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Preface

Atmospheric and environmental pollution as a result of extensive fossil fuel ex-
ploitation in almost all human activities has led to some undesirable phenomena
that have not been experienced before in known human history. They are varied and
include global warming, the greenhouse affect, climate change, ozone layer deple-
tion, and acid rain. Since 1970 it has been understood scientifically by experiments
and research that these phenomena are closely related to fossil fuel uses because they
emit greenhouse gases such as carbon dioxide (CO;) and methane (CHy4) which hin-
der the long-wave terrestrial radiation from escaping into space and, consequently,
the earth troposphere becomes warmer. In order to avoid further impacts of these
phenomena, the two main alternatives are either to improve the fossil fuel quality
thus reducing their harmful emissions into the atmosphere or, more significantly, to
replace fossil fuel usage as much as possible with environmentally friendly, clean,
and renewable energy sources. Among these sources, solar energy comes at the top
of the list due to its abundance and more even distribution in nature than other types
of renewable energy such as wind, geothermal, hydropower, biomass, wave, and
tidal energy sources. It must be the main and common purpose of humanity to de-
velop a sustainable environment for future generations. In the long run, the known
limits of fossil fuels compel the societies of the world to work jointly for their re-
placement gradually by renewable energies rather than by improving the quality of
fossil sources.

Solar radiation is an integral part of different renewable energy resources, in
general, and, in particular, it is the main and continuous input variable from the
practically inexhaustible sun. Solar energy is expected to play a very significant
role in the future especially in developing countries, but it also has potential in de-
veloped countries. The material presented in this book has been chosen to provide
a comprehensive account of solar energy modeling methods. For this purpose, ex-
planatory background material has been introduced with the intention that engineers
and scientists can benefit from introductory preliminaries on the subject both from
application and research points of view.

The main purpose of Chapter 1 is to present the relationship of energy sources
to various human activities on social, economic and other aspects. The atmospheric
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viii Preface

environment and renewable energy aspects are covered in Chapter 2. Chapter 3 pro-
vides the basic astronomical variables, their definitions and uses in the calculation
of the solar radiation (energy) assessment. These basic concepts, definitions, and
derived astronomical equations furnish the foundations of the solar energy evalua-
tion at any given location. Chapter 4 provides first the fundamental assumptions in
the classic linear models with several modern alternatives. After the general review
of available classic non-linear models, additional innovative non-linear models are
presented in Chapter 5 with fundamental differences and distinctions. Fuzzy logic
and genetic algorithm approaches are presented for the non-linear modeling of solar
radiation from sunshine duration data. The main purpose of Chapter 6 is to present
and develop regional models for any desired location from solar radiation measure-
ment sites. The use of the geometric functions, inverse distance, inverse distance
square, semivariogram, and cumulative semivariogram techniques are presented for
solar radiation spatial estimation. Finally, Chapter 7 gives a summary of solar energy
devices.

Applications of solar energy in terms of low- and high-temperature collectors
are given with future research directions. Furthermore, photovoltaic devices are dis-
cussed for future electricity generation based on solar power site-exploitation and
transmission by different means over long distances, such as fiber-optic cables. An-
other future use of solar energy is its combination with water and, as a consequence,
electrolytic generation of hydrogen gas is expected to be another source of clean
energy. The combination of solar energy and water for hydrogen gas production is
called solar-hydrogen energy. Necessary research potentials and application possi-
bilities are presented with sufficient background. New methodologies that are bound
to be used in the future are mentioned and, finally, recommendations and sugges-
tions for future research and application are presented, all with relevant literature
reviews. I could not have completed this work without the support, patience, and
assistance of my wife Fatma Sen.

Istanbul, Cubuklu

15 October 2007
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Chapter 1
Energy and Climate Change

1.1 General

Energy and fresh water are the two major commodities that furnish the fundamen-
tals of every human activity for a reasonable and sustainable quality of life. Energy
is the fuel for growth, an essential requirement for economic and social develop-
ment. Solar energy is the most ancient source and the root for almost all fossil and
renewable types. Special devices have been used for benefiting from the solar and
other renewable energy types since time immemorial. During the early civilizations
water and wind power have been employed as the major energy sources for naviga-
tion, trade, and information dissemination. For instance, Ebul-iz Al-Jazari (1136~
1206), as mentioned by Sen (2005), was the first scientist who developed various
instruments for efficient energy use. Al-Jazari described the first reciprocating pis-
ton engine, suction pump, and valve, when he invented a two-cylinder reciprocating
suction piston pump, which seems to have had a direct significance in the develop-
ment of modern engineering. This pump is driven by a water wheel (water energy)
that drives, through a system of gears, an oscillating slot-rod to which the rods of
two pistons are attached. The pistons work in horizontally opposed cylinders, each
provided with valve-operated suction and delivery pipes. His original drawing in
Fig. 1.1a shows the haulage of water by using pistons, cylinders, and a crank moved
by panels subject to wind power. In Fig. 1.1b the equivalent instrument design is
achieved by Hill (1974).

Ebul-iz Al-Jazari’s original robotic drawing is presented in Fig. 1.2. It works
with water power through right and left nozzles, as in the figure, and accordingly
the right and left hands of the human figure on the elephant move up and down.

In recent centuries the types and magnitudes of the energy requirements have
increased in an unprecedented manner and mankind seeks for additional energy
sources. Today, energy is a continuous driving power for future social and tech-
nological developments. Energy sources are vital and essential ingredients for all
human transactions and without them human activity of all kinds and aspects can-
not be progressive. Population growth at the present average rate of 2% also exerts
extra pressure on limited energy sources.

Zekai Sen, Solar Energy Fundamentals and Modeling Techniques 1
DOI: 10.1007/978-1-84800-134-3, ©Springer 2008
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Water outlet

nozzles ~ |

Fig. 1.2 Robotic from Al-Jazari

The oil crises of the 1970s have led to a surge in research and development of
renewable and especially solar energy alternatives. These efforts were strongly cor-
related with the fluctuating market price of energy and suffered a serious setback
as this price later plunged. The missing ingredient in such a process was a long-
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term perspective that hindered the research and development policy within the wider
context of fossil and solar energy tradeoffs rather than reactions to temporary price
fluctuations. The same events also gave rise to a rich literature on the optimal ex-
ploitation of natural resources, desirable rate of research, and development efforts
to promote competitive technologies (Tsur and Zemel 1998). There is also a vast
amount of literature on energy management in the light of atmospheric pollution
and climate change processes (Clarke 1988; Edmonds and Reilly 1985, 1993; Hoel
and Kvendokk 1996; Nordhaus 1993, 1997; Tsur and Zemel 1996; Weyant 1993).

The main purpose of this chapter is to present the relationship of energy sources
to various human activities including social, economic, and other aspects.

1.2 Energy and Climate

In the past, natural weather events and climate phenomena were not considered to
be interrelated with the energy sources, however during the last three decades their
close interactions become obvious in the atmospheric composition, which drives the
meteorological and climatologic phenomena. Fossil fuel use in the last 100 years
has loaded the atmosphere with additional constituents and especially with carbon
dioxide (COy), the increase of which beyond a certain limit influences atmospheric
events (Chap. 2). Since the nineteenth century, through the advent of the indus-
trial revolution, the increased emissions of various greenhouse gases (CO;, CHa,
N> O, etc.) into the atmosphere have raised their concentrations at an alarming rate,
causing an abnormal increase in the earth’s average temperature. Scientists have
confirmed, with a high degree of certainty, that the recent trend in global average
temperatures is not a normal phenomenon (Rozenzweig et al., 2007). Its roots are to
be found in the unprecedented industrial growth witnessed by the world economy,
which is based on energy consumption.

Since climate modification is not possible, human beings must be careful in their
use of energy sources and reduce the share of fossil fuels as much as possible by
replacing their role with clean and environmentally friendly energy sources that are
renewable, such as solar, wind, water, and biomass. In this manner, the extra loads
on the atmosphere can be reduced to their natural levels and hence sustainability can
be passed on to future generations.

Over the last century, the amount of CO» in the atmosphere has risen, driven in
large part by the usage of fossil fuels, but also by other factors that are related to
rising population and increasing consumption, such as land use change, efc. On the
global scale, increase in the emission rates of greenhouse gases and in particular
CO; represents a colossal threat to the world climate. Various theories and calcula-
tions in atmospheric research circles have already indicated that, over the last half
century, there appeared a continuously increasing trend in the average temperature
value up to 0.5 °C. If this trend continues in the future, it is expected that in some
areas of the world, there will appear extreme events such as excessive rainfall and
consequent floods, droughts, and also local imbalances in the natural climatic be-
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havior giving rise to unusual local heat and cold. Such events will also affect the
world food production rates. In addition, global temperatures could rise by a further
1-3.5°C by the end of the twenty-first century, which may lead potentially to dis-
ruptive climate change in many places. By starting to manage the CO, emissions
through renewable energy sources now, it may be possible to limit the effects of
climate change to adaptable levels. This will require adapting the world’s energy
systems. Energy policy must help guarantee the future supply of energy and drive
the necessary transition. International cooperation on the climate issue is a prereq-
uisite for achieving cost-effective, fair, and sustainable solutions.

At present, the global energy challenge is to tackle the threat of climate change,
to meet the rising demand for energy, and to safeguard security of energy supplies.
Renewable energy and especially solar radiation are effective energy technologies
that are ready for global deployment today on a scale that can help tackle climate
change problems. Increase in the use of renewable energy reduces CO, emissions,
cuts local air pollution, creates high-value jobs, curbs growing dependence of one
country on imports of fossil energy (which often come from politically unstable
regions), and prevents society a being hostage to finite energy resources.

