from the rocks is retained by the earth insulation, and the food cooks slowly over time.

Another version of this method consists of digging a pit and lining it with hay or another good insulating material. A pot of food which has previously been heated up to a boil is placed in the pit, covered with more hay and then earth, and allowed to cook slowly with the retained heat.

The haybox cooker

This latter method is the direct ancestor of the Haybox Cooker, which is simply a well insulated box lined with a reflective material into which a pot of food previously brought to a boil is placed. The food is cooked in 3 to 6 hours by the heat retained in the insulated box. The insulation greatly slows the loss of conductive heat, convective heat in the surrounding air is trapped inside the box, and the shiny lining reflects the radiant heat back into the pot. 

Simple haybox style cookers could be introduced along with fuel-saving cook stoves in areas where slow cooking is practised. How these boxes should be made, and from what materials, is perhaps best left to people working in each region. Ideally, of course, they should be made of inexpensive, locally available materials and should fit standard pot sizes used in the area.

Building instructions

There are several principles which should be kept in mind in regard to the construction of a haybox cooker:

· Insulation should cover an six sides of the box (especially the bottom and lid). If one or more sides are not insulated, heat will be lost by conduction through the uninsulated sides and much efficiency will be lost. 

· The box should be airtight. If it is not airtight, heat will be lost through warm air escaping by convection out of the box.

· The inner surfaces of the box should be of a heat reflective material (such as aluminium foil) to reflect radiant heat from the pot back to it.

A simple, lightweight haybox can be made from a 60 by 120 cm sheet of rigid foil-faced insulation and aluminium tape. Haybox cookers can also be constructed as a box-in-a-box with the intervening space filled with any good insulating material. The required thickness of the insulation will vary with how efficient it is (see the table).

	Good Insulating Materials
	Suggested Wall Thickness

	Cork
	5 cm

	Polystyrene sheets/pellets/drinking cups
	5 cm

	Hay/straw/rushes
	10 cm

	Sawdust/wood shavings
	10 cm

	Wool/fur
	10 cm

	Fiberglas/glass wool
	10 cm

	Shredded newspaper/cardboard
	10 cm

	Rice hulls/nut shells
	15 cm


The inner box should have a reflective interior: aluminium foil, shiny aluminium sheeting, old printing plates, other polished sheet metal’ or silver paint will all work. The box can be wooden, or a can-in-a-can, or cardboard, or any combination; a pair of cloth bags might also work. Be inventive. Always be sure the lid is air tight.

Instructions for use

There are some adjustments involved in cooking with haybox cookers:

· Less water should be used since it is not boiled away. 

· Less spicing is needed since the aroma is not boiled away. 

· Cooking must be started earlier to give the food enough time to cook at a lower temperature than over a stove. 

· Haybox cookers work best for large quantities (over 4 lifers) as small amounts of food have less thermal mass and cool faster than a larger quantity. Two or more smaller amounts of food may be placed in the box to cook simultaneously.

· The food should boil for several minutes before being placed in the box. This ensures that all the food is at boiling temperature, not just the water. 

The boxes perform best at low altitudes where boiling temperature is highest. They should not be expected to perform as well at high altitudes. One great advantage of haybox cookers is that the cook no longer has to keep up a fire or watch or stir the pot once it’s in the box. In fact, the box should not be opened during cooking as valuable heat is lost. And finally, food will never burn in a haybox.

Sand/clay stoves: the Lorena system

The Lorena system involves building a solid sand/clay block, then carving out a firebox and flue tunnels. The block is an integral sand/clay mixture which, upon drying, has the strength of a weak concrete (without the cost). The mixture contains 2 to 5 parts of sand to 1 part of clay, though the proportions can differ widely.

Pure clay stoves crack badly because the clay shrinks as it dries and expands when it is heated. Sand/clay stoves are predominantly sand, with merely enough clay to glue the sand together. The mix should contain enough clay to bind the sand grains tightly together. The sand/clay mixture is strong in compression, but resists impact poorly. It is adequately strong in tension if thin walls are avoided. Unlike concrete, which works well as a thin shell, the sand/clay mixture relies upon mass for tensile strength.

Advantages:

· Sand and clay are available in most places, and cheap.

· The material is versatile; it can be used to build almost any size or shape of stove.

· The tools required are simple.

· Construction of the stoves requires simple skills.

· Stoves are easy to repair or replace.

Disadvantages:

· Construction relies on heavy materials that are not always available at the building site and are difficult to transport.

· The stoves are not transportable.

· Sand/clay stoves are not waterproof.

· Stove construction can require several days of hard work.

· Efficiency of the stoves relies on the quality of the workmanship in their construction. Normally, they can be expected to work well for at least a year, after which they may need to be repaired.

KENYA STOVE

One of the most successful urban stove projects in the world is the Kenya Ceramic Jiko (KCJ) initiative. Over 500.000 stoves of this new improved design have been produced and disseminated in Kenya since the mid-1980s. Known as the Kenya Ceramic Jiko, KCJ for short, the improved stove is made of ceramic and metal components and is produced and marketed through the local informal sector. One of the key characteristics of this project was its ability to utilize the existing cook stove production and distribution system to produce and market the KCJ. Thus, the improved stove is fabricated and distributed by the same people who manufacture and sell the traditional stove design.

Another important feature of the Kenya stove project is that the KCJ design is not a radical departure from the traditional stove. The KCJ is, in essence, an incremental development from the traditional all-metal stove. It uses materials that are locally available and can be produced locally. In addition, the KCJ is well adapted to the cooking patterns of a large majority of Kenya’s urban households. In many respects, the KCJ project provides an ideal case study of how an improved stove project should be initiated and implemented. 

3.8.5.2
CHARCOAL PRODUCTION - PYROLYSIS 

The production of charcoal spans a wide range of technologies from simple and rudimentary earth kilos to complex, large-capacity charcoal retorts. The various production techniques produce charcoal of varying quality. Improved charcoal production technologies are largely aimed at attaining increases in the net volume of charcoal produced as well as at enhancing the quality characteristics of charcoal. 

Typical characteristics of good-quality charcoal:

	Ash content
	5 per cent

	Fixed carbon content
	75 per cent

	Volatiles content
	20 per cent

	Bulk density
	250-300 kg/m3

	Physical characteristics
	Moderately friable


Efforts to improve charcoal production are largely aimed at optimising the above characteristics at the lowest possible investment and labour cost while maintaining a high production volume and weight ratios with respect to the wood feedstock.

The production of charcoal consist of six major stages:

1.
Preparation of wood

2.
Drying - reduction of moisture content

3.
Pre-carbonization - reduction of volatiles content

4.
Carbonization - further reduction of volatiles content

5.
End of carbonization - increasing the carbon content

6.
Cooling and stabilization of charcoal

The first stage consists of collection and preparation of wood, the principal raw material. For small-scale and informal charcoal makers, charcoal production is an off-peak activity that is carried out intermittently to bring in extra cash. Consequently, for them, preparation of the wood for charcoal production consists of simply stacking odd branches and sticks either cleared from farms or collected from nearby woodlands. Little time is invested in the preparation of the wood. The stacking may, however, assist in drying the wood which reduces moisture content thus facilitating the carbonization process. More sophisticated charcoal production systems entail additional wood preparation, such as debarking the wood to reduce the ash content of the charcoal produced. It is estimated that wood which is not debarked produces charcoal with an ash content of almost 30 per cent. Debarking reduces the ash content to between 1 and 5 per cent which improves the combustion characteristics of the charcoal.

The second stage of charcoal production is carried out at temperatures ranging from 110 to 220 degrees Celsius. This stage consists mainly of reducing the water content by first removing the water stored in the wood pores then the water found in the cell walls of wood and finally chemically-bound water.

The third stage takes place at higher temperatures of about 170 to 300 degrees and is often called the pre-carbonization stage. In this stage pyroligneous liquids in the form of methanol and acetic acids are expelled and a small amount of carbon monoxide and carbon dioxide is emitted.

The fourth stage occurs at 200 to 300 degrees where a substantial proportion of the light tars and pyroligneous acids are produced. The end of this stage produces charcoal which is in essence the carbonized residue of wood.

The fifth stage takes place at temperatures between 300 degrees and a maximum of about 500 degrees. This stage drives off the remaining volatiles and increases the carbon content of the charcoal.

The sixth stage involves cooling of charcoal for at least 24 hours to enhance its stability and reduce the possibility of spontaneous combustion. 

The final stage consists of removal of charcoal from the kiln, packing, transporting, bulk and retail sale to customers. The final stage is a vital component that affects the quality of the finally-delivered charcoal. Because of the fragility of charcoal, excessive handling and transporting over long distances can increase the amount of fines to about 40 per cent thus greatly reducing the value of the charcoal. Distribution in bags helps to limit the amount of fines produced in addition to providing a convenient measurable quantity for both retail and bulk sales.

3.8.6
Wood Gasification Basics

Wood gasification is also called producer gas generation and destructive distillation. The essence of the process is the production of flammable gas products from the heating of wood. Carbon monoxide, methyl gas, methane, hydrogen, hydrocarbon gases, and other assorted components, in different proportions, can be obtained by heating or burning wood products in an isolated or oxygen poor environment. This is done by burning wood in a burner which restricts combustion air intake so that the complete burning of the fuel cannot occur. A related process is the heating of wood in a closed vessel using an outside heat source. Each process produces different products. If wood were given all the oxygen it needs to burn cleanly the by-products of the combustion would be carbon dioxide, water, some small amount of ash, (to account for the inorganic components of wood) and heat. This is the type of burning we strive for in wood stoves. Once burning begins though it is possible to restrict the air to the fuel and still have the combustion process continue. Lack of sufficient oxygen caused by restricted combustion air will cause partial combustion. In full combustion of a hydrocarbon (wood is basically a hydrocarbon) oxygen will combine with the carbon in the ratio of two atoms to each carbon atom. It combines with the hydrogen in the ratio of two atoms of hydrogen to one of oxygen. This produces CO2 (carbon dioxide) and H2O (water). Restrict the air to combustion and the heat will still allow combustion to continue, but imperfectly. In this restricted combustion one atom of oxygen will combine with one atom of carbon, while the hydrogen will sometimes combine with oxygen and sometimes not combine with anything. This produces carbon monoxide,  (the same gas as car exhaust and for the same reason) water, and hydrogen gas. It will also produce a lot of other compounds and elements such as carbon which is smoke. Combustion of wood is a bootstrap process. The heat from combustion breaks down the chemical bonds between the complex hydrocarbons found in wood (or any other hydrocarbon fuel) while the combination of the resultant carbon and hydrogen with oxygen-combustion-produces the heat. Thus the process drives itself. If the air is restricted to combustion the process will still produce enough heat to break down the wood but the products of this inhibited combustion will be carbon monoxide and hydrogen, fuel gases which have the potential to continue the combustion reaction and release heat since they are not completely burned yet. (The other products of incomplete combustion, predominately carbon dioxide and water, are products of complete combustion and can be carried no further.) Thus it is a simple technological step to produce a gaseous fuel from solid wood. Where wood is bulky to handle, a fuel like wood gas (producer gas) is convenient and can be burned in various existing devices, not the least of which is the internal combustion engine. A properly designed burner combining wood and air is one relatively safe way of doing this. so this water is available to play a part in the destructive distillation process. Wood also contains many other chemicals from alkaloid poisons to minerals. These also become part of the process. 

As a general concept, destructive distillation of wood will produce methane gas, methyl gas, hydrogen, carbon dioxide, carbon monoxide, wood alcohol, carbon, water, and a lot of other things in small quantities. Methane gas might make up as much as 75% of such a mixture. Methane is a simple hydrocarbon gas which occurs in natural gas and can also be obtained from anaerobic bacterial decomposition as ”bio-gas” or ”swamp gas”. It has high heat value and is simple to handle. Methyl gas is very closely related to methyl alcohol (wood alcohol) and can be burned directly or converted into methyl alcohol (methanol), a high quality liquid fuel suitable for use in internal combustion engines with very small modification. It’s obvious that both of these routes to the production of wood gas, by incomplete combustion or by destructive distillation, will produce an easily handled fuel that can be used as a direct replacement for fossil fuel gases (natural gas or liquefied petroleum gases such as propane or butane). It can be handled by the same devices that regulate natural gas and it will work in burners or as a fuel for internal combustion engines with some very important cautions.

3.8.6.1
Producer Gas Generators

The simplest device is a tank shaped like an inverted cone (a funnel). A hole at the top which can be sealed allows the user to load sawdust into the tank. There is an outlet at the top to draw the wood gas off. At the bottom the point of the ”funnel” is opened and this is where the burning takes place. Once loaded (the natural pack of the sawdust will keep it from falling out the bottom) the sawdust is lit from the bottom using a device such as a propane torch. The sawdust smoulders away. The combustion is maintained by a source of vacuum applied to the outlet at the top, such as a squirrel cage blower or an internal combustion engine. Smoke is drawn up through the porous sawdust, being partly filtered in the process, and exits the burner at the top where it goes on to be further conditioned and filtered. The vacuum also draws air in to support the fire. This burner is crude and uncontrollable, especially as combustion nears the top of the sawdust pile. This can happen rapidly since there is no control to assure that the sawdust burns evenly. ”Leads” of fire can form in the sawdust reaching toward the top surface. Once the fire breaks through the top of the sawdust the vacuum applied to the burner will pull large amounts of air in supporting full combustion and leaning out the value of the producer gas as a fuel. This process depends on the poor porosity of the sawdust to control the combustion air so chunk wood cannot be used since its much greater porosity would allow too much air in and user would achieve full combustion at very high temperatures rather than the smouldering and the partial combustion needed. Such a burner is unsatisfactory for prolonged gas generation but it is cheap to build and it will work with a lot of fiddling. For prolonged trouble free operation of a wood gas generator the burner unit must have more complete control of the combustion air and the fuel feed. There are various ways to do this. For example, if the point of above mentioned original funnel shaped burner is completely enclosed then control over the air entering the burner can be achieved. This configuration will successfully burn much larger amount of wood.

3.8.7
FERMENTATION - Conversion of biomass into ethanol

Alcohol can be used as a liquid fuel in internal combustion engines either on their own or blended with petroleum. Therefore, they have the potential to change and/or enhance the supply and use of fuel (especially for transport) in many parts of the world. There are many widely-available raw materials from which alcohol can be made, using already improved and demonstrated existing technologies. Alcohol have favourable combustion characteristics, namely clean burning and high octane-rated performance. Internal combustion engines optimized for operation on alcohol fuels are 20 per cent more energy-efficient than when operated on gasoline, and an engine designed specifically to run on ethanol can be 30 per cent more efficient. Furthermore, there are numerous environmental advantages, particularly with regard to lead, CO2, SO2, particulates, hydrocarbons and CO emissions.

Ethanol as most important alcohol fuel can be produced by converting the starch content of biomass feedstocks (e.g. corn, potatoes, beets, sugarcane, wheat) into alcohol. The fermentation process is essentially the same process used to make alcoholic beverages. Here yeast and heat are used to break down complex sugars into more simple sugars, creating ethanol. There is a relatively new process to produce ethanol which utilizes the cellulosic portion of biomass feedstocks like trees, grasses and agricultural wastes. Cellulose is another form of carbohydrate and can be broken down into more simple sugars. This process is relatively new and is not yet commercially available, but potentially can use a much wider variety of abundant, inexpensive feedstocks. 

Currently, about 6 billion litres of ethanol are produced this way each year in the U.S. World-wide, fermentation capacity for fuel ethanol has increased eightfold since 1977 to about 20 billion litres per year. Latin America, dominated by Brazil, is the world’s largest production region of bioethanol. Countries such as Brazil and Argentina already produce large amounts, and there are many other countries such as Bolivia, Costa Rica, Honduras and Paraguay, among others, which are seriously considering the bioethanol option. Alcohol fuels have also been aggressively pursued in a number of African countries currently producing sugar - Kenya, Malawi, South Africa and Zimbabwe. Others with great potential include Mauritius, Swaziland and Zambia. Some countries have modernized sugar industry and have low production costs. Many of these countries are landlocked which means that it is not feasible to sell molasses as a by-product on the world market, while oil imports are also very expensive and subject to disruption. The major objectives of these programmes are: diversification of the sugarcane industry, displacement of energy imports and better resource use, and, indirectly, better environmental management. These conditions, combined with relatively low total demand for liquid transport fuels, make ethanol fuel attractive. Global interest in ethanol fuels has increased considerably over the last decade despite the fall in oil prices after 1981. In developing countries interest in alcohol fuels has been mainly due to low sugar prices in the international market, and also for strategic reasons. In the industrialized countries, a major reason is increasing environmental concern, and also the possibility of solving some wider socio-economic problems, such as agricultural land use and food surpluses. As the value of bioethanol is increasingly being recognized, more and more policies to support development and implementation of ethanol as a fuel are being introduced. 

Since ethanol has different chemical properties than gasoline, it requires slightly different handling.  For example, ethanol changes from a liquid to a gas (evaporates) less readily than gasoline. This means that in neat (100%) ethanol applications, cold starts can be a problem. However, this issue can be resolved through engine design and fuel formulation.  Changes in engine design will also allow for greater efficiency.  Although a litre of ethanol has about two-thirds of the energy content of a litre of gasoline, tuning the engine for ethanol can make up as much as half the difference. Furthermore, since ethanol is an organic product, should there be a spill, it will biodegrade more quickly and easily than gasoline. 

Using ethanol even in low-level blends (e.g. E10 - which is 10% ethanol, 90% gasoline) can have environmental benefits. Tests show that E10 produces less carbon monoxide (CO), sulphur dioxide (SO2) and carbon dioxide (CO2) than reformulated gasoline (RFG).  These blends have helped clean up carbon monoxide problems in cities like Denver and Phoenix.  However E10 produces more volatile organic compounds (VOC), particulates (PM), and nitrogen oxide (NOx) emissions than RFG.  Higher blends (E85, which is 15% gasoline), or even neat ethanol-E100 - burn with less of virtually all the pollutants mentioned above. 

The production of ethanol by fermentation involves four major steps: (a) the growth, harvest and delivery of raw material to an alcohol plant; (b) the pre-treatment or conversion of the raw material to a substrate suitable for fermentation to ethanol; (c) fermentation of the substrate to alcohol, and purification by distillation; and (d) treatment of the fermentation residue to reduce pollution and to recover by-products. Fermentation technology and efficiency has improved rapidly in the past decade and is undergoing a series of technical innovations aimed at using new alternative materials and reducing costs. Technological advances will have, however, less of an impact overall on market growth than the availability and costs of feedstock and the cost-competing liquid fuel options.

The many and varied raw materials for bioethanol production can be conveniently classified into three types: (a) sugar from sugarcane, sugar beet and fruit, which may be converted to ethanol directly; (b) starches from grain and root crops, which must first be hydrolysed to fermentable sugars by the action of enzymes; and (c) cellulose from wood, agricultural wastes etc., which must be converted to sugars using either acid or enzymatic hydrolysis. These new systems are, however, at the demonstration stage and are still considered uneconomic. Of major interest are sugarcane, maize, wood, cassava and sorghum and to a lesser extent grains and Jerusalem artichoke. Ethanol is also produced from lactose from waste whey; for example in Ireland to produce potable alcohol and also in New Zealand to produce fuel ethanol. A problem still to be overcome is seasonability of crops, which means that quite often an alternative source must be found to keep a plant operating all-year round.

Sugarcane is the world’s largest source of fermentation ethanol. It is one of the most photosynthetic efficient plants - about 2,5 % photosynthetic efficiency on an annual basis under optimum agricultural conditions. A further advantage is that bagasse, a by-product of sugarcane production, can be used as a convenient on-site electricity source. The tops and leaves of the cane plant can also be used for electricity production. An efficient ethanol distillery using sugarcane by-products can therefore be self-sufficient and also generate a surplus of electricity. The production of ethanol by enzymatic or acid hydrolysis of bagasse could allow off-season production of ethanol with very little new equipment.

METHANOL

Methanol is another alcohol fuel which can be obtained from biomass and coal. But methanol is currently produced mostly from natural gas and has only been used as fuel for fleet demonstration and racing purposes and, thus, will not be considered here. In addition, there is a growing consensus that methanol does not have all the environmental benefits that are commonly sought for oxygenates and which can be fulfilled by ethanol.

3.8.7.1
Brazil

Brazil first used ethanol as a transport fuel in 1903, and now has the world’s largest bioethanol programme. Since the creation of the National Alcohol Programme (ProAlcool) in 1975, Brazil has produced over 90 billion litres of ethanol from sugarcane. The installed capacity in 1988 was over 16 billion litres distributed over 661 projects. In 1989, over 12 billion litres of ethanol replaced about 200.000 barrels of imported oil a day and almost 5 million automobiles now run on pure bioethanol and a further 9 million run on a 20 to 22 per cent blend of alcohol and gasoline (the production of cars powered by pure gasoline was stopped in 1979). 

Apart from ProAlcool’s main objective of reducing oil imports, other broad objectives of the programme were to protect the sugarcane plantation industry, to increase the utilization of domestic renewable-energy resources, to develop the alcohol capital goods sector and process technology for the production and utilization of industrial alcohols, and to achieve greater socio-economic and regional equality through the expansion of cultivable lands for alcohol production and the generation of employment. Although ProAlcool was planned centrally, alcohol is produced entirely by the private sector in a decentralized manner.

The ProAlcool programme has accelerated the pace of technological development and reduced costs within agriculture and other industries. Brazil has developed a modem and efficient agribusiness capable of competing with any of its counterparts abroad. The alcohol industry is now among Brazil’s largest industrial sectors, and Brazilian firms export alcohol technology to many countries. Another industry which has expanded greatly due to the creation of ProAlcool is the ethanol chemistry sector.

Ethanol-based chemical plants are more suitable for many developing countries than petrochemical plants because they are smaller in scale, require less investment, can be set up in agricultural areas, and use raw materials which can be produced locally.

Social development

Rural job creation has been credited as a major benefit of ProAlcool because alcohol production in Brazil is highly labour-intensive. Some 700.000 direct jobs with perhaps three to four times this number of indirect jobs have been created. The investment to generate one job in the ethanol industry varies between USD 12.000 and USD 22.000, about 20 times less than in the chemical industry for example.

Environmental impacts

Environmental pollution by the ProAlcool programme has been a cause of serious concern, particularly in the early days. The environmental impact of alcohol production can be considerable because large amounts of stillage are produced and often escape into waterways. For each litre of ethanol produced the distilleries produce 10 to 14 litres of effluent with high biochemical oxygen demand stillage. In the later stages of the programme serious efforts were made to overcome these environmental problems, and today a number of alternative technological solutions are available or are being developed, e.g., decreasing effluent volume and turning stillage into fertilizer, animal feed, biogas etc. These have sharply reduced the level of pollution and in Sao Paulo. The use of stillage as a fertilizer in sugarcane fields has increased productivity by 20-30 per cent. 

Economics

Despite many studies carried out on nearly all aspects of the programme, there is still considerable disagreement with regard to the economics of ethanol production in Brazil. This is because the production cost of ethanol and its economic value to the consumer and to the country depend on many tangible and intangible factors making the costs very site-specific and variable even from day to day. For example, production costs depend on the location, design and management of the installation, and on whether the facility is an autonomous distillery in a cane plantation dedicated to alcohol production, or a distillery annexed to a plantation primarily engaged in production of sugar for export. The economic value of ethanol produced, on the other hand, depends primarily on the world prices of crude oil and sugar, and also on whether the ethanol is used in anhydrous form for blending with gasoline, or used in hydrous forte in 100 per cent alcohol-powered cars.

The costs of ethanol were declining at an annual rate of 4 per cent between 1979 and 1988 due to major efforts to improve the productivity and economics of sugarcane agriculture and ethanol production. The costs of ethanol production could be further reduced if sugarcane residues, mainly bagasse, were to be fully utilized. With sale credits from the residues, it would be possible to produce hydrous ethanol at a net cost of less than USD 0,15/litre, making it competitive with gasoline even at the low early-1990 oil prices. Using the biomass gasifier/intercooled steam-injected gas turbine (BIG/STIG) systems for electricity generation from bagasse, they calculated that simultaneously with producing cost-competitive ethanol, the electricity cost would be less than USD 0,045/kWh. If the milling season is shortened to 133 days to make greater use of the barbojo (tops and leaves) the economics become even more favourable. Such developments could have significant implications for the overall economics of ethanol production.

Despite all the problems ProAlcool is an outstanding technical success that has achieved many of its aims, its physical targets were achieved on time and its costs were below initial estimates. It has enabled the sugar and alcohol industries to develop their own technological expertise along with greatly increased capacity. It has increased independence, made significant foreign-exchange savings, provided the basis for technological developments in both production and end-use, and created jobs. Overall, Brazil’s success with implementing large-scale ethanol production and utilization has been due to a combination of factors which include: government support and clear policy for ethanol production; economic and financial incentives; direct involvement of the private sector; technological capability of the ethanol production sector; long historical experience with production and use of ethanol; co-operation between Government, sugarcane producers and the automobile industry; an adequate labour force; a plentiful, low-priced sugarcane crop with a suitable climate and abundant agricultural land; and a well established and developed sugarcane industry which resulted in low investment costs in seeing up new distilleries. In the specific case of ethanol-fuelled vehicles, the following factors were influential: government incentives (e.g., lower taxes and cheaper credit); security of supply and nationalistic motivation; and consistent price policy which favoured the alcohol-powered car.

3.8.7.2
Zimbabwe

Zimbabwe is an example of a relatively small country which has begun to tackle its import problem while fostering its own agro-industrial base. An independent and secure source of liquid fuel was seen as a sensible strategy because of Zimbabwe’s geographical position, its politically vulnerable situation and foreign-exchange limitations, and for other economic considerations. Zimbabwe has no oil resources and all petroleum products must be imported, accounting for nearly USD 120 million per annum on average in recent years which amounted to 18 % of the country’s foreign-exchange earnings. Since1980 Zimbabwe pioneered the production of fuel ethanol for blending with gasoline in Africa. Initially a 15 % alcohol/gasoline mix was used, but due to increased consumption, the blend is now about 12 % alcohol. This is the only fuel available in Zimbabwe for vehicles powered by spark-ignition engines. Annually, production of 40 million litres has been possible since 1983. 

3.9 SMALL BIOGAS PLANTS FOR DEVELOPING COUNTRIES

Low Cost Practical Designs of Biogas Technology
There are two basic type of decomposition or fermentation: natural and artificial aerobic decomposition. Anaerobic means in the absence of Air (Oxygen). Therefore any decomposition or fermentation of organic material takes place in the absence of air (oxygen) is known as anaerobic decomposition or fermentation. Anaerobic decomposition can also be achieved in two ways - natural and artificial.

3.9.1
Digestible Property of Organic Matter

When organic raw materials are digested in an airtight container only a certain percentage of the waste is actually converted into Biogas and Digested Manure. Some of it is indigestible to varying degree and either gets accumulated inside the digester or discharged with the effluent. The digestibility and other related properties of the organic matter are usually expressed in the following terms:

Moisture

This is the weight of water lost upon drying of organic matter (OM) at 100 degrees Celsius. This is achieved by drying the organic matter for 48 hours in an oven until no moisture is lost. The moisture content is determined by subtracting the final (dried) weight from the original weight of the OM, taken just before putting in the oven.

Total Solids 

The weight of dry matter (DM) or Total Solids (TS) remaining after drying the organic matter in an oven as described above. The TS is the ”Dry Weight” of the OM (Note: after the sun drying the weight of OM still contains about 20% moisture). A figure of 10% TS means that 100 grams of sample will contain 10 grams of moisture and 90 grams of dry weight. The Total Solids consists of Digestible Organic (or Volatile Solids) and the indigestible solid (Ash).

Volatile Solids/ Volatile Matter

The weight of burned-off organic matter (OM) when ”Dry Matter-DM” or ”Total Solids-TS” is heated at a temperature of 550 degrees Celsius for about 3 hours is known as Volatile Solids (VS) or Volatile Matter (VM). Muffle Furnace is used for heating the Dry Matter or Total Solids of the OM at this high temperature after which only ash (inorganic matter) remains. In other wards the Volatile Solids is that portion of the Total Solids which volatilizes when it is heated at 550 degrees Celsius and the inorganic material left after heating of OM at this temperature is know as Fixed Solids or Ash. It is the Volatile Solids fraction of the Total Solids which is converted by bacteria (microbes) in to biogas.

Fixed Solids or Ash

The weight of matter remaining after the sample is heated at 550 degrees Celsius is known as Fixed Solids (FS) or ash. The Fixed Solids is biologically inert material and is also known as Ash.

3.9.2
Biogas Production System

The biogas (mainly mixture of methane and carbon dioxide) is produced/generated under both, natural and artificial conditions. However for techno-economically-viable production of biogas for wider application the artificial system is the best and most convenient method. The production of biogas is a biological process which takes place in the absence of air (oxygen), through which the organic material is converted in to, essentially Methane (CH4) and Carbon dioxide (CO2) and in the process gives excellent organic fertilizer and humus as the second by-product. The one essential requirement in producing biogas is an airtight (air leak-proof) container. Biogas is generated only when the decomposition of biomass takes place under the anaerobic conditions, as the anaerobic bacteria (microbes) that live without oxygen are responsible for the production of this gas through the destruction of organic matter. The airtight container used for the biogas production under artificial condition is known as digester or reactor.

3.9.3
Composition of Biogas

Biogas is a colourless, odourless, inflammable gas, produced by organic waste and biomass decomposition (fermentation). Biogas can be produced from animal, human and plant (crop) wastes, weeds, grasses, vines, leaves, aquatic plants and crop residues etc. The composition of different gases in biogas is given in the Chart below:

	Methane (CH4)
	55-70%

	Carbon Dioxide (CO2)
	30-45%

	Hydrogen Sulphide (H2S)
	1-2%

	Nitrogen (N2)
	0-1%

	Hydrogen (H2)
	0-1%

	Carbon Mono Oxide (CO)
	Traces

	Oxygen (O2)
	Traces


3.9.4
Property of Biogas

Biogas burns with a blue flame. It has a heat value of 4500-5000 Kcal/m3 (500-700 BTU/ft3 ) when its methane content is in the range of 60-70%. The value is directly proportional to the amount of methane contains and this depends upon the nature of raw materials used in the digestion. Since the composition of this gas is different, the burners designed for coal gas, butane or LPG when used, as ‘biogas burner’ will give much lower efficiency. Therefore specially designed biogas burners are used which give a thermal efficiency of 55-65%.