In addition to demand-side impacts, energy production is also likely to be af-
fected by climate change. Except for the impacts of extreme weather events, re-
search evidence is more limited than for energy consumption, but climate change
could affect energy production and supply as a result of the following (Wilbanks
et al.,2007):

1. If extreme weather events become more intense

2. If regions dependent on water supplies for hydropower and/or thermal power
plant cooling face reductions in water supplies

3. If changed conditions affect facility siting decisions

4. If conditions change (positively or negatively) for biomass, wind power, or solar
energyproductions

Climate change is likely to affect both energy use and energy production in
many parts of the world. Some of the possible impacts are rather obvious. Where
the climate warms due to climate change, less heating will be needed for indus-
trial increase (Cartalis ef al., 2001), with changes varying by region and by season.
Net energy demand on a national scale, however, will be influenced by the struc-
ture of energy supply. The main source of energy for cooling is electricity, while
coal, oil, gas, biomass, and electricity are used for space heating. Regions with sub-
stantial requirements for both cooling and heating could find that net annual elec-
tricity demands increase while demands for other heating energy sources decline
(Hadley et al., 2006). Seasonal variation in total energy demand is also important.
In some cases, due to infrastructure limitations, peak energy demand could go be-
yond the maximum capacity of the transmission systems. Tol (2002a,b) estimated
the effects of climate change on the demand for global energy, extrapolating from
a simple country-specific (UK) model that relates the energy used for heating or
cooling to degree days, per capita income, and energy efficiency. According to Tol,
by 2100 benefits (reduced heating) will be about 0.75% of gross domestic product
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(GDP) and damages (increased cooling) will be approximately 0.45%, although it
is possible that migration from heating-intensive to cooling-intensive regions could
affect such comparisons in some areas (Wilbanks ef al., 2007).

Energy and climate are related concerning cooling during hot weather. Energy
use has been and will continue to be affected by climate change, in part because
air-conditioning, which is a major energy use particularly in developed countries, is
climate-dependent. However, the extent to which temperature rise has affected en-
ergy use for space heating/cooling in buildings is uncertain. It is likely that certain
adaptation strategies (e.g., tighter building energy standards) have been (or would
be) taken in response to climate change. The energy sector can adapt to climate-
change vulnerabilities and impacts by anticipating possible impacts and taking steps
to increase its resilience, e.g., by diversifying energy supply sources, expanding its
linkages with other regions, and investing in technological change to further ex-
pand its portfolio of options (Hewer 2006). Many energy sector strategies involve
high capital costs, and social acceptance of climate-change response alternatives
that might imply higher energy prices.

Climate change could have a negative impact on thermal power production since
the availability of cooling water may be reduced at some locations because of
climate-related decreases (Arnell et al., 2005) or seasonal shifts in river runoff (Zierl
and Bugmann 2005). The distribution of energy is also vulnerable to climate change.
There is a small increase in line resistance with increasing mean temperatures cou-
pled with negative effects on line sag and gas pipeline compressor efficiency due to
higher maximum temperatures. All these combined effects add to the overall uncer-
tainty of climate change impacts on power grids.

1.3 Energy and Society

Since the energy crisis in 1973 air pollution from combustion processes has caused
serious damage and danger to forests, monuments, and human health in many coun-
tries, as has been documented by official studies and yearly statistics. Many environ-
mental damages, including acid rain and their forest-damaging consequences, have
incurred economic losses in the short term and especially in the long term. Hence,
seemingly cheap energy may inflict comparatively very high expenses on society.
Figure 1.3 shows three partners in such a social problem including material benefi-
ciary, heat beneficiary, and, in between, the third party who has nothing to do with
these two major players.

On the other hand, the climate change due to CO; emission into the atmosphere
is another example of possible social costs from the use of energy, which is handed
over to future generations by today’s energy consumers. Again the major source of
climate change is the combustion of unsuitable quality fossil fuels.

Today, the scale of development of any society is measured by a few parameters
among which the used or the per capita energy amount holds the most significant
rank. In fact, most industrialized countries require reliable, efficient, and readily
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Fig. 1.3 Energy usage part-
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ners enterprise consumer
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agriculture
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available energy for their transportation, industrial, domestic, and military systems.
This is particularly true for developing countries, especially those that do not possess
reliable and sufficient energy sources.

Although an adequate supply of energy is a prerequisite of any modern society
for economic growth, energy is also the main source of environmental and atmo-
spheric pollution (Sect. 1.6). On the global scale, increasing emissions of air pol-
lution are the main causes of greenhouse gases and climate change. If the trend of
increasing CO» continues at the present rate, then major climatic disruptions and
local imbalances in the hydrological as well as atmospheric cycles will be the con-
sequences, which may lead to excessive rainfall or drought, in addition to excessive
heat and cold. Such changes are already experienced and will also affect the world’s
potential for food production. The continued use of conventional energy resources
in the future will adversely affect the natural environmental conditions and, conse-
quently, social energy-related problems are expected to increase in the future. A new
factor, however, which may alleviate the environmental and social problems of fu-
ture energy policies, or even solve them, is the emerging new forms of renewable
sources such as solar, wind, biomass, small hydro, wave, and geothermal energies,
as well as the possibility of solar hydrogen energy.

The two major reasons for the increase in the energy consumption at all times are
the steady population increase and the strive for better development and comfort.
The world population is expected to almost double in the next 50 years, and such
an increase in the population will take place mostly in the developing countries,
because the developed countries are not expected to show any significant population
increase. By 2050, energy demand could double or triple as population rises and
developing countries expand their economies and overcome poverty.

The energy demand growth is partially linked to population growth, but may
also result from larger per capita energy consumptions. The demand for and pro-
duction of energy on a world scale are certain to increase in the foreseeable future.
Of course, growth will definitely be greater in the developing countries than in the
industrialized ones. Figure 1.4 shows the world population increase for a 100-year
period with predictions up to 2050. It indicates an exponential growth trend with in-
creasing rates in recent years such that values double with every passage of a fixed
amount of time, which is the doubling time.

The recent rise in population is even more dramatic when one realizes that per
capita consumption of energy is also rising thus compounding the effects. Economic
growth and the population increase are the two major forces that will continue to



1.3 Energy and Society 7

9

x 10
10
9 / /
8 /
c:é\ 7 //
=
s
E 6
p=}
o
5 //
4 //
3
2
1950 1970 1990 2010 2030 2050

Years

Fig. 1.4 Human population

cause increase in the energy demand during the coming decades. The future energy
demand is shown in Table 1.1 for the next 30 years (Palz 1994).

The energy use of a society distinguishes its scale of development compared to
others. A poor citizen in a less-developed country must rely on human and ani-
mal power. In contrast, developed countries consume large quantities of energy for
transportation and industrial uses as well as heating and cooling of building spaces.

How long can the world population want these percentages to increase? The an-
swer is not known with certainty. If the growth rate, G,, is 1% per year then the
doubling period, D, will be 69 years. Accordingly, the doubling periods, are pre-
sented for different growth rates in Fig. 1.5. It appears as a straight line on double-
logarithmic paper, which implies that the model can be expressed mathematically in
the form of a power function, as follows:

D, =69G,; "% (1.1)

It is obvious that there is an inversely proportional relationship between the pop-
ulation growth rate and the doubling period.

Table 1.1 Future energy demand

1000 Moet 1990 2020 Increase (%)
Industrialized countries 4.1 4.6 12
Central and eastern Europe 1.7 1.8 5
Developing countries 2.9 6.9 137
World 8.7 13.3 52

Moet million oil equivalent ton (energy unit)
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Fig. 1.5 Doubling time

Since energy cannot be created or destroyed and with the expected population
increase, it is anticipated that there will be energy crises in the future, which may
lead to an energy dilemma due to the finite amount of readily available fossil fu-
els. The population of human beings has increased in the last century by a factor of
6 but the energy consumption by a factor of 80. The worldwide average continuous
power consumption today is 2 kW /person. In the USA the power consumption is
on average 10 kW /person and in Europe about 5 kW /person and two billion people
on earth do not consume any fossil fuels at all. The reserves of fossil fuels on earth
are limited and predictions based on the continuation of the energy consumption
development show that the demand will soon exceed the supply. The world’s popu-
lation increases at 1.3 —2% per year so that it is expected to double within the next
60 years. According to the International Energy Agency (IEA 2000) the present pop-
ulation is about 6.5 x 10? and growing toward 12 x 10” in 2060. At the same time,
developing countries want the same standard of living as developed countries. The
world population is so large that there is an uncontrolled experiment taking place on
the earth’s environment. The developed countries are the major contributors to this
uncontrolled experiment.

The poor, who make up half of the world’s population and earn less than
US$ 2 a day (UN-Habitat 2003), cannot afford adaptation mechanisms such as air-
conditioning, heating, or climate-risk insurance (which is unavailable or signifi-
cantly restricted in most developing countries). The poor depend on water, energy,
transportation, and other public infrastructures which, when affected by climate-
related disasters, are not immediately replaced (Freeman and Warner 2001).