Biogas is a very stable gas, which is a non-toxic, colourless, tasteless and odourless gas. However, as biogas has a small percentage of hydrogen sulphide, the mixture may very slightly smell of rotten egg, which is not often noticeable especially when being burned. When the mixture of methane and air (oxygen) burn a blue flame is emitted, producing large amount of heat energy. Because of the mixture of carbon dioxide in large quantity the biogas becomes a safe fuel in rural homes as will prevent explosion.

A 1 m3 biogas will generate 4500-5500 Kcal/m3 of heat energy, and when burned in specifically designed burners having 60% efficiency, will give out effective heat of 2700-3200 Kcal/m3. 1 Kcal is defined as the heat required to raise the temperature of 1 kg (litre) of water by 1 degrees Celsius. Therefore this effective heat (say 3,000 Kcal/m2 is on an average), is sufficient to bring approx. 100 kg (litre) of water from 20 degrees Celsius to a boil, or light a lamp with a brightness equivalent to 60-100 Watts for 4-5 hours.

3.9.5
Mechanics of Extraction of Biogas

The decomposition (fermentation) process for the formation of methane from organic material (biodegradable material) involves a group of organisms belonging to the family- ‘Methane Bacteria’ and is a complex biological and chemical process. For the understanding of common people and field workers, broadly speaking the biogas production involves two major processes consisting of acid formation (liquefaction) and gas formation (gasification). However scientifically speaking these two broad process can further be divide, which gives four stages of anaerobic fermentation inside the digester-they are:

1. Hydrolysis,

2. Acidification,

3. Hydrogenation,

4. Methane formation. 

At the same time for all practical purposes one can take the methane production cycle as a three stage activity namely hydrolysis, acidification and methane formation.

Two groups of bacteria work on the substrate (feedstock) inside the digester-they are:  non-methanogens and methanogens. Under normal conditions, the non-methanogenic bacteria (microbes) can grow at a pH range of 5,0-8,5 and a temperature range of 25-42  deg. ;whereas, methanogenic bacteria can ideally grow at a pH range of 6,5-7,5 and a temperature range of 25-35 degrees Celsius. These methanogenic bacteria are known as ‘Mesophillic Bacteria’ and are found to be more flexible and useful incase of simple household digesters, as they can work under a broad range of temperature, as low as 15 degrees Celsius to as high as 40 degrees Celsius. However their efficiency goes down considerably if the slurry temperature goes below 20 degrees Celsius and almost stop functioning at a slurry temperature below 15 degrees Celsius. Due to this Mesophillic Bacteria can work under all the three temperature zones of India, without having to provide either heating system in the digester or insulation in the plant, thus keeping the cost of family size biogas plants at an affordable level.

There are other two groups of anaerobic bacteria-they are (i) Pyscrophillic Bacteria and (ii) Thermophillic Bacteria. The group of pyscrophillic bacteria work at low temperature, in the range of 10-15 degrees Celsius but the work is still going on to find out the viability of these group of bacteria for field applications. The group of thermophillic bacteria work at a much higher temperature, in the range of 45-55 degrees Celsius and are very efficient, however they are more useful in high rate digestions (fermentation), especially where a large quantity of effluent is already being discharged at a higher temperature. As in both the cases the plant design needs to be sophisticated therefore these two groups of Bacteria (Pyscrophillic & Thermophillic) are not very useful in the case of simple Indian rural biogas plant.

3.9.6
Biogas Plant

Biogas Plant (BGP) is an airtight container that facilitates fermentation of material under anaerobic condition. The other names given to this device are ‘Biogas Digester’, ‘Biogas Reactor’, ‘Methane Generator’ and ‘Methane Reactor’. The recycling and treatment of organic wastes (biodegradable material) through Anaerobic Digestion (Fermentation) Technology not only provides biogas as a clean and convenient fuel but also an excellent and enriched bio-manure. Thus the BGP also acts as a miniature Bio-fertilizer factory hence some people prefer to refer it as ‘Biogas Fertilizer Plant’ or ‘Bio-manure Plant’. The fresh organic material (generally in a homogenous slurry form) is fed into the digester of the plant from one end, known as Inlet Pipe or Inlet Tank. The decomposition (fermentation) takes place inside the digester due to bacterial (microbial) action, which produces biogas and organic fertilizer (manure) rich in humus & other nutrients. There is a provision for storing biogas on the upper portion of the BGP. There are some BGP designs that have floating gasholder and others have fixed gas storage chamber. On the other end of the digester outlet pipe or outlet tank is provided for the automatic discharge of the liquid digested manure.

3.9.6.1
Components of Biogas Plant

The major components of BGP are : Digester, Gasholder or Gas Storage Chamber, Inlet, Outlet,  Mixing Tank and Gas Outlet Pipe.

Digester

It is either an under ground Cylindrical-shaped or Ellipsoidal-shaped structure where the digestion (fermentation) of substrate takes place. The digester is also known as ‘Fermentation Tank or Chamber’. In a simple rural household BGP working under ambient temperature, the digester (fermentation chamber) is designed to hold slurry equivalent to of 55, 40 or 30 days of daily feeding. This is known as Hydraulic Retention Time (HRT) of BGP. The designed HRT of 55, 40 and 30 days is determined by the different temperature zones in the country- the states and  regions falling under the different temperature zones are already defined for India. The digester can be constructed of brick masonry, cement concrete (CC) or reinforced cement concrete (RCC) or stone masonry or pre-fabricated cement concrete blocks (PFCCB) or Ferro-cement (ferroconcrete) or steel or rubber or bamboo reinforced cement mortar (BRCM). In the case of smaller capacity floating gasholder plants of 2 and 3 m3 no partition wall is provided inside the digester, whereas the BGPs of 4 m3 capacity and above have been provided partition wall in the middle. This is provided for preventing short-circuiting of slurry and promoting better efficiency. This means the partition wall also divides the entire volume of the digester (fermentation chamber) into two halves. As against this no partition wall is provided inside the digester of a fixed dome design. The reason for this is that the diameter of the digesters in all the fixed dome models are comparatively much bigger than the floating drum BGPs, which takes care of the short-circuiting problems to a satisfactory level, without adding to additional cost of providing a partition wall.

Gas Holder or Gas Storage Chamber

In the case of floating gas holder BGPs, the Gas holder is a drum like structure, fabricated either of mild steel sheets or ferro-cement (ferroconcrete) or high density plastic (HDP) or fibre glass reinforced plastic (FRP). It fits like a cap on the mouth of digester where it is submerged in the slurry and rests on the ledge, constructed inside the digester for this purpose. The drum collects gas, which is produced from the slurry inside the digester as it gets decomposed, and rises upwards, being lighter than air. To ensure that there is enough pressure on the stored gas so that it flows on its own to the point of utilisation through pipeline when the gate valve is open, the gas is stored inside the gas holder at a constant pressure of 8-10 cm of water column. This pressure is achieved by making the weight of biogas holder as 80-100 kg/cm2. In its up and down movement the drum is guided by a central guide pipe. The gas formed is otherwise sealed from all sides except at the bottom. The scum of the semidried mat formed on the surface of the slurry is broken (disturbed) by rotating the biogas holder, which has scum-breaking arrangement inside it. The gas storage capacity of a family size floating biogas holder BGP is kept as 50% of the rate capacity (daily gas production in 24 hours). This storage capacity comes to approximately 12 hours of biogas produced every day.

In the case of fixed dome designs the biogas holder is commonly known as gas storage chamber (GSC). The GSC is the integral and fixed part of the Main Unit of the Plant (MUP) in the case of fixed dome BGPs. Therefore the GSC of the fixed dome BGP is made of the same building material as that of the MUP. The gas storage capacity of a family size fixed dome BGP is kept as 33% of the rate capacity (daily gas production in 24 hours). This storage capacity comes to approximately 8 hours of biogas produced during the night when it is not in use.

Inlet

In the case of floating biogas holder pipe the Inlet is made of cement concrete pipe. The Inlet Pipe reaches the bottom of the digester well on one side of the partition wall. The top end of this pipe is connected to the Mixing Tank.

In the case of the first approved fixed dome models (Janata Model) the inlet is like a chamber or tank-it is a bell mouth shaped brick masonry construction and its outer wall is sloppy. The top end of the outer wall of the inlet chamber has an opening connecting the mixing tank, whereas the bottom portion joins the inlet gate. The top (mouth) of the inlet chamber is kept covered with heavy slab. The Inlet of the other fixed dome models (Deenbandhu and Shramik Bandhu) has Asbestos Cement Concrete (ACC) pipes of appropriate diameters.

Outlet

In the case of floating gas holder pipe the Outlet is made of cement concrete pipe standing at an angle, which reaches the bottom of the digester on the opposite side of the partition wall. In smaller plants (2 and 3 m3 capacity BGPs) which has no partition walls, the outlet is made of small (approx. 60 cm length) cement concrete pipe inserted on top most portion of the digester, submerged in the slurry. 

In the two fixed dome (Janata & Deenbandhu models) plants, the Outlet is made in the form of rectangular tank. However, in the case of Shramik Bandhu model the upper portion of the Outlet (known as Outlet Displacement Chamber) is made hemi-spherical in shape, designed to save in the material and labour cost. In all the three-fixed dome models (Janata, Deenbandhu & Shramik Bandhu models), the bottom end of the outlet tank is connected to the outlet gate. There is a small opening provided on the outer wall of the outlet chamber for the automatic discharge of the digested slurry outside the BGP, equal to approximately 80-90% of the daily feed. The top mouth of the outlet chamber is kept covered with heavy slab.

Mixing Tank

This is a cylindrical tank used for making homogenous slurry by mixing the manure from domestic farm animals with appropriate quantity of water. Thoroughly mixing of slurry before releasing it inside the digester, through the inlet, helps in increasing the efficiency of digestion. Normally a feeder fan is fixed inside the mixing tank for facilitating easy and faster mixing of manure with water for making homogenous slurry.

Gas Outlet Pipe

The Gas Outlet Pipe is made of GI pipe and fixed on top of the drum at the centre in case of floating biogas holder BGP and on the crown of the fixed dome BGP. From this pipe the connection to gas pipeline is made for conveying the gas to the point of utilisation. A gate valve is fixed on the gas outlet pipe to close and check the flow of biogas from plant to the pipeline.

3.9.7
Functioning of a Simple India Rural Household Biogas Plants

The fresh organic material (generally in a homogenous slurry form) is fed into the digester of the plant from one end, known as Inlet. Fixed quantity of fresh material fed each day (normally in one lot at a predetermine time) goes down at the bottom of the digester and forms the ‘bottom-most active layer’, being heavier then the previous day and older material. The decomposition (fermentation) takes place inside the digester due to bacterial (microbial) action, which produces biogas and digested or semi-digested organic material. As the organic material ferments, biogas is formed which rises to the top and gets accumulated (collected) in the gas holder (in case of floating gas holder BGPs) or gas storage chamber (in case of fixed dome BGPs). A gas outlet pipe is provided on the top most portion of the gas holder (gas storage chamber) of the BGP. Alternatively, the biogas produced can be taken to another place through pipe connected on top of the gas outlet pipe and stored separately. The slurry (semi-digested and digested) occupies the major portion of the digester and the sludge (almost fully digested) occupies the bottom most portion of the digester. The digested slurry (also known as effluent) is automatically discharged from the other opening, known as outlet, is an excellent bio-fertilizer, rich in humus. The anaerobic fermentation increases the ammonia content by 120% and quick acting phosphorous by 150%. Similarly the percentage of potash and several micro-nutrients useful to the healthy growth of the crops also increase. The nitrogen is transformed into Ammonia that is easier for plant to absorb. This digested slurry can either be taken directly to the farmer’s field along with irrigation water or stored in a slurry pits (attached to the BGP) for drying or directed to the compost pit for making compost along with other waste biomass. The slurry and also the sludge contain a higher percentage of nitrogen and phosphorous than the same quantity of raw organic material fed inside the digester of the BGP.

3.9.7.1
Type of Digestion

The digestion of organic materials in simple rural household biogas plants can be classified under three broad categories. They are (i) Batch-fed digestion (ii) Semi-continuous digestion and (iii) Semi-batch-fed digestion.

Batch-fed Digestion

In batch-fed digestion process, material to be digested is loaded (with seed material or innouculam) into the digester at the start of the process. The digester is then sealed and the contents left to digest (ferment). At completion of the digestion cycle, the digester is opened and sludge (manure) removed (emptied). The digester is cleaned and once again loaded with fresh organic material, available in the season.

Semi-continuous Digestion

This involves feeding of organic mater in homogenous slurry form inside the digester of the BGP once in a day, normally at a fixed time. Each day digested slurry; equivalent to about 85-95% of the daily input slurry is automatically discharged from the outlet side. The digester is designed in such a way that the fresh material fed comes out after completing a cycle (either 55, 40 or 30 days), in the form of digested slurry. In a semi-continuous digestion system, once the process is stabilized in a few days of the initial loading of the BGP, the biogas production follows a uniform pattern.

Semi-batch fed Digestion

A combination of batch and semi-continuous digestion is known as semi-batch fed digestion. Such a digestion process is used where the manure from domestic farm animals is not sufficient to operate a plant and at the same time organic waste like, crop residues, agricultural wastes (paddy and weed straw), water hyacinths and weeds etc, are available during the season. In as semi-batch fed digestion the initial loading is done with green or semi-dry or dry biomass (that can not be reduced in to slurry form) mixed with starter and the digester is sealed. This plant also has an inlet pipe for daily feeding of manure slurry from animals. The semi-batch fed digester will have much longer digestion cycle of gas production as compared to the batch-fed digester. It is ideally suited for the poor peasants having 1-2 cattle or 3-4 goats to meet the major cooking requirement and at the end of the cycle (6-9 months) will give enriched manure in the form of digested sludge.

3.9.7.2
Stratification (Layering) of Digester due to Anaerobic Fermentation

In the process of digestion of feedstock in a BGP many by-products are formed. They are biogas, scum, supernatant, digested slurry, digested sludge and inorganic solids. If the content of biogas digester is not stirred or disturbed for a few hours then these by-products get formed in to different layers inside the digester. The heaviest by-product, which is inorganic solids will be at the bottom most portion, followed by digested sludge, and so on and so forth as shown in the three diagrams for three different types of digester.

Biogas

Biogas is a combustible gas produced from the anaerobic digestion of organic matter. Comprising 55-70% Methane, 30-45% Carbon Dioxide, 1-2% of Hydrogen Sulphide and traces other gases.

	LAYERING
	
	USEFUL FRACTIONS

	Gas
	BIOGAS
	Combustible gas

	Fibrous
	SCUM
	Fertilizer

	Liquid
	SUPERNATANT
	Biologically Active

	Semi Solid
	DIGESTED SLUDGE
	Fertilizer

	Solid
	INORGANIC SOLIDS
	Waste


Diagram 1.
By-Product of Batch Fed Digester
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Diagram 2.
By-Product of Semi-Continuous Fed Digester
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Diagram 3.
By-Product of Semi-batch Fed Digester

Scum

Mixture of coarse fibrous and lighter material that separates from the manure slurry and floats on the top most layer of the slurry is called scum. The accumulation and removal of scum is sometimes a serious problem. In moderate amount scum can’t do any harm and can be easily broken by gentle stirring, but in large quantity can lead to slowing down biogas production and even shutting down the BGPs.

Supernatant

The spent liquid of the slurry (mixture of manure and water) layering just above the sludge, in case of batch-fed and semi batch-fed digester, is known as supernatant. Since supernatant has dissolved solids, the fertiliser value of this liquid (supernatant) is as great as that of effluent (digested slurry). Supernatant is a biologically active by-product; therefore must be Sun dried before using it in agricultural fields.

Digested Slurry (Effluent)

The effluent of the digested slurry is in liquid form and has its solid content (total solid) reduced to approximately 10-20% by volume of the original (influent) manure (fresh) slurry, after going through the anaerobic digestion cycle. Out of the three types of digestion processes mentioned above, the digested slurry in effluent-form comes out only in semi-continuous BGP. The digested slurry effluent, either in liquid-form or after Sun drying in slurry pits makes excellent bio-fertilizer for agricultural and horticultural crops or aquaculture.

Sludge

In the batch-fed or semi batch-fed digester where the plant wastes and other solid organic materials are added, the digested material contains less of effluent and more of sludge. The sludge precipitates at the bottom of the digester and is formed mostly of the solids substances of plant wastes. The sludge is usually composted with chemical fertilizers as it may contain higher percentage of parasites and pathogens and hookworm eggs of etc., especially if the semi-batch digesters are either connected to the pigsty or latrines. Depending upon the raw materials used and the conditions of the digestion, the sludge contains many elements essential to the plant life e.g. nitrogen, phosphorous, potassium plus a small quantity of salts (trace elements), indispensable to the plant growth- the trace elements such as boron, calcium, copper, iron, magnesium, sulphur and zinc etc. The fresh digested sludge, especially if the night soil is used, has high ammonia content and in this state may act like a chemical fertiliser by forcing a large dose of nitrogen than required by the plant and thus increasing the accumulation of toxic nitrogen compounds. For this reason, it is probably best to let the sludge age for about two weeks in open place. The fresher the sludge the more it needs to be diluted with water before application to the crops, otherwise very high concentration of nitrogen may kill the plants.

Inorganic Solids

In village situation the floor of the animals shelters are full of dirt, which gets mixed with the manure. Added to this the collected manure is kept on the unlined surface which has plenty of mud and dirt. Due to all this the feed stock for the BGP always has some inorganic solids, which goes inside the digester along with the organic materials. The bacteria can not digest the inorganic solids, and therefore settles down as a part of the bottom most layer inside the digester. The inorganic solids contains mud, ash, sand, gravel and other inorganic materials. The presence of too much inorganic solids in the digester can adversely affect the efficiency of the BGP. Therefore to improve the efficiency and enhance the life of a semi-continuous BGP it is advisable to empty even it in a period of 5-10 years for thoroughly cleaning and washing it from inside and then reloading it with fresh slurry.

3.9.8
Classification of Biogas Plants 

The simple rural household BGPs can be classified under the following broad categories- (i) BGP with Floating Gas Holder, (ii) BGP with Fixed Roof, (iii) BGP with Separate Gas Holder and (iv) Flexible Bag Biogas Plants.

3.9.8.1
Biogas Plant with Floating gas Holder

This is one of the common designs in India and comes under the category of semi-continuous-fed plant. It has a cylindrical shaped floating biogas holder on top of the well-shaped digester. As the biogas is produced in the digester, it rises vertically and gets accumulated and stored in the biogas holder at a constant pressure of 8-10 cm of water column. The biogas holder is designed to store 50% of the daily gas production. Therefore if the gas is not used regularly then the extra gas will bubble out from the sides of the biogas holder.

3.9.8.2
Fixed Dome Biogas Plant

The plants based on fixed dome concept was developed in India in the middle of 1970, after a team of officers visited China. The Chinese fixed dome plants use seasonal crop wastes as the major feed stock for feeding, therefore, their design is based on principle of ‘Semi Batch-fed Digester’. However, the Indian fixed dome BGPs designs differ from that of Chinese designs, as the animal manure is the major substrate (feed stock) used in India. Therefore all the Indian fixed dome designs are based on the principle of ‘Semi Continuous-fed Digester’. While the Chinese designs have no fixed storage capacity for biogas due to use of variety of crop wastes as feed stock, the Indian household BGP designs have fixed storage capacity, which is 33% of the rated gas production per day. The Indian fixed dome plant designs use the principle of displacement of slurry inside the digester for storage of biogas in the fixed gas storage chamber. Due to this in Indian fixed dome designs have ‘Displacement Chamber(s)’, either on both inlet and outlet sides (like Janata Model) or only on the outlet side (like Deenbandhu or Shramik Bandhu Model). Therefore in Indian fixed dome design it is essential to keep the combined volume of Inlet and  outlet displacement chamber(s) equal to the volume of the fixed gas storage chamber, otherwise the desired quantity of biogas will not be stored in the plant. The pressure developed inside the Chinese fixed dome BGP ranges from a minimum of 0 to a maximum of 150 cm of water column. And the maximum pressure is normally controlled by connecting a simple Manometer on the pipeline near the point of gas utilisation. On the other hand the Indian fixed dome BGPs are designed for pressure inside the plant, varying from a minimum of 0 to a maximum of 90 cm of water column. The discharge opening located on the outer wall surface of the outlet displacement chamber and automatically controls the maximum pressure in the Indian design.

3.9.8.3
Biogas Plant with Separate Gas Holder

The digester of this plant is closed and sealed from the top. A gas outlet pipe is provided on top, at the centre of the digester to connect one end of the pipeline. The other end of the pipeline is connected to a floating biogas holder, located at some distance to the digester. Thus unlike the fixed dome plant there is no pressure exerted on the digester and the chances of leakage in the Main Unit of the Plant (MUP) are not there or minimised to a very great extent. The advantage of this system is that several digesters, which only function as digestion (fermentation) chambers (units), can be connected with only one large size gas holder, built at one place close to the point of utilisation. However, as this system is expensive therefore, is normally used for connecting a battery of batch-fed digesters to one common biogas holder.

3.9.8.4
Flexible Bag Biogas Plant

The entire Main Unit of the Plant (MUP) including the digester is fabricated out of rubber, high strength plastic, neoprene or red mud plastic. The inlet and outlet is made of heavy duty PVC tubing. A small pipe of the same PVC tubing is fixed on top of the plant as gas outlet pipe. The flexible bag biogas plant is portable and can be easily erected. Being flexible, it needs to be provided support from outside, up to the slurry level, to maintain the shape as per its design configuration, which is done by placing the bag inside a pit dug at the proposed site. The depth of the pit should as per the height of the digester (fermentation chamber) so that the mark of the initial slurry level is in line with the ground level. The outlet pipe is fixed in such a way that its outlet opening is also in line with the ground level. Some weight has to be added on the top of the bag to build the desired pressure to convey the generated gas to the point of utilisation. The advantage of this plant is that the fabrication can be centralised for mass production, at the district or even at the block level. Individuals or agencies having land and some basic infrastructure facilities can take up fabrication of this BGP with small investment, after some training. However, as the cost of good quality plastic and rubber is high which increases the comparative cost of fabricating it. Moreover the useful working life of this plant is much less, compared to other Indian simple household BGPs, therefore inspite of having good potential, the flexible bag biogas plant has not been taken up seriously for promotion by the field agencies.

3.9.9
Common Indian Biogas Plant Designs

The three of the most common Indian BGP design are- (i) KVIC Model, (ii) Janata Model and (iii) Deenbandhu Model, which are briefly described in the subsequent paragraphs:

3.9.9.1
KVIC Model

The KVIC Model is a floating biogas holder semi continuous-fed BGP and has two types:  (i) Vertical and (ii) Horizontal. The vertical type is more commonly used and the horizontal type is only used in the high water table region. Though the description of the various components mentioned under this section are common to both the types of KVIC models (vertical and horizontal types) some of the details mentioned pertains to Vertical type only. The major components of the KVIC Model are briefly described below.

Foundation

It is a compact base made of a mixture of cement concrete and brick ballast. The foundation is well compacted using wooden ram and then the top surface is cemented to prevent any percolation and seepage.

Digester (Fermentation Chamber)

It is a cylindrical shaped well like structure, constructed using the foundation as its base. The digester is made of bricks and cement mortar and its inside walls are plastered with a mixture of cement and sand. The digester walls can also be made of stone blocks in places where it is easily available and cheap instead of bricks. All the vertical types of KVIC Model of 4 m3 capacity and above have partition wall inside the digester.

Gas Holder

The biogas holder drum of the KVIC model is normally made of mild steel sheets. The biogas holder rests on a ledge constructed inside the walls of the digester well. If the KVIC model is made with a water jacket on top of the digester wall, no ledge is made and the drum of the biogas holder is placed inside the water jacket. The biogas holder is also fabricated out of fibre glass reinforced plastic (FRP), high-density polyethylene (HDP) or ferroconcrete (FRC). The biogas holder floats up and down on a guide pipe situated in the centre of the digester. The biogas holder has a rotary movement that helps in breaking the scum-mat formed on the top surface of the slurry. The weight of the biogas holder is 8-10 kg/m2 so that it can stores biogas at a constant pressure of 8-10 cm of water column.

Inlet Pipe

The inlet pipe is made out of cement concrete or asbestos cement concrete or pipe. The one end of the inlet pipe is connected to the mixing tank and the other end goes inside the digester on the inlet side of the partition wall and rests on a support made of bricks of about 30 cm height.

Outlet Pipe

The outlet pipe is made out of cement concrete or asbestos cement concrete or pipe. The one end of the outlet pipe is connected to the outlet tank and the other end goes inside the digester, on the outlet side of the partition wall and rests on a support made of bricks of about 30 cm  height. In the case KVIC model of 3 m3 capacity and below, there is no partition wall, hence the outlet pipe is made of short and horizontal, which rest fully immersed in slurry at the top surface of the digester.

Biogas Outlet Pipe

The biogas outlet pipe is fixed on the top middle portion of the biogas holder, which is made of a small of pipe fitted with socket and a gate valve. The biogas generated in the plant and stored in the biogas holder is taken through the gas outlet pipe via pipeline to the place of utilisation.

3.9.10
Janata Model

The Janata model consists of a digester and a fixed biogas holder (known as gas storage chamber) covered by a dome shaped enclosed roof structure. The entire plant is made of bricks and cement masonry and constructed underground. Unlike the KVIC model, the Janata model has no movable part. A brief description of the different major components of Janata model is described below.

Foundation

The foundation is well-compacted base of the digester, constructed of brick ballast and cement concrete. The upper portion of the foundation has a smooth plaster surface.

Digester

The digester is a cylindrical tank resting on the foundation. The top surface of the foundation serves as the bottom of the digester. The digester (fermentation chamber) is constructed with bricks and cement mortar. The digester wall has two small rectangular openings at the middle, situated diametrically opposite, known as inlet and outlet gate, one for the inflow of fresh slurry and the other for the outflow of digested slurry. The digester of Janata BGP comprises the fermentation chamber (effective digester volume) and the gas storage chamber (GSC).

Gas Storage Chamber

The gas storage chamber is also cylindrical in shape and is the integral part of the digester and located just above the fermentation chamber. The GSC is designed to store 33% (approx. 8 hours) of the daily gas production from the plant. The Gas Storage Chamber is constructed with bricks and cement mortar. The gas pressure in Janata model varies from a minimum of 0 cm water column (when the plant is completely empty) to a maximum of up to 90 cm of water column when the plant is completely full of biogas.

Fixed Dome Roof

The hemi-spherical shaped dome forms the cover (roof) of the digester and constructed with brick and cement concrete mixture, after which it is plastered with cement mortar. The dome is only an enclosed roof designed in such a way to avoid steel reinforcement. (Note: The gas collected in the dome of a Janata plant is not under pressure therefore can not be utilised. It is only the gas stored in the gas storage chamber portion of the digester and that is under pressure and can be said as utilisable biogas).

Inlet Chamber

The upper portion of the inlet chamber is in the shape of bell mouth and constructed using bricks and cements mortar. Its outer wall is kept inclined to the cylindrical wall of the digester so that the feed material can flow easily into the digester by gravity. The bottom opening of the inlet chamber is connected to the inlet gate and the upper portion is much wider and known as Inlet Displacement Chamber (IDC). The top opening of the inlet chamber is located close to the ground level to enable easy feeding of fresh slurry.

Outlet Chamber

It is a rectangular shaped chamber located just on the opposite side of the inlet chamber. The bottom opening of the outlet chamber is connected to the Outlet Gate and the upper portion is much wider and known as Outlet Displacement Chamber (ODC). The outlet chamber is constructed using bricks and cement mortar. The top opening of the outlet chamber is located close to the ground level to enable easy removal of the digested slurry through a discharge opening. The level of the discharge opening provided on the outer wall of the outlet chamber is kept at a somewhat lower level than the upper mouth of the inlet opening, as well as kept lower than the crown of the dome ceiling. This is to facilitate easy flow of the digested slurry out the plant in to the digested slurry pit and also to prevent reverse flow, either in the mixing tank through inlet chamber or to go inside the gas outlet pipe and choke it.

Biogas Outlet Pipe

The biogas outlet pipe is fixed at the crown of the dome, which is made of a small length of pipe fitted with socket and a gate valve.

3.9.10.1
Deenbandhu Model

The Deenbandhu Model is a semi continuous-fed fixed dome biogas plant. While designing the Deenbandhu model an attempt has was made to minimise the surface area of the BGP with a view to reduce the installation cost, without compromising on the efficiency. The design essentially consists of segments of two spheres of different diameters joined at their bases. The structure thus formed comprises of (i) the digester (fermentation chamber), (ii) the gas storage chamber, and (iii) the empty space just above the gas storage chamber. The higher compressive strength of the brick masonry and concrete makes it preferable to go in for a structure that could be always kept under compression. A spherical structure loaded from the convex side will be under compression and therefor, the internal load will not have any effect on the structure.

The digester of the Deenbandhu BGP is connected with the Inlet Pipe and the Outlet Tank. The upper part (above the normal slurry level) of the outlet tank is designed to accommodate the slurry to be displaced out of the digester (actually from the gas storage chamber) with the generation and accumulation of biogas and known as the outlet displacement chamber. The inlet pipe of the Deenbandhu BGP replaces the inlet chamber of Janata Plant. Therefore to accommodate all the slurry displaced out from the gas storage chamber, the volume of the outlet chamber of Deenbandhu model twice the volume of the Outlet Tank of the Janata BGP of the same capacity.

Being a fixed dome technology, the other components and their functions are same as in the case of Janata Model BGP and therefore are not elaborated here once again.

3.9.10.2
Shramik Bandhu Model

This new biogas plant model which is also a semi-continuous hydraulic digester plant was designed by the author and christened as SHRAMIK BANDHU (friend of the labour). Since then, three more models (rural household plants) in the family of SHRAMIK BANDHU Plants have also been developed. The second one, a semi-continuous hydraulic digester, works on the principle of semi-plug flow digester (suitable for use as a night soil based or toilet attached plant). The third one uses simple low cost anaerobic bacterial filters, designed for possible application as a low cost and low maintenance wastewater treatment system. The fourth one is a semi-batch fed hydraulic digester, ideally suitable for the regions where plenty of seasonal crop wastes and waste green biomass are available and population of domestic farm animals are less, for producing the desired quantity of biogas from it alone. For this reason the first model which is the simplest and cheapest in the family of Shramik Bandhu plants, is christened as SBP-I Model. The other three models, yet to be field evaluated, are, SBP-II, SBP-III and SBP-IV, respectively.