Increases in the world population, demands on goods, technology, and the higher
standard of comfort for human life all require more energy consumption and, ac-
cordingly, human beings started to ponder about additional alternative energy types.
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Prior to the discovery of fossil fuels, coal and water played a vital role in such
a search. For instance, transportation means such as the oceangoing vessels and
early trains ran on steam power, which was the combination of coal and water va-
por. After the discovery of oil reserves, steam power became outmoded. Hence, it
seemed in the first instance that an unparalleled energy alternative had emerged for
the service of mankind. Initially, it was considered an unlimited resource but with
the passage of time, limitations in this alternative were understood not only in the
quantitative sense but also in the environmental and atmospheric pollution senses.
Society is affected by climate and hence energy in one of the three major ways:

1. Economic sectors that support a settlement are affected because of changes in
productive capacity or changes in market demand for the goods and services
produced there (energy demand). The importance of this impact depends in part
on whether the settlement is rural (which generally means that it is dependent
on one or two resource-based industries with much less energy consumption)
or urban, in which case there usually is a broader array of alternative resources
including energy resources consumption centers.

2. Some aspects of physical infrastructure (including energy transmission and dis-
tribution systems), buildings, urban services (including transportation systems),
and specific industries (such as agro-industry and construction) may be directly
affected. For example, buildings and infrastructure in deltaic areas may be af-
fected by coastal and river flooding; urban energy demand may increase or de-
crease as a result of changed balances in space heating and space cooling (addi-
tional energy consumption); and coastal and mountain tourism may be affected
by changes in seasonal temperature and precipitation patterns and sea-level rise.
Concentration of population and infrastructure in urban areas can mean higher
numbers of people and a higher value of physical capital at risk, although there
also are many economies of scale and proximity in ensuring a well-managed
infrastructure and service provision.

3. As aresult of climate change society may be affected directly through extreme
weather conditions leading to changes in health status and migration. Extreme
weather episodes may lead to changes in deaths, injuries, or illness. Population
movements caused by climate changes may affect the size and characteristics
of settlement populations, which in turn changes the demand for urban services
(including energy demand). The problems are somewhat different in the largest
population centers (e.g., those of more than 1 million people) and mid-sized
to small-sized regional centers. The former are more likely to be destinations
for migrants from rural areas and smaller settlements and cross-border areas,
but larger settlements generally have much greater command over national re-
sources. Thus, smaller settlements actually may be more vulnerable. Informal
settlements surrounding large and medium-size cities in the developing world
remain a cause for concern because they exhibit several current health and envi-
ronmental hazards that could be exacerbated by global warming and have lim-
ited command over resources.
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1.4 Energy and Industry

Industry is defined as including manufacturing, transport, energy supply and de-
mand, mining, construction, and related informal production activities. Other sec-
tors sometimes included in industrial classifications, such as wholesale and retail
trade, communications, real estate and business activities are included in the cate-
gories of services and infrastructure. An example of an industrial sector particularly
sensitive to climate change is energy (Hewer 2006). After the industrial revolution
in the mid-eighteenth century human beings started to require more energy for con-
sumption. Hence, non-renewable energy sources in the form of coal, oil, and wood
began to deplete with time. As a result, in addition to the limited extent and en-
vironmental pollution potential, these energy sources will need to be replaced by
renewable alternatives.

Global net energy demand is very likely to change (Tol 2002b) as demand for
air-conditioning is highly likely to increase, whereas demand for heating is highly
likely to decrease. The literature is not clear on what temperature is associated with
minimum global energy demand, so it is uncertain whether warming will initially
increase or decrease net global demand for energy relative to some projected base-
line. However, as temperatures rise, net global demand for energy will eventually
rise as well (Scheinder et al., 2007).

Millennium goals were set solely by indicators of changes in energy use per
unit of GDP and/or by total or per capita emissions of CO;. Tracking indicators of
protected areas for biological diversity, changes in forests, and access to water all
appear in the goals, but they are not linked to climate-change impacts or adaptation;
nor are they identified as part of a country’s capacity to adapt to climate change
(Yohe et al., 2007).

With the unprecedented increase in the population, the industrial products, and
the development of technology, human beings started to search for new and alterna-
tive ways of using more and more energy without harming or, perhaps, even destroy-
ing the natural environment. This is one of the greatest unsolved problems facing
mankind in the near future. There is an unending debate that the key atmospheric
energy source, solar radiation, should be harnessed more effectively and turned di-
rectly into heat energy to meet the growing demand for cheaper power supplies.

The net return from industrial material produced in a country is the reflection
of energy consumption of the society in an efficient way. Otherwise, burning fossil
fuels without economic industrial return may damage any society in the long run,
especially with the appearance of renewable energy resources that are expected to
be more economical, and therefore, exploitable in the long run. The extensive fossil
fuel reservoirs available today are decreasing at an unprecedented rate and, hence,
there are future non-sustainability alarms on this energy source. It is, therefore,
necessary to diminish their exploitation rate, even starting from today, by partial
replacements, especially through the sustainable alternatives such as solar energy.

The fossil fuel quantities that are consumed today are so great that even minor
imbalances between supply and demand cause considerable societal disruptions.
In order to get rid of such disruptions, at least for the time being, each country
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imports coal, and especially oil to cover the energy imbalances. The oil embargo by
the Organization of Petroleum Exporting Countries (OPEC) in 1973, gave the first
serious warning and alarm to industrialized countries that energy self-sufficiency is
an essential part of any country concerned for its economic, social, and even cultural
survival. In fact, the technological and industrial developments in the last 150 years
rendered many countries to energy-dependent status.

Worldwide use of energy for several decades, especially in the industrial sectors,
appeared to be increasing dramatically, but in the last decade, it has leveled off, and
even dropped to a certain extent as shown in Fig. 1.6. In this graph, all forms of
energy uses are represented in terms of the amount of coal that would provide the
equivalent energy. Around the 1970s most of the predictions foresaw that energy
demand would continue to accelerate causing expected severe energy shortages.
However, just the opposite situation has developed, and today, there is a surplus of
energy on the worldwide market that has resulted from economic downturn coupled
with many-fold increases in the oil price during the last 20 years.

Fossil fuel reserves in the form of oil and natural gas are still adequate at present
consumption rates for the next 50 years. However, with increasing amounts of re-
newable energy and discoveries of new reservoirs this span of time is expected to
extend for almost a century from now onward.

Linkage systems, such as transportation and transmission for industry and settle-
ments (e.g., water, food supply, energy, information systems, and waste disposal),
are important in delivering the ecosystem and other services needed to support hu-
man well-being, and can be subject to climate-related extreme events such as floods,
landslides, fire, and severe storms.
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Fig. 1.6 Changes in annual energy consumption in the world (Dunn 1986)
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1.5 Energy and the Economy

Continuance of economic growth and prosperity rely heavily on an adequate energy
supply at reasonably low costs. On the other hand, energy is the main source of
pollution in any country on its way to development. In general, conventional (non-
renewable) energy resources are limited as compared to the present and foreseeable
future energy consumptions of the world. As a whole electricity production based
on fossil or nuclear fuels induces substantial social and environmental costs whereas
it would appear that the use of renewable energy sources involves far less and lower
costs. There are a number of different energy cost categories borne by third parties
who ought to be taken into consideration in the comparison of different energy re-
sources and technologies. Hohmeyer (1992) has given the following seven effective
categories for consideration:

1. Impact on human health:
a. Short-term impacts, such as injuries
b. Long-term impacts, such as cancer
c. Intergenerational impacts due to genetic damage
2. Environmental damage on:
a. Flora, such as crops and forests
b. Fauna, such as cattle and fish
c. Global climate
d. Materials
3. Long-term cost of resource depletion:
a. Structural macro-economic impacts, such as employment effects
4. Subsidies for:
a. Research and development
b. Operation costs
c. Infrastructure
d. Evacuation in cases of accidents
5. Cost of an increased probability of wars due to:
a. Securing energy resources (such as the Gulf War)
b. Proliferation of nuclear weapons
6. Cost of radioactive contamination of production equipment and dwellings after
major nuclear accidents
7. Psycho-social cost of:
a. Serious illness and death
b. Relocation of population

Adaptation strategies and implementation are strongly motivated by the cost of
energy (Rosenzweig et al., 2007). The nature of adaptation and mitigation decisions
changes over time. For example, mitigation choices have begun with relatively easy
measures such as adoption of low-cost supply and demand-side options in the en-
ergy sector (such as passive solar energy) (Levine et al., 2007). Through success-
ful investment in research and development, low-cost alternatives should become
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available in the energy sector, allowing for a transition to low-carbon venting path-
ways. Given the current composition of the energy sector, this is unlikely to happen
overnight but rather through a series of decisions over time. Adaptation decisions
have begun to address current climatic risks (e.g., drought early-warning systems)
and to be anticipatory or proactive (e.g., land-use management). With increasing cli-
mate change, autonomous or reactive actions (e.g., purchasing air-conditioning dur-
ing or after a heat wave) are likely to increase. Decisions might also break trends,
accelerate transitions, and mark substantive jumps from one development or tech-
nological pathway to another (Martens and Rotmans 2002; Raskin et al., 2002a,b).
Most studies, however, focus on technology options, costs, and competitiveness in
energy markets and do not consider the implications for adaptation. For example,
McDonald et al.(2006) use a global computed general equilibrium model and find
that substituting switch grass for crude oil in the USA would reduce the GDP and
increase the world price of cereals, but they do not investigate how this might affect
the prospects for adaptation in the USA and for world agriculture. This limitation
in scope characterizes virtually all bioenergy studies at the regional and sectorial
scales, but substantial literature on adaptation-relevant impacts exists at the project
level (Pal and Sharma 2001).

Other issues of particular concern include ensuring energy services, promoting
agriculture and industrialization, promoting trade, and upgrading technologies. Sus-
tainable natural-resource management is a key to sustained economic growth and
poverty reduction. It calls for clean energy sources, and the nature and pattern of
agriculture, industry, and trade should not unduly impinge on ecological health and
resilience. Otherwise, the very basis of economic growth will be shattered through
environmental degradation, more so as a consequence of climate change (Sachs
2005). Put another way by Swaminathan (2005), developing and employing “eco-
technologies” (based on an integration of traditional and frontier technologies in-
cluding biotechnologies, renewable energy, and modern management techniques) is
a critical ingredient rooted in the principles of economics, gender, social equity, and
employment generation with due emphasis given to climate change (Yohe et al.,
2007).

1.6 Energy and the Atmospheric Environment

Even though the natural circulation in the atmosphere provides scavenging effects,
continuous and long-term loading of atmosphere might lead to undesirable and dan-
gerous situations in the future. Therefore, close inspection and control should be
directed toward various phenomena in the atmosphere. Among these there are more
applied and detailed research needs in order to appreciate the meteorological events
in the troposphere, ozone depletion in the stratosphere, pollution in the lower tro-
posphere and trans-boundary between the troposphere and hydro-lithosphere, en-
ergy, transport and industrial pollutants generation and movement, effects of acid
rain, waste water leakage into the surface, and especially ground water resources.
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For success in these areas, it is necessary to have sound scientific basic research
with its proper applications. The basic data for these activities can be obtained from
extensive climatic, meteorological, hydrological, and hydro-geological observation
network establishments with spatial and temporal monitoring of the uncontrollable
variables. Ever greater cooperation is needed in detecting and predicting atmo-
spheric changes, and assessing consequential environmental and socio-economic
impacts, identifying dangerous pollution levels and greenhouse gases. New and es-
pecially renewable energy sources are required for controlling emissions of green-
house gases. Consumption of fossil fuels in industry as well as transportation gives
rise to significant atmospheric emissions. The major points in energy use are the
protection of the environment, human health, and the hydrosphere. Any undesir-
able changes in the atmospheric conditions may endanger forests, hydrosphere
ecosystems, and economic activities such as agriculture. The ozone layer within
the stratosphere is being depleted by reactive chlorine and bromine from human-
made chlorofluorocarbons (CFCs) and related substances. Unfortunately, levels of
these substances in the atmosphere increase continuously signaling future dangers
if necessary precautions are not taken into consideration.

It has been stated by Dunn (1986) that several problems have arisen from the in-
creased use of energy, e.g., oil spillages resulting from accidents during tanker trans-
portation. Burning of various energy resources, especially fossil fuels, has caused
a global-scale CO; rise. If the necessary precautions are not considered in the long
run, this gas in the atmosphere could exceed the natural levels and may lead to cli-
matic change. Another problem is large-scale air pollution in large cities especially
during cold seasons. The use of fossil fuels in automobiles produces exhaust gases
that also give rise to air pollution as well as increasing the surface ozone concentra-
tion which is dangerous for human health and the environment. Air pollution leads
to acid rain that causes pollution of surface and groundwater resources which are
the major water supply reservoirs for big cities.

In order to reduce all these unwanted and damaging effects, it is consciously
desirable to shift toward the use of environmentally friendly and clean renewable
energy resources, and especially, the solar energy alternatives. It seems that for the
next few decades, the use of conventional energy resources such as oil, coal, and
natural gas will continue, perhaps at reduced rates because of some replacement by
renewable sources. It is essential to take the necessary measures and developments
toward more exploitation of solar and other renewable energy alternatives by the
advancement in research and technology. Efforts will also be needed in conversion
and moving toward a less energy demanding way of life.

The use of energy is not without penalty, in that energy exploitation gives rise
to many undesirable degradation effects in the surrounding environment and in life.
It is, therefore, necessary to reduce the environmental impacts down to a minimum
level with the optimum energy saving and management. If the energy consumption
continues at the current level with the present energy sources, which are mainly of
fossil types, then the prospects for the future cannot be expected to be sustainable or
without negative impacts. It has been understood by all the nations since the 1970s
that the energy usage and types must be changed toward more clean and environ-
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mentally friendly sources so as to reduce both environmental and atmospheric pollu-
tions. Sustainable future development depends largely on the pollution potential of
the energy sources. The criterion of sustainable development can be defined as the
development that meets the needs of the present without compromising the ability of
future generations to meet their own needs. Sustainable development within a soci-
ety demands a sustainable supply of energy and an effective and efficient utilization
of energy resources. In this regard, solar energy provides a potential alternative for
future prospective development. The major areas of environmental problems have
been classified by Dincer (2000) as follows:

Major environmental accidents
Water pollution

Maritime pollution

Land use and siting impact
Radiation and radioactivity
Solid waste disposal
Hazardous air pollution
Ambient air quality

Acid rain

Stratospheric ozone depletion

. Global climate change leading to greenhouse effect

WSk wD =

—_ —
— O

The last three items are the most widely discussed issues all over the world.
The main gaseous pollutants and their impacts on the environment are presented in
Table 1.2.

Unfortunately, energy is the main source of pollution in any country on its way
to development. It is now well known that the sulfur dioxide (SO;) emission from
fossil fuels is the main cause of acid rain as a result of which more than half the
forests in the Northern Europe have already been damaged. In order to decrease
degradation effects on the environment and the atmosphere, technological develop-
ments have been sought since the 1973 oil crisis. It has been recently realized that

Table 1.2 Main gaseous pollutants

Sulfur dioxide (SO,)
Chlorofluorocarbon(CFCs)
Ozone (O3)

Plus and minus signs indicate proportional and inversely proportional effects whereas + implies
either effect depending on circumstances

Gaseous pollutants Greenhouse  Stratospheric Acid
effect ozone depletion  precipitation
Carbon monoxide (CO) + +
Carbon dioxide (CO;) + +
Methane (CHy) + +
Nitric oxide (NO) and nitrogen dioxide (NO,) =+ + +
Nitrous oxide (N,O) + +
- +
+ +
+ +
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renewable energy sources and systems can have a beneficial impact on the following
essential technical, environmental, and political issues of the world. These are:

1. Major environmental problems such as acid rain, stratospheric ozone depletion,
greenhouse effect, and smog

2. Environmental degradation

3. Depletion of the world’s non-renewable conventional sources such as coal, oil,
and natural gas

4. Increasing energy use in the developing countries

5. World population increase

In most regions, climate change would alter the probability of certain weather
conditions. The only effect for which average change would be important is sea-
level rise, under which there could be increased risk of inundation in coastal settle-
ments from average (higher) sea levels. Human settlements for the most part would
have to adapt to more or less frequent or intense rain conditions or more or less
frequent mild winters and hot summers, although individual day weather may be
well within the range of current weather variability and thus not require exception-
ally costly adaptation measures. The larger, more costly impacts of climate change
on human settlements would occur through increased (or decreased) probability of
extreme weather events that overwhelm the designed resiliency of human systems.

Much of the urban center managements as well as the governance structures that
direct and oversee them are related to reducing environmental hazards, including
those posed by extreme weather events and other natural hazards. Most regulations
and management practices related to buildings, land use, waste management, and
transportation have important environmental aspects. Local capacity to limit envi-
ronmental hazards or their health consequences in any settlement generally implies
local capacity to adapt to climate change, unless adaptation implies particularly ex-
pensive infrastructure investment.

An increasing number of urban centers are developing more comprehensive plans
to manage the environmental implications of urban development. Many techniques
can contribute to better environmental planning and management including market-
based tools for pollution control, demand management and waste reduction, mixed-
use zoning and transport planning (with appropriate provision for pedestrians and
cyclists), environmental impact assessments, capacity studies, strategic environ-
mental plans, environmental audit procedures, and state-of-the-environment reports
(Haughton 1999). Many cities have used a combination of these techniques in de-
veloping “Local Agenda 21s,” which deal with a list of urban problems that could
closely interact with climate change and energy consumption in the future. Exam-
ples of these problems include the following points (WRI 1996):

1. Transport and road infrastructure systems that are inappropriate to the settle-
ment’s topography (could be damaged by landslides or flooding with climate
change)

2. Dwellings that are located in high-risk locations for floods, landslides, air and
water pollution, or disease (vulnerable to flood or landslides; disease vectors
more likely)
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3. Industrial contamination of rivers, lakes, wetlands, or coastal zones (vulnerable
to flooding)

4. Degradation of landscape (interaction with climate change to produce flash
floods or desertification)

5. Shortage of green spaces and public recreation areas (enhanced heat island ef-
fects)

6. Lack of education, training, or effective institutional cooperation in environmen-
tal management (lack of adaptive capacity)

1.7 Energy and the Future

The world demand for energy is expected to increase steadily until 2030 accord-
ing to many scenarios. Global primary energy demand is projected to increase by
1.7% per year from 2000 to 2030, reaching an annual level of 15.3 x 10° tons of oil
equivalent (toe). The projected growth is, nevertheless, slower than the growth over
the past 30 years, which ran at 2.1% per year. The global oil demand is expected to
increase by about 1.6% per year from 75 x 10 barrels per day to 120 x 10° barrels
per day. The transportation sector will take almost three quarters of this amount. Oil
will remain the fuel of choice in transportation (IEA 2002).

The energy sources sought in the long term are hoped to have the following
important points for a safer and more pleasant environment in the future:

1. Diversity of various alternative energy resources both conventional (non-
renewable) and renewable, with a steadily increasing trend in the use of renew-
able resources and a steadily decreasing trend over time in the non-renewable
resources usage.

Quantities must be abundant and sustainable in the long term.

Acceptable cost limits and prices compatible with strong economic growth.
Energy supply options must be politically reliable.