The family of SHRAMIK BANDHU biogas plants designs uses the fixed dome concepts as in the case of pervious two most popular Indian fixed dome plants, namely, Janata and Deenbandhu models. In other words, all the four Models of the family of SHRAMIK BANDHU Plant have both, (i) the gas storage chamber and (ii) the dome shaped roof. However, in this section, the description about Shramik Bandhu plants relates to SBP-I model only.

The SHRAMIK BANDHU Plant is made of Bamboo Reinforced Cement Mortar (BRCM), by pre-fabricated bamboo shells, using the correct size mould for a given capacity SBP-I model- Thus, completely replacing the bricks. These bamboo shells are made by weaving bamboo strips (weaving of which can be done in the village itself) for casting a BRCM structure. The BRCM structures on the one hand are used for giving the right shape to this plant, while on the other hand acts as the reinforcement to the cement mortar plaster as it is casted more or less like the ferro-cement structure. In order to protect the bamboo strips from microbial attack, they are pre-treated by immersing them in water mixed with prescribed ratio of Copper Sulphate (CuSO4) for a minimum of 24 hours before weaving of shell structure is done. As a further safety measure DPC powder in appropriate quantity is mixed while doing second layer (coat) of smooth plastering on the main unit of the plant, outlet chamber; as well as other BRCM components and sub-components, to make the entire structure of SBP-I moisture proof. The Shramik Bandhu plant made from BRCM would be much stronger because it has both higher tensile, as well as compressive strength, as compared to either First class bricks or cement concrete or cement mortar, when used alone. The reason for this is that the bamboo shell structures used (for both reinforcement and shape of the plant) for the construction of Shramik Bandhu plant is made by weaving strips [only the outer harder surface (skin) and not the softer inner part of bamboo] from seasoned (properly cured) bamboo. Therefore, the entire structure (body) of the SBP-I model would be very strong, durable and have long useful working life. The two previous fixed dome models, namely Janata and Deenbandhu model have no reinforcement and are made of Bricks and Cement Mortar only, therefore, while they are very strong under compression but cannot withstand high tensile force. The hemi-spherical shell shaped (structure) of SHRAMIK BANDHU (SBP-I) model loaded from top on its convex side will be under compression. However, due to comprehensive strength provided by both cement mortar, as well as the reinforcement provided by the woven bamboo shell will ensure that the internal and external load will not have any residual effects on the structure. The bamboo reinforcement will provide added strength (both tensile and compressive) to make the entire structure of SHRAMIK BANDHU (SBP-I) model very sound, as compared to the previous two fixed dome Indian models (Janata & Deenbandhu), referred above.

The digester of SBP-I model is connected to the slurry mixing tank with inlet pipe made of 10 cm or 100 mm (4”) diameter asbestos cement concrete pipe, for feeding the slurry inside the plant.

The outlet displacement chamber is designed to accommodate the slurry to be displaced out of the digester with the generation and accumulation of biogas. The outlet displacement chamber of SBP-I model is also kept hemi-spherical in shape to reduce it’s surface area for a given volume (to save in building materials and time taken for construction)- The outlet displacement chamber is also made of BRCM, using a hemi-spherical shaped woven bamboo shell structure.

A Manhole opening of about 60 cm or 600 mm  diameter is provided on the crown of the hemi-spherical shaped outlet displacement chamber. The manhole is big enough for one person to go inside and come out, at the same time small enough to be able to easily close it by a same size manhole cover, which is also made of BRCM.

Components of Shramik Bandhu (SBP-I Model) Biogas Plant

The Shramik Bandhu (SBP-I) Model is made of two major components and several minor components and sub-components. They are categorized as, (a) main unit of the plant, (b) outlet chamber and (c) other minor components. These major and minor components are further divided into sub-components, as given below:

Main Unit Of the plant

The main unit of the plant (MUP) is one of the major components of Shramik Bandhu (SBP-I) Model. The MUP has following six main ”Sub-Components”:

(i).
Digester (or fermentation chamber) 

(ii).
Gas Storage Chamber 

(iii).
Free Space Area (FSA), located just above the GSC

(iv).
Dome (Roof of the Plant-entire area located just above the FSA); and

(v).
The following three other sub-components:

Outlet Chamber

The Outlet Chamber is the second major component of Shramik Bandhu (SBP-I) Model. The OC has the following four main ”Sub-Components”:

(i).
Outlet Tank 

(ii).
Outlet Displacement Chamber (ODC)

(iii).
Empty Space Area above the ODC- though for all practical purpose the ODC includes the empty space area above it; however, from the designing point of view, the effective ODC of SBP-I model is considered up to the starting of discharge opening located on its outer wall

(iv).
Discharge Opening

Minor Components of the SBP-I Plant

The Minor Components of the Shramik Bandhu (SBP-I) Model are as follows:

(i).
Inlet Pipe

(ii).
Outlet Gate

(iii).
Mixing Tank or Slurry Mixing Tank

(iv).
Short Inlet Channel

(v).
Gas Outlet Pipe 

(vi).
Grating (made of Bamboo Sticks)

(vii).
Manhole Cover for ODC

Being a fixed dome technology, the components and their functions are same as in the case of Janata and Deenbandhu Model BGP and therefore not elaborated here once again.

3.10
Conversion of biomass into electricity

Historically one of the earliest alternatives to fossil fuels is a wood fired boiler producing steam which powers an engine driving a generator. This, unfortunately is about the only advantage. But the steam power has all the disadvantages of an engine/generator and even several more. The wood must be chopped and carried, cured, split, and fed, just as for any wood stove. Ashes must be handled and hauled. The entire installation requires constant control while it is running. Due to compounds in some of the feedstocks, ”slagging and fouling” can occur.  Slagging is accumulation of solid residues on parts of the combustion system.  Fouling is simply the accumulation of liquid or semi-liquid residue. This is an important aspect of plant operation and operators need to understand how biomass differs from more commonly used fuels. 

3.10.1
Gasification

Usually, electricity from biomass is produced via the condensing steam turbine, in which the biomass is burned in a boiler to produce steam’ which is expanded through a turbine driving a generator. The technology is well-established, robust and can accept a wide variety of feedstocks. However, it has a relatively high unit-capital cost and low operating efficiency with little prospect of improving either significantly in the future. There is also the inherent danger in steam. Steam occupies about 1200 times the volume of water at atmospheric pressure (known as ”gage” pressure). Producing steam requires heating water to above boiling temperature under pressure. Water boils at 100° C at sea level. By pressurizing the boiler it is possible to raise the boiling temperature of water much higher. Elevating steam temperature has to be done to use the generated steam for any useful work otherwise the steam would condense in the supply lines or inside the cylinder of the steam engine itself. 

Gasification is the newest method to generate electricity from biomass.  Instead of simply burning the fuel, gasification captures about 65-70% of the energy in solid fuel by converting it first into combustible gases.  This gas is then burned as natural gas is, to create electricity, fuel a vehicle, in industrial applications, or converted to synfuels-synthetic fuels.  Since this is the latest technology, it is still under development. 

A promising alternative is the gas turbine fuelled by gas produced from biomass by means of thermochemical decomposition in an atmosphere that has a restricted supply of air. Gas turbines have lower unit-capital costs, can be considerably more efficient and have good prospects for improvements of both parameters.

Biomass gasification systems generally have four principal components: 

(a)
Fuel preparation, handling and feed system;

(b)
Gasification reactor vessel;

(c)

Gas cleaning, cooling and mixing system;

(d)
Energy conversion system (e.g., internal-combustion engine with generator or pump set, or gas burner coupled to a boiler and kiln).

When gas is used in an internal-combustion engine for electricity production (power gasifiers), it usually requires elaborate gas cleaning, cooling and mixing systems with strict quality and reactor design criteria making the technology quite complicated. Therefore, ”Power gasifiers world-wide have had a historical record of sensitivity to changes in fuel characteristics, technical hitches, manpower capabilities and environmental conditions”.

Gasifiers used simply for heat generation do not have such complex requirements and are, therefore, easier to design and operate, less costly and more energy- efficient.. All types of gasifiers require feedstocks with low moisture and volatile contents. Therefore, good quality charcoal is generally best, although it requires a separate production facility and gives a lower overall efficiency.

In the simplest, open-cycle gas turbine the hot exhaust of the turbine, is discharged directly to the atmosphere. Alternatively, it can be used to produce steam in a heat recovery steam generator. The steam can then be used for heating in a cogeneration system; for injecting back into the gas turbine, thus improving power output and generating efficiency known as a steam-injected gas turbine (STIG) cycle; or for expanding through a steam turbine to boost power output and efficiency - a gas turbine/steam turbine combined cycle (GTCC). While natural gas is the preferred fuel, limited future supplies have stimulated the expenditure of millions of dollars in research and development efforts on the thermo-chemical gasification of coal as a gas-turbine feedstock. Much of the work on coal-gasifier/gas-turbine systems is directly relevant to biomass integrated gasifier/gas turbines (BlG/GTs). Biomass is easier to gasify than coal and has a very low sulphur content. Also, BIG/GT technologies for cogeneration or stand-alone power applications have the promise of being able to produce electricity at a lower cost in many instances than most alternatives, including large centralized, coal-fired, steam-electric power plants with flue gas desulphurization, nuclear power plants, and hydroelectric power plants.

Gasifiers using wood and charcoal (the only fuel adequately proved so far) are again becoming commercially available, and research is being carried out on ways of gasifying other biomass fuels (such as residues) in some parts of the world. Problems to overcome include the sensitivity of power gasifiers to changes in fuel characteristics, technical problems and environmental conditions. Capital costs can still sometimes be limiting, but can be reduced considerably if systems are manufactured locally or use local materials. For example, a ferrocement gasifier developed at the Asian institute of Technology in Bangkok had a capital cost reduced by a factor of ten. For developing countries, the sugarcane industries that produce sugar and fuel ethanol are promising targets for near-term applications of BIG/GT technologies.

Gasification has been the focus of attention in India because of its potential for large scale commercialization. Biomass gasification technology could meet a variety of energy needs, particularly in the agricultural and rural sectors. A detailed micro- and macroanalysis by Jain (1989) showed that the overall potential in terms of installed capacity could be as large as 10.000 to 20.000 MW by the year 2000, consisting of small-scale decentralized installations for irrigation pumping and village electrification, as well as captive industrial power generation and grid fed power from energy plantations. This results from a combination of favourable parameters in India which includes political commitment, prevailing power shortages and high costs, potential for specific applications such as irrigation pumping and rural electrification, and the existence of an infrastructure and technological base. Nonetheless, considerable efforts are still needed for large- scale commercialization.

3.10.2
CO-FIRING

Co-firing of biofuels (e.g. gasified wood) and coal seems to be the way how to reduce emissions from coal firing power plants in many countries. In 1999 a new co-firing system - biomass and coal - started its operation in Zeltweg (Austria). A 10 MW biomass gasification unit was installed in combination with an existing coal fired power station. The gasifier needs 16 m3 woody biomass (chips and bark) per hour. The calorific value of the gas ranges between 2,5 - 5 MJ/m3. The project named ”Biococomb” is an EU demonstration project. It was realised by the ”Verbund” company together with several other companies from Italy, Belgium, Germany and Austria and co-financed by the European Commission.

3.10.3
COGENERATION

3.10.3.1
Biomass-Fired Gas Turbine

A current trend in industrialized countries is the use of increasing number of smaller and more flexible biomass based plants for cogeneration of heat and electricity. A newly developed biomass cogeneration plant in Knoxville, Tennessee, USA, is at the cutting edge of one of the promising technologies behind this development. The plant combines a wood furnace with a gas turbine. A hot, pressurized flue-gas filter cleans the exhaust gas from the furnace before it drives the power turbine. The plant can run on fresh cut sawdust (40% humidity), and produces 5,8 MW of electricity, while consuming 10 tons sawdust/hour, and delivering heat as hot exhaust gas at 370°C. This gives an electric efficiency of about 19% and overall efficiency of up to about 75%. The exhaust gas can be used in a steam turbine, increasing electric output to 9,6 MW, and electricity efficiency to over 30%. The plant in Knoxville has been operating since spring 1999.

3.11
Guideline for Estimation of BiomassPRIVATE 
 Potentials, Barriers and Effects

3.11.1
Unused Forest Energy Potential & Fuelwood

Most commercial forests in Europe have an unused energy potential, which can be used without endangering their role in the natural eco-systems. Beside this, most forests already have a production of firewood. Mountain forests and other less commercial forests can in certain cases also deliver wood for energy, but only after due environmental consideration. The available forest residues are generally branches with diameters smaller than 7 cm. Generally, leaves and roots should be left in the forest to preserve a healthy forest environment. They are also more difficult to use for energy than branches.

It is not enough to use more firewood, the efficiency needs to be increased as well: Traditional ovens and furnaces have in many cases efficiencies as low as 30%, compared with about 80% for efficient furnaces. Increased efficiency can thus more than double the energy outcome of wood burning, without using more wood. For larger installations, flue-gas condensation can raise efficiency further. For larger applications, wood furnaces can be replaced with wood gasifiers + gas motors or steam boilers + turbines, for cogeneration of electricity and heat.

Energy content
The energy content in totally dry wood is approximately 5,2 kWh/kg. In normally dry firewood (20% humidity) the energy content is approximately 4,2 kWh/kg (lower heating value). In most statistics, wood is measured in cubic meter solid wood (with or without bark). The density of dry wood varies from 800 kg/m3 for hard leafy wood (e.g. beech) to 600 kg/m3 for coniferous (e.g. pine). This gives energy contents of respectively 3400 and 2500 kWh/m3 for beech and pine (lower heating value, 20% humidity). 

For furnaces with flue-gas condensers, the energy output can be 80-90% of the higher heating value, which is respectively apr. 4% and 10% above lower heating values for wood with 20% and 40% humidity.

Resource estimation
The available amount of wood can be estimated from forest statistics as the difference between annual growth (in m3, including bark) and the annual wood extraction for timber and other non-energy purposes. Bark can be estimated to 20% of wood exclusive bark. Often the statistics provide only commercial extraction, to which should be added an estimate of non- commercial use. The non-commercial use is often in the form of firewood-gathering by local inhabitants, and could thus be included in the energy potential. In reality the resource might be lower than this estimate due to problems of extracting all branches and/or due to the need of leaving some branches in the forest for ecological reasons. These two factors can reduce the resource with as much as 50% even in commercial forests. 

If forest statistics are incomplete or unreliable, simplified estimates can be made:

· if only figures for commercial use is available, the potential for wood residues can be estimated as a fraction of the commercial use. Danish experience is that wood for wood-chips (branches smaller 7 cm in diameter) is equivalent to 25% of the timber production including bark or 31% of the timber exclusive bark.

· if only forest area is known, a first estimate can be made based on area of commercial forest. An estimate from Germany (BUND) gives an annual growth of forests of 10-15 tonnes/ha with an energy content of 150 - 225 GJ/ha (42 - 63 MWh/ha). If 3/4 of this is used for timber, the available residues has an energy content of 40-60 GJ/ha (11 - 16 MWh/ha). An estimation of residues from forests on the Danish island Bornholm gives practical usable residues smaller than 7 cm in diameter of 1,7 tons/ha, equivalent to 18 GJ/ha (5 MWh/ha) with 40% humidity or 25 GJ/ha (7 MWh/ha) with 20% humidity. These estimates do not take into account the important factors of climate and soil for the actual wood production.

Barriers
Use of firewood for heating does not in general pose barriers. The efficient use of firewood, however, requires efficient ovens and basic knowledge of the users. Using wood-chips requires equipment for producing the wood- chips, storaging, drying, and feeding into an appropriate boiler. This production-chain should be set up locally for successful use of wood-chips for heating. Wood-chips are most suitable in larger boilers, above 100 kW. Often wood-chips have high humidity (40 - 60%), and boilers with flue-gas condensation should be preferred.

Effects on economy, environment and employment
Economy
Use of firewood and wood-chips are based on a local resource, requires minimal transport/import and is therefore quite inexpensive in comparison to fossil fuels. 

Price estimates from Denmark, excluding transport and profits (of leafy trees, density 760 kg/m3) is 240 DKK/m3 equal to 0,11 DKK/kWh (0,0203 USD/kWh). Around 2/3 of the price is wages, while the rest is fuel and machine costs.

Environment
Use of wood replacing fossil fuels reduces net CO2 emissions, because the forest absorbs the same quantity of CO2, which is released in the later combustion of the wood. The energy to process the wood is in the order of a few percent of its heating value. 

Wood combustion emits very little sulphur (SO2) compared with coal and oil. NOx emissions depend on the combustion process and often the lower combustion temperature leads to lower emissions than for coal and oil combustion. Emissions of particulate and unburned hydrocarbons are totally dependent on the combustion processes, and can be a problem in small and badly designed furnaces. Ashes from the combustion can often be used as fertilizer.

It is important that the extraction of wood is done in a sustainable manner, with adequate re-planting etc.

Employment
According to French experience, utilizing of excess energy from forests requires 450 jobs/TWh with the degree of mechanization that is normal for Western Europe. 

Hand-rules
Each hectare of forest on good soil in Central Europe grows 10 tons/ha of wood. If 25% of this is available as waste-wood for energy, the output for energy is 11 MWh (20% humidity).

3.11.2
Residues from wood industry

In saw-mills, pulp mills and all wood processing industries, residues are made that can be used for energy purposes. From saw-mills is mainly bark and saw-dust. From pulp-mills (cellulose and paper production) is black and sulphite liquors as well as wood and bark residues. From sawmills comes edgings, chips, sawdust, bark and other residues. Some of these residues are used for pulping, and particle-and fibreboard. Analysis of 7 countries shows that 30-70% of wood industry residues are used for these non-energy purposes. 

The residues in forms of larger pieces can be made into wood- chips for wood-chip boilers, while sawdust can be burned in special furnaces or compressed into wood pellets of brickets, that can be used in smaller furnaces and ovens. Often wood industry uses their wood residues to meet own energy demands for heating, steam and eventually electricity.

Energy content
The energy content for wood residues are about 4,2 kWh/kg (lower heating value, 20% humidity), equivalent to 3400 and 2500 kWh/m3 for beech and pine respectively. See also previous chapter.

Resource Estimation
Evaluation of wood residues can be based on trade-statistics of non-energy wood and wood-products compared with total extraction from forests. The difference is available for energy purposes, and is probably to some extent already used as such in wood industries. As a simple estimate can be used that residues in general are 25-35% of total forest removals (e.g. Poland 29%, Canada 29%, Finland 33%, Sweden 36%, USA 37% from Biofuels). If a larger part of forest removals are exported without processing, the figure will be lower.

Barriers
This resource has in general the fewest barriers of all renewable energies. An efficient utilization requires, however, investments in new boilers, or at least in a pre-combustion furnace, that can be attached to an existing (good) boiler.

Effect on economy, environment and employment
When the residues from industry are treated as waste without commercial value, the economy of using them for energy is almost always cost-effective, and has a better economy than wood residues from forests.

Environmental effects are equal to wood residues from forests, as long as combustion of chemically treated and painted wood residues is avoided. Such wood-residues should be treated as municipal waste or chemical waste depending on the treatment.

The direct employment of using industrial wood waste is low because the waste has to be handled anyway. Indirectly it gives considerable employment because it turns unused materials into a valuable product (energy).

3.11.3
Combustible waste from agriculture

Straw, prunings of fruit trees and wine and olive oil residues are all residues from agriculture that can be used for energy purposes. Straw harvest is depending on weather conditions and vary considerably from year to year. The straw surplus has also large variations from year to year. If a large part of the surplus is used, an alternative fuel should be considered for years with little surplus straw. Such an alternative fuel could be wood-chips forest residues, that can be used alternatively with straw in many boilers. The forest residues can stay several years in the forests before usage. Straw surplus can be ploughed into the field for enriching the humus layer of the field. When this is needed for a sustainable agriculture, the surplus straw for energy will be lower.

Energy Content
The energy content of straw is 4,9 kWh/kg of dry matter (high heating value). With a typical of 15% humidity the lower heating value is 4,1 kWh/kg.

The energy in 1 m3 of densely compressed straw bales is 500 kWh (density 120 kg/m3).

The average efficiency for 22 straw-fired heating stations in operation in Denmark is 80-85%, not including flue-gas condensation.

Resource Estimation
Estimations of straw production can be obtained from agricultural statistics. This value should be reduced with agricultural consumption of straw for animal fodder and bedding. The agricultural consumption is very dependent on the type of stables used. In Denmark the average available surplus for energy is estimated to 59% of which 1/5 is already used, mainly for heating (Straw). In Eastern Bohemia, this surplus is estimated to about 35%. As a general, conservative estimate for Europe 25% of the straw production can be used for energy. The straw production varies +/- 30% from average years to years with high respectively low straw harvest.  

If straw production is not available from statistics, relatively good estimates can be made from statistics of grain production. As a rough estimate the amount in tons of straw can be equalled to the amount of grain in tons. In the Czech Republic the average ratio between straw and grain is found to :

· wheat - 1,3 tons straw/tons grain

· barley - 0,8 tons straw/tons grain

· rye – 1,4 tons straw/tons grain

· oat – 1,1 tons straw/tons grain

A rough estimate can be made based on agricultural area and a straw harvest of 4-7 tons/ha depending on soil, type of grain and weather.

Barriers
Limited experience and funds for the necessary investments are often the largest barriers to use straw for energy. Other barriers can be:

· the need to develop a market for straw with attractive prices for users as well as suppliers,

· pesticides can in certain situations give unwanted chlorine compounds in the straw. This can be reduced by leaving the straw for a period at the field before collection, so called wilting.

· use of straw in inadequate and polluting boilers can give straw a bad reputation.

Effect on economy, environment and employment 

Economy
In Denmark, straw-prices vary from 0,085 DKK/kWh (1,2 EUR cent) to 0,12 DKK/kWh (1,7 EUR cent) for baled straw delivered at a straw-firing station. In Czech Republic the prices for straw collected at the farm has been quoted at 0,043 CSk/kWh (0,15 EUR cent) for loose straw and 0,054 CSk/kWh (0,019 EUR cent) for baled straw. 

Costs, average for 16 straw-fired installations in Denmark are per kWh heat produced:

	
	Danish average
	Estimate for Czech Republic

	Fuel
	1,9 EUR cent
	0,26 EUR cent

	Electricity*
	0,12 EUR cent
	0,12 EUR cent

	O&M, administr.
	1,3 EUR cent
	0,26 EUR cent

	Capital costs
	1,5 EUR cent
	1,5  EUR cent

	Total
	4,8 EUR cent
	2,14 EUR cent


* Electricity consumption is in average 2.3% of heat produced

The environmental impact of using agricultural residues are, as for wood, reduced CO2-emission, reduced sulphur emissions, compared with coal and oil.  Emissions of particulate, NOx and volatile organic compounds (VOC) depend on furnaces and flue-gas treatment. Chlorine components in straw gives emission of HCl as mentioned above. Danish experience from 13 straw-fires heating stations shows the following emissions (all plants have particulate filters):

	Emission
	Average Emission

g/kWh straw
	Variation of emissions

g/kWh straw

	Particulate
	0,14
	0,01 – 0,3

	CO
	2,2
	0,4 - 4

	NOx
	0,32
	0,14 – 0,5

	SO2
	0,47
	0,4 – 0,6

	HCl
	0,14
	0,05 - 0.3

	PAH*
	0,6
	0,4 – 1

	Dioxin**
	
	1 - 10 ng


* PAH = Polyaromatic Hydro-Carbons. This is the carcinogenic part of VOCs.

** Dioxin figures are based on only two measurements, figures given in nanogram,

   10-9 g.

Employment
The direct employment of harvesting straw in a fully mechanized agriculture in Denmark is estimated to 350 jobs/TWh. This is for technologies with large straw-bales (500 kg each). For a system based on smaller bales (10-20 kg), the employment is larger.

3.11.4
Energy Crops

It is estimated that 20-40 million hectares of land in the EU will be surplus to conventional agricultural requirement. The same situation (agricultural overproduction and setting the land aside) can be expected in Central Europe as well. This set aside land can be used for different purposes, one of them is energy crop production.

Promising crops which can be planted for energy purposes in Europe are short rotation trees (coppice of various willows and poplars), Miscanthus and Sweet Sorghum. These crops can be utilized by direct combustion for heat and electricity production. Other promising energy crops are plants for liquid fuels as rape seeds for bio-oil.

Energy Contents and Yields
The following table gives an overview of the expected yields and energy contents for three of the promising plants for solid fuel production.

	PRIVATE 

	Yields

(tonnes/ha/year)
	Energy content

(GJ/dry tonne)
	Energy Yields

(GJ/ha/year)

	Salix (Willow)*
	15
	16
	240

	Miscanthus (Elephant grass)
	20
	17
	340

	Sweet Sorghum
	25
	18
	450


*Increment of Salix is 2-3 meters in one year (2-3 cm per day in the summer), harvest every third year.

Another promising plant is hemp, which has yields up to 24 tonnes/hectare in approximately 4 month. Hemp plantation is illegal in many countries, even though some variants has very little content of cannabis.

Resource Estimation
The energy potentials can be estimated from the area of land which is set aside in the country/region and can be used for energy plantation and the expected outcome of the above crops under the actual climate and soil conditions. In most countries, national estimates exists of the different yields of the plants. Using excess farm land and ecologically degraded land should be the priority.

Important feature in estimation of potential is input : output ratio. If the bagasse of Sweet Sorghum (2/3 of its energy content) and the sugar (1/3 of its energy content) are utilised for energy purposes the input : output (I/O) energy ratio will reach 1:5 . This means that five times more energy is recovered from  crop (on fuel basis) in comparison with energy utilised for the seeding, fertilisers and pesticides treatment, harvesting, transport and conversion into useable fuels. Usually the input : output ratio is larger than 1:5 for trees and smaller for plants for liquid biofuels.

Barriers
Short rotation crops may require as much fertilization as traditional crops and degraded land must be regenerated before cultivation using fertilization. For tree crops these drawbacks may be offset by the fact that they retain an active root system throughout the year. Wood ash would be an effective fertilizer for biofuels plantation, reducing the problems caused by the leaching of fertilizers into ground water.

Effect on Economy, Environment and Employment

Economy, Costs
Production costs for Sweet Sorghum are 50 EUR per dry tonne.

Production cost of Salix are 70 EUR (500 DKK) / tonne of dry matter in Denmark (Hvidsed).

Electricity generation cost for biomass (Sweet sorghum ) fuelled system

	PRIVATE 
Facility
	EUR/kWh

	small 1992
	0,16

	large 1992
	0,08

	small improved 2000
	0,07

	large improved 2000
	0,05


Environment
An important feature for Salix is that it can be used for water purification - it is possible to grow Salix in purification systems and in the same time harvest the Salix for energy (10-20 tonnes of sludge can be used on each hectare every year). Other benefits of biomass for energy plantation includes forest fire control, improved erosion control, dust absorption, and used as replacement for fossil fuels: no sulphur emission and lower NOx emissions.

Employment
For Sweet Sorghum production cost 50% is manpower cost. Production of about 500 tonnes of dry biomass per year justifies the creation of one new job. Other new jobs could be created in related industries such as composting, pulp for paper, service organisation etc.

Hand Rule
Sweet Sorghum output for trials in different locations of Central and Southern Europe:

Annually 90 tonnes of fresh material = 25 tonnes of dry matter per hectare = 450 GJ or 11 tonnes of oil equivalent can be produced. 1/3 as ethanol from sugars and 2/3 of fuel from bagasse. This corresponds to the  absorption of 30-45 tonnes of CO2 per hectare and per year.

Average yearly electricity consumption of a West European person can be met by growing poplar on 0.25 hectare.

3.11.5
Biogas

The largest potential for biogas in Europe is in manure from agriculture. Other potential raw-materials for biogas are:

· sludge from mechanical and biological waste-water treatment (sludge from chemical waste-water treatment has often low biogas potential)

· organic household waste

· organic, bio-degradable waste from industries, in particular slaughter-houses and food-processing industries

Care should be taken not to include waste with heavy metals or harmful chemical substances when the resulting sludge is to be used as fertilizer. These kinds of polluted sludge can be used in biogas plants, where the resulting sludge is treated as waste and e.g. incinerated.

Another biogas source is landfills with large amounts of organic waste, where the gas can be extracted directly from drillings in the landfill, so called landfill gas. Such drillings will reduce uncontrolled methane emission from landfills. 

Energy Content
The biogas-production will normally be in the range of 0,3 – 0,45 m3 of biogas (60% methane) per kg of solid (total solid, TS) for a well functioning process with a typical retention time of 20-30 days at 32oC. The lower heating value of this gas is about 6,6 kWh/m3. Often is given the production per kg of volatile solid (VS), which for manure without straw, sand or others is about 80% of total solids (TS).

A biogas plant have a self-consumption of energy to keep the manure warm. This is typically 20% of the energy production for a well designed biogas plant. If the gas is used for co-generation, the available electricity will be 30-40% of the energy in the gas, the heat will be 40-50% and the remaining 20% will be self-consumption.

Resource Estimation
For manure, the available data is often the numbers of livestock. From this can be made an estimation of available manure. While the amount of manure produced from animals depends on amount and type of fodder, some average figures are made for most countries. 

The following table shows the figures for Denmark and Czech Republic:

	PRIVATE 
Kind of animal
	Manure-type
	Amount

(kg/day)
	Solid
	Biogas
	Energy

	
	
	
	%
	Amount (kg/day)
	per.kg S. (m3/kg)
	per animal (m3/day)**
	per animal

(kWh/yr)

	Cow, CZ

Cow, DK

Cow, CZ

Cow, DK

Sow, CZ

Sow, DK

Sow, CZ

Sow, DK

Hen, CZ

Hen, DK
	slurry

slurry

dry

dry

slurry

slurry

dry

dry

(dry)

dry
	60

51

38

32

18

16.7

20

9.9

0.2

0.066
	7.5

10.6

23

18

5.7

8.0

24

30

11.8

71
	4.5

5.4

8.7

5.6

1.0

1.3

4.8

2.9

0.24

0.047
	-

0.29

-

-

-

0.23*

-

-

-

0.23*
	1.7

1.6

1.2

1.6

0.3

0.46

0.3

0.46

0.016

0.017
	3,500

3,400

2,500

3,400

630

970

630

970

34

36


Comparison between Danish and Czech estimate of daily manure and potential biogas-production from the main domestic animals. Yearly energy output is for biogas plant with 20% average self-consumption and 360 working days. When animals are not in stables around the year, the figure will be smaller. The figures are for milking cows and for sows with breeding pigs under 5 kg.

*figure for methane

**biogas with 65% methane

To make an estimation of the yearly production, it should be evaluated how many days per year the animals are in stables. For large poultry farms and pig-farms it is often the whole year, while cows are in stables from a few months a year to the whole year.

To estimate amount of manure from calfs, pigs and chicken, the following estimates can be used:

· calfs 1-6 month: 25% of milking cows

· other cattle ( calfs > 6 months, cattle for meet, pregnant cows): 60% of milking cows

· small pigs, 5-15 kg: 28% of sows with pigs

· fattening pigs > 15 kg: 52% of sows with pigs

· fattening chicken: 75% of hens

Barriers
A number of barriers hold back a large scale development of biogas plants in CEEC:

· commercial technology for agriculture (the largest resource base) is not available and have to be developed from existing prototypes or imported.

· it is difficult to make biogas plants cost-effective with sale of energy as the only income. The most likely applications are when other effects of the sludge-treatment has a value. This can e.g. be better hygiene, easier handling, reduced smell, and treatment of industrial waste.

· little knowledge on biogas technology among planners and decision-makers.

Effect on economy, environment and employment
Economy
The economy of a biogas plant consists of large investments costs, some operation and maintenance costs, mostly free raw materials, and income from sale of biogas or electricity and heat. Sometimes can be added other values e.g. for improved value of sludge as a fertilizer. 

In an example from Czech Republic the price for a Czech plant is estimated to about 70,000 USD  for a plant for treatment of manure from 100 cows. This plant will produce about 220 MWh/year + energy for its own heating. This gives an investment of 0,32 USD per kWh/year. New Danish biogas plants have similar investment figures. It is estimated that a joint-venture of Czech and Danish technology could reduce prices by about 40% (to about 0,2 USD per kWh/year); but this has not been shown in practice.

Operating and maintenance (O&M) will normally per year be 10-20% of investment costs, but it vary much with organization, wages, type of plant and eventual transport of sludge. If O&M is 10% of investment costs, simple pay-back requirement is 10 years and no price can be set to increased value of the sludge, the resulting energy price will be 0,04-0,06 USD/kWh (based on the above examples from Czech Republic). 

The environmental effects of biogas plants are:
· production of energy that can replace fossil fuels, reducing CO2 emissions

· reduce smell and hygiene problems of sludge and manure

· treatment of certain kinds of organic waste that would otherwise pose an environmental problem

· reduce potential methane emissions from uncontrolled anaerobic degradation of the sludge.

· easier handling of sludge, which can increase the fraction used as fertilizer and facilitate a more accurate use as fertilizer

Employment 

The direct employment of biogas plants are for Denmark estimated to 560 jobs/TWh, of which 420 jobs/TWh are operating and maintenance, while 140 job/TWh are construction (2000 man-years to construct plants producing 1 TWh and with lifetime of 14 years). This estimate will be valid for mechanized systems with some degree of centralization: some of the manure is transported to the biogas plant from nearby farms.
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4
WIND ENERGY

4.1
INTRODUCTION

Wind energy is a form of solar energy produced by uneven heating of the Earth’s surface. The Sun radiates 100,000,000,000,000 kilowatt hours of energy to the earth per hour.  In other words, the earth receives 10 to the 17th power of watts of power. About 1 to 2 per cent of the energy coming from the Sun is converted  into wind energy. That is about 50 to 100 times more than the energy converted into biomass by all plants on earth.

For several thousand years now, man has known how to extract energy from the wind by means of ships, sails or wind wheels, because the kinetic energy of wind is available more or less all over the world. Wind energy is environmentally attractive for many reasons. It produces no health-damaging air pollution, forest-destroying acid rain, climate-destabilising carbon emissions, or dangerous radioactive waste.

Wind, as the primary energy source, costs nothing and can be used decentrally. There is no need for an extensive infrastructure such as that required for a power supply network or for the supply of oil or natural gas.

HISTORY

Wind has been used by humankind as a natural source of energy for tens of thousands of years. The use of wind energy dates back to the dawn of civilisation when sailing vessels were powered by the wind. The first simple sailboats were set afloat in Egypt about 5000 years ago. Around the year 700 AD, in what is Afghanistan today, the first wind machines rotating around a vertical axis were employed to grind grain. The famous fixed-tower windmills with sails provided irrigation for many parts of the Mediterranean island of Crete. Wind-driven gristmills were one of the greatest technical challenges of the Middle Ages. In the 14th century, the Dutch improved on the design that had spread throughout the Middle East and continued to use it for its primary purpose of grinding grain.  

A wind powered water pump was introduced in the United States in 1854. It was the familiar fan type with many vanes around a wheel and a tail to keep it pointed into the wind. By 1940, over 6 million of these windmills were being used in the United States mainly for pumping water and generating electricity.  The ”Wild West” was won at least in part with the help of these wind pumps that were used to supply water for the massive herds of cattle.

However, the 20th century soon brought an end to the widespread use of wind energy, which gave way to the ”modern” energy resources, oil and electricity. It was not until after the oil crisis that wind energy options met with renewed interest. As a result of the drastic rises in oil prices at the beginning of the 1970s, energy planners have once again been turning their attention increasingly to the utilization of wind energy. State-sponsored research and development grants in many countries have provided a fresh stimulus to the development of technology for the utilization of wind energy. Efforts have been concentrated on developing wind energy converters for generating electricity, because in the industrialized countries the application of wind pumps is of minor importance.

USA

The oil embargo of 1973 was the driving force behind wind turbine development programs in the United States. Westinghouse Electric developed first generation of 200 kW wind turbines, known as MOD-OAs. The largest of this series and the largest in the world, the 3,2 MW MOD-5B is operating in Oahu, Hawaii.  The Public Utilities Regulatory Policies Act (PURPA) of 1978 and a 25% tax credit for investors in turbines jump started commercial development of the United States wind industry and resulted in 6870 turbines being installed in California between 1981 and 1984. The tax credits expired on Dec. 31, 1985. None of the small wind turbine companies, however, were owned by large companies committed to long term market development, so when the federal tax credits expired and oil prices dropped to USD 10 a barrel, most of the small wind turbine industry once again disappeared. The companies that survived this ”market adjustment” and are producing small wind turbines today are those whose machines were the most reliable and whose reputations were the best. Nevertheless the year 1998 showed that the interest in wind energy is back again.

DENMARK

Denmark’s wind energy industry is a major commercial success story. From standing start in the 1980 to a turnover of 1 billion USD in 1998. Danish wind turbines dominate the global market. From a few hundred workers in 1981 the industry now employs 15.000 people. Its turnover is twice as large as the value of Denmark’s North Sea gas production. Output , mainly for export around the world, has increased to 1216 MW of capacity in 1998. Now over half of the wind turbine capacity installed globally is of Danish origin.

The Danish government introduced support for renewable energy technology in 1979, covering 30% of capital cost. State aid encouraged the development of a highly successful wind turbine industry (it has also been used to promote the use of straw, biogas and solar projects).Danish wind turbine manufacturers were advised on ways of improving the performance and reducing costs of their machines  by experts based at the National Wind Turbine Test Centre at Riso. The grants for wind turbines were reduced to 15% in 1986and finally phased out all together in 1989 as the industry became established. They have since been replaced by tax credits – the owners of wind turbines obtain a proportion of the income from the sale of electricity tax free. 

GERMANY

In contrast to the situation in Denmark or California, where a large number of wind generators were installed early on, the revival in Germany was relatively late in coming. In 1989, the German Federal Government initiated a promotion programme which called for the installation of wind generators with a total capacity of 250 MW over the next seven years. German utilities are legally obliged to credit 90% of the standard rate charged to their customers for the wind-generated electricity supplied to the public power mains by any operator. This programme has led to a rapid increase in the number of installations and today Germany is leading country in installed wind power capacity. 

4.1.1
DEVELOPMENT 

Windpower has retained its status as the fastest growing energy source in the world. Installed wind energy capacity in Europe has reached 20,447 MW in autumn 2002, accounting for 74% of the global total. Germany has commissioned 1,896 MW in the first nine months of 2002, with Spain in second place with 742 MW. Hundreds more megawatts of energy capacity are scheduled to be built in France next year, encouraged by a new tariff system. 84 per cent of European wind energy capacity is installed in Germany, Spain and Denmark. Wind energy now accounts for 4 per cent of national electricity consumption in Germany, and 18 per cent in Denmark. European success for wind energy development is just the beginning; within eight years, the total amount of wind power installed globally can more than ten times that achieved in Europe today, if the appropriate policies are put in place.

	Country
	Installed capacity in MW

Autumn 2002

	Germany
	10.650

	Spain
	4.079

	Denmark
	2.515

	Italy
	755

	Netherlands
	563

	UK
	530

	Sweden
	304

	EU TOTAL
	20.284

	WORLD
	27.257


	Year
	Megawatts in World
	Megawatts in Europe

	1980
	10
	-

	1995
	4.821
	2.515

	1999
	13.594
	9.307

	2001
	23.857
	17.241

	Autumn 2002
	27.257
	20.284


The cost of wind power continued to decline through advancements in design, siting practices and the cost of capital from around 14 US cents per kWh in 1986 to below 5 cents per kWh in 1999. Wind power is now cost-competitive in many electric power applications and that is why it is experiencing rapidly growing deployment.

Over the past two years wind energy capacity has been expanding at an annual rate of more than 30%. In contrast, the nuclear industry is growing at a rate of less than 1% whilst coal has not grown at all in the 1990’s.  Europe is the centre of this young and high-tech industry. 90% of the world’s manufacturers of medium and large wind turbines are European.The average size of turbine increased by 150 kW to 900 kW.

POTENTIAL

According to the study Wind Force 12 – a blueprint to achieve 12% of the world’s electricity from wind power by 2020 - there are no technical, economic or resource limitations to achieve this goal. By 2020 the industry is capable of installing 1,260,000 MW of wind power throughout the world. Wind Force 12 outlines that by 2010 the industry is capable of installing 230,000MW of wind energy worldwide, 100,000MW in Europe. By 2010 the global wind power market could be worth a cumulative €133 billion. The 20,000MW represents a total cumulative investment of around €20 billion. According to the study the cost of generating electricity with wind turbines is expected to drop to 2.5 US cents/kWh by 2020, compared to the current 4.0 US cents/kWh.

Wind Force 12 says that by 2020 the wind industry can deliver:

· 12% of global electricity demand,  assuming that global demand doubles by 2020.

· Installed capacity of 1,261,000 MW, generating 3,093 terrawatt hours (TWh), equivalent to the current electricity use of all Europe.

· Cumulative CO2 savings of 11,768 million tonnes.

· Creation of 1.475 million jobs.

Renewable energy has become an important employer. There are over 110.000 jobs in the manufacture, installation and maintenance of renewable energy technologies in the European Union.  Wind energy accounts for around 20% of this. Most of the 700 companies involved are small and medium sized enterprises. As the industry grows, so more jobs are created. At the end of 1996 more than 20.000 Europeans were estimated to be employed in wind energy, and this figure is projected to grow to 40.000 by the year 2000.  

Markets

Wind power systems are being built all over the world. They are ideally suited to the needs of developing countries, which urgently need new capacity. They can be brought on line relatively cheaply and quickly in comparison with large power stations, which need major electrical infrastructure and grid systems to transmit their power. Developed countries are also a key growth area as they turn to wind power for environmental and economic reasons. Wind energy can be integrated into existing electrical systems, reducing the amount of power which needs to be generated by burning fossil fuels.

4.2
ENERGY IN THE WIND

Wind resources are best along coastlines and on hills, but usable wind resources can be found in most other areas as well. As a power source wind energy is less predictable than solar energy, but it is also typically available for more hours in a given day. Wind resources are influenced by the ground surface and obstacles at altitudes up to 100 metres. The wind energy is thus much more site specific than solar energy. In hilly terrain, for example, two places are likely to have the exact same solar resource. But it is quite possible that  wind resource can be different at both places because of site condition and different  exposure to the prevailing wind direction. In this regard, wind turbines planning must be considered more carefully than solar technology. Wind energy follows seasonal patterns that provide the best performance in the winter months and the lowest performance in the summer months. This is just the opposite of solar energy. For a Denmark conditions a PV plant has a production per month varying between 18% in January and 100% in July. The wind power plant produces 55% in July and 100% in January. For this reason small wind and solar systems work well together in hybrid systems. These hybrid systems provide a more consistent year-round output than either wind-only or PV-only systems.

It is important to know that the amount of wind power generated is proportional to the density of air, area swept by the rotor blades of the wind turbine, and to the cube of the wind speed. 

4.2.1
AIR DENSITY

Blades of the wind generator rotate because air mass is moving them. The more air can move the blades, the faster the blades will rotate, and the more electricity the wind generator will produce. From the physics comes out that the kinetic energy of a moving body (e.g. air) is proportional to its mass (or weight) so the energy in the wind depends on the density of the air. Density refers to the amount of molecules in unit volume of air. At normal atmospheric pressure and at 15° Celsius air weighs some 1,225 kg per cubic metre, but the density decreases slightly with increasing humidity. Air is more dense in winter than in the summer. Therefore, a wind generator will produce more power in winter than in summer at the same wind speed. At high altitudes, (in mountains) the air pressure is lower, and the air is less dense. It is obvious that the density of air is variable that we can’t do anything about.

4.2.2
ROTOR AREA

The rotor of the wind turbine ”captures” the power in the mass of the air that are passing through. It is clear that the larger area covered by a rotor means, the more electricity it can produce. The rotor area determines how much energy a wind turbine is able to use from the wind. Since the rotor area increases with the square of the rotor diameter, a turbine which is twice as large will receive four times as much energy. But increasing rotor area is not as simple as putting bigger blades on a wind generator. At first glance, this appears to be a very easy way to increase the amount of energy that a wind generator can capture. But by increasing the swept area we have also increased all of the stresses on the wind system at any given wind speed. In order to compensate for this change and let the wind system survive, it is important  to make all of the mechanical components stronger. Obviously this approach is going to get very expensive. 

4.2.3
Wind Speed

The wind speed is most important factor influencing the amount of energy a wind turbine can convert to electricity. Increasing wind velocity increases the amount of air mass passing the rotor, so increasing wind speed will also have an effect on the power output of the wind system. The energy content of the wind varies with the cube (the third power) of the average wind speed. Thus, if wind speed doubles, the kinetic power gained by the rotor increases eight times. From the following table you can estimate the power of the wind for standard conditions (dry air, density 1,225 kg/m3, at sea level pressure). The formula for the power in Watts per m2 = 0.5*1.225*v3, where v is the wind speed in m/s (according to Danish Wind Turbine Manufacturers Association). 

	m/s
	W/m2
	m/s
	W/m2

	0
	0
	12
	1058

	1
	1
	13
	1346

	2
	5
	14
	1681

	3
	17
	15
	2067

	4
	39
	16
	2509

	5
	77
	17
	3009

	6
	132
	18
	3572

	7
	210
	19
	4201

	8
	314
	20
	4900

	9
	447
	21
	5672

	10
	613
	22
	6522

	11
	815
	23
	7452


Nature provide us with a different wind conditions and wind speed is continuously changing. Wind turbines are specially build to make use of wind which range in speed between 3 to 30 m/s. Higher wind speed can damage the turbine so large turbines are equipped with the brakes. Smaller turbines can make use of wind speeds lower than 3 m/s.

Wind speed scale

	Wind speed m/s
	Type of wind

	0.0-1.8
	Calm 

	1.8-5.8
	Light 

	5.8-8.5
	Moderate 

	8.5-11
	Fresh 

	11-17
	Strong 

	17-25
	Gale 

	25-43
	Strong Gale 

	>43
	Hurricane 


Roughness class of the terrain 

Earth surface with its vegetation and buildings is the main factor reducing the wind speed. This is sometimes described as roughness of the terrain. As you move away from the earth’s surface, roughness decreases and the laminar flow of air increases. Expressed another way, increased height means greater wind speeds. High above ground level, at a height of about 1 kilometre, the wind is hardly influenced by the surface of the earth at all. In the lower layers of the atmosphere, however, wind speeds are affected by the friction against the surface of the earth. For the wind power utilisation it means the higher the roughness of the earth’s surface, the more the wind will be slowed down. Wind speed is slowed down considerably by forests and large cities, while plains like water surfaces or airports will only slow the wind down a little. Buildings, forests and other obstacles are not only reducing the wind speed but they often create turbulence in their neighbourhood. The lowest influence on the wind speed have the water surfaces. When people in the wind industry evaluate wind conditions in a landscape they describe it by roughness class. Higher roughness class means more obstacles in terrain and larger wind speed reduction. Sea surface is described as roughness class 0. 

	Roughness Class
	Landscape Type

	0
	Water surface 

	0,5
	Completely open terrain with a smooth surface, e.g. runways in airports, mowed grass, etc. 

	1
	Open agricultural area without fences and hedgerows and very scattered buildings. Only softly rounded hills 

	1,5
	Agricultural land with some houses and 8 metre tall sheltering hedgerows with a distance of approx. 1250 metres 

	2
	Agricultural land with some houses and 8 metre tall sheltering hedgerows with a distance of approx. 500 metres 

	2,5
	Agricultural land with many houses, shrubs and plants, or 8 metre tall sheltering hedgerows with a distance of approx. 250 metres 

	3
	Villages, small towns, agricultural land with many or tall sheltering hedgerows, forests and very rough and uneven terrain 

	3,5
	Larger cities with tall buildings 

	4
	Very large cities with tall buildings and skyscrapers 


In the industry also the term wind shear is used. It describe the fact that the wind profile is twisted towards a lower speed as we move closer to ground level. Wind shear may also be important when designing wind turbines. Here large rotor diameter and only a few meter higher tower could mean that the wind is blowing with higher speed when the tip of the blade is in its uppermost position, and wit much lower speed when the tip is in the bottom position.

4.3
TECHNOLOGY

Wind turbines are moved by the wind and convert this kinetic energy directly into electricity by spinning a generator. Usually they use blades like the wing of an plane to turn a central hub which is connected through a series of gears (transmission) to an electrical generator. The generator is similar in construction to the generators used in traditional fossil fuel power plants. The variety of machines that has been devised or proposed to harness wind energy is considerable and includes many unusual devices. Nevertheless modern wind turbines come in two basic configurations:

Horizontal axis turbines (HAT) are the most common type seen sitting on top of towers with two or three blades. The orientation of the drive shaft, the part of the turbine connecting the blades to the generator, is what decides the axis of a machine. Horizontal axis turbines have a horizontal drive shaft. The blades may be facing into the wind, upwind turbine, or the wind may hit the supporting tower first, downwind turbine. Horizontal axis wind turbines generally have either one, two or three blades or else a large number of blades. Wind turbines with large numbers of blades have what appears to be virtually a solid disc covered by solid blades and are described as high-solidity devices. These include the multi-blades wind turbines used for water pumping. In contrast, the swept area of wind turbines with few blades is largely void and only a very small fraction appears to be ‘solid’. These are referred to as low-solidity devices. 

Extracting  energy  from the wind as efficiently as possible means that the blades have to interact with as much as possible of the wind passing through the swept area of rotor. The blades of a high-solidity, multi-blade wind turbine interact with all the wind at a very low tip speed ratio, whereas the blades of a low-solidity turbine have to travel much faster to virtually fill up the swept area, in order to interact with all the wind passing through. Theoretically, the more blades a wind turbine rotor has, the more efficient it is. However, large numbers of blades interfere with each other, so high-solidity wind turbines tend to be less efficient overall than low-solidity turbines. 

The pumps that are used with water pumping wind turbines require a high starting torque to function. Multi-bladed turbines are therefore generally used for water pumping because of their low tip speed ratios and resulting high torque characteristics.

Vertical axis turbines (VAT) have vertical drive shafts. The blades are long, curved and attached to the tower at the top and bottom. There is not so many manufacturers of such turbines in the world. Flowind is the most noted manufacturer of them. Vertical axis wind turbines have an axis of rotation that is vertical, and so, unlike their horizontal counterparts, they can harness winds from any direction without the need to reposition the rotor when the wind direction changes. The modern VAT evolved from the ideas of the French engineer G. Darrieus. 

Despite the different appearances of HAT and VAT, the basic mechanics of the two systems are very similar. Wind passing over the blades is converted into mechanical power, which is fed through a transmission to an electrical generator. The transmission is used to keep the generator operating efficiently throughout a range of different wind speeds. The electricity generated can either be used directly, fed into a transmission grid or stored for later use. 

Wind turbines can be built with two different forms of operation: pitch- or stall-regulation. Both systems have advantages and disadvantages. With pitch regulation, the blades can be pitched, which means better utilisation of the wind and more energy from the wind turbine; on the other hand, the turbine has to be equipped with blade bearings, a blade-pitch regulation system, etc- parts which experience shows can give rise to operating problems. With stall regulation the blades are fixed and there is no pitch- adjusting system. A stall-regulated wind turbine is so to speak self-regulating and thus simpler, and it requires less maintenance and service; on other hand, one cannot utilise the wind quite as well as with pitch regulation.

4.3.1
Wind System Components

Modern wind turbine usually consists of  following components:

· Blades,

· Rotor, 

· Transmission,

· Generator,

· Controls.

Blades are the part of a turbine that capture the wind. Advanced designs have led to higher energy capture. Two or three blades most often make up a rotor. Blades are made from fiber glass, polyester, or epoxy resins. Some have wood cores. These materials have the needed combination of strength and flexibility (and they don’t interfere with television signals!). Blade diameters for commercial size turbines range from 25 to 50 meters and can weigh over 2000 pounds each.

The rotor is all the blades and the centre hub which the blades are attached to. The hub is attached to the drive shaft (or it is attached directly to a large gear in some systems). Upwind machines have their rotor in front of the tower (wind hits the rotor before the tower). Downwind machines are just the reverse arrangement.

Transmission and gears are important in order to transfer the rotating power through the spinning drive shaft to a generator. 

The output from the transmission is then connected to an electric generator that produces electricity from motion.

Several control systems are all co-ordinated and monitored by a computer and can be accessed from a remote location. Pitch controls twist the blades to improve performance at different wind speeds. Yaw controls point the whole turbine into the wind. 

Electronic controls keep the same voltage flowing from the generator as it changes speed. This variable speed generator is an important part of making wind turbines cost effective.

4.3.2
WIND TURBINES

A wind turbine is a deceptively difficult product to develop and many of the early units were not very reliable. A PV module is inherently reliable because it has no moving parts and, in general, one PV module is as reliable as the next. A wind turbine, on the other hand, must have moving parts and the reliability of a specific machine is determined by the level of skill used in its engineering and design. 

Modern wind turbines come in a wide range of sizes, from small 100 watt units designed to provide power for single homes or cottages, to huge turbines with blade diameters over 50 m, generating over 1 MW of electricity. The vast majority of wind turbines produced at the present time are horizontal axis turbines with three blades, 15 - 40 m in diameter, producing 50 - 600 kW of electricity. These turbines are often grouped together to form ”wind farms” which provide power to an electrical grid. Modern large wind turbines generally produce electricity at 690 volts. A transformer located next to the turbine, or inside the turbine tower, converts the electricity to high voltage (usually 10-30 kilovolts). Modern wind turbines costs around 800 USD/W what is sharp decline from 2500 USD/W for a turbine built in 1981.

Megawatt Wind Turbines

Through the short history of the modern wind turbine, electric utilities have made it clear that they have held a preference for large scale wind turbines over smaller ones, which is why wind turbine builders through the years have made numerous attempts develop such machines - machines that would meet the technical, aesthetic and economic demands that a customer would require. Considerable effort was put into developing such wind turbines in the early 1980s. There was the U.S. Department of Energy's MOD 1-5 program, which ranged up to 3.2 MW, Denmark's Nibe A and B, 630 kW turbine and the 2 MW Tjaereborg machine, Sweden's Näsudden, 3 MW, and Germany's Growian, 3 MW. Most of these were dismal failures, though some did show the potential of MW technology.

A number of R&D facilities in Europe decided to take advantage of these incentives and most received either partial to full financial support to develop prototype wind turbines. The first of these was completed and installed at the end of 1995. Today several have been installed and have been up and running for a years. One company, Nordex, has even been marketing one of these machines for more than a 3 years. Leading wind turbine manufacturers continue to up-scale their 500 kW machines. It appears the marketing strategy of most of these companies is to maintain a market hold with their proven turbines in the 500-800 kW class (39-50 meter) while expecting that commercial MW machines will be in greater demand in the near future.

For the most part, manufacturers seem to be sticking close to the basic design of their smaller machines in the design of their MW plant. One exception is Tacke Windtechnik of Germany. Tacke introduced a pitch regulated, variable speed turbine which was not previously part of its stable of machines. Four largest wind turbines on the market are Enercon, Nordtank, Tacke and Vestas, each rated at 1,5 MW.

Installation of MW machines under all circumstances presents new challenges for meeting planning and siting requirements. In areas that have already been filled to near capacity with smaller turbines, it is going to be difficult find locations for MW turbines where they can be incorporated harmoniously with existing turbines. Studies have been conducted in Denmark which focus on the special siting considerations necessary for installing MW turbines in the "technical" landscape. Results of these studies indicate there is available space in areas such as harbours and industrial areas for about 200 units, or about 200-300 MW. Power production of such machines can be enormous. It has been showed that 1 MW turbine can annually produce more than 5 million kWh at average wind speed higher than 9 m/s. Turbine with 1,3 MW rated power can produce more than 7 million kWh per year under such conditions.

	Typical data
	1 MW turbine
	1,3 MW turbine

	Rotor diameter
	54 m
	60

	Swept area 
	2.290 m2
	2.828 m2

	Cut-in / cut-out wind  
	3-4 / 25 m/s
	3,5 / 25 m/s.

	Survival wind speed 
	70 m/s
	70 m/s

	Calculated life time of turbine 
	20 years
	20 years

	Blade length 
	26,0 m.
	29,0 m.

	Blade material 
	Fibreglass reinforced polyester
	Fibreglass reinforced polyester

	Weight nacelle, exc. rotor and hub 
	46 t.
	49,2 t.

	Weight rotor incl. hub 
	19 t.
	19 t.

	Weight gearbox 
	10,5 t.
	12,5 t.

	weight generator 
	4,6 t.
	6,8 t.

	Weight tower 70 m
	104 t.
	104 t.


POWER PRODUCTION

Important figure describing wind turbine is its rated power. This tells you how much e.g. kilowatt-hours (kWh) the wind turbine will produce when  running at its maximum performance. 500 kW turbine will produce 500 kilowatt hours (kWh) of energy per hour of operation at its maximum with wind speed say 15 metres per second (m/s). According to the experience large single turbines can generate a considerable amount of electricity. Usually 600 kW machine will generate about 500 000 kWh per year with an average wind speed of 4,5 m/s. With an average wind speed of 9 metres per second it will generate up to 2 000 000 kWh per year. The amount of energy produced can not be simply calculated by multiplying of capacity (here 600 kW) and average annual wind speed. Here we have to deal with the capacity factor what is another way of expressing the efficiency of power production by a turbine during the year in particular location. Capacity factor is actual annual energy output divided by the theoretical maximum output, if the machine were running at its rated (maximum) power during all of the 8766 hours of the year. For example if a 600 kW turbine produces 2 million kWh in a year, its capacity factor is = 2000000 : ( 365,25 * 24 * 600 ) = 2 000 000 :  5 259 600 = 0,38 = 38 %. Capacity factors may theoretically vary form 0 to 100 per cent, but in practice they will usually range from 20 to 70 %, and mostly be around 25-30 %.

A very important factor which influences the performance of the wind turbine is the location. In general, wind speeds increase with elevation. This is why most wind turbines are placed at the top of a tower. Because the higher you are above the top of the neighbouring obstacles, the less wind shade. The wind shade, however, may extend to up to five times the height of the obstacle at a certain distance. If the obstacle is taller than half the turbine height, the results are more uncertain, because the detailed geometry of the obstacle will affect the result. Limitations in the strength of affordable materials has limited most towers to heights of approximately 30 m. On wind farms, turbines are most often spaced at intervals of 5 – 15 times the blade diameter. This is necessary to avoid turbulence from one turbine affecting the wind flow at others. 

4.4
APPLICATION OF WIND TURBINES

4.4.1
LARGE WIND TURBINES - WINDFARMS

The development of wind turbines started with small units for small applications, but as the turbines grew in size, they became less and less attractive as a source of electricity for individual or household consumption. Consequently, almost all of the electricity generated by such plants today is fed into the grid. The output of a wind turbine of typical size is already so high that it exceeds the capacity of the local electricity mains. This is precisely the case in areas along the coast with a good wind regime but often lacking electricity facilities, making it necessary to install new and higher-capacity mains facilities, with the related additional costs. Because the additional expense is not an economically viable venture in the case of individual units, there has been an increasing tendency to install several plants (at least five in most cases) in consolidated areas known as windfarms. The output of several turbines is combined and sold under contract to the utility company.

Starting in the early 1980’s, larger wind turbines were developed for ”windfarms” that were being constructed in windy passes in California. In a windfarm a number of large wind turbines, now typically rated between 400-600 kW each, are installed on the same piece of property. 

In the USA the windfarms are usually owned by private companies, not by the utilities. Although there were some problems with poorly designed wind turbines and overzealous salesmen at first, windfarms have emerged as the most cost effective way to produce electrical power from wind energy. There are now over 16.000 large wind turbines operating in the California and they produce enough electricity to supply a city the size of San Francisco. Large wind turbine prices are coming down steadily and even conservative utility industry planners project massive growth in windfarm development in the coming decade, most of it occurring outside California. One recent study actually called North Dakota the ”Saudi Arabia of wind energy”.

4.4.1.1
EXAMPLE FROM DENMARK 

Huge wind power development In Denmark was mainly based on activity of local people organised in co-operatives. Here is one example from Bryrup Wind turbine Co-operative (Jutland), 110 km from the West-coast and 50 km from the Eastern coastline. This co-operative has 70 partners owning three wind turbines installed between 1986 and ‘89. The effects is as follows: one 95 kW producing 184.000 kWh a year and two 150 kW each producing 275.000 kWh. Thus average total production amounts to 734.000 kWh annually.