Friendly energy resources for the environment and climate change.

Renewable domestic resources that help to reduce the important energy alterna-
tives.

7. They can support small to medium scale local industries.

A

The renewable energies are expected to play an active role in the future energy
share because they satisfy the following prerequisites:

1. They are environmentally clean, friendly, and do not produce greenhouse gases.

2. They should have sufficient resources for larger scale utilization. For instance,
the solar energy resources are almost evenly distributed all over the world with
maximum possible generatable amounts increasing toward the equator.

3. The intermittent nature of solar and wind energy should be alleviated by im-
proving the storage possibilities.
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4. The cost effectiveness of the renewable sources is one of the most important
issues that must be tackled in a reduction direction. However, new renewable
energies are now, by and large, becoming cost competitive with conventional
forms of energy.

In order to care for the future generations, energy conservation and savings are
very essential. Toward this end one has to consider the following points:

1. Conservation and more efficient use of energy. Since the first energy crisis, this
has been the most cost-effective mode of operation. It is much cheaper to save
a barrel of oil than to discover new oil.

2. Reduce demand to zero growth rate and begin a steady-state society.

3. Redefine the size of the system and colonize the planets and space. For in-
stance, the resources of the solar system are infinite and our galaxy contains
over 100 billion stars.

Because the earth’s resources are finite for the population, a change to a sustain-
able society depends primarily on renewable energy and this becomes imperative
over a long time scale. The following adaptation and mitigation policies must be
enhanced in every society:

1. Practice conservation and efficiency

2. Increase the use of renewable energy

3. Continue dependence on natural gas

4. Continue the use of coal, but include all social costs (externalities)

Regional and local polices must be the same. Efficiency can be improved in all
major sectors including residential, commercial, industrial, transportation, and even
the primary electrical utility industry. The most gains can be accomplished in the
transportation, residential, and commercial sectors. National, state, and even local
building codes will improve energy efficiency in buildings. Finally, there are a num-
ber of things that each individual can do in conservation and energy efficiency.
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Chapter 2

Atmospheric Environment
and Renewable Energy

2.1 General

Human beings, animals, and plants alike are dependent on some gases, nutrients,
and solids that are available rather abundantly and almost freely in nature for their
survival. Among these the most precious ones are the air in the atmosphere that
living organisms breathe and the water that is available in the hydrosphere either
in the troposphere as a vapor (humidity) or in the lithosphere as a liquid (rainfall,
runoff, groundwater, seas, lakes) or a solid (glaciers, snow, ice, hail). The atmo-
sphere has evolved over geological time and the development of life on the earth
has been closely related to the composition of the atmosphere. From the geological
records, it seems that about 1.5 billion years ago free oxygen first appeared in the at-
mosphere in appreciable quantities (Harvey 1982). The appearance of life was very
dependent on the availability of oxygen but once a sufficient amount had accumu-
lated for green plants to develop, photosynthesis was able to liberate more into the
atmosphere. During all these developments solar radiation provided the sole energy
source.

In general, there are six different heat and mass exchanges within the atmosphere.
These exchanges play the main role in the energy distribution throughout the whole
system. The major energy source is solar radiation between the atmosphere and
space. This energy source initiates the movement of heat and mass energy from the
oceans (seas) into the air and over the land surfaces. The next important heat energy
transfer occurs between the free surface bodies (oceans, seas, rivers, reservoirs) and
the atmosphere. Thus water vapor, as a result of evaporation, is carried at heights
toward the land by the kinetic energy of the wind. Such a rise gives the water va-
por potential energy. After condensation by cooling, the water vapor appears in the
form of precipitation and falls at high elevations forming the surface runoff which
due to gravity flows toward the seas. During its travel toward the earth’s surface,
a raindrop loses its potential energy while its kinetic energy increases. Water va-
por is the inter-mediator in such a dynamic system. Finally, the water is returned to
the seas via streams and rivers, because gravity ultimately takes over the movement
of masses. The natural energy cycle appears as an integral part of the hydrological
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cycle (Sen 1995). During this cycle, no extra energy is produced within the atmo-
sphere. Such movements result from the fine balance that has existed for so long
between the output of radiation from the sun and the overall effects of the earth’s
gravitation.

Groundwater and surface water bodies become acidified due to trans-boundary
air pollution causing harm to human health, and tree and forest loss. Unfortunately,
there is not enough data for assessment of these dangers in the developing countries.
One of the greatest and most famous scientist all over the world Ibn Sina (Avicenna,
958-1037) recommended some 1000 years ago seven points for a human being to
sustain a healthy life in this world (Sen 2005). These are:

Spiritual healthiness

Choice of food and drinking water quality
Getting rid of extra weight to feel fit
Healthiness of the body

Comfortable dressing

Cleanliness of the inhaled air

Healthiness in thinking and pondering

NG B

Two of these points, namely, choice of water and air clarity will constitute the
main topic of this chapter related to renewable energy sources in general but to solar
energy in particular.

2.2 Weather, Climate, and Climate Change

Weather describes the short-term (i. e., hourly and daily) state of the atmosphere. It
is not the same as climate, which is the long-term average weather of a region in-
cluding typical weather patterns, the frequency and intensity of storms, cold spells,
and heat waves. However, climate change refers to changes in long-term trends in
the average climate, such as changes in average temperatures. In Intergovernmental
Panel on Climate Change (IPCC) terms, climate change refers to any change in cli-
mate over time, whether due to natural variability or as a result of human activity.
Climate variability refers to changes in patterns, such as precipitation patterns, in
the weather and climate. Finally, the greenhouse effect (global warming) is a pro-
gressive and gradual rise of the earth’s average surface temperature thought to be
caused in part by increased concentrations of CFCs in the atmosphere.

In the past, there have been claims that all weather and climate changes are
caused by variations in the solar irradiance, countered at other times by the asser-
tion that these variations are irrelevant as far as the lower atmosphere is concerned
(Trenberth et al., 2007). The existence of the atmosphere gives rise to many at-
mospheric and meteorological events. Greenhouse gases are relatively transparent
to visible light and relatively opaque to infrared radiation. They let sunlight enter
the atmosphere and, at the same time, keep radiated heat from escaping into space.
Among the major greenhouse gases are carbon dioxide (CO»), methane (CHy), and
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nitrous oxide (N2O), which contribute to global warming (climate change) effects
in the atmosphere. Atmospheric composition has changed significantly since pre-
industrial times and the CO; concentration has risen from 280 parts per million
(ppm) to around 370 ppm today, which corresponds to about a 0.4% increase per
year. On the other hand, CHy4 concentration was about 700 parts per billion (ppb) but
has reached 1700 ppb today, and N»>O has increased from 270 ppb to over 310 ppb.
Halocarbon does not exist naturally in the atmosphere, but since the 1950s it has
accumulated in appreciable amounts causing noticeable greenhouse effects. These
concentration increases in the atmosphere since the 1800s are due almost entirely to
human activities.

The amount of the solar radiation incident on the earth is partially reflected again
into the earth’s atmosphere and then onward into the space. The reflected amount
is referred to as the planetary albedo, which is the ratio of the reflected (scattered)
solar radiation to the incident solar radiation, measured above the atmosphere. The
amount of solar radiation absorbed by the atmospheric system plays the dominant
role in the generation of meteorological events within the lower atmosphere (tropo-
sphere) and for the assessment of these events the accurate determination of plan-
etary albedo is very important. The absorbed solar energy has maximum values
of 300 W/m? in low latitudes. On the basis of different studies, today the average
global albedo is at about 30% with maximum change of satellite measurement at
+2%, which is due to both seasonal and inter-annual time scales. Furthermore, the
maximum (minimum) values appear in January (July). The annual variations are
as a result of different cloud and surface distributions in the two hemispheres. For
instance, comparatively more extensive snow surfaces are present in the northern
European and Asian land masses in addition to a more dynamic seasonal cycle of
clouds in these areas than the southern polar region. Topography is the expression
of the earth’s surface appearance, height, and surface features. It plays an effective
role both in the generation of meteorological events and solar radiation distribu-
tion. Although the surface albedo is different than the planetary albedo, it makes an
important contribution to the planetary albedo. The cloud distribution is the major
dominant influence on the earth surface incident solar energy. Since the albedo is
a dominant factor in different meteorological and atmospheric events, its influence
on the availability of solar radiation has an unquestionable significance. The cal-
culation of solar energy potential at a location is directly related to albedo-affected
events and the characteristics of surface features become important (Chap. 3). In
general, the albedo and hence the solar radiation energy potential at any location is
dependent on the following topographical and morphological points:

1. The type of surface

2. The solar elevation and the geometry of the surface (horizontal or slope) relative
to the sun

3. The spectral distribution of the solar radiation and the spectral reflection

Table 2.1 indicates different surface albedo values with the least value being for
a calm sea surface at 2%, and the maximum for a fresh snow surface reaching up
to 80%. In general, forests and wet surfaces have low values and snow-covered
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Table 2.1 Albedo values

Surface Albedo (%)
New snow 85
Old snow 75
Clayey desert 29-31
Green grass 8-27
Pine forest 6-19
Calm sea surface 2-4
Granite 12-18
Water (depending on angle of incidence) 2-78
High-level cloud 21
Middle-level cloud (between 3 and 6 km) 48
Low-level cloud sheets 69
Cumulus clouds 70

surfaces and deserts have high albedo values. On the other hand, the surface albedo
is also a function of the spectral reflectivity of the surface.