Total price for all three turbines including foundation and connection to the public grid amounted to 2,5 million DKr (1 USD equals 6,2 DKr). This investment is split up in 734 ”shares”, each related to a production (and a consumption) of 1000 kWh, at a cost of 3,400 DKr. This equals half a month salary after tax for an unskilled Danish worker. Each partner can buy ”shares” in proportion to his annual consumption of electricity plus 30%. If for instance annual consumption is 10.000 kWh you may add 3000 kWh and thus be able to acquire maximum 13 ”shares”. This restriction is applied because the profit for co-operative partners is tax- free, and the Danish legislators did not wanted this profit to be unreasonable. The partners have bought an amount of ”shares” at numbers between 1 and 28. At the democratic general assemblies each partner has one vote despite numbers of ”shares”. The reason for putting shares in quotation marks is related to the fact that these ”shares” can not be traded like normal shares. By coming sales, buyers must  apply to the rules referring to electricity consumption.

The economy of this co-operative is good. They distribute every year - after putting aside a reasonable amount for maintenance and renewals - 510 DKr per ”share”, which gives a tax-free Interest rate of 15% what is more than banks can offer for your money. Today installation of wind turbines is a bit more costly. A share will amount to 4000 DKr, thus reducing interest rate to 12,75%.

The Danish governmental support for wind power has caused that every tenth Danish family is member of a wind turbine co-operative or single owner of a wind turbine. 

4.4.1.2
Offshore Wind Turbines

The success story of onshore wind energy created an interest for the exploitation of wind energy at offshore sites since suitable locations on land are becoming scarce or do not have good enough wind conditions. On sea the wind blows harder and a large amount of space in shallow waters not too far from shore is available especially in most states of Northern Europe. Both aspects are essential for a future large scale development.  Firstly, a ten percents increase in the mean wind speed can result potentially in 30% more energy yield.  Secondly, it is generally believed that the continental shelf with water depth up to some 30 m and distance from shore of up to about 30 km offer considerable economic advantages. In the future technological progress, e.g. floating offshore wind farms or HVDC (High Voltage Direct Current) power transmission, may also enable exploitation of deeper water locations as typical for the Mediterranean and many sites outside Europe as well as more remote offshore sites. In a recent study carried out in the scope of the European non nuclear energy research programme JOULE the potential of offshore wind energy in the European Union has been estimated to be nearly two times the total consumption. 

In the 1990s first promising steps were taken to develop the required technology and to gain experience. The general feasibility of offshore wind energy was demonstrated and together with the demand for environmentally green technology it was seen as a considerable and renewable contribution to the energy supply in Europe. Utilisation of wind energy offshore has even less environmental constraints than on land due to large available space and relaxed noise limitations. Generally the prospects are assessed quite positively and investment in offshore wind energy today is a preparation for a big market tomorrow. Offshore wind energy is an extremely promising application of wind power, particularly in countries with high population density, and thus difficulties in finding suitable sites on land. Construction costs are much higher at sea, but energy production is also much higher. The Danish electricity companies have announced major plans for installation of up to 4000 MW of wind energy offshore in the years after the year 2000. The 4 000 MW of wind power is expected to produce some 13,5 TWh of electricity, equivalent to 40 % of  Danish electricity consumption. Four possible areas (ranging from 135 to 500 km2, water depths from 5 - 15 m) are designated suitable to erect turbines at sea, with only few conflicting interests (e.g. environment, landscape, fishing, defence, communication, transport and national monuments). Production prices of about USD 0,05/kWh (20 years loan, 5% discount rate) are estimated.

In spring 1998, five offshore wind farms were realised in Denmark, The Netherlands and Sweden, respectively. These farms are demonstration projects, characterised by medium sized wind turbines of the 500 kW class, moderate farm capacity up to 5 MW, low water depths (less than 10 m) and small distance from shore (between 40 m and 6 km). The energy prices of the pilot plants are considerably higher than onshore wind farms at good coastal sites. Some e.g. the Danish ‘Plan of action for large scale offshore wind farms’, show that the cost of energy for large plants is competitive with onshore wind farms at average sites. Moreover the price of wind energy is close to or in the range of other energy sources. 

The world’s first offshore wind farm is located North of the island of Lolland in the Southern part of Denmark Vindeby.  The Vindeby wind farm in the Baltic Sea off the coast of  Denmark was built in 1991 by the utility company SEAS. The wind farm consists of eleven 450 kW wind turbines, and is located between 1,5 and 3 kilometres North of the coast of the island of Lolland near the village of Vindeby. The turbines were modified to allow room for high voltage transformers inside the turbine towers, and entrance doors are located at a higher level than normally. Two anemometer masts were placed at the site to study wind conditions, and turbulence, in particular. The park has been performing flawlessly. Electricity production is about 20 per cent higher than on comparable land sites, although production is somewhat diminished by the wind shade from the island of Lolland to the South.

The world’s second offshore wind farm is located between the Jutland peninsula and the small island of Tunø in Denmark. The Tunø Knob offshore wind farm in the Kattegat Sea off the Coast of Denmark was built in 1995 by the utility company Midtkraft. The wind farm is situated in an area where the sea depth varies from 3-5 m. The Tunø Knob area is of considerable environmental interest, both as a resting area for birds and as a beautiful part of the coastline and landscape. Furthermore, a careful archaeological investigation of the site has been carried out as part of the off-shore wind farm planning process. The Wind farm consists of ten 500 kW wind turbines. Each turbine is a horizontal axis pitch regulated machine, orientated up-wind with a tubular tower, and a 3-bladed rotor of 39 m diameter. The turbines are mounted on specially-developed, reinforced concrete caisson foundations. The turbines are connected to the national grid via a 6 km submarine cable to the mainland of Jutland. Each turbine is controlled remotely. The production manager can monitor the performance and operation of the wind turbine from an operation centre in Hasle. The control system is continuously collecting all relevant data. The data are transmitted via a radio system from the individual data-collecting unit of each wind turbine to computers at Hasle. On-site maintenance is estimated to be needed only twice a year, when engineers will sail to the wind turbines and carry out the regular scheduled maintenance programme.

The turbines were modified for the marine environment, each turbine being equipped with an electrical crane to be able to replace major parts such as generators without the need for a floating crane. In addition, the gearboxes were modified to allow a 10 % higher rotational speed than on the onshore version of the turbine. This will give an additional electricity production of some 5 %. This modification could be carried out because noise emissions are not a concern with a wind park located 3 kilometres offshore from the island of Tunø, and 6 kilometres off the coast of the mainland Jutland peninsula. The park has been performing extremely well, and production results have been substantially higher than expected. In November 1995, its production was 1,3 GWh almost 40% more than originally estimated. The total production price/kWh is expected to be DKr 0,49 with an annual total production of 15 GWh. The entire costs of the off-shore farm are estimated to be about DKr 78 million.

The on-shore noise from the wind turbines has been calculated, at the nearest island of Tunø, to be less than someone whispering [15 dB(A)]. On the mainland it is inaudible.

4.4.2
SMALL WIND TURBINES

Small wind energy systems can be used in connection with an electricity transmission and distribution system (called grid-connected systems), or in stand-alone applications that are not connected to the utility grid. A grid-connected wind turbine can reduce consumption of utility-supplied electricity for lighting, appliances, and electric heat. When the wind system produces more electricity than the household requires, the excess can be sold to the utility. With the inter-connections available today, switching takes place automatically. 

Stand-alone wind energy systems can be appropriate for homes, farms, or even entire communities (a co-housing project, for example) that are far from the nearest utility lines. Either type of system can be practical if the following conditions exist.

Small wind generator sets for household electricity supply or water pumping represent the most interesting wind-energy applications in remote areas. Such generators can be very promising for the Third world countries as well where millions of rural households will be without grid connections for many years to come and will thus continue to depend on candles and kerosene lamps for lighting as well as batteries to operate radios or other appliances.

Wind turbines for domestic or rural applications range in size from a few watts to thousands of watts and can be applied economically for a variety of power demands.

In areas with adequate wind regimes (more than five meters per second annual average), simple wind generators with an output range of 100 to 500 W can be used to charge batteries and thus supply enough power to meet basic electricity needs. The families assign a very high priority to electricity and the range of services made possible by it (lighting, operation of radios and TVs). But relatively high investment costs of a complete wind-power system, which range from several hundred to a thousand US dollars or more, can be an obstacle for many households in developing countries.

In the past reliability of small wind turbines was a problem. Small turbines designed in the late 1970’s had a well deserved reputation for not being very reliable. Today’s products, however, are technically advanced over these earlier units and they are substantially more reliable. Small turbines are now available that can operate 5 years or more, even at harsh sites, without need for maintenance or inspections. The reliability and cost of operation of these units is equal to that of photovoltaic systems.

WIND vs. DIESEL OR GRID EXTENSION

Small wind mills are sometimes better than diesel generators or extension of grid because they offer a number of other socio-economic benefits. Wind systems are smaller, modular and have a shorter lead-time than grid extension. In many countries for grid extension distances as short as one kilometre a wind system can be a lower cost alternative for small loads. While they cost more initially than diesels they are much better from the users point of view. Some donor agencies, for example in developing countries, typically supply diesels at no cost, but leave operational costs (fuel, maintenance and replacement) to the local people. This requires scarce hard currency and usually results in limited utilization and a shortened life of the diesel because of inadequate maintenance. Many countries must also import their fossil fuels, further magnifying the burden imposed by diesels. In such case small wind mills seems to be the better alternative. 

The economies of scale in small wind turbines makes them particularly competitive in cost for sizes above 250 watts. For daily loads as small as one kilowatt-hour per day a wind turbine will be less expensive than diesels, grid extension, or photovoltaics for virtually any wind resource above 4 m/s. This wind resource is available in most of the developing world. For larger daily load requirements the economics of wind power get progressively better. For a 10 kW wind turbine a wind resource of only 3-3,2 m/s will usually make wind the least cost option. There are not many areas of the world that have average wind speeds below 3 m/s .

Success story

In Asia, for example, 50.000 wind generators are currently in operation in Inner Mongolia. The success story in Mongolia was made possible by favourable climatic conditions, on the one hand, and a consistent development and marketing policy, on the other. A minimum monthly velocity above 5 m/s throughout the year in many parts of the vast grasslands provides for a continuous supply of electricity to the semi-nomads living in the region. Operating electric lights, a radio and a TV is one of the few modern technical conveniences available to the people living in these remote areas. On the other hand, several private companies competing with one another have developed cheap and affordable designs. The wind generators are sold locally. The local government subsidizes the price of the equipment with up to 50 % of the production costs.

COSTS

Small wind turbines can be an attractive alternative, or addition, to those people needing more than 100-200 watts of power for their home, business, or remote facility. Unlike PV’s, which stay at basically the same cost per watt independent of array size, wind turbines get less expensive with increasing system size. At the 50 watt size level, for example, a small wind turbine would cost about USD 8/W compared to approximately USD 5/ for a PV module. This is why, all things being equal, PV is less expensive for very small loads. As the system size gets larger, however, this ”rule-of-thumb” reverses itself. At 300 watts the wind turbine costs are down to USD 2,5/W, while the PV costs are still at USD 5/W. For a 1500 W wind system the cost is down to USD 2/W and at 10 000 watts the cost of a wind generator (excluding electronics) is down to USD 1,50/W. The cost of regulators and controls is essentially the same for PV and wind. Somewhat surprisingly, the cost of towers for the wind turbines is about the same as the cost of equivalent PV racks and trackers. The cost of wiring is usually higher for PV systems.

SMALL WIND TURBINE COMPONENTS

The wind systems for remote or rural application is essentially the same as used with a PV system. Most wind turbines are designed for battery charging and they come with a regulator to prevent overcharge. The regulator is specifically designed to work with that particular turbine. PV regulators are generally not suitable for use with a small wind turbine because they are not designed to handle the voltage and current variations found with turbines.

Small wind turbines usually consists of : blades, alternator, regulation and control electronics.

Blades are usually made of carbon fiber reinforced composite that twists as the turbine reaches its rated output. This twisting effect changes the shape of the blade, causing it to go into stall mode. This limits the revolving of the alternator, preventing damage in high winds. 

Alternator is optimized to match as close as possible the energy available in the wind. It is constructed with permanent magnets and is usually brushless for best performance and maintenance-free operation. 

Regulation and control electronics performs several functions to assure maximum output and safety for the user. The control electronics maintains a load on the alternator at all times to make sure that the turbine never over speeds, regardless of the condition of the battery. In case of battery charging, the sophisticated regulator periodically checks the line, correcting for voltage loss and monitoring charge rate. Once the battery has reached its optimum charge level the regulator shuts the current off, preventing the battery from being overcharged while maintaining a load on the alternator at all times to prevent over speeding. 

4.4.3
APPLICATION OF SMALL WIND TURBINES

When considering renewable energy sources and their use in the Third World or some remote areas of industrialised countries, wind energy is today once again a possible alternative to the diesel engine as an economical means of converting energy, especially in rural areas. The principal ways in which wind energy can be exploited in rural areas are as follows:

· for pumping water and producing compressed air;

· for generating electricity (and thus also for developing technologies which depend on electricity);

· for powering mechanical devices.

4.4.3.1
Water pumping

Wind energy has always been used extensively for pumping water, since there are no major problems involved in storing sufficient quantities of water without loss. Current estimates calculate that 100.000 wind pumps are installed around the world. Most of them are located in rural, non-electrified areas. They are used primarily by farmers for drinking water supply and livestock-watering. Wind pump technology is still of major interest for applications in the developing countries because of the importance of water supplies in rural areas, and the relative simplicity and transparency of the technology. 

In view of the varying amount of wind energy available and the fact that, for economic reasons, the amount of storage capacity is limited, it can only be assumed in extremely rare cases that a single wind pump installation will be capable of ensuring a 100 percent reliable power supply. Hence, as a rule, these renewable energy sources can only be used as part of a combination of different systems appropriate to the case in question.

This means that for pumping water, be it for a drinking water supply, irrigation, or drainage, a suitable combination of different pumping systems with an optimized storage capacity should be installed. For small pump capacities up to approx. 10 m3/day, systems such as hand and foot pumps, capstans and, with certain limitations, solar pumps may be considered in addition to wind pumps where the water requirement is greater, motor pumps (diesel or electric) become competitive.

The question as to which combination of possible systems is the right one, i.e., the one which is most economical and best adapted to local conditions, depends on a variety of physical, socio-economic and sociocultural conditions which can differ considerably from one region to another. All of these conditions, which are not dealt with in more detail here for reasons of space, are of vital importance in the planning of rural water supply systems. Failures of projects for the introduction of wind pumps can, without exception, be traced back to the non-observance of one or more of these conditions or prerequisites.

Thus, for example, a combination of wind and hand pumps can be the right solution for providing a drinking water supply for a settlement, always provided that there is a sufficient amount of wind available. In the case of a small-scale irrigation system with wind pumps, a small, transportable diesel pump which can be used by several farmers is more suitable as a back-up system.

Other factors which have proved to be essential for dissemination on a larger scale are the existence and financial and technical capability of potential operators as well as the availability of marketing and service facilities in the area.

Today there are several water-pumping windmills on the market. They are designed to pump water in wind speeds as low as 2 m/s to 4 m/s from depths reaching 1000 meters. Typical water pumping windmill with a 3-m rotor can draw up to 2000 litres per hour from a depth of 10 meters at a wind speed of 3 m/s. Windmill with a 7-m rotor, can draw up to 8000 litres per hour under the same conditions. These systems can be used for irrigation, land reclamation or drinking water in remote areas. Windmills are designed for easy installation and require minimal maintenance.

4.4.3.2
IRRIGATION

The use of wind pumps for irrigation purposes seems to be problematic, since the water requirement and the availability of wind energy were generally subject to wide variations over the year. A good and above all constant wind regime is required to make them a viable option. Generally speaking, an annual average wind speed of four meters per second is a prerequisite for economic operation.

Typical project involving wind pump for irrigation was realised in Eastern Indonesia. This are has a short rainy season and traditional practice is for farmers to raise one rice crop per year. Two thirds of the time, during the dry season, the rice paddies are used only for grazing cattle. But many areas have substantial ground water resources which can be used for irrigation. In one project they dig wells, installed pumps, and trained the local farmers to use irrigation to raise higher value crops year-round. In most cases small 5 horsepower kerosene pumps are used for irrigation. These pumps are inexpensive and the fuel costs are partially subsidised by the government. But they also only last a few years and they operate at poor efficiency, so their life-cycle costs are quite high. Small wind systems cost more initially, but they have lower life-cycle costs. Project in Oesao, where the water table is only 2-5 meters below ground level, was based on use of the wind turbine which drives a surface mounted centrifugal pump. Pump is operated at variable voltage and frequency and its speed varies with the rotor speed of the wind turbine. The peak flow rate is ~3 litres/second. The system requires no fuel and no regular maintenance. A kerosene pump is, however, used for back-up. The Oesao system was installed in 1992 as a pilot project to show that wind power could be effective for water pumping in Eastern Indonesia. Since that time fifteen additional systems have been installed and more systems are planned.

4.4.3.3
TELECOMMUNICATION

Wind power is an excellent source of power for telecommunications sites because the height and exposure that make for a good antenna site also make for a good wind energy site. But wind turbines for this application must be particularly rugged because of the harsh conditions often encountered on mountains. 

4.4.3.4
BATTERY CHARGING

Utilisation of small wind turbines for lighting, TV or refrigeration is quite simple through battery charging. Storing wind produced electricity in battery gives a homeowner a possibility to use this power whenever it is needed. Many small wind turbines directly produce 14 or 28 V . Some smaller wind turbines and other larger types produce higher voltages. 12 V o 24 V output from the battery can be used directly for DC appliances or inverted to 240 VAV current. For standard domestic appliances. It is usually best to directly charge the battery from the wind as this will not load the wind turbine at low speed causing stalling of the rotor. 

4.4.3.5
HEAT STORAGE

If there is a need for hot water it is better to use direct wind generated electricity via an immersion heater to standard hot water tank and store the hot water. Battery storage is always more expensive than heat storage. The simplest system for water heating uses a thermostat to protect the water from boiling. The immersion heater should match the wind turbine rating. If a 1 kW turbine is used the immersion heater should also be rated at 1 kW (most domestic immersion heaters are 3 kW). 

4.4.3.6
Wind - Solar Hybrid Systems

Solar and wind energy are complementing each other well under average seasonal conditions. In winter, when there is much wind, room heating is needed while in summer with much sun domestic hot water is needed. The combination of solar-wind is very interesting in the so-called off-grid electricity systems. These are self-supplying plants which are not coupled to the public electricity grid. A photovoltaic plant has a relatively high production in summer and a relatively small production in winter. This means that an off-grid system will either result in a heavy over-production in summer or should be equipped with a seasonal storage. Both solutions will be very expensive. A wind power supply can have serious problems in summer when periods with no wind may occur. The combination of solar-wind is therefore evident.

The important question, what the proportion between the solar and wind plant should be, have to be answered by the planner of the facility. It is obvious that the answer depends on energy needs during the year and a site conditions. 

4.5
Environmental Impact of wind power plants

In many part of the world, there is such a dearth of electricity generation that the public welcomes wind turbines with open arms. Where there are alternative choices, however, environmental impact is of major significance for development. Note that impacts may be judged as either beneficial or harmful. The impacts of wind turbines and the factors influencing these are:

Land area and use

Turbines should be separated by at least five to ten tower heights; this allows the wind strength to reform and the air turbulence created by one rotor not to harm another turbine downwind. Consequently, only about 1 % of land area is taken out of use by the towers and the access tracks. The taller and larger the turbines, the greater the separation. Megawatt machines should be spaced between half and one kilometre apart. Neither buildings nor commercial forestry can be established between, so the land is thereafter safeguarded against such development and can be used for agriculture, leisure or natural ecology.

Visual impact

Wind turbines are always visible from places in clear line of sight. The larger the machines, the greater the distance between them. The need for a long fetch of undisturbed wind, and the economic bias to large machines, means that machines will potentially be visible from distances of tens of kilometres. However, at such distances, the majority of the public will have their view obscured by hills, trees, buildings etc. The most likely people to notice the machines on land are walkers and pilots. For the former, beauty is in the eye of the beholder, and for the latter there is danger for exceptionally low flying. For offshore machines, visual impact is largely, as yet, unassessed.

Acoustics

Noise is mostly generated from blade tips (high frequencies), from blades passing towers and perturbing the wind (low frequencies) and from machinery, especially gearboxes. Since noise is essentially a sign of inefficiency and because of complaints, manufacturers have reduced noise-generation intensities greatly over the last five years. The critical noise intensity is usually considered to be 40 dBA, or less, as judged necessary for sleeping. This level of acceptance is usually attained at distances of about 250 m or less. However, attitudes to noise are strongly psychological; the owner of a machine probably welcomes the noise as a sign of prosperity; whilst neighbours may be irritated by intrusion into ”their space”.

Bird strike

Birds often collide with high voltage overhead lines, masts, poles, and windows of buildings. They are also killed by cars in the traffic. Birds are seldom bothered by wind turbines. Radar studies from Tjaereborg in the western part of Denmark, where a 2 megawatt wind turbine with 60 metre rotor diameter is installed, show that birds - by day or night - tend to change their flight route some 100-200 metres before the turbine and pass above the turbine at a safe distance. In Denmark there are several examples of birds (falcons) nesting in cages mounted on wind turbine towers. The only known site with major bird collision problems is located in the Altamont Pass in California. A "wind wall" of turbines on lattice towers is literally closing off the pass. There, a few bird kills from collisions have been reported. A study from the Danish Ministry of the Environment says that power lines, including power lines leading to wind farms, are a much greater danger to birds than the wind turbines themselves. Some birds get accustomed to wind turbines very quickly, others take a somewhat longer time. The possibilities of erecting wind farms next to bird sanctuaries therefore depend on the species in question. Migratory routes of birds will usually be taken into account when siting wind farms. Offshore wind turbines have no significant effect on water birds. That is the overall conclusion of a three year offshore bird life study made at the Danish offshore wind farm Tunø Knob.

There have been many independent studies of birds killed by rotating blades. This undoubtedly happens, but perhaps to a similar or lower frequency than strikes by a car, against the windows of a building or : against grid transmission cables. Every death is regretted. The counter argument, again attested by experts, is that land around wind turbines may provide excellent breeding conditions. The exception to this argument is the possibility of strikes by large migratory birds flying in the dark and by raptors intent on their prey.

Electromagnetic interference

TV, FM and radar waves are perturbed in line of sight by electrically conducting materials. Therefore, the metallic parts of rotating blades can produce dynamic interference in signals. It is easy, but not necessarily cheap; to install TV and FM repeater stations to provide another direction of signal for receivers. Radar interference is, as yet, a largely undocumented effect, of most concern to the military. However, wind turbines are a fact of life that has to be accepted by the military on an international scale. There are many sites of wind turbines close to airfields, and no significant difficulties occur.

Sustainability

There is a scientific need for sustainable and zero-emission technology. Wind turbines generate power with no chemical emissions and therefore abate the unacceptable pollution from fossil and nuclear generation. As humans, we are part of an ecological world and so should preserve and improve conditions for all species. Wind turbines are key components of such sustainable lifestyle.

4.6
GUIDELINES FOR WIND POWER APPLICATIONS

Wind turbines have to compete with many other energy sources. It is therefore important that they be cost effective. They need to meet any load requirements and produce energy at a minimum cost . When you have decided that it is time to consider buying and installing a wind turbine you have to examine first two things: how much energy you require, and what is the average wind speed at the height of the wind turbine. Sometimes, it sure seems windy in your area, at least part of the time any way. But how can you tell if a wind turbine generator will really be optimised in term of power output versus wind speed. The common response is that you must monitor the wind speed at your site for at least one year and compare the results with historical data that had been recorded for some years. Or, contract a professional who will do a ‘feasibility study’ to estimate the yearly average wind speed and the estimated annual energy that would be captured by the wind turbine. Usually, which way to choose depends on the amount of investment you are willing to pay for having the wind turbine. For small applications when the amount of investment is relatively small, it is unrealistic to pay more than the cost of the wind turbine for obtaining the yearly average wind speed.

Wind systems are at the mercy of their site survey. Without an extended site survey or real wind data for a specific location, it is really impossible to specify a wind turbine for the system. While PV and microhydro systems are often effectively designed by their users, wind systems should seek help from someone who really knows wind power. Here are some guidelines for siting and sizing small wind turbines.

4.6.1
SITING A TURBINE

A common way of siting wind turbines is to place them on hills or ridges overlooking the surrounding landscape. In particular, it is always an advantage to have as wide a view as possible in the prevailing wind direction in the area. On hills, one may also experience that wind speeds are higher than in the surrounding area. You may notice that the wind can bend some time before it reaches the hill, because the high pressure area actually extends quite some distance out in front of the hill.  Also, you may notice that the wind becomes very irregular, once it passes through the wind turbine rotor.  As before, if the hill is steep or has an uneven surface, one may get significant amounts of turbulence, which may negate the advantage of higher wind speeds.

Distance Between Obstacle and Turbine

The distance between the obstacle and the turbine is very important for the shelter effect. In general, the shelter effect will decrease as you move away from the obstacle, just like a smoke plume becomes diluted as you move away from a smokestack. In terrain with very low roughness (e.g. water surfaces) the effect of obstacles (e.g. an island) may be measurable up to 20 km away from the obstacle. If the turbine is closer to the obstacle than five times the obstacle height, the results will be more uncertain, because they will depend on the exact geometry of the obstacle. 

Roughness 

The roughness of the terrain between the obstacle and the wind turbine has an important influence on how much the shelter effect is felt. Terrain with low roughness will allow the wind passing outside the obstacle to mix more easily in the wake behind the obstacle, so that it makes the wind shade relatively less important. 

Wake effect from wind turbine

Since a wind turbine generates electricity from the energy in the wind, the wind leaving the turbine must have a lower energy content than the wind arriving in front of the turbine. This follows directly from the fact that energy can neither be created nor consumed.  A wind turbine will always cast a wind shade in the downwind direction. In fact, there will be a wake behind the turbine, i.e. a long trail of wind which is quite turbulent and slowed down, when compared to the wind arriving in front of the turbine. Wind turbines in parks are usually spaced at least three rotor diameters from one another in order to avoid too much turbulence around the turbines downstream. In the prevailing wind direction turbines are usually spaced even farther apart.

Turbulence 

Turbulence decreases the possibility of using the energy in the wind effectively for a wind turbine. It also imposes more tear and wear on the wind turbine. Towers for wind turbines are usually made tall enough to avoid turbulence from the wind close to ground level.

4.6.2
AVERAGE WIND SPEED

To correctly site and size a wind turbine, it is helpful to have the information about average wind speed for the location. The annual average wind speed is used to describe the general windiness of a place. Shorter-term averages (monthly, hourly) are used in more precise analyses where the time relation between wind energy availability and energy demand is particularly important. The time variation of wind speed at a given site is described by the relative probability of the wind speed at any moment being greater or less than the average wind speed. A typical distribution of wind speed (called the Rayleigh Distribution, special case of Weibull Distribution) usually means that there is little probability of absolutely no wind; the most frequent wind speed is about 75% of the average wind speed; and wind speeds above twice the average wind speed do occur, but not often. 

4.6.2.1
Wind Speed Measurement

Don’t consider wind power without a thorough measurement of the wind speed at your specific location. In most cases, four months should be the minimum recording interval and one year is preferred. If you are going to spend a lot of money on a wind system, this extra eight months could mean the difference between a good investment and a bad one.

The measurement of wind speeds is usually done using a cup anemometer. The cup anemometer has a vertical axis and three cups which capture the wind. The number of revolutions per minute is registered electronically. Normally, the anemometer is fitted with a wind vane to detect the wind direction. Other anemometer types include ultrasonic or laser anemometers which detect the phase shifting of sound or coherent light reflected from the air molecules. Hot wire anemometers detect the wind speed through minute temperature differences between wires placed in the wind and in the wind shade (the lee side). The advantage of  the non-mechanical anemometers may be that they are less sensitive to icing. In practice, however, cup anemometers tend to be used everywhere, and special models with electrically heated shafts and cups may be used in arctic areas.

Determining the exact average annual wind speed is not an easy task and it is an expensive process. After all it might be unnecessary. For small wind turbines applications what we need to do is get some idea of the average annual wind speed for the area, and that can be available by observing few physical phenomena around the site. Start by your feeling, while they are hardly scientific, then try to check the airport and weather station data for your area. Use these data as a raw baseline, which you have to tune to make them represent your area. 

Meteorologists already collect wind data for weather forecasts and aviation, and that information is often used to assess the general wind conditions for wind energy in an area. Precision measurement of wind speeds, and thus wind energy is not nearly as important for weather forecasting as it is for wind energy planning, however. Wind speeds are heavily influenced by the surface roughness of the surrounding area, of nearby obstacles (such as trees, lighthouses or other buildings), and by the contours of the local terrain. Unless you make calculations which compensate for the local conditions under which the meteorology measurements were made, it is difficult to estimate wind conditions at a nearby site. In most cases using meteorology data directly will underestimate the true wind energy potential in an area.

It is because weather stations monitor wind speeds at or slightly above street level, where people live. They don’t monitor wind speeds at 20 - 30 meters, where the wind turbine is usually located. Similarly, airports data has limited value. Because airplanes traditionally had problems taking off and landing in windy locations, airports were sited in rather sheltered locations. Virtually all airports are sheltered.  After having the raw data from nearby airport or weather station, you need to extrapolate these numbers to your location using a concept know as shear ‘factor’. Based on these numbers and the topographical difference or similarity between your site and theirs (weather station and airport), you can theoretically estimate your average wind speed at any proposed height. 

Very simple anemometer can be build by yourself. Here is the way how to construct it. Materials needed : five paper Dixie cups, two straight plastic soda straws, a pin scissors, paper punch, small stapler, sharp pencil with an eraser. 

Procedure: Take four of the Dixie cups. Using the paper punch, punch one hole in each, about a half inch below the rim. Take the fifth cup. Punch four equally spaced holes about a quarter inch below the rim. Then punch a hole in the centre of the bottom of the cup. Take one of the four cups and push a soda straw through the hole. Fold the end of the straw, and staple it to the side of the cup across from the hole. Repeat this procedure for another one-hole cup and the second straw. Now slide one cup and straw assembly through two opposite holes in the cup with four holes. Push another one-hole cup onto the end of the straw just pushed through the four-hole cup. Bend the straw and staple it to the one-hole cup, making certain that the cup faces in the opposite direction from the first cup. Repeat this procedure using the other cup and straw assembly and the remaining one-hole cup. Align the four cups so that their open ends face in the same direction (clockwise or counter clockwise) around the centre cup. Push the straight pin through the two straws where they intersect. Push the eraser end of the pencil through the bottom hole in the centre cup. Push the pin into the end of the pencil eraser as far as it will go. Your anemometer is ready to use. Your anemometer is useful because it rotates at the same speed as the wind. This instrument is quite helpful in accurately determining wind speeds because it gives a direct measure of the speed of the wind. To find the wind speed, determine the number of revolutions per minute. Next calculate the circumference of the circle (in feet) made by the rotating paper cups. Multiply the revolutions per minute by the circumference of the circle (in feet per revolution), and you will have the velocity of the wind in feet per minute. The anemometer is an example of a vertical-axis wind collector. It need not be pointed into the wind to spin. 

FLAGGING

Another useful tool to help determine the potential of a wind site is to observe the area’s vegetation. Trees, especially conifers or evergreens, are often influenced by winds. Strong winds can permanently deform the trees. This deformity in trees is known as flagging. Flagging is usually more pronounced for single, isolated trees with some height. On the upwind side of the tree, the branches are noticeably stunted. On the downwind side, they’re long and horizontal. The flagging was caused by persistent winds from, more or less, one direction. Look around especially for single trees, or trees on the outskirts of a grove. Unless they have grown considerably above the common tree line, trees in a forest will not show flagging because the collective body of trees tends to reduce the wind speed over the area. While the presence of flagging positively indicates a wind resource, you should not conclude that the absence of flagging in your area precludes any suitable average wind speeds. Other factors that you are not aware of may be affecting the interaction of the wind with the trees.

VARIATION OF WIND SPEED 

While average wind speed is meaningful, there are other wind parameters that are just as meaningful. Other wind parameters worth knowing are maximum wind speed, number of days (hours) between winds of greater than 5m/s. Number of consecutive days (hours) where the wind is in excess of 5 m/s, and the times of year where the either wind or not wind periods occur. The wind speed is always fluctuating, and thus the energy content of the wind is always changing. Exactly how large the variation is depends both on the weather and on local surface conditions and obstacles. Energy output from a wind turbine will vary as the wind varies, although the most rapid variations will to some extent be compensated for by the inertia of the wind turbine rotor.

All important data is not available from garden variety recording anemometers. A recording anemometer that will take all the data mentioned above will cost much. Such anemometers are more computer than wind sensor and cost between USD 2000 and USD 4000. 

4.6.3
SIZING A TURBINE

This is a job for someone with experience with all types of wind turbines. Not only must the wind turbine be well made, but it also must fit the wind conditions at your particular site and must produce the power that the system requires. Modern turbines usually produce some specie of low voltage and only the very large units make 60 cycle, 120/240 VAC directly. 

When choosing a turbine the rated power for a wind turbine is not a good basis for comparing one product to the next. This is because manufacturers are free to pick the wind speed at which they rate their turbines. If the rated wind speeds are not the same then comparing the two products is very misleading. Usually manufacturers will give information on the annual energy output at various annual average wind speeds. These figures allow you to compare products fairly, but they don’t tell you just what your actual performance will be.

TOWER

The power in the wind is a function of (among other things) the cube of the wind speed. Therefore, the easiest way to increase the power available to a wind generator is to increase the wind speed. We can increase wind speed by either installing a taller tower or by moving to a windier location. Note that as a percentage, wind speed increases much faster over terrain cluttered with trees and buildings than over flat open ground. With the exception of the middle of a lake or desert, wind speed increases significantly with height. For example, power available at 30 meters can be up to 100% higher than power available at 10 meters. Said another way, two wind generators on two 10 meters towers will produce as much power as one wind generator on a 30 meter tower. And the system with the 30 meters tower will be cheaper to install than the ”twin” systems at 10 meters. The rule of thumb for siting is that the wind generator must be at least 10 meters above any obstacle within 100 meters. Consider 15 meters to be a realistic minimum and after that, go as high as you can. Smaller turbines typically go on shorter towers than larger turbines. A 250 watt turbine is often, for example, installed on a 15-20 meter tower, while a 10 kW turbine will usually need a tower of 20-30 meter. A wind turbine must have a solid tower to perform efficiently. Turbulence, which is highest close to the ground and diminishes with height, reduces the  performance of the turbine.

For small wind mills the least expensive tower type is the guyed-lattice tower, such as those commonly used for ham radio antennas. Smaller guyed towers are sometimes constructed with tubular sections or pipe. Self-supporting towers, either lattice or tubular in construction, take up less room and are more attractive but they are also more expensive. Telephone poles can be used for smaller wind turbines. Towers, particularly guyed towers, can be hinged at their base and suitably equipped to allow them to be tilted up or down using a winch or vehicle. This allows all work to be done at ground level. Some towers and turbines can be easily erected by the purchaser, while others are best left to trained professionals. Anti-fall devices, consisting of a wire with a latching runner, are available and are highly recommended for any tower that will be climbed. Aluminium towers should be avoided because they are prone to developing cracks. Towers are usually offered by wind turbine manufacturers and purchasing one from them is the best way to ensure proper compatibility. Be sure that the tower is strong and well installed. Sloppy tower installation can bring the whole system crashing down. Guyed towers are more secure and less expensive than unguided towers. 

Choosing a wind controller

In almost every case, the manufacturer of the wind machine also makes a regulator for that specific model. So, the user doesn‘t have to select a regulator because it is bundled in with the wind machine. These controls are shunt types that divert the turbine‘s output to maintain control of the system‘s voltage. Diversion regulator schemes are really the only type used, because unloading the wind machine will cause overspeeding and damage to the turbine.

Sizing the Wind system‘s battery

The size of a wind system battery storage is determined by the longest period of windless weather. This can be very difficult to determine in advance. For this reason wind systems usually have more days of battery storage than do PV systems. Shoot for a minimum of seven days of storage and extend this to fourteen days if you can afford it. Wind power comes in gusts and spurts, having a large battery makes more effective use of nature‘s least consistent power source.

4.7
LITERATURE – WIND POWER

Wind Force 10. A Blueprint to achieve 10% worlds electricity from wind power by 2020. European Wind Power Ass., Forum for Energy and Development, Greenpeace Int., October 1999

Hermann, Henery, WR Lazard, Laidlaw and Mead, Inc., ”The Wind Power Industry,” November, 1994.

Renewable Energy Resources by J. W. Twidell and A. D. Weir (revised 1997). London: Spon/Routledge.

A Siting Handbook for Small Wind Energy Conversion Systems, Battelle Pacific Northwest Laboratory, National Technical Information Service, U.S. Department of Commerce, Springfield, 1980.

The Wind Power Book, J. Park, Chesire Books, Palo Alto,CA, 1981.

Wind Power for Home & Business: Renewable Energy for the 1990s and Beyond, P. Gipe, Chelsea Green Publishing Company, 1993.

Best internet page to visit : http://www.windpower.dk
5
HYDRO POWER

5.1
INTRODUCTION

Water constantly moves through a vast global cycle, in which it evaporates (due to the activity of the Sun) from oceans, seas and other water reservoirs, forms clouds, precipitates as rain or snow, then flows back to the ocean. The energy of this water cycle, which is driven by the Sun, is tapped most efficiently with hydropower. When considered as a whole, the energy locked within Earth’s water cycle and ocean waves is extremely large, but harnessing this energy has proved to be exceedingly difficult. The use of water to generate mechanical power is a easiest way of utilisation and it is very old practice. A flowing stream can make a paddle turn, but a waterfall can spin a blade fast enough to generate electricity. The real key in the magnitude of waterpower is the physical height difference achieved between source and sink - the distance through which the water falls. 

Another methods of harnessing water’s energy include utilisation of the temperature of ocean water in a thermal transfer process, waves and tidal power. The waves are a direct result of wind, which itself is cause by uneven heating of the ground and oceans by the Sun. Of the several types of hydropower, only the origin of the tides is not related to the Sun. The gravitational pull of the moon is responsible for the tides, which vary in magnitude by location according to latitude and geography. 

Despite many different ways of harnessing the energy in water the most common way of capturing this energy is hydroelectric power, electricity created by falling water. The principal advantages of using hydropower are its large renewable domestic resource base, the absence of polluting emissions during operation, its capability in some cases to respond quickly to utility load demands, and its very low operating costs. Hydroelectric projects also include beneficial effects such as recreation in reservoirs or in tail water below dams. Disadvantages can include high initial capital cost and potential site-specific and cumulative environmental impacts. 

HISTORY

Simple water-wheels have been used already in ancient times to  relieve man of some forms of hard manual labour. Water power was probably first mentioned by the Greeks, around 4000 B.C. Greeks used hydro power to turn water wheels for grinding wheat into flour as well. Much later, but long before the advent of the steam engine, the art of building  large water-wheels and the use of considerable power capacities was highly developed. The use of this natural energy resource became  even easier and more widespread with the invention of the  water turbine in the early 1800’s and hydro power was quickly adapted from mechanical uses, such as grist mill, to spinning a generator to produce electricity. The first small industries emerged soon after in many regions of Europe and North America,  powered by water turbines.

In later years, when cheap oil became available world-wide, interest in hydro power was lost to a great extent in many areas, but today  the situation is different again. Governments, policy-makers,  funding and lending agencies, institutions and  individuals take a growing interest. This led -and still does -to the reassessment of many projects once found not feasible; the  identification of new sites and potentials, and a number of other  activities related to hydro development.  

5.2
HYDRO POWER PLANTS

Amongst renewable energy sources, hydroelectric power seems to be the most desirable for utilities and its economic feasibility has been successfully proven. Power stations with a capacity of up to 10 GW have been built and it is estimated that there are economic resources for 3,000 GW world-wide, compared to 10.000 GW world primary energy consumption. In Europe, however, most hydroelectric potential has been realised, with Norway deriving 98% of its energy consumption from water power and the West German government concluding that there are no more sites available for exploitation. World-wide it is estimated that about 10% of resources have been realised, with most potential remaining in Africa and Asia. 

Present worlds total installed hydro power capacity is about 630.000 MW. The data are uncertain because the contributions from small hydro power plants and private systems are difficult to estimate, but it is assumed that these facilities can add just a few per cent to the total figure. The annual power production world-wide is 2200 TWh (billion kilowatt hours), which means that the power plants are running at 40 % of its rated power. 

The largest hydroelectric complex in the world is on the Parana River, between Paraguay and Brazil. It is called the Itaipu Dam and its 18 turbines produce 12.600 MW of electricity. Hydro power is growing in many regions of the world. China and India pledged increases in large-scale hydroelectric development. In 1999 China completed its 3300 MW Ertan hydroelectric station which has six generating units, each with a capacity of 550 megawatts. Ertan is Asia’s second tallest dam and China’s largest electricity supplier. 

Hydroelectric projects currently under construction in China amount to some 32.000 MW of installed generating capacity. In India, 12 large-scale projects - adding up to 3700 MW of installed hydroelectric capacity - have been given government approval. All the projects are scheduled for completion by 2002. Construction on the world’s largest hydroelectric project, the 18,2 GW Three Gorges Dam (China), entered Phase 2 of a three-phase process in 1998. Although construction on the dam was temporarily suspended in August 1988 because of the extensive flooding along the Yangtze, Phase 2 is still scheduled for completion in 2003, when the dam will start generating electricity. Phase 3 should end in 2009 with the beginning of full power generation. About USD 3,7 billion has already been spent on construction of Three Gorges Dam, including temporary diversion of the Yangtze and draining of the building site so that construction of the dam can continue. Upon completion, the project will extend 2 kilometres across the Yangtze and will be 200 meters tall, creating a 550 km long reservoir. The official Chinese estimate for the cost of the entire project is USD 25 billion. Three Gorges Dam has been the subject of much controversy. Environmental and social  problems related to this projects are enormous. Water pollution along the Yangtze will double as the dam traps more than 50 kinds of pollutants from mining operations, factories, and human settlements that used to be washed out to sea by the strong currents of the river. Heavy silt in the river will deposit at the upstream end of the dam and clog the major river channels of Chongqing. An estimated 1,1 million to 1,9 million people will have to be resettled before the reservoir is created; around 1300 archaeological sites will have to be moved or flooded; and the habitats of several endangered species and rare plants will be jeopardised. In 1996, the U.S. Export-Import Bank declined to grant guarantees for U.S. companies  hoping to work on Three Gorges Dam, citing the potential environmental problems.

Construction is also underway on a pumped-storage station in Tibet at Yamzho Yumco Lake. The Tibetan station is being constructed at an elevation of 4000 to 5000 meters, the highest project in the world. In 1997, China announced plans to build a hydroelectric project along Tibet’s Brahmapoutre river, near the Yalutsan mountain, which could generate a proposed 40.000 MWh per year. 

Many countries of Central and South America rely heavily on hydroelectricity for electricity generation. In Brazil - which accounts for about 40 percent of the region’s total installed capacity - 86 percent of the 59.000 MW of total installed capacity in 1996 consisted of  hydropower. Hydroelectric dams also account for 50 percent or more of the total installed generating capacity in Chile, Colombia, Paraguay, Peru, and Venezuela. Although many of the region’s hydroelectric resources have been developed, there are still plans to add substantial capacity in near future. Brazil still has more hydroelectric projects under construction or planned for future installation than any other country in the Central and South America region. In September 1997, the final turbine was installed in the 3000 MW  Xingó hydroelectric power facility on the São Francisco River at Piranhas. The USD 3.1 billion project accounts for 25 percent of the installed capacity in Northeast Brazil. Other large hydroelectric facilities currently under construction in Brazil include the 1450 MW Itá hydroelectric plant, which is scheduled  for completion in mid-2000, and the 1140 MW Machadinho hydroelectric plant, which is scheduled for completion in 2003; both facilities are located on the Uruguay River. Finally, there are also plans to expand the 12.600 MW  Itaipu project held jointly between Brazil and Paraguay. The facility is to be expanded by 1400 MW at a cost of about USD 200 million. 

HYDROPOWER POTENTIAL

There are two main factors that determine the generating potential at any specific site: the amount of water flow per time unit and the vertical height that water can be made to fall (head). Head may be natural due to the topographical situation or may be created artificially by means of dams. Once developed, it remains  fairly constant. Water flow on the other hand is a direct result of the intensity, distribution and duration of rainfall, but is also a function of direct evaporation, transpiration, infiltration into  the ground, the area of the particular drainage basin, and the  field-moisture capacity of the soil. 

Hydro power potential can be estimated with the help of river flows around the world. The results show that this total resource potential is 50.000 TWh per year – only a quarter of the world precipitation, but still over four times the annual output of all the world present power plants. Realistic resource potential which is based on local conditions of world rivers is in range 2 - 3 TW with an annual output of 10.000 – 20.000 TWh (UN 1992). But the important question remains : how much of hydro potential can we afford to use (see the chapter on environmental aspects).

A theoretical yearly production potential of 10.000 TWh of electrical energy means that the same amount of electrical energy produced in thermal plants with oil as  fuel would require approximately 40 million barrels of oil per day. If this is compared to the world consumption of petroleum  products, which amounted to around 80 million barrels per day in 1995. For developing countries, who together possess almost 60 % of the installable potential, the magnitude is striking. 

5.2.1
PROBLEMS OF HYDRO POWER

The main reasons that hydro power plants are not build everywhere are that they are costly and require large bodies of water relatively close to inhabitants. According to the World Bank, ”developing countries will need to raise an estimated USD 100 billion by the year 2000 for hydroelectric plants currently in the planning stage.” Another arising problems are the effects of dams on river ecosystems and social problems related to relocation of inhabitants. 

Environmental aspects of hydro power plants

A watercourse is an ecological system where changes within one component may create a series of spread-effects. For instance, changes in the water flow may affect the quality of the water and the production of fish downstream. Dam barriers may greatly change the living conditions for fish. In addition to the emergence of a major or completely new lake, the dam may divide upstream fish from downstream fish, and block their migration routes. 

Environmental changes may be traced far downstream, at times even out into the sea. In the tropics there may be great seasonal variations as to the amount of precipitation, and in dry periods evaporation from lakes and reservoirs may be considerable. This may affect the water level of the reservoirs more dramatically than in temperate areas. The watercourse and its watershed mutually influence each other. The watercourse, for example, may affect the local climate and the ground-water level in surrounding areas. The sedimentation taking place in a reservoir can often lead to an increased erosion downstream, i.e. an increase in the total erosion. Changes in water flow and water level will also lead to changes in the transportation of sediments.

During the construction phase the transport of mud and sediments will be especially large downstream from the construction area. Excavation and tunnelling may lead to greatly reduced water quality and problems for those dependent on the water.

GROUNDWATER

The groundwater level is important for the ecosystem‘s composition and development of plant and animal species. Groundwater is particularly important as a drinking-water source in most countries. The filling of a reservoir of hydro power plant and the flow of a watercourse are of great importance to the groundwater level and for the feeding of the groundwater reservoirs. A reservoir, together with the changes and variations of the water level caused by its operation, will change the groundwater level in surrounding areas. These areas may in turn influence the quality of the water and the sediment transport of the watercourse as a result of area run-off and erosion. 

Excessive fertilization

Whenever nutrients are trapped in a reservoir, the result may be excessive fertilisation - eutrophication - in the reservoir. It may lead to an increased growth of algae or large amounts of higher-order aquatic plants. A substantial production of organic matter in the reservoir, or the supply of external organic matter, may cause anaerobic conditions - lack of oxygen - in the deep-water layers.

On the whole, shallow lakes with a large surface area are most at risk, partly because the reserve of oxygen in the deep-water layers is limited in proportion to the productive area in the top layers. In deep, narrow lakes the oxygen content in the deep-water layers will be sufficient to recycle organic matter sinking down, provided there is a regular circulation of the waters. This is not always the case in the tropics. If the watercourse is initially rich in nutrients, the risk of eutrophication will increase.

Evaporation may cause a concentration of nutrients, leading to excessive fertilisation or eutrophication. Tropical soil normally has-a low humus content. This, combined with the great seasonal variations as to the amount of precipitation, and the fact that precipitation often comes in heavy showers, may cause considerable erosion. The transportation of eroded sediments will be halted and deposited in a reservoir. The reservoir’s lifetime may in this way be reduced. Transport of sediments and nutrients tends to play a crucial role in the ecosystem of a watercourse. The population’s utilization of nature and natural resources may be completely dependent on floods and waterborne sediments and nutrients.

TRANSPORT OF NUTRIENTS

A reservoir serves as a trap for nutritious elements and mud flowing in, possibly leading to a considerable reduction of the total transport of nutrients downstream. In addition, the annual variations in supply downstream may undergo changes. This may reduce the biological production all the way to the sea. There are grave examples of marine fishing being impaired in the wake of a major dam development.

Fish

The composition of fish species may be altered, since reproduction for some species may be hindered if the operation involves changes in the water level during the spawning period. Artificial reservoir tends to contain a less varied composition of species than a natural lake. Changes in the water flow and water-flow pattern may radically alter nutrient and spawning conditions downstream. The primary production as well as the direct accessibility of nutriment for fish will change. Changes made to the downstream floods, as a result of water control, may be decisive. At dam and turbine outlets a surfeit of gas may occur, principally of nitrogen, which can cause death among fish.

Flora and fauna

Submerging and water-flow changes, moreover, will lead to changes in the fauna and vegetation beyond the watercourse as such.

Large reservoirs will exert a considerable direct impact on the flora and fauna of the hydro power plant area through submerging the area permanently or periodically. Animals may to some extent move to new habitats beyond the reservoir area, provided that suitable conditions are to be found. But normally the types and species of nature existing in areas being submerged must be considered as lost.

It is difficult to predict in general terms how changes beyond the submerged area will turn out. Local climatic changes and changes to the ground-water level may affect the flora and fauna. Valuable types and species of nature may be lost. A general activity increase in the area, such as traffic, noise etc., may also affect the fauna in a negative way. This especially pertains to the construction period.

Further, a reduced water flow or changed flow pattern downstream may influence the flora and fauna. The effects may be direct ones in that the flora and fauna react to the water flow, or the effects may be indirect owing to changes in the ground-water level and the transport of nutrients.

Population movements 

Large hydro power plants with dams require large reservoir and discharge areas. Many people have to be evacuated to make room for these areas. This could lead to a completely new situation for people who have lived in a relatively small, protected environment. Housing, land distribution, working conditions and way of life may change radically. The impacts will depend upon the size and location of the project. With major dam developments they can be serious.

Social consequences are likely to arise if the population concerned should be pressured into settling down in, or exploiting, more marginal and ecologically vulnerable areas than the ones they have traditionally utilized. These impacts may further aggravate their situation. Such indirect environmental effects can cause considerable ecological problems, with consequences for the entire project area.

Indigenous groups affected by hydropower development may be particularly deprived. Their principle socio-cultural conditions together with their traditional connection to land, water and other natural resources, tend to make them unadaptable to changes and new activities. The size of many hydropower projects and the rapid alterations in ecological conditions that may arise, usually allow little room for readjustment. The transfer of indigenous groups may endanger their entire cultural system. Such minorities are particularly exposed, as they tend to have little political influence and possibility of securing their own interests.

As a whole, the consequences of dam development can involve great damage to traditional ways of life and cultural expressions. Changes in terms of social, economic and religious organisation can create a series of indirect social impacts which are difficult to foresee during the planning of the project. Cultural landscapes, ancient monuments, holy places, burial grounds etc. are often areas and objects of great importance to a local population’s cultural activities. Should such areas and objects be affected by a project, the cultural identity of the population might be at risk.

Health

Large hydro power plants can increase the extent of water-related diseases. The reservoir may improve the living and breeding conditions of disease-causing organisms (pathogens) and their intermediate hosts. Among water-related diseases one could mention typhus, cholera, dysentery and several tapeworm and roundworm diseases. Several serious diseases have intermediate hosts linked to water. This applies to bilharzia, malaria, filariasis, sleeping sickness and yellow fever. 

Reservoirs with large, stagnant waters and slow water-level variations offer favourable living conditions to pathogens. Vegetation in the reservoir also affords improved living conditions for several types of infection-carriers. The vegetation may provide infection-carriers with an increased supply of nutrients, improved conditions for breeding and protection in periods of a low water level. Moreover, the aquatic vegetation shields snails - which are carriers of bilharzia infection - from strong sunlight. In addition, research reveals that mosquito species carrying malaria and filariasis due to vegetation in dams. If the reservoir is employed both for irrigation and as the industrial and drinking water supply, there will be a risk of infection spread by pathogens living in the water. Such infection may spread over large areas.

Dam breach -Uncontrolled flooding

A dam breach seldom occurs, but owing to the enormous consequences which it may involve, the impacts of a breach should be assessed. The risk of casualties and damaged property or technical installations must be considered the most serious consequences, but the impacts on the natural environment can also be considerable.

Statistically, the combination of a flood in the upstream watershed of the dam and faults in the spillway are the most frequent causes of accidents. Secondary causes are foundation errors or water seepage. At high water levels in the reservoirs, landslides of earth and rocks from the embankment above or inside the reservoir may cause flood waves so massive that water may spill over the total or partial width of the dam. If the dam is an embankment dam, this may lead to the dam itself being damaged. Special care should be taken if a major dam is planned in an area exposed to earthquakes.

5.3
TECHNOLOGY

In hydro power plants the kinetic energy of falling water is captured to generate electricity. A turbine and a generator convert the energy from the water to mechanical and then electrical energy. The turbines and generators are installed either in or adjacent to dams, or use pipelines (penstocks) to carry the pressured water below the dam or diversion structure to the powerhouse. The power capacity of a hydropower plant is primarily the function of two variables: (1) flow rate expressed in cubic meters per second (m3/s), and (2) the hydraulic head, which is the elevation difference the water falls in passing through the plant. Plant design may concentrate on either of these variables or both. 

From  the energy conversion point of view, hydro power is a technology with very  high efficiencies, in most cases more than double that of conventional thermal power plants. This is due to the fact that a volume of  water that can be made to fall a vertical distance, represents  kinetic energy which can more easily be converted into the  mechanical rotary power needed to generate electricity, than  caloric energies. Equipment associated with hydropower is  well developed, relatively simple, and very reliable. Because no  heat (as e.g. in combustion) is involved, equipment has a long life and malfunctioning is rare. The service life of an hydroelectric plant is well in excess of 50 years. Many plants built in the twenties - the first heyday of hydroelectric power - are still in operation.

Since all essential operating conditions can be remotely monitored and adjusted by a central control facility, few operating personnel are required on site. Experience is considerable with the  operation of hydropower plants in output ranges from less than one  kW up to hundreds of MW for a single unit.

TYPES OF HYDROPOWER FACILITIES

Hydropower technology can be categorized into two types: conventional and pumped storage. Another way of classification of hydro power plants is according to :

· Rated power capacity (big or small)

· Head of water (low, medium and high heads)

· The type of turbine used (Kaplan, Francis, Pelton etc.)

· The location and type of dam, reservoir.

Conventional hydropower plants use the available water energy from a river, stream, canal system, or reservoir to produce electrical energy. Conventional hydropower can be further divided between impoundment and diversion hydropower. Impoundment hydropower uses dam to store water. Water may be released either to meet changing electricity needs or to maintain a constant water level. Diversion hydropower channels a portion of the river through a canal or penstock, but  may require a dam. In conventional multipurpose reservoirs and run-of-river systems, hydropower production is just one of many competing purposes for which the water resources may be used. Competing water uses include irrigation, flood control, navigation, and municipal and industrial water supply.

Pumped storage plants
Pumped storage hydro-electricity is a remarkably simple principle. To start with, two reservoirs at different altitudes are required. Water stored at height offers valuable potential energy. During periods of high electrical demand, the water is released to the lower reservoir to generate electricity. When the water is released, kinetic energy is created by the discharge through high-pressure shafts which direct the water through turbines connected to generator/motors. The turbines power the generators to create electricity. After the generation process is complete, water is pumped back to the upper reservoir for storage and readiness for the next cycle. The process usually takes place overnight when electricity demand is at its lowest.

While pumped storage facilities are net energy consumers, they are valued by a utility because they can be rapidly brought on-line to operate in a peak power production mode. This process benefits the utility by increasing the load factor and reducing the cycling of its base load units. In most cases, pumped storage plants run a full cycle every 24 hours.

COMPONENTS OF HYDRO POWER PLANT

Most conventional hydropower plants include following major components:

1. Dam. Controls the flow of water and increases the elevation to create the head. The reservoir that is formed is, in effect, stored energy.

2. Turbine. Turned by the force of water pushing against its blades.

3. Generator. Connects to the turbine and rotates to produce the electrical energy.

4. Transformer. Converts electricity from the generator to usable voltage levels.

5. Transmission lines. Conduct electricity from the hydropower plant to the electric distribution system.

6. In some hydro power plants also another component is present – penstock, which carries water from the water source or reservoir to the turbine in a power plant.

5.3.1
TYPES OF TURBINES 

The oldest form of ”water turbine” is the water-wheel. The natural  head difference in water level of a stream is utilised to drive it. In its conventional form the water-wheel is made of wood and is provided with buckets or vanes round the periphery. The water thrusts against these, causing the wheel to rotate. Traditional water wheels have been used for centuries, but these large and slow-moving wheels are not suitable for generating electricity. Water turbines used for electricity generation are made from metals, rotate at higher speeds, and are much easier to build and install. Over the years, many turbine designs have been developed to work best in different situations.

Water turbines may be classified in different ways. One way of classification is according to the method of functioning (impulse or reaction turbine); another way is according to the design (shaft arrangement and feed of water). Water turbines may operate as turbines, as pump turbines or as a combination of both. They may be of the single regulated or double regulated type. Turbines may also be classified according to their specific speed.

Impulse turbines use a nozzle at the end of the pipeline that converts the water under pressure into a fast-moving jet. This jet is then directed at the turbine wheel (also called runner), which is designed to convert as much of the jet’s kinetic energy possible into shaft power. Common impulse turbines are Pelton and cross-flow. In reaction turbines the energy of the water is converted from pressure to velocity within the guide vanes and the turbine wheel itself. Spinning of the turbine is a reaction to the action of the water squirting from the nozzles in the arms of the rotor. The typical example of reaction turbine is a  Francis turbine. The advantage of small hydro power reaction turbine is that it can use the full head available at a site. An impulse turbine must be mounted above tailwater level. The advantage of impulse turbine is that it is very simple and cheap and as the water flow varies , water flow to the turbine can be easily controlled by changing nozzle size. In contrast most small reaction turbines cannot be adjusted to accommodate variable  water flow. 

Most hydraulic turbines consist of a shaft-mounted water-wheel or ”runner” located within a water-passage which conducts water from a higher location (the reservoir upstream from a dam) to a lower one (the river below a dam). Some runners look very similar to a boat propeller, others have more complex shapes. The turbine runner is installed in a water passage that lets water from the reservoir flow pass the runner blades, which makes the turbine spin. 

Almost all hydraulic turbine/generator units turn at a constant speed. The constant speed one type of turbine/generator operates at may be considerably different from the speed of another. The best speed for each type of turbine is set during design, and a generator is then designed that will produce usually alternating current at that speed. A device called a governor keeps each unit operating at its proper speed by operating flow-control gates in the water-passage. There are several types of turbine designs like Pelton, Kaplan, Francis or cross-flow turbine. 

5.3.1.1
Pelton turbine
The principle of the old water-wheel is embodied in the modern Pelton turbine. This turbine has a similar look and physical principle like a classic water wheel. A Pelton turbine is used in cases where large heads of water are available (more than 40 m). The Pelton turbine is used for heads up to 2000 m. Below 250 m, mostly the Francis turbines are given preference. Today the maximum output lies at around 200 MW.

Together with crosflow turbines, Pelton turbines belong to the impulse type (or free-jet)  turbines, where the available head is converted to kinetic energy at atmospheric pressure and partial admission of flow into the runner. The free jet turbine was invented around 1880 by the American Pelton, after whom it got its name. The greatest improvement that Pelton made was to introduce symmetrical double cups. This shape is basically still valid today. The splitter ridge separates the jet into two equal halves, which are diverted sideways. The largest Pelton wheels have a diameter of more than 5 m and weigh more than 40.000 kg. The wheel must be placed above the tailrace water level, which means a loss of static head, but avoids watering of the runner. In order to avoid an unacceptable raise of pressure in the penstock, caused by the regulating of the turbine, jet deflectors are sometimes installed. The deflector diverts the jet, or part of it, from the runner.