The planetary radiation is dominated by emission from the lower troposphere. It
shows a decrease with latitude and such a decrease is at a slower rate than the de-
crease in the absorbed solar radiation energy. At latitudes less than 30° the planetary
albedo is relatively constant at 25% and, consequently, there are large amounts of
solar radiation for solar energy activities and benefits in these regions of the earth.
However, the solar absorption exceeds the planetary emission between 40°N and
40° S latitudes, and therefore, there is a net excess in low latitudes and a net deficit
in high latitudes. Consequently, such an imbalance in the solar radiation energy
implies heat transfer from low to high latitudes by the circulations within the atmo-
sphere. Accordingly, the solar energy facilities decrease steadily from the equatorial
region toward the polar regions. It is possible to state that the natural atmospheric
circulations at planetary scales are due to solar energy input into the planetary at-
mosphere. In order to appreciate the heat transfer by the atmosphere, the difference
between the absorbed and emitted planetary solar radiation amounts can be inte-
grated from one pole to other, which gives rise to radiation change as in Fig. 2.1.
It can be noted that the maximum transfer of heat occurs between 30° and 40° of
latitude and it is equal to 4 x 1015 W,

The regional change of net solar radiation budget is shown in Fig. 2.2, which
indicates substantial seasonal variation.

Increased cloudiness can reduce solar energy production. For many reasons,
clouds are critical ingredients of climate and affect the availability of many re-
newable energy resources at a location (Monteith 1962). About half of the earth
is covered by clouds at any instant. The clouds are highly dynamic in relation to
atmospheric circulation. Especially, the irradiative properties of clouds make them
a key component of the earth’s energy budget and hence solar energy.
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2.3 Atmosphere and Its Natural Composition

Foreign materials that man releases into the atmosphere at least temporarily and
locally change its composition. The most significant man-made atmospheric ad-
ditions (carbon monoxide, sulfur oxides, hydrocarbons, liquids such as water va-
por, and solid particles) are gases and aerosol particles that are toxic to animal
and plant life when concentrated by local weather conditions, such as inversion
layer development, orographic boundaries, and low pressure areas. The principal
pollution sources of toxic materials are automotive exhausts and sulfur-rich coal
and petroleum burned for power and heating. Fortunately, most toxic pollutants are
rather quickly removed from the atmosphere by natural weather processes depend-
ing on the meteorological conditions, which do not have long-term effects as ex-
plained in the previous section.

In a pollutant intact atmosphere naturally available gases namely, nitrogen, oxy-
gen, and carbon dioxide are replenished through cycles lasting many years due to
the natural phenomena that take place between various spheres. Figure 2.3 shows
the interaction between the atmosphere, biosphere, lithosphere, and hydrosphere for
the nitrogen cycle that is the main constituent in the atmosphere and it completes its
renewal process about once every 100 million years. Nitrogen is the dominant ele-
ment in the lower atmosphere (about 78%) but it is among the rarer elements both in
the hydrosphere and the lithosphere. It is a major constituent not only of the atmo-
sphere, but also of the animals and plants of the living world where it is a principal
element in proteins, the basic structural compounds of all living organisms. Certain
microscopic bacteria convert the tremendous nitrogen supply of the atmosphere into
water-soluble nitrate atom groups that can then be used by plants and animals for
protein manufacturing. The nitrogen re-enters the atmosphere as dead animals and
plants are decomposed by other nitrogen-releasing bacteria.

The second major constituent of the lower atmosphere is oxygen (about 21%),
which is the most abundant element in the hydrosphere and lithosphere. Most of
the uncombined gaseous oxygen of the atmosphere is in neither the hydrosphere
nor the lithosphere but as a result of photosynthesis by green plants. In the photo-
synthesis process sunlight breaks down water into hydrogen and oxygen. The free
oxygen is utilized by animals as an energy source being ultimately released into the
atmosphere combined with carbon as CO», which is taken up by plants to begin the
cycle again, as shown in Fig. 2.4. Such a cycle recycles all the oxygen available in
the atmosphere in only 3000 years. Thus the free oxygen like nitrogen is closely
interrelated with the life processes of organisms.

Although CO3 is one of the minor constituents of the lower atmosphere, it plays
a fundamental role in the atmospheric heat balance, like ozone within the strato-
sphere, and is a major controlling factor in the earth’s patterns of weather and cli-
mate. The CO; cycle is shown schematically in Fig. 2.5.

Green plants directly use atmospheric CO; to synthesize more complex carbon
compounds which, in turn, are the basic food for animals and non-green plants. The
carbon is ultimately returned into the atmosphere as a waste product of animal and
plant respiration or decomposition just as free oxygen is contributed by green plant
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Fig. 2.5 Natural carbon dioxide cycle. A assimilation by photosynthesis, d death, O oxidation of
dead organic matter, r released by photosynthesis, R respiration

photosynthesis. It takes only 35 years for the relatively small quantity of CO; in the
atmosphere to pass once through this cycle.

2.4 Anthropogenic Composition of the Atmosphere

Climate change due to the use of CFCs is a major cause of imbalance and natural
absorption of CO; is another example of possible social costs from energy use,
which are handed over to future generations by today’s energy consumers. Again
the major source of climate change is the poor combustion of fossil fuels.

The atmosphere functions like a blanket, keeping the earth’s heat from radiating
into space. It lets solar insolation in, but prevents most of the ground infrared radi-
ation from going out. The greenhouse gases are CO;, N>O, NHy, water vapor, and
other trace gases such as methane. A large atmosphere with a high concentration
of CO; can drastically change the energy balance. The greenhouse effect is amply
demonstrated on a sunny day by any car interior with the windows closed. The inci-
dent light passes through the windows and is absorbed by the material inside, which
then radiates (infrared) at the corresponding temperature. The windows are opaque
to infrared radiation and the interior heats up until there is again an energy balance.
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There is an increase in CO; in the atmosphere due to the increased use of fossil
fuels and many scientists say that this results in global warming. The same thing is
now said about global warming as was said about the ozone problem. It is not quite
possible to reduce the production of CO», because of economics and the science for
CO; and global warming is not completely certain.

2.4.1 Carbon Dioxide (CO3)

The consumption of the fossil fuels is responsible for the increase of the CO; in the
atmosphere by approximately 3 x 102 kg/year (IPCC 2007). CO, is a greenhouse
gas and causes an increase in the average temperature on earth. The major problem
is the fact that a large amount, approximately 98% of CO; on earth, is dissolved
in the water of the oceans (7.5 x 101* kg in the atmosphere, 4.1 x 101 kg in the
ocean). The solubility of CO; decreases with the increasing temperature of water by
approximately 3%/degree Kelvin. If the average temperature of the oceans increases
the CO; solubility equilibrium between the atmosphere and the oceans shifts toward
the atmosphere and then leads to an additional increase in the greenhouse gas in
the atmosphere. The world eco-system is suffering from air pollution and global
warming. The issue is a central problem now for every evolving technology to be
accepted by the global community. It is therefore necessary to develop new and eco-
friendly technologies. The global system is being disturbed such that it is no longer
tolerant of further dirty technologies.

As aresult of burning coal and oil as fuel, the level of CO; has risen significantly
in the last 100 years. It is estimated that CO, accounts for about 60% of the anthro-
pogenic (or human-caused) greenhouse change, known as the enhanced greenhouse
effect. If carbon fuels are of biological origin, then sometime in the earth’s distant
past there must have been far more CO» in the atmosphere than there is today. There
are two naturally different sources for this gas, as emissions from animal life and de-
caying plant matter, ezc. (Fig. 2.5), which constitute about 95% of the CO», and the
rest comes from human activity (anthropogenic) sources, including the burning of
carbon-based (especially fossil) fuels. It is known that although the anthropogenic
share is a comparatively small portion of the total, it contributes in an accumulative
manner over time.

Since CO; is one of the large gas molecules that traps long-wave radiation to
warm the lower atmosphere by the so-called greenhouse effect, atmospheric scien-
tists and meteorologists alike suggested that increase in the CO, might be causing
a general warming of the earth’s climate (IPCC 2007). Worries about the effect of
CO; on the climate have given rise to further detailed studies and investigations to
focus attention on the complex interactions between man’s activities and the atmo-
sphere that surrounds them and thus may prevent still more serious problems from
arising in the future.

Although pollutants may originate from natural or man-made activities, the term
pollution is often restricted to considerations of air quality as modified by human
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actions, particularly when pollutants are emitted from industrial, urban, commer-
cial, and nuclear sites at rates in excess of the natural diluting and self-purifying
processes currently prevailing in the lower atmosphere. Air pollution seems to be
a local problem with three distinctive geographic factors:

1. All the wealth of human beings is defined by the distribution of housing, in-
dustry, commercial centers, and motor vehicle transportation between various
centers. Such a system forms the major source of man-made pollution.

2. A natural phenomenon in the atmosphere, which controls the local and temporal
climatic weather variations as a result of which the pollutants introduced into
the atmosphere are either scattered in various directions or carried away by air
movements in the form of winds.

3. The interaction between the pollution emissions and the atmosphere may well
be modified by local relief factors, especially when pollution is trapped by rela-
tively stagnant air within a valley.