Since then the turbine has been considerably improved in all respects and the output of power has increased. Power is extracted from the high velocity jet of water when it strikes the cups of the rotor (runner). There is a maximum of 40 cup-like paddles jointed in two half-cups each water is being squirted through nozzles onto the blades where it is deflected by 180° and thus gives almost all of its energy to the turbine. By the reversal almost all the kinetic energy is transferred into force of impulse at the outer diameter of the wheel. Because of the symmetry of the flow almost no axial force is created at the runner.

From the design point of view, adaptability exists for different flow and  head. Pelton turbines can be equipped with one, two, or more  nozzles for higher output. In manufacture, casting is commonly used for the rotor, materials being brass or steel. This  necessitates an appropriate industrial infrastructure. Pelton turbines require only very little maintenance. 

5.3.1.2
Francis turbine

In the great majority of cases (large and small water flow rates and heads) the type of turbine employed is the Francis or radial flow turbine. The significant difference in relation to the Pelton turbine is that Francis (and Kaplan) turbines are of the reaction type, where the runner is completely submerged in water, and both the pressure and the velocity of water decrease from inlet to outlet. The water first enters the volute, which is an annular  channel surrounding the runner, and then flows between the fixed guide vanes, which give the water the optimum direction of flow. It then enters the runner, which is totally submerged, changes the momentum of the water, which produces a reaction in the turbine. Water flows radially i.e., towards the centre. The runner is provided with curved vanes upon  which the water impinges. The guide vanes are so arranged that the energy of the water is largely converted into rotary motion and is  not consumed by eddies and other undesirable flow phenomena causing energy losses. The guide vanes are usually adjustable so as to  provide a degree of adaptability to variations in the water flow rate and in the load of the turbine.  

The guide vanes in the Francis turbine are the elements that direct the flow of the water, just as the nozzle of the Pelton wheel does. The water is discharged through an outlet from the centre of the  turbine. In design and manufacture, Francis turbines are much more complex  than Pelton turbines, requiring a specific design for each head/flow condition to obtain optimum efficiency. Runner and housing are usually cast, on large units welded housings, or cast  in concrete at site, are common. 

With a Francis turbine, downstream pressure can be above zero. Precautions must be taken against water hammer with this type of turbine. Under the emergency stop, the turbine overspeeds. One would think that more water is going through the turbine than before the trip occurred since the turbine is spinning faster. However, the turbine has been designed to work efficiently at the design speed, so less water actually flows through the turbine during overspeed. Pressure relief valves are added to prevent water hammer due to the abrupt change of flow. Besides limiting pressure rise, the pressure relief valve prevents the water hammer from stirring up sediment in the pipes. 

With a big variety of designs, a large head range from about 30 m up to 700 m of head can be  covered. The most powerful Francis turbines have an output of up to 800 MW and use huge amounts of water.

5.3.1.3
Kaplan turbine

For very low heads and high flow rates a different type of turbine, the Kaplan or Propeller turbine is  usually employed. In the Kaplan turbine the water flows through the propeller and sets the latter in rotation. In this turbine the area through the water flows is as big as it can be – the entire area swept by the blades. For this reason Kaplan turbines are suitable for very large volume flows and they have become usual where the head is only a few meters. The water enters the turbine laterally, is deflected by the guide vanes, and  flows axially through the propeller. For this reason, these  machines are referred to as axial-flow turbines. They have the advantage over radial-flow turbines that it is technically simpler to vary the angle of the blades when the power demand changes what improves the efficiency of power production. The flow rate of  the water through the turbine can be controlled by varying the distance between the guide vanes; the pitch of the propeller blades must then also be appropriately adjusted. Each setting of the guide vanes corresponds to one particular setting of the  propeller blades in order to obtain high efficiency. Important feature is that the blade speed is greater than the water speed – as much as twice as fast. This allows a rapid rate of rotation even with relatively low water speeds.

Kaplan turbines  come in a variety of designs. Their application is limited to heads from 1 m to about 30 m. Under such conditions, a relatively larger flow as compared to high head turbines is required for a given  output. These turbines therefore are comparatively larger. 

5.3.1.4
Cross - flow (BANKI) turbine  

The concept of the Cross-Flow turbine -although much less  well-known than the three big names Pelton, Francis and Kaplan -is not new. It was invented by an engineer named Michell who obtained  a patent for it in 1903. Quite independently, a Hungarian professor  with the name Donat Banki, re-invented the turbine again at the  university of Budapest. By 1920 it was quite well known in Europe,  through a series of publications. There is one single company who  produces this turbine since decades, the firm Ossberger in Bavaria, Germany. More than 7000 such turbines are installed world-wide,  most of them made by Ossberger.  

The main characteristic of the Cross-Flow turbine is the water jet  of rectangular cross-section which passes twice through the rotor  blades -arranged at the periphery of the cylindrical rotor -  perpendicular to the rotor shaft. The water flows through the  blading first from the periphery towards the centre, and then, after crossing the open space inside the runner,  from the inside outwards. Energy conversion takes place twice;  first when water falls down on the blades upon entry, and then when water strikes the blades during  exit from the runner. The use of  two working stages provides no particular advantage except that it  is a very effective and simple means of discharging the water from the runner.  

The machine is normally classified as an impulse turbine. This is  not strictly correct and is probably based on the fact that the original design was a true constant-pressure turbine. A sufficiently large gap was left between the nozzle and the runner,  so that the jet entered the runner without any static pressure. Modern designs are usually built with a nozzle that covers a bigger  arc of the runner periphery. With this measure, unit flow is  increased, permitting to keep turbine size smaller. These designs  work as impulse turbines only with small gate opening, when the  reduced flow does not completely fill the passages between blades  and the pressure inside the runner therefore is atmospheric. With  increased flow completely filling the passages between the blades,  there is a slight positive pressure; the turbine now works as a reaction machine.  

Cross-Flow turbines may be applied over a head range from less than 2 m to more than 100 m (Ossberger has supplied turbines for heads  up to 250 m). A large variety of flow rates may be accommodated  with a constant diameter runner, by varying the inlet and runner  width. This makes it possible to reduce the need for  tooling, jigs and fixtures in manufacture considerably. Ratios of  rotor width/diameter, from 0,2 to 4,5 have been made. For wide  rotors, supporting discs welded to the shaft at equal intervals  prevent the blades from bending.  

A valuable feature of the Cross-Flow turbine is its relatively flat  efficiency curve, which Ossberger are further improving by using a divided gate. This means that at reduced flow, efficiency is still  quite high, a consideration that may be more important than a higher optimum-point efficiency of other turbines. Due to low price and good control these turbines are, however, very successful in the area of small hydro-electric power plants.

5.4
BIG OR SMALL HYDRO?  

Hydro power plants range in capacity between few hundred watts to more than 10.000 MW. Classification between big and small is quite common where usually all power plants with capacity larger than 10 MW are considered as big and all others as small. Classification among small hydro power is also possible and terms like micro or nano hydro with capacity less than 1 kW are also used in literature. Nevertheless it is worthwhile looking at the specific characteristics and basic differences between big and small power plants.  

5.5
Big Hydropower

Big hydropower stations are of a nature that requires a good  infrastructure such as roads (during construction) and access to a big market, resulting in long high-tension grid systems and an  extensive distribution system. It serves a great number of  individual consumers and supplies power to electricity-intensive  large industry.  

Big plants are usually owned and operated by big companies or state enterprises. The skill requirements in management, administration, operation and maintenance are considerable. Unit cost of energy generation is  relatively low. This is due to a decrease in specific investment cost  with rising plant size, and the probability of higher load factors with a larger number of consumers. A problem is peak demand; big  numbers of consumers tend to have their maximum individual demand  during the same time-interval, which results in a largely  uncontrollable peak of demand that must be met with increased  capacity, such as standby installations and high cost  pumped-storage.  

From the engineering point of view, big hydro power calls for  sophisticated technology in manufacturing electro-mechanical  equipment, and high standards of feasibility studies, planning and  civil construction activities, because the risks involved are  great. Long-term flow data are a necessity and gestation periods are long. It is possible to apply computer design technology and  highly specialised fabrication technology to achieve very high  performance efficiencies that may reach 96 % in the case of turbines. Needless to say, this process brings about very  high cost, which however may be justified because of the large  scale, where equipment cost is generally a relatively small  fraction of total cost.  

Big-scale hydropower stations require careful environmental considerations. Artificial lakes may change an entire landscape and inundate sizeable areas of arable land. Positive aspects are flood  controlling capability and the creation of new recreational sites (boating, fishing, camping) although it is obvious that the benefits for recreation do not rise in proportion with size. 

5.6
Small Hydropower

Small and micro or nano hydropower schemes combine the advantages of  large hydro on the one hand an decentralized power supply, on the other. They do not have many of the  disadvantages, such as costly transmissions and environmental  issues in the case of large hydro, and dependence on imported fuel  and the need for highly skilled maintenance in the case of fossil fuelled plants. Moreover, the harnessing of small hydro-resources, being of a decentralised nature, lends itself to decentralised utilization,  local implementation and management, making rural development  possible mainly based on self-reliance and the use of natural, local resources.  

There are in fact many thousands of small hydro plants in operation today all over the world. Modern hydraulic turbine technology is very highly developed with the a history of more than 150 years. Sophisticated design and manufacturing technology have evolved in industrialised countries over conventional technology  the last 40 years. The aim is to achieve higher and higher conversion efficiencies, which makes sense in large schemes where 1 percent more or less may mean several MW of capacity. As far as costs are concerned, such sophisticated technology tends to be very expensive. Again, it is in the big schemes where economic viability is possible. Small installations for which the sophisticated  technology of large hydro is often scaled down indiscriminately, have higher capital cost per unit of installed capacity.  On the other hand environmental impacts due to small hydro stations are generally negligible or are controllable because of their size. Often they are non-existent. 

Small hydro power plants are in large majority connected to the electricity grids. Most of them are of the ”run-of-river” type, meaning simply that they do not have any sizeable  reservoir (i.e. water not stored behind the dam) and produce electricity when the water provided by the river flow is available but generation ceases when the river dries-up and the flow falls below a predetermined amount. Power can be supplied by a small (or micro) hydro power plant in two ways. In a battery-based system, power is generated at a level equal to the average demand and stored in batteries. Batteries can supply power as needed at levels much higher than that generated and during times of low demand the excess can be stored. If enough energy is available from the water, an alternating current (AC) direct system can generate power. This system typically requires much higher power level than the battery-based system. Small hydropower in developing countries, on the other hand, implies decentralisation. Energy produced is usually supplied to relatively few consumers nearby, mostly with a low-tension distribution network only. 

Small hydro schemes have different configurations according to the head. High head schemes are typical of mountain areas, and due to the fact that for the same power they need a lower flow, they are usually cheaper. Low heads schemes are typical of the valleys and do not need feeder canal. Of the numerous factors which affect the capital cost, site selection and basic lay-out are among the first to be considered. Adequate head and flow are necessary requirements for hydro generation.

Most hydro power systems require a pipeline to feed water to the turbine. The exception is a propeller machine with an open intake. The water must pass first through a simple filter to block debris that may clog or damage the turbine. The intake is usually placed off to the side of the main water flow to protect it from the direct force of the water and debris during high flow. 

High safety standards in construction works are often not necessary, even the rupture of a small dam would not usually threaten human life, and the risks are smaller anyway if initial costs are kept down. This makes it possible to  use mainly local materials and local construction techniques, with  a high degree of local labour participation. 

Small hydro systems can require more maintenance than comparable wind or photovoltaic  systems. It is important to keep debris out of the turbine. This is done by reliable screening and construction of  a settling basin. In the turbine itself, only the bearings and brushes will require regular maintenance and replacement.

COST OF SHPP

Hydropower plants are  characterised by high initial capital-investment (according to World Bank total costs are between USD  1800  and USD  8800 per kW for heads from 2,3 to 13,5 m and USD  1000 to USD  3000 for heads between 27 and 350 meters.) and low operation  and maintenance cost. The investment costs include:

Construction (dam, channel, machine house),

Parts for electricity generation (turbine, generator, transformer, power lines),

Other  (engineering, ground property, commissioning)

Usually equipment for low head and low output becomes very costly and equipment cost ranges from 40 to 50 % of total cost in conventional hydro installations. As far as costs of civil construction-components are concerned, no  standard cost unit can be given. Dams, canals and intakes will  obviously cost a very different share of the total for different sites. Much depends on the topography and the geology, and also on  the construction method applied and the materials used.  Just to mention some examples the total cost of new small hydro power plants in Germany was 10-16 DM/W (5-9 EUR/W) and are divided in most cases 35% (construction) - 50% (electricity parts) - 15% (other). There are of course some differences between countries e.g. costs of 8 kW turbine (Banki type with regulation) in Czech republic is 4000 USD , equivalent to 3500 EUR or 0,45 EUR/W.

The high investment costs is the largest barrier in development of small hydro power schemes. Despite this obstacle and long pay-back times (7-10 years in some countries e.g. Slovakia) small hydro power plants are often cost-effective because of their long life-time (often more than 70 years) and low maintenance costs. As a general rule, total costs of operation and maintenance without major replacements account for approximately 3 to 4% of capital costs for small and micro-hydropower installations. 

5.6.1
SMALL HYDRO POWER PLANTS FOR DEVELOPING COUNTRIES

In developing countries the domain where small hydropower can potentially have an important  impact on development is in domestic lighting and in providing  stationary motive power for such diverse productive uses as  water-pumping, wood and metal working, grain milling, textile fibre spinning and weaving. While much of the discussion is concerned  with the generation of electricity, it must be recognised that the  same source of power can perform mechanical tasks directly via  gears and belt drives, very often more economically.

Emphasis is on the use of currently available know-how, using  simple equipment that can be made locally, and the use of local  construction materials and techniques. The aim is to reduce capital  costs as far as possible. Rather than scaling down large-scale  technology, this may lead to a more appropriate upgrading of local  technology for larger schemes at a later stage.  

ChinaThe construction of small hydropower stations has been a very  meaningful in the past 25 years. Besides the development of large resources,  much emphasis was given to small-scale developments resulting in an estimated 100.000 stations around the vast countryside with installed capacity approaching 10.000 MW. 

The first large-scale campaign to establish many small waterworks started in 1956. An ambitious plan called for the construction of 1000 small stations of a multi-purpose character, combining  irrigation, flood control and power generation, in one year, reaching a total capacity of 30 MW. Although industrial capability permitted construction of large  turbines, and the range under which small hydropower falls in China was extended to 12 MW, this indicates that construction of very small units continued. In fact, a range of miniature turbine-generators with outputs from 0,6 to 12 kW was developed,  suitable for scattered mountain villages with small hydropower  resources.  

The development activities in this field were entirely relying on  local resources -materials, skill and labour - and the results achieved are from this perspective even more impressive. Hydropower development in China faces some major natural obstacles. The regional distribution of resources is very uneven and concentrated in regions that are thinly populated. Flow variations  in many rivers are considerable. The maximum recorded flood flow in the Huang Ho river was 88 times larger than the minimum discharge and in smaller rivers this ratio is likely to be  much higher. 

5.6.2
MICRO HYDRO SYSTEMS

Microhydro systems are defined as hydroelectric systems that produce less than 1000 Watts. At the high end, microhydro systems produce enough power to run three electrically efficient households. No other form of renewable energy is so reliable or powerful for what it costs. Micro hydro system means that the site has either very little fall or very small flow of water, but probably not both. At sites with lower flow rates, systems are usually tied to a battery bank and configured to produce direct current. With larger hydro resources, systems may be configured to produce alternating current without the use of a battery bank. These systems must be able to directly power peak loads. In some case excess power produced is transferred to an alternate load such as a hot water heater. 

A hydropower turbine appropriate for household use can be bought for about USD 1000. These simple units are about the size of a breadbox and use a rewired automobile alternator to produce direct current. The direct current is used to charge batteries, then converted to AC power with an inverter. 

A typical micro hydro installation diverts a small portion of stream flow across a screen into a water storage e.g. 200 litre drum. The drum acts as a settling basin and the screen collects debris from the water which may clog the intake to the turbine. The water flows from the drum to the turbine through PVC piping (usually 5 to 10 centimetres in diameter), and then returns to the stream. Additional costs for piping, controls, batteries, and wiring vary depending on the particular application, but range from USD 1000 to USD 5000. 

Micro hydro turbines come in two basic forms. One uses an alternator, just like an automobile. The other (nano hydro systems) uses a permanent magnet (permag) generator/motor. The alternator based machines are for larger systems producing from 100 to 1000 watts, while the permag units are best suited to systems producing under 80 Watts.

Larger systems use shunt diversion for regulation. This prevents overspeeding of the turbine and premature wear of parts. Smaller systems use regulation schemes that unload the alternator when power is not needed. In all cases, these controls need to be user adjustable. Micro hydro systems are easy to fit with batteries. The turbine produces constant power all the time. The battery acts as a ”flywheel” to smooth out the inevitable peaks of consumption. Micro hydros refill the batteries almost immediately after even a little power is consumed from the battery. These systems are ”shallow-cycling” and ordinary batteries will last a long time. Usually spending money on good pipe and an efficient turbine is more effective than spending it on batteries. In a microhydro system the length and diameter of the pipe must be specified to suit the situation and the turbine. Using long runs of small diameter pipe will make even the finest turbine ineffective. 

NANOHYDRO - PERMAG

What sets nano hydro systems apart from other hydro generators is the use of permanent magnet generators for the power source. The advantage to this is that no power is fed back into the machine to electrically generate a magnetic field, as is the case with most alternators, so all of what is produced will feed the batteries. The disadvantage of a permag set-up is that the maximum output is limited by the inherent strength of the magnets. Normally that’s not a problem in a nano hydro situation because usually flow and head of water are too small for a larger, more powerful system anyway. 

BATTERY-BASED SYSTEMS

Most micro and nano hydro systems are battery-based. They require far less water than AC systems and are usually less expensive. Because the energy is stored in batteries, the generator can be shut down without interrupting the power delivered to the loads. Since only the average load needs to be generated in this system, the pipeline, turbine, generator and other components can be much smaller than those in AC system. For conversion of DC battery power to AC output (type of power needed by most of home appliances) inverters are used. The input voltage to the batteries in battery-based system usually ranges from 12 to 48 Volts DC. If the transmission distance is not long then 12 V system is used. For longer transmission distances higher voltage is used.

AC SYSTEMS

Alternating current (AC) hydro power systems are those used by utilities, but it can also be used on a home power scale under the appropriate conditions. In home power scale system power is not sent to the utility grid, but is directly used by a homeowners appliances (load). AC system does not need batteries. This means that the generator must be capable of supplying the continuous demand, including the peak load. The most difficult load is the short-lasting power surge drawn by motors in refrigerators, washing machines and some other appliances. Usually in typical AC system, an electronic controller is keeping voltage and frequency within prescribed limits. The output from hydro power plan can not be stored and any unused power is sent to a ”shunt” load, which can be e.g. a hot water heater. There is almost always enough excess power from this type of system to heat domestic hot water and provide space heating as well. 

5.6.3
PUMP AS TURBINE

High costs of equipment and civil works, or more generally, the capital-intensive nature of small hydropower plants, has long been a major constraint. However, in many situations it is necessary not only to achieve a better relation of costs compared to other energies, but to reduce them in absolute terms. This is possible to some degree by standardising equipment, but the scope for using such standardised equipment remains limited since no two sites are exactly the same. Efforts at cost reduction through indigenous manufacture are more promising, largely due to much lower labour costs. To make this possible, standards of design, performance and sometimes reliability must be lowered and all unnecessary sophistication avoided. The same is true in civil construction work, where local materials and techniques should be  used to the largest possible extent.  

In developing countries and especially in rural areas, it is generally recognized that small hydropower may play a significant role. However, high initial investment costs of small hydropower plants have restricted rapid development of this energy potential in many countries. The use of standard pumps as turbines (PAT) may often be an alternative with a considerable economic advantage and might therefore contribute to a broader application of micro-hydropower. Direct drive of machinery, electricity generation (in parallel to a large grid or isolated) or combinations of these are possible just as with a conventional turbine. The only difference is that a PAT cannot make use of the available water as efficiently as a turbine due to its lack of hydraulic controls.

FIELDS OF APPLICATION OF PUMPS USED AS TURBINES 

Pumps (rotational fluid machines) are completely reversible and can run effectively as a turbine. Standard pumps not intentionally designed to operate as turbines are now more and more used in small and micro-hydropower schemes due to their advantages mentioned above. However, performance in both modes are not identical although the theory of ideal fluids would predict the same. Without exception, the optimum flow and head in the turbine mode is greater than in pumping mode. The main reason for this difference is related to the hydraulic losses of the machine.

Applications of PAT range from direct drive of machinery in agro-processing factories and small industries (flour mills, oil expellers, rice hullers, saw mills, wood and metal workshops) to electricity generation both in stand-alone and grid-linked stations. 

In most instances, no design changes or modifications need to be made for a pump operating as a turbine provided that selection has taken into account the higher operating head and power output of the machine in turbine mode and consequently, nominal turbine speed has been taken well below maximum permissible pump speed. However, a design review is also required to check any adverse effects occurring from the reverse rotation in turbine mode.

Advantages

· the investment costs of PATs may be less than 50% of those of a comparable turbine (especially for small units below 50 kW). This might be an important issue for projects with limited budgets and loan possibilities

· construction: the absence of a flow control device, usually felt as a drawback, is at the same time an advantage since the pump construction is usually simple and sturdy

· availability: due to their widespread application (irrigation, industry, water supply), standard pumps are readily available (short delivery times) and manufacturers and their representatives are world-wide present

· spare parts: spare parts are readily available since major pump manufacturers offer after- sales services almost throughout the world

· maintenance: no special equipment and skills are required.

Disadvantages

· No hydraulic control device: therefore, a control valve must be incorporated in the penstock line (additional costs) to start and stop the PAT. If the valve is used to accommodate to seasonal variations of flow, the hydraulic losses of the installation will increase sharply

· lower efficiency at part load: a conventional turbine has an effective hydraulic control (adjustable guide vanes, nozzles or runner blades) to adjust the machine to the available flow or the required output. If PATs are operated at other than the design flow, i.e. below their best efficiency point  a relatively rapid drop of efficiency will occur.

The disadvantages of PATs can be reduced to a minimum if the PAT is very carefully selected and only applied where justified. Poor performance due to an inappropriately selected machine or application will lead to a reduction of gains. Summed up over the entire lifetime of the machine, this reduced output might by far offset the cost advantage of the PAT (lower investment costs) in comparison to a conventional turbine.

Differences  between pumps and turbines

Pumps are usually operated with constant speed, head and flow. A pump is therefore designed for one particular of operation (duty point) and does not require a regulating device (guide vane). Ideally, the duty point coincides with the maximum efficiency of the pump.

Turbines  operate under variable head and flow conditions. In an small hydro power plant, flow must be adjustable to either accommodate to seasonal variations of the available water or to adjust power output according to the demand of the consumers. Adjustable guide vanes and/or runner blades (or nozzles controlled by a streamlined valve) regulate the flow. 

TYPE OF PUMP TO BE USED AND EFFICIENCY IN TURBINE MODE

Virtually any type of pump may be used as turbine. However, the main advantage of a PAT, i.e. lower costs than a conventional turbine, is very pronounced for standard centrifugal and mixed flow pumps whereas axial flow pumps are less advantageous in that respect. The vast field of different pump designs and power ranges provides a suitable PAT for almost any application with heads from about 10 m up to several hundred meters. Large flows may be accommodated with double-flow pumps. Even submersible pumps may be used as PATs which, when integrated in the water course or pipe system, are completely hidden away underground, an important factor for the conservation of the environment. Efficiencies of pumps used as turbines may be the same as in pump mode but are more often several percent (3 - 5%) lower.

Direct drive of machinery, electricity generation (in parallel to a large grid or isolated system) or combinations of these are possible just as with a conventional turbine. Although the PATs cover a wide range of the small hydropower domain, they cannot replace conventional turbines everywhere. Since PATs have no hydraulic control device such as guide vanes, they are usually unsuitable to accommodate variable flow conditions. Throttling flow by means of a control valve in the penstock is inefficient and only applicable over a small range.

The lack of a hydraulic control device of a PAT has long been seen as a disadvantage also in terms of constancy of PAT speed under variable load. Grid-linked electricity generation or direct drive of machinery are either constant load applications or do not require precise speed control. These applications are therefore very suitable for PATs. Stand alone electricity generation on the other hand requires some form of governing to keep voltage and frequency within acceptable limits under changing load. The use of PATs in free-standing electricity generation is, however, not excluded due to the recent development of electronic load controllers which provide effective governing in conjunction with both induction and synchronous generators. Electronic load controllers keep the load on the PAT constant by switching in ballast loads whenever the electricity demand of the consumers drops.

5.6.4
HYDRO RAM PUMP

Hydro ram is not an animal but a self-driven pump first installed at the turn of the century when they were popular with farmers who had natural water courses on their land. With the coming of grid electricity and mains water, many rams were left to rot and rust in the post-war period. Nevertheless this device is a useful source of cheap energy even today. Ram pumps do not produce electricity but the mechanical work for pumping water to higher elevations. They use a downhill water pressure to pump a portion of that water  higher uphill to a holding tank. No other source of power is needed. The hydro rams are complete in themselves and designed to work with the minimum of attention, and to suit all the ordinary conditions.

The hydro ram has proved to be one of the most reliable devices used for water pumping. Many over 100 years old are still in use, and it remains one of the few really practical and efficient uses of renewable energy today. Hydro rams are relatively cheap, will last almost indefinitely and with no moving metal parts and its simplicity require only minimum of maintenance. If the two essentials are provided – a supply of water (spring or stream, as little as 4 litres per minute will suffice) and the ability to provide a ”fall” for that water – the hydro ram can reduce or even eliminate costly water bills. Typical uses of hydro rams include :

· Village water supplies

· Irrigation

· Water pumping and circulation in industry

· Water circulation for heat pumps

· Water circulation for solar panels

How a Ram Pump Works

All ram pumps work on the principle of momentum which is controlled by a cycle set up by the interaction of two valves in the pump. The water, being admitted into the drive pipe, flows through it by gravitation until it reaches the ram, passes through the ram and through the pulse valve into the waste drain. As the water flows, its velocity increases until the pulse valve is no longer able to pass the volume of water flowing, and on this point being reached the pulse valve is suddenly closed. The outlet thus being closed, the flow of water suddenly stops. This produces a concussion of more or less severity in the body of the ram, according to the height and distance from which the water is flowing, and a result of this concussion is that a portion of the water in the body of the ram is forced upwards through the delivery valve into the air cylinder. At the same time the recoil allows the pulse valve to return to its original position. The outlet being thus reopened, the water which was brought to rest by the closing of the pulse valve recommences to flow through the ram till it acquires the necessary velocity to raise the pulse valve a second time , closing the outlet, producing a concussion, and forcing more water into the air chamber through the delivery valve. This series of events occurs from 40 to 90 times per minute, according to the size of the hydro ram, fall of water driving ram, etc. The ram will continue working automatically for months, the pulse valve rubber and the delivery valve rubber being the only moving parts. 

The water, which is forced into the air chamber, finds its way from it through a pipe, known as the rising main or delivery pipe, to the place where it is required for use, a continuous flow being maintained so long as the ram remains working. The fall of water necessary to work a ram may be as low as 0,5 meter and with such a fall, water may be raised to 10 to 15 meters. With higher falls, such as from 2 to 10 meters and over, water can be raised to upwards of 100 meters in height and more than 1 kilometre in distance. 

The installation is extremely simple. All that is required – water at the point of by constructing a pool. From this running downwards on an even gradient to the point of location of the ram itself, runs the drain pipe which has to be heavy gauge galvanised steel or cast iron pipe and of appropriate length which is dependent upon the height to which the water is to be pumped. Although it is not essential that this pipe should be buried, it is preferable in order to avoid interference from wild life and unauthorised persons. The ram chamber itself can vary considerably but all that is required is a concrete base which securely hold the ram in place. Hydro rams are working unaffected by the temperature changes (especially low temperatures which might cause a conventional system to freeze unless some form of heat is provided.)

5.6.5
GUIDELINES FOR SMALL HYDRO POWER PLANTS PLANNING

Many people have access to some form of running water and do not know how much power, if any, can be produced from it. Almost any house site has solar electric potential (photovoltaic). Many sites also have some wind power available. But water power depends on more than the presence of water alone. A lake or well has no power potential. The water must be flowing. In construction of small or micro hydro system many factors determine the feasibility of such a system. These include:

· the amount of power available from the stream, and if it is sufficient to meet power requirements; 

· legal restrictions-local or state, on the development of the hydroelectric site, and the use of the water; 

· the availability of turbines and generators of the type or capacity required; 

· the cost of developing the site and operating the system; and 

· the rate a utility will pay for electricity you generate (if you connect to their system).

Principal question is: do I have a site suitable for hydroelectric power production? To answer that question, we have to examine four factors.

· The distance of head or vertical fall that the water source develops.

· The amount of water available for generation

· The length of pipe needed to go from the water source to the hydropower plant.

· The distance from the hydropower plant to the electrical load, whether that be storage batteries, or in the case of AC generation, the appliances themselves. 

Given these four factors, we can determine not only if hydroelectric power generation is feasible, but which diameter of pipe is needed, which type of the available hydroplants to use, and approximate output and costs.

The first step in assessing the feasibility of any hydroelectric system is to determine the amount of power that you can obtain from the stream at your site. The power available at any place is primarily a product of the flow and ”head.”

Flow is amount of water flowing through the turbine and is typically measured in cubic meters per second – m3/s or in cubic feet per second – cfs or gallons per minute – GPM are used. 

Head is a measure of the pressure of falling water available at turbine expressed in meter water column. This pressure is a function of the vertical distance that water drops and the characteristics of the channel, or pipe, through which it flows. It must be distinguished between gross head, which is the difference of elevation between the water surface of the forebay and the tail race and net head, which is the actual pressure available at the turbine. To obtain net head, allowances must be made for losses in the penstock and draft tube. Gross head can be determined by a topographical survey using levels and tape measures. Head is expressed in meters (or in feet in the USA). High flow and/or head means more available power. The higher the head the better, because less water is necessary to produce a given amount of power, and smaller, more efficient, and less costly turbines and piping can be used. 