Over millions of years, much of the CO, was removed by sea and land flora
(plants). Most was returned to the air when the plant material decayed, but some of
the carbon was locked up in the form of wood, peat, coal, petroleum, and natural gas
(Fig. 2.5). Now that these fuels are burnt, the carbon is being released into the atmo-
sphere once again. CO; is less soluble in warmer water than in cold, and as ocean
surface layers warm, CO, could be driven out of solution and into the atmosphere,
thus exacerbating the problem. There are benefits to increased CO, concentrations
as well as potential problems. Plants need CO, and the optimal concentration for
most plants it is estimated to be between 800 and 1200 ppm. Some plants do best
at even higher concentrations and for instance the optimal range for rice is 1500
to 2000 ppm. As the atmosphere becomes richer in CO,, crops and other plants
will grow more quickly and profusely. A doubling of CO; concentrations can be ex-
pected to increase global crop yields by 30% or more. Higher levels of CO; increase
the efficiency of photosynthesis, and raise plants’ water-use efficiency by closing the
pores (stomata) through which they lose moisture. The CO; effect is twice that for
plants that receive inadequate water than for well-watered plants. In addition, higher
CO; levels cause plants to increase their fine root mass, which improves their ability
to take in water from the soil (Bradley and Fulmer 2004).

2.4.2 Methane (CHy)

While it is 25 times more powerful a warming agent than CO», methane has a much
shorter life span and its atmospheric concentration is only about 17 ppm. Concentra-
tions have more than doubled since 1850, though for reasons that are still unclear,
they have leveled off since the 1980s. Human activity accounts for about 60% of
CHy4 emissions, while the rest comes from natural sources such as wetlands. Hu-
man sources include leakage from pipelines, evaporation from petroleum recovery
and refining operations, rice fields, coal mines, sanitary landfills, and waste from
domestic animals. About 20% of the total human greenhouse impact is due to CHy.
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2.4.3 Nitrous Oxide (N,0)

Its warming potential is some 300 times that of CO,. It has an atmospheric concen-
tration of about 0.32 ppm, up from 0.28 ppm in 1850. In the United States, 70% of
man-made nitrous oxide emissions come from the use of nitrogen-containing agri-
cultural fertilizers and automobile exhaust. Globally, fertilizers alone account for
70% of all emissions. The Environmental Protection Agency (EPA) has calculated
that production of nitrous oxide from vehicles rose by nearly 50% between 1990 and
1996 as older cars without converters were replaced with newer, converter-equipped
models. Critics argue that the EPA’s numbers are greatly exaggerated. In addition,
they point out that converters reduce emissions of another greenhouse gas, ozone,
as well as carbon monoxide and NOx (which leads to smog).

2.4.4 Chlorofluorocarbons (CFCs)

These are powerful global warming gases that do not exist in nature but are produced
by humans. In the upper atmosphere or stratosphere, CFCs are broken down by
sunlight. The chlorine that is released by this decomposition acts as a catalyst to
break naturally occurring ozone (O3) molecules into oxygen (Oz) molecules. Ozone
helps block the sun’s ultraviolet radiation, which can cause skin cancer after long-
term exposure. Worldwide CFC emissions have been steadily dropping, and it is
expected that ozone depletion (the ozone hole), which reached its peak in the last
decade, will drop to zero later this century. The fact that CFCs are chemically inert
(that is, they do not react with other chemicals) makes them very useful in a wide
variety of applications, but it also means that they last for a very long time in the
atmosphere, about 50,000 years.

These gases affect the climate in different ways depending upon their location in
the atmosphere. At lower altitudes, they trap heat like other greenhouse gases and
have a much stronger warming effect than CO;. In fact, some can trap as much as
10,000 times more heat per molecule than CO,. While CO; is measured in atmo-
spheric concentrations of parts per million, CFCs are measured in parts per trillion.
Despite their low concentrations, it is believed that these gases account for about
15% of the human greenhouse change (Bradley and Fulmer 2004).

2.4.5 Water Vapor (H,0)

Almost 70% of the earth’s surface is covered by water bodies which are referred
to collectively as the hydrosphere. Although there is not extensive human activity
in the hydrosphere itself, the intensive activities on the land threaten the biological
richness of oceans and especially the coastal areas where about 60% of the world’s
population live. Although legislative measures are taken, their application cannot be
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achieved due to lack of reliable data, planning, management, international coordi-
nation, and technology transfer, and inadequate funds. The hydrosphere is polluted
by sewage, agricultural chemicals, litter, plastics, radioactive substances, fertilizers,
oil spills, and hydrocarbons. Land-borne pollution gets into the major hydrosphere
through rivers and atmosphere. The hydrosphere is vulnerable to climate and atmo-
spheric change including ozone depletion.

Water vapor accounts for about 94% of the natural greenhouse effect. The impact
of atmospheric water vapor on the climate is complex and not well understood. It
can both warm and cool the atmosphere. When water evaporates, it cools the surface
from which it evaporates. In addition, heavy clouds block sunlight and reflect it back
into space. On the other hand, thin cirrus clouds may tend to let solar energy in while
keeping radiated energy from escaping into space. Also, moist air retains more heat
than does dry air, so a humid atmosphere should be warmer than a dry one. On
balance, it is believed that water vapor has a net warming effect.

The main concern about increased concentrations of atmospheric water vapor is
the possibility of a strong positive feedback effect. As the climate warms more wa-
ter evaporates thus increasing the amount of water vapor in the air. The increased
concentration will, in turn, further warm the climate leading to a still higher level
of water vapor in the atmosphere. This iterative cycle could go out of control, lead-
ing to damaging or even catastrophic temperature increases. However, there may
be natural mechanisms to keep the climate in balance. The water vapor originates
as a result of evapo-transpiration and moves between various spheres as shown in
Fig. 2.6.

The transition of water from one environment to another and its transfer among
them does occur naturally in the universe continuously with time. In nature, water
movement depends on these transitions as well as transfers. The driving forces of
such movements are the sun’s radiation (solar energy) and earth’s gravity. The col-
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lection of these endless movement routes is referred to as the hydrological cycle,
which is the only source that brings water as precipitation from the atmosphere to
the lithosphere that includes the groundwater reservoirs. It is a gift to human beings
that all of the inter-spherical connections occur with no cost at all, but at places in
a very unpredictable manner as well as in rare amounts (Sen 1995).

In lakes and reservoirs, climate change effects are mainly due to water temper-
ature variations, which result directly from climate change or indirectly through an
increase in thermal pollution as a result of higher demands for cooling water in the
energy sector. There is also a link between measures to adapt water resources and
policies to reduce energy use. Some adaptation options, such as desalination or mea-
sures which involve pumping large volumes of water, use large amounts of energy
and may be inconsistent with mitigation policy (Kundzewicz et al., 2007).

Hydrology and energy regimes are two key factors that influence the coastal
zonation of the plant species which typically grade inland from salt, to brackish,
to freshwater species. Climate change will likely have its most pronounced effects
on brackish and freshwater marshes in the coastal zone through alteration of hydro-
logical regimes (Baldwin et al., 2001; Burkett and Kusler 2000; Sun et al., 2002),
specifically, the nature and variability of the hydro-period and the number and sever-
ity of extreme events.

2.4.6 Aerosols

Aerosols are important to the climate system for many reasons because they have
a direct effect on heating and photolysis rates in the atmosphere by scattering and
absorbing radiation. They also influence the climate system indirectly by modu-
lating cloud drop size, cloud lifetime, and precipitation in addition to many other
processes such as the fuzzy effect involving subtle modulations of the dynamic and
physical processes of the atmosphere. Aerosols act also on other components of the
climate system by reducing the energy reaching the surface, and by transporting
nutrients from one place to another. There are well-documented changes in aerosol
distribution due to anthropogenic activities during the last hundred years and some
changes are still expected. Solid particles in the atmosphere, namely, aerosols, con-
stitute a significant percentage of the air pollutants. They are also referred to as
the particulate matter that originates from other sources including ocean salt, vol-
canic ash, products of wind erosion, roadway dust, products of forest fires, and plant
pollen and seeds. Although particulate matter comprises about 10— 15% of the to-
tal mass of man-made air pollutants, their potential hazards are much greater. They
present a health hazard to the lungs, enhance air pollution chemical reactions in the
atmosphere, reduce visibility, increase the precipitation possibility in addition to fog
and cloud formation, and reduce the solar radiation, leading to concomitant changes
in the atmospheric environment temperature affecting the biological rates of plant
growth and soil materials extensively. A detailed account of particulate matter is
presented by Wark and Warner (1981).
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Concentrations of air pollutants in general and fine particulate matter in partic-
ular may change in response to climate change because their formation depends,
in part, on temperature and humidity. Air-pollution concentrations are the result of
interactions between variations in the physical and dynamic properties of the atmo-
sphere on time scales from hours to days, atmospheric circulation features, wind,
topography, and energy use. Some air pollutants demonstrate weather-related sea-
sonal cycles (Confalonieri et al., 2007).

2.5 Energy Dynamics in the Atmosphere

With the unprecedented increase in the population and industrial products and the
development of technology, human beings search for ways of using more and more
energy without harming or, perhaps, even destroying the natural environment. This
is one of the greatest unsolved problems facing humankind in the near future. There
is an unending debate that key atmospheric energy sources such as solar and wind
power should be harnessed more effectively and turned directly into heat energy to
meet the growing demand for cheaper power supplies.

All types of energy can be traced back to either atmospheric activities in the past
or related to the present and future activities within the atmosphere. The renewable
or primary energy sources are regarded as the ones that are related to present at-
mospheric movements, however, secondary energy sources are non-renewable and
have been deposited in the depths of the earth typically in the form of oil and coal.
They are also referred to as the fossil fuels. So, burning the fossil fuels, the stored
energy of past atmospheric activities, is added to the present energy demand. Con-
sequently, their burning leads to the altering of the weather in the short term and
climate in the long term in an unusual manner.

The renewable energy sources are primary energy alternatives that are part of
the everyday weather elements such as sunshine and the wind. External sources of
energy to the atmosphere are the sun’s radiation (insolation) and the sun and moon’s
gravitation in the form of tides. Additionally, the internal sources are the earth’s heat
through conduction and earth’s gravitation and rotation. These internal and external
sources are constant energy supplies to the atmosphere. Apart from balancing each
other they both contain thermal and mechanical forms depending on heat and mass,
respectively. The sun’s radiation (insolation) is the main source of heat energy and
earth’s motion and gravitation exert most influence on the masses. The atmosphere is
fed by a continuous flux of radiation from the sun and gravitation remains a constant
force internally.

Briefly, radiation is the transfer of energy through matter or space by electric
or magnetic fields suitably called electromagnetic waves. High-energy waves are
emitted from the tiniest particles in the nucleus of an atom, whereas low energy is
associated with larger whole atoms and molecules. The highest energy waves are
known as radioactivity since they are generated by the splitting (fission) or joining
(fusion) of particles, and low energy waves result from vibration and collision of
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molecules. The sun can be regarded as a huge furnace in which hydrogen atoms
fuse into helium at immensely high temperatures (Chapter 3). The solar radiation
is partially absorbed by matter of increasing size, first by exciting electrons as in
ionization and then by simulating molecular activity at lower energy levels. The
latter is sensed as heat. Hence, radiation is continuously degraded or dissipated from
tiny nuclear particles to bigger molecules of matter.

2.6 Renewable Energy Alternatives and Climate Change

Renewable energy sources are expected to become economically competitive as
their costs already have fallen significantly compared with conventional energy
sources in the medium term, especially if the massive subsidies to nuclear and fossil
forms of energy are phased out. Finally, new renewable energy sources offer huge
benefits to developing countries, especially in the provision of energy services to the
people who currently lack them. Up to now, the renewable sources have been com-
pletely discriminated against for economic reasons. However, the trend in recent
years favors the renewable sources in many cases over conventional sources.

The advantages of renewable energy are that they are sustainable (non-depletable),
ubiquitous (found everywhere across the world in contrast to fossil fuels and min-
erals), and essentially clean and environmentally friendly. The disadvantages of re-
newable energy are its variability, low density, and generally higher initial cost. For
different forms of renewable energy, other disadvantages or perceived problems are
pollution, odor from biomass, avian with wind plants, and brine from geothermal.

In contrast, fossil fuels are stored solar energy from past geological ages. Even
though the quantities of oil, natural gas, and coal are large, they are finite and for
the long term of hundreds of years they are not sustainable. The world energy de-
mand depends, mainly, on fossil fuels with respective shares of petroleum, coal, and
natural gas at 38%, 30%, and 20%, respectively. The remaining 12% is filled by the
non-conventional energy alternatives of hydropower (7%) and nuclear energy (5%).
It is expected that the world oil and natural gas reserves will last for several decades,
but the coal reserves will sustain the energy requirements for a few centuries. This
means that the fossil fuel amount is currently limited and even though new reserves
might be found in the future, they will still remain limited and the rate of energy
demand increase in the world will require exploitation of other renewable alterna-
tives at ever increasing rates. The desire to use renewable energy sources is not only
due to their availability in many parts of the world, but also, more empathetically,
as a result of the fossil fuel damage to environmental and atmospheric cleanness
issues. The search for new alternative energy systems has increased greatly in the
last few decades for the following reasons:

1. The extra demand on energy within the next five decades will continue to in-
crease in such a manner that the use of fossil fuels will not be sufficient, and
therefore, the deficit in the energy supply will be covered by additional energy
production and discoveries.
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2. Fossil fuels are not available in every country because they are unevenly dis-
tributed over the world, but renewable energies, and especially solar radiation,
are more evenly distributed and, consequently, each country will do its best to
research and develop their own national energy harvest.

3. Fossil fuel combustion leads to some undesirable effects such as atmospheric
pollution because of the CO; emissions and environmental problems including
air pollution, acid rain, greenhouse effect, climate changes, oil spills, etc. It is
understood by now that even with refined precautions and technology, these
undesirable effects can never be avoided completely but can be minimized. One
way of such minimization is to substitute at least a significant part of the fossil
fuel usage by solar energy.

In fact, the worldwide environmental problems resulting from the use of fossil fuels
are the most compelling reasons for the present vigorous search for future alter-
native energy options that are renewable and environmentally friendly. The renew-
able sources have also some disadvantages, such as being available intermittently
as in the case of solar and wind sources or fixed to certain locations including hy-
dropower, geothermal, and biomass alternatives. Another shortcoming, for the time
being, is their transportation directly as a fuel. These shortcomings point to the need
for intermediary energy systems to form the link between their production site and
the consumer location, as already mentioned above. If, for example, heat and elec-
tricity from solar power plants are to be made available at all times to meet the
demand profile for useful energy, then an energy carrier is necessary with storage
capabilities over long periods of time for use when solar radiation is not available
(Veziroglu 1995).

The use of conventional energy resources will not be able to offset the energy
demand in the next decades but steady increase will continue with undesirable en-
vironmental consequences. However, newly emerging renewable alternative energy
resources are expected to take an increasing role in the energy scenarios of the future
energy consumptions.

2.6.1 Solar Energy

Almost all the renewable energy sources originate entirely from the sun. The sun’s
rays that reach the outer atmosphere are subjected to absorption, reflection, and
transmission processes through the atmosphere before reaching the earth’s surface
(Chap. 3). On the other hand, depending on the earth’s surface topography, as ex-
plained by Neuwirth (1980), the solar radiation shows different appearances.

The emergence of interest in solar energy utilization has taken place since 1970,
principally due to the then rising cost of energy from conventional sources. Solar
radiation is the world’s most abundant and permanent energy source. The amount
of solar energy received by the surface of the earth per minute is greater than the
energy utilization by the entire population in one year. For the time being, solar
energy, being available everywhere, is attractive for stand-alone systems particularly
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in the rural parts of developing nations. Occurrences of solar energy dynamically all
over the world in the forms of wind, wave, and hydropower through the hydrological
cycle provide abilities to ponder about their utilization, if possible instantly or in the
form of reserves by various conversion facilities and technologies. It is also possible
that in the very long term, human beings might search for the conversion of ocean
currents and temperature differences into appreciable quantities of energy so that
the very end product of solar radiation on the earth will be useful for sustainable
development.

The design of many technical apparatuses such as coolers, heaters, and solar
energy electricity generators in the form of photovoltaic cells, requires ferrestrial
irradiation data at the study area. Scientific and technological studies in the last
three decades tried to convert the continuity of solar energy into sustainability for
the human comfort. Accurate estimations of global solar radiation need meteorolog-
ical, geographic, and astronomical data (Chap. 3), and especially, many estimation
models are based on the easily measurable sunshine duration at a set of meteorology
stations (Chaps. 4, 5, and 6).

Solar energy is referred to as renewable and/or sustainable energy because it
will be available as long as the sun continues to shine. Estimates for the life of the
main stage of the sun are another 4 — 5 billion years. The energy from the sunshine,
electromagnetic radiation, is referred to as insolation.

Wind energy is derived from the uneven heating of the earth’s surface due to more
heat input at the equator with the accompanying transfer of water by evaporation
and rain. In this sense, rivers and dams for hydro-electric energy are stored solar
energy. The third major aspect of solar energy is its conversion into biomass by
photosynthesis. Animal products such as whale oil and biogas from manure are
derived from solar energy.

2.6.2 Wind Energy

It is one of the most significant and rapidly developing renewable energy sources
all over the world. Recent technological developments, fossil fuel usage, environ-
mental effects, and the continuous increase in the conventional energy resources
have reduced wind energy costs to economically attractive levels, and consequently,
wind energy farms are being considered as an alternative energy source in many
enterprises.

Although the amount of wind energy is economically insignificant for the time
being in many parts of the world, mankind has taken advantage of its utilization
for many centuries whenever human beings found the chance to provide power for
various tasks. Among these early utilizations are the hauling of water from a lower
to a higher elevation (Chap. 1), grinding grains in mills by water and other me-
chanical power applications. It is still possible to see in some parts of the world
these types of marginal benefits from wind speed. All previous activities have been
technological and the scientific investigation of wind power formulations and ac-
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cordingly development of modern technology appeared after the turn of the twen-
tieth century (Sahin 2004). In recent decades the significance of wind energy has
originated from its friendly behavior to the environment so far as air pollution is
concerned, although there is, to some extent, noise and appearance pollution from
the modern wind farms. Due to its cleanness, wind power is sought wherever pos-
sible for conversion to electricity with the hope that the air pollution as a result of
fossil fuel burning will be reduced (Clark 1988). In some parts of the USA, up to
20% of electrical power is generated from wind energy. After the economic crisis
of 1973 its importance increased due to economic factors and today there are wind
farms in many western European countries (Anderson 1992; EWEA 1991; Troen
and Peterson 1989).

Although the technology in converter-turbines for harnessing the wind energy
is advancing rapidly, there is a need to assess its accurate behavior with scientific
approaches and calculations. An effective formulation is given by Sen (2003) on
a physical basis to understand, refine, and predict the variations in wind energy
calculations.

Wind power is now a reliable and established technology which is able to pro-
duce electricity at costs competitive with coal and nuclear power. There will be
a small increase in the annual wind energy resource over the Atlantic and north-
ern Europe, with more substantial increases during the winters by 2071 to 2100
(Pryor et al., 2005).

2.6.3 Hydropower Energy

Hydropower is an already established technological way of renewable energy gener-
ation. In the industrial and surface