Hydroelectric sites are broadly categorized as ”low” or ”high” head. Low head typically refers to a change in elevation of less than 3 meters. A vertical drop of less than 0,6 meters will probably make a hydroelectric system unfeasible. A high flow rate can compensate for low head, but a larger, and more costly turbine will be necessary. It may be difficult to find a turbine that will operate efficiently under very low heads and low flow. 

CONFIGURATION OF SMALL HYDRO POWER PLANTS

Small hydro turbines can be configured to operate efficiently at sites with a wide range of head and flow rates. In case of micro hydro systems with batteries the greater predictability of hydro resources can help reduce the size of other system components like battery banks. Battery banks for PV systems are usually sized to provide five days of cloudy-day power, while small hydro systems usually need only one or two days of storage. It is responsible to assess a hydro resource during both wet and dry seasons. It is the responsibility of anyone who uses a hydro resource to evaluate the effects that water diversion may have on the ecology of the waterway and understand any applicable regulatory or legal restrictions. A rule of thumb used by some hydro builders is to divert 10 percent or less of the stream’s minimum flow. Note that use, access to, control, or diversion of water flows is highly regulated in many countries. So is any physical alteration of a stream channel or bank that may effect water quality or wildlife habitat, regardless of whether or not the stream is on private property. 

5.6.5.1
Determining Head

When determining head, you must consider both gross or ”static” head, and net or ”dynamic” head. Gross head is the vertical distance between the top of the penstock (the piping that conveys water, under pressure, to the turbine) and the point where the water discharges from the turbine. Net head is gross head minus the pressure or head losses due to friction and turbulence in the penstock. These head losses depend on the type, diameter, and length of the penstock piping, and the number of bends or elbows. You can use gross head to approximate power availability and determine general feasibility, but you must use net head to calculate the actual power available. There are several ways to determine gross head. The most accurate technique is to have a professional survey the site. If you know that you have an elevation drop of several dozens meters, a less expensive, but less accurate technique is to use an aircraft altimeter. In some countries it is possible to buy, borrow, or rent an altimeter from a small airport or flying club. You will have to account for the effects of barometric pressure and calibrate the altimeter as necessary. Another option is to use the ”hose/tube” method described below. 

Whatever method you use, you will need to determine the vertical distance between the point where water will enter the penstock and the point where water will discharge from the turbine. Always be safety-conscious when working near or in a stream, especially in narrow or steep stream channels and fast flowing water. Never work alone. Never wade into water in which you cannot see the bottom and without first testing the depth with a stick. 

To perform the ”hose/tube” method you will need an assistant, 6 to 9 meter length of small-diameter garden hose or other flexible tubing, a funnel, and a yardstick or measuring tape. Begin by stretching the hose or tubing down the stream channel from the point that you have decided is the most practical elevation for the penstock intake. Have your helper hold the upstream end of the hose, with the funnel in it, under the water as near the surface as possible. While he/she does this, lift the downstream end until water stops flowing from it. Measure the vertical distance between your end of the tube and the surface of the water. This is the gross head for the section of stream between you and your helper. Have your assistant move to where you are and place the funnel at the same point where you took your measurement. Then walk downstream, and repeat the procedure. Continue taking measurements until you reach the point where you plan to site the turbine. The sum of these measurements will give you a rough approximation of the gross head for your site. Note that, due to the force of the water into the upstream end the hose, water may continue to move through the hose after both ends of the hose are actually level. You may subtract few centimetres from each measurement to account for this. It is best to be conservative in these preliminary head measurements. 

5.6.5.2
Determining Water Flow

Environmental and climatic factors, as well as human activities in the watershed, determine the amount and characteristics of stream flow on a day-to-day and seasonal basis. A storage reservoir can control flow, but unless a dam already exists, building one can greatly increase cost and legal complications. You may be able to obtain stream flow data from the local offices, from the local engineer, or local water supply or flood control authorities. If you cannot obtain existing flow data for your stream, you will need to do a site survey. Generally, unless you are considering a storage reservoir, you should use the lowest average flow of the year as the basis of the system design. Alternatively, you can use the average flow during the period of highest expected electricity demand. This may or may not coincide with lowest flows. There may be legal restrictions on the amount of water that you can divert from a stream at certain times of the year. In such a case, you will have to use this amount of available flow as the basis of design. 

Measuring flow is a little more difficult. This should probably be done in more than one place too. This is because most streams pick up water as they go. Therefore choosing the best spot for your system requires careful consideration of several things. There are several ways to measure flow; here are two. In both cases, the brook water must all pass through either a pipe or a weir. A common method for measuring flow on very small streams is the ”bucket” method. This involves damming the stream with logs or boards to divert the stream flow into a bucket or container. This method is the easiest way of measuring flow for streams with up to 5 litres per second or so, which accounts for most small hydro sites by far. You’ll need to construct a temporary dam of sorts at the water source. Than fit a short length of pipe large enough to handle all the water you plan to use for generation into the dam. Using a bucket of known capacity and a stopwatch you will have to estimate the time - how long it takes to fill the bucket. Repeat several times to determine that your technique is accurate. The rate that the container fills is the flow rate. For example, 20 litre bucket that fills in one minute is a flow rate of 20 litres per minute. 

You can also try the following method to roughly estimate the flow in streams where it is impractical to attempt the bucket method. This method involves wading across the stream channel. Do not try this method if the stream is fast-flowing and over your calves! You could lose your footing, be swept downstream, and possibly drown. Never wade into any stream in which you cannot see the bottom! Always check the depth and character of the stream bed with your stick before you take a step. To perform this method, you will need an assistant, a tape measure, a yardstick or calibrated measuring rod, a weighted float (a plastic bottle half filled with water to give a better estimate of flow velocity), a stopwatch, and some graph paper. Begin by calculating the cross-sectional area of the stream bed during the time of lowest water flow. To do so, select a stretch of the stream with the straightest channel and most uniform depth and width as possible. At the narrowest point of this stretch, measure the width of the stream. Then, with the yardstick, walk across the stream and measure the water depth at 30 centimetres increments across the stream. Be sure to keep the measuring stick as vertical as possible. You may want to stretch a string or rope across the stream with the increments marked on it to assist in this process. Plot these depths on a piece of graph paper. This will give you a cross-sectional profile of the stream. Determine the area of each block or section of the stream by calculating the areas of the rectangles and triangles in each section. (Area of a rectangle = length x width; area of a triangle = ½ base x height). Add the areas of all the blocks together for the total area. 

Next, determine the flow velocity. From the point where you measured the width, mark a point at least 10 meters upstream, and release the weighted float in the middle of the stream. Carefully record the time it takes the float to pass between the two points. Make sure that the float does not hit or drag on the bottom of the stream. If it does, use a smaller float. Divide the distance between the two points by the float time in seconds to get flow velocity in meters per second. Repeat this procedure several times to get an average value. The more times you do so, the more accurate your estimate will be. If the float gets hung up or ”stalls,” start over, or this will throw the average off. Multiply the average velocity by the cross-sectional area of the stream. Multiply this value by a factor that accounts for the roughness of the stream channel (0,8 for a sandy stream bed, 0,7 for a bed with small to medium sized stones, and 0,6 for a bed with many large stones). The result will be the flow rate in cubic meters per second. 

Keep in mind that this value will be the flow at the time of measurement. You should repeat the procedure several times during the low flow season to more accurately estimate the average low water flow. You do not have to measure the water depth each time. You can simply measure the water depth above, or below, the water level when you first measured the stream, and calculate the area of greater or less water, and add or subtract this from the baseline area. Alternatively, you may be able to install a gauge (made from a calibrated rod or post) on the bank so that you can easily read the water depth and calculate the cross-sectional area of the stream. You will need to repeat the flow velocity procedure each time, however. 

You may be able to correlate your survey data with long term precipitation data for your area, or flow data from nearby rivers, to get an estimate of long-term, seasonal low, high, and average flows for your stream. Remember that, no matter what the volume of the flow is at any one time, you may be able to legally divert only a certain amount or percentage of the flow. Also try to determine if there any plans for development or changes in land use upstream from your site. Activities such as logging can greatly alter stream flows. 

LOSSES IN PIPELINE SYSTEMS

In real fluid flows, losses occur due to the resistance of the pipe walls and the fittings to this flow and lead to an irreversible transformation of the energy of the flowing fluid into heat. Two forms of losses can be distinguished: losses due to friction and local losses.

Losses due to friction originate in the shear stresses between adjacent layers of water gliding along each other at different speed. The very thin layer of water adhering the pipe wall does obviously not move while the velocity of every concentric layer increases to reach maximum velocity at the centre-line of the pipe. If the fluid particles move along smooth layers, the flow is called laminar or viscous and shear stresses between the layers dominate. In engineering practice however, the flow in a pipeline is usually turbulent, i.e. the particles move in irregular paths and changing velocities. It is important to use pipelines of sufficient diameter to minimise friction losses from the moving water. When possible the pipeline should be buried. This stabilises  the pipe.Local losses occur at changes of cross sections, at valves and at bends. These losses are sometimes referred to as minor losses since in long pipelines their effect may be small in relation to the friction loss.

5.6.5.3
Determining Power

At most sites, what is called run of river is the best mode of operation. This means that power is produced at a constant rate according to the amount of water available. Usually the power is generated as electricity and can be eventually stored in batteries. The power can take other forms: shaft power for a saw, pump, grinder, etc. Both head and flow are necessary to produce power. Even a few litres per second can be useful if there is sufficient head. Since power = Head x Flow, the more you have of either, the more power is available. 

To calculate available power, head losses due to friction of flow in conduits and the conversion efficiency of machines employed must also be considered. The simple formula for potential power output is following:  

Power (kW) = Head (metres) x Flow (m3/second) x Gravity (9,81) x Efficiency (0,6).

Head = Net head = Gross head -losses (m)

Here the overall efficiency was set at 60%.

For small outputs of interest here, and as a first approximation, the formula can be simplified:  

Power(kW)= Head (m) x Flow (litres/second)/200

Here the overall efficiency of 50 % is implied. The ”rule of thumb” calculation is therefore on the  conservative side.

For the US units a simple rule of thumb to estimate your power is :

Power (Watts) = Head (feet) x Flow (gpm) /10

gpm= gallons per minute.

Keep in mind this is power that is produced 24 hours a day. So 100 W in hydro power plant is equivalent to a PV system of 400-500 watts if the Sun shines every day. Of course, the water may not run year round either. 

The efficiencies (including turbine and generator efficiencies), which were chosen in above mentioned equations between 50-60 %, depend on make and operating conditions (head and flow). Generally, low head, low speed water wheels are less efficient than high head, high speed turbines. The overall efficiency of a system can range between 40% and 70%. A well-designed system will achieve an average efficiency of 75%. Turbine manufacturers should be able to provide a close estimate of potential power output for their turbine, given the head and flow conditions at your site. There will also be ”line” losses in any power lines used to transmit the electricity from the generator to the site of use. 

A turbine/generator that produces 500 watts continuously (12 kWh per day), and includes batteries for power storage, will be sufficient to meet the power requirements of a small house for lighting, entertainment, a refrigerator, and other kitchen appliances. Remember that using energy conservatively in energy-efficient appliances can reduce energy requirements significantly. 

Estimation of annual electricity production E:

E (kWh) = Power (kW) x Time (hours)

Where time is estimated number of operational hours in the year. Mostly it is supposed to be 5000 hours.

Hand Rule

In a typical small hydro power plant every litre per second (0.001 m3/s) of water falling down from 1 meter height can produce 20 - 30 kWh of electricity per year.

Conversion Factors

Here are some of the conversion factors you may need when evaluating a hydro power site: 

1 cubic foot (cf) = 7,48 gallons; 

1 cubic foot per second (cfs) = 448,8 gallons per minute (gpm); 

1 inch = 2,54 centimetres; 1 foot = 0,3048 meters; 

1 meter = 3,28 feet; 1 cf = 0,028 cubic meters (cm); 1 m3 = 35,3 cf; 

1 gallon = 3,785 litres; 1 cf = 28.31 litres; 1 cfs = 1698,7 litres per minute; 

1 cubic meter per second (m3 /s) = 15842 gpm; 

1 pound per square inch (psi) of pressure = 2,31 feet (head) of water; 

1 pound (lb) = 0,454 kilograms (kg);

1 kg = 2,205 lbs; 

1 kilowatt (kW) = 1,34 horsepower (hp); 1 hp = 746 Watts. 

5.7
OCEAN POWER 

The oceans have long been recognized as a potential source of energy. The ocean’s motion carries energy in the form of tides, currents, and waves. In principle, some of this energy could be used to perform work and to produce electricity.

5.7.1
TIDAL POWER

Tidal energy differs from all other energy sources in that the energy is extracted from the potential and kinetic energies of the earth-moon-sun system. The well known ocean tides result from this interaction, producing variations in ocean water levels along the shores of all continents. As the water level fluctuates twice daily through this range, it alternately fills and empties natural basins along the shoreline, suggesting that the currents flowing in and out of these basins could be used to drive water turbines connected to generators and thus to produce electricity. The higher the tides, the more electricity can be generated from a given site, and the lower the cost of electricity produced. The technology employing this energy source is very similar to that of low head hydropower.

POTENTIAL

World-wide, approximately 3000 GW of energy is continuously available from the action of tides. Experts estimated that only 2% (60 GW), what is about 50 times less than the world’s potential of hydroelectric power capacity, can potentially be recovered from tides for electricity generation. Currently, only in places with large tidal range (greater than 5 meters) can tidal power be extracted economically. In some places of the world tidal energy is quite attractive. For coastal areas, usually at the entrances to large estuaries, resonance can occur, leading to far greater than average tidal ranges which could relatively conveniently be blocked off. Such circumstances are found e.g. in Canada, with a mean tidal range of 10,8 metres or in the Severn Estuary in Britain with a mean range of 8,8 metres, making large scale projects at both these locations economical.

DEVELOPMENT

Over the past forty years, there has been constant interest in harnessing tidal power. Initially, this interest focused on estuaries, where large volumes of water pass through narrow channels generating high current velocities. Engineers felt that blocking estuaries with a barrage and forcing water through turbines would be an effective way to generate electricity. From an engineering point of view they were right. But, increasingly the environmental costs of such a design became clear. 

There are three commercial-scale tidal power plants (barrages) in operation: a 240 MW plant which was completed on the estuary of the La Rance River near St. Malo, France in 1967, a  1MW plant on the White Sea in Russia completed in 1969 and a 16 MW plant in Nova Scotia, Canada. The environmental problems have prevented further development of the barrage technology. 

Tidal power plant at La Rance River has turbines that can also serve as pumps; thus, the installation can function as a pumped hydro storage facility to even out the loads on a large electricity generating and distribution system. In this way water pumped into the basin during times of low power demand increases the head on the turbines at other times. Tidal range there is up to 13,4 meters. The dam’s width is 760 meters. At high tide, the dam traps Atlantic waters in the bay. At low tide, the water flows back to the sea. En route, it passes through 24 turbines connected to generators that produce 240 megawatts of power. This provides enough electricity for a city of 300.000. In 1997, they began installing turbines that can spin on both the incoming and outgoing tides. 

5.7.1.1
TECHNOLOGY

Tidal power is a proven technology: it has been used for centuries in small mill-type applications where natural conditions make it possible. Tidal energy can be converted into electrical energy in several ways. Conventional systems such as barrages (or low dams) store water in inlets from high tides for release through hydraulic turbines during lower tides. The newest technology which converts tidal or coastal currents to power seems to be very promising because it is less environmentally destructive. 

The usual technique (referred to as ”barrage” technology) is to dam a tidally-effected estuary or inlet, allowing the tidal flow to build up on the ocean side of the dam and then generating power during the few hour high tide period. In this way it is functioning in La Rance. After the water level reaches maximum high tide, gate valves are closed and the water is impounded and awaits low tide when it is released and produces power. The gates can be opened or closed in sequence with the tides permitting water flow only when there is sufficient head to power the turbines. The basic technology of power production is similar to that for low head hydro power plants what means that the head drives the water through the turbine generators. The main difference, apart from the salt water environment, is that the turbines in tidal barrages have to deal with regularly varying heads of water. The turbines are designed so that the flow of water both into and out of the basin produces electricity. Because of the intermittent nature of this flow, the effective duty factor of such an installation is less than 100%. A tidal power station produces only about one third as much electrical energy as would a hydroelectric power plant of the same peak capacity operating continuously. Tidal barrages are effectively fences which completely block a estuary channel. 

5.7.1.2
ENVIRONMENT

The barrage does not easily scale up to modern commercial levels of output capacity. By increasing the size of the pond one increases the four major negative environmental impacts of the barrage technology: navigation is blocked, fish migration is impeded and fish are killed by passing through the turbines, the location and nature of the intertidal zone are changed, and the tidal regime is changed downstream. Reduced tidal range would destroy much of the habitat used by wading birds, fish (such as salmon) would be unable to travel upstream to breed, and sediment trapped behind the barrage could quickly reduce the volume of the estuary. It seems that while there are few environmental impacts associated with a smaller tidal facility, (i.e., no siltation, no negative impacts to water tables, fisheries or fish migration), larger operations could potentially limit fish and mammal passage and change tidal ranges, thereby effecting salt water intrusion into local tributary streams and impacting salmon spawning.

5.7.1.3
TIDAL TURBINES

By the early 1990s, interest in estuarine-derived tidal power had declined, and scientists and engineers began to look at the potential of coastal currents which can be harnessed by tidal turbines. Instead of using costly barrages and low head turbines located in estuaries, it may be possible to harness the kinetic energy of the tides in fast tidal currents or streams at suitable sites, using relatively simple techniques - tidal turbines. As tides ebb and flow, currents are often generated in coastal waters (quite often in areas far-removed from bays and estuaries). In many places the shape of the seabed forces water to flow through narrow channels, or around headlands (much like the wind howls through narrow valleys and around hills). However, sea water has a much higher density than air (832 times). Thus, currents running at velocities of 5 - 8 knots (9,25 km/h – 16,7 km/h) have the same energy potential as a windmill site with windspeeds of 390 km/hr! In addition, unlike the wind rushing through a valley or over hilltops, tidally-generated coastal currents are predictable. The tide comes in and out every twelve hours, resulting in currents which reach peak velocity four times every day. 

Tidal turbines are the chief competition to the tidal barrages but the idea is as yet relatively underdeveloped. Looking like an underwater wind turbine they offer a number of advantages over the tidal barrages. They are less disruptive to wildlife, allow small boats to continue to use the area, and have much lower material requirements than the dam. Tidal turbines function well where coastal currents run at 2-3 m/s (slower currents tend to be uneconomic while larger ones put a lot of stress on the equipment). In such currents a turbine 20m in diameter will generate as much energy as a 60m diameter windmill. The advantages of the tidal turbine is that it is neither seen, nor heard. The whole assembly (apart from the transformer) is below the waterline. 

There are many sites around the world where tidal turbines would be effective. Coastal currents are strongest at the margins of the worlds larger oceans. A review of likely tidal power sites in the late 1980s estimated the energy resource was in excess of 330.000 MW. South East Asia is one area where it is likely such currents could be exploited for energy. In particular, the Chinese and Japanese coasts, and the large number of straits between the islands of the Philippines are suitable for development of power generation from coastal currents. In all of these regions underwater turbine farms can be developed. The ideal site is close to shore, in water depths of about 30m where at the best sites currents could generate more than 10 megawatts of energy per square kilometre. The European Union has already identified 106 sites which would be suitable for the turbines, 42 of them around the UK. The first tidal turbines will be deployed off the Southwest coast of England. It will be 12-15 m in diameter, and is expected to generate 300 kW (enough to power a small village). It is estimated that the cost of energy from these early turbines will be USD  0,10/kWh. This is more expensive than conventional sources of energy (coal, gas), but significantly lower than what many island communities already pay for energy. As the technology matures further, prices will probably continue to drop. 

5.7.2
WAVE ENERGY

A large part of the major influx of energy to this planet, solar energy, is converted by natural processes, i.e. through wind generation, to energy associated with waves. Waves are generated by the wind as it blows across the ocean surface. The energy thus contained is significant, in favoured latitudes with values of around 70 MW/km of wave frontage. 

Ocean waves represent a considerable renewable energy resource. They travel great distances without significant losses and so act as an efficient energy transport mechanism across thousands of kilometres. Waves generated by a storm in mid-Atlantic will travel all the way to the coast of Europe without significant loss of energy. All of the energy is concentrated near the water surface with little wave action below 50 metres depth. This makes wave power a highly concentrated energy source with much smaller hourly and day-to-day variations than other renewable resources such as wind or solar.

Since in principle hundreds of kilometres lined with generating stations are conceivable, wave energy could contribute significantly to world energy supply if an economic way of extracting this energy could be found. The highest concentration of wave power can be found in the areas of the strongest winds, i.e. between latitudes 40 deg. and 60 deg. in both the northern and southern hemispheres on the eastern sides of the oceans. Countries like the United Kingdom are thus the world’s most favoured locations for the extraction of wave power.

5.7.2.1
TECHNOLOGY 

Typically ocean wave devices capture the energy of waves and convert their energy to electricity. Wave energy devices include hydro-piezoelectric, oscillating water columns, wave run up (tapered channel) and sea clams. Particularly ‘sea clams’ involve wave action forcing air between blades located on the perimeter of a circular barge structure. The air is then run through air turbines which rotate at a shaft connected to an electrical generator.

Europe, and in particular the United Kingdom, are looking at wave power. A recent review by the UK government has shown that there are now types of wave power devices which can produce electricity at a cost of under USD 0,10/kWh, the point at which production of electricity becomes economically viable. The most efficient of the devices, the ”Salter ”Duck can produce electricity for less than USD 0,05/kWh. The ”Salter ”Duck was developed in the 1970s by Professor Stephen Salter at the University of Edinburgh in Scotland and generates electricity by bobbing up and down with the waves. Although it can produce energy extremely efficiently it was effectively killed off in the mid 1980s when a European Union report miscalculated the cost of the electricity it produced by a factor of 10. In the last few years, the error has been realised, and interest in the Duck is becoming intense. 

The ”Clam” is another device which, Like the ”Salter ”Duck can make energy from sea swell. The Clam is an arrangement of six airbags mounted around a hollow circular spine. As waves impact on the structure air is forced between the six bags via the hollow spine which is equipped with self-rectifying turbines. Even allowing for cabling to shore, it is calculated that the Clam can produce energy for around USD 0,06 /kWh.

Both the Duck and the Clam generate energy from waves at sea. This is useful for generating energy for offshore structures and low-lying islands. However, where islands offer suitable sites, cliff-mounted oscillating water column (OWC) generators have a number of advantages, not the least of which is the fact that generators and all cabling are shore-based, making maintenance of the former and replacement of the latter much simpler. The OWC works on a simple principle. As a wave pours into the main chamber, air is forced up a funnel which houses a turbine. As the wave retreats, air is sucked down into the main chamber again, spinning the turbine in the opposite direction.

OWC machines have already been tested at a number of sites, including Japan and Norway. The UK is on the verge of deploying Osprey II, a second generation OWC. There is particular interest in OWC systems because of the large amount (7,000 MW) of shoreline wave energy available for exploitation. Costs for OWC machine-generated electricity is likely to start at USD 0,10 /kWh. The first-generation system, based on the island of Islay takes advantage of a natural rock gully to drive a 180 kW turbine attached to an electricity generator. Built by researchers from the Queen’s University of Belfast the system supplies electricity to the local grid, which is connected to the mainland national grid by submarine cable However, both OWC-systems and ocean-wave systems suffer from trying to harness violent forces. The first Norwegian OWC was ripped off a cliff-face during a storm, the Islay station is completely submerged under storm conditions. 

PELAMIS

There have been several proposals to harness ocean waves to generate electricity or to make other useful products such as fresh water or hydrogen. To date none of these has been successfully commercialised. Ocean Power Delivery Ltd. is developing a novel offshore wave energy converter called Pelamis. The company has successfully bid for a contract to install a pair of 375 kW prototype devices off Islay, Scotland, under the 1999 Scottish Renewables Obligation. The device has an annual capacity factor of 38% at the site chosen. It is approximately 130metres long and 3,5 metres in diameter. It is scheduled to be installed early in 2002 and will generate over 2,5 million kWh’s of electricity per year, enough to provide power for 150-200 homes.

The Pelamis device is a semi-submerged, articulated structure composed of cylindrical sections linked by hinged joints. The wave induced motion of these joints is resisted by hydraulic rams which pump high pressure oil through hydraulic motors via smoothing accumulators. The hydraulic motors drive electrical generators to produce electricity. Power from all the joints is fed down a single cable to a junction on the sea bed. Several devices can be connected together and linked to shore through a single seabed cable. A novel joint configuration is used to induce a tuneable, cross-coupled resonant response which greatly increases power capture in small seas. Control of the restraint applied to the joints allows this resonant response to be ‘turned-up’ in small seas where capture efficiency must be maximised or ‘turned-down’ to limit loads and motions in survival conditions. 

The complete device is flexibly moored so as to swing head-on to the incoming waves and derives its ‘reference’ from spanning successive wave crests.

The Pelamis device has a number of important advantages over other existing or proposed Wave Energy Converters, these include:  

· Tuneable response allows power capture to be maximised in small seas while limiting loads and motions in extreme conditions

· The head on aspect to severe waves presents the minimum resistance to the high velocities in extreme wave crests

· The finite length of the device is optimised to extract power from shorter wavelengths and is unable to reference against the long waves associated with storm conditions 

· The small diameter leads to local submergence or emergence in large waves limiting the forces and moments in the structure 

· The flexible mooring system has a range of motion able to accommodate the largest waves 

THE MIGHTY WHALE

The Marine Science & Technology Centre of Japan launched the world’s largest offshore floating wave power device in July 1998, and the full-scale prototype will be tested until the year 2000. 

This floating device, called the Mighty Whale, converts wave energy to electricity. The device measures 50 metres long by 30 metres wide, and uses waves in the Pacific Ocean to drive three air turbines (one with a rated output of 50 kW + 10 kW and two of 30 kW) on board the platform, to generate 120 kW of electricity. 

After being towed to its mooring about 1,5 km from the mouth of Gokasho Bay, the Mighty Whale was anchored to the bottom of the sea (about 40 m deep) with six mooring lines; four lines on the seaward side and two on the lee side. Mooring lines are designed to withstand typhoon winds, and the unit is designed to handle waves of 8 m. The Mighty Whale converts wave energy to electricity by using oscillating columns of water to drive air turbines. Waves flowing in and out of the air chambers at the ‘mouth’ of the Mighty Whale make  the water level in the chambers rise and fall. The water forces air into and out of the chambers through nozzles on the tops of the chambers. The resulting high-speed air-flows rotate air turbines which drive the generators. The Mighty Whale can be remotely controlled from on-shore. In the demonstration prototype, the energy produced is mostly used by the instruments carried on board; any surplus is used to charge a storage battery or, when this is fully charged, is used by a loading resistor. A safety valve protects the air turbines from stormy weather by shutting off the flow of air if the rotation speed of the turbines exceeds a predetermined level. So that it can be used in the future to improve water quality, the prototype is also equipped with an air compressor to provide aeration. 

Because it has absorbed and converted most of the energy in the wave, the Mighty Whale also creates calm sea space behind it, and this feature can be utilised; for example, to make areas suitable for fish farming and water sports. The structure of the Mighty Whale itself can be used as a weather monitoring station, a temporary mooring for small vessels or a recreational fishing platform. 

SUMMARY

At the present time both tide and wave energy are suffering from orientation problems, in the sense that neither method is strictly economical on a large scale in comparison with conventional power sources. In addition, neither will produce electricity at a steady rate and thus not necessarily at times of peak demand. Wave power stations suffer even more from these problems, their rate of production being unreliable. In Norway development of wave power was taken a step further, concentrating on small applications on remote islands and the like, and for quite a while a small power plant (500 kW) operated successfully in Toftestallen until it was swept away by the sea. 

The disadvantages of wave power stations compared to maybe their closest rival - wind power - are obvious: A wave power unit will probably not have much more than three times the output of a single wind turbine, but the construction costs are likely to be far higher due to mooring problems, the bulkiness and comparative complexity of the whole structure and the water-based location. It will take some time - and far more investment into renewable energy sources - before the only comparative bonus, the fact that they use up and deface less land, will prevail over economic considerations. 

And while wave energy is used successfully in very small scale applications, such as powering lighthouses or navigation buoys, its short term prospects as a major contributor to large scale energy production seems to be economically almost ruled out. So until the cost of maintaining the present rate of carbon dioxide emission is taken into account when building new power stations and a policy is adopted that depends less rigorously on market forces, the likelihood of tidal or wave power playing a major part in the energy supply of western industrialised nations even in the medium term future is small.
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UNITS

Energy Units 

1 J (joule) = 1 Ws = 4,1868 cal

1 GJ (gigajoule) = 109 J

1 TJ (terajoule) = 1012 J

1 PJ (petajoule) = 1015 J

1 (kilowatt hour) kWh = 3.600.000 Joule

1 toe (tonne oil equivalent)

= 7,4 barrels of crude oil in primary energy 

= 7,8 barrels in total final consumption 

= 1270 m of natural gas 

= 2,3 metric tonnes of coal *)

1 Mtoe (million tonne oil equivalent) = 41.868 PJ

Power

Electrical power is usually measured in watt (W), kilowatt (kW), megawatt (MW), etc.

Power is energy transfer per unit of time.

1 kW =1000 W

1 MW = 1.000.000 W

1 GW = 1.000 MW

1 TW = 1.000.000 MW

Power (e.g. in W) may be measured at any point in time, whereas energy (e.g. in kWh)  has to be measured during a certain period, e.g. a second, an hour, or a year.

Unit Abbreviations 

m = metre = 3,28 ft.

s = second

h = hour

W = Watt

HP = horsepower

J = Joule

cal = calorie

toe = tonnes of oil equivalent

Hz= Hertz (cycles per second)  10-12 = p pico = 1/1000.000.000.000

10-9 = n nano = 1/1000.000.000

10-6 = µ micro = 1/1000.000

10-3 = m mili = 1/1000

103 = k kilo = 1.000 = thousands

106 = M mega = 1.000.000 = millions

109 = G giga = 1.000.000.000

1012 = T tera = 1.000.000.000.000

1015 = P peta = 1.000.000.000.000.000 

Wind Speeds 

1 m/s = 3,6 km/h = 2,187 mph = 1,944 knots 

1 knot = 1 nautical mile per hour = 0,5144 m/s = 1,852 km/h = 1,125 mph 
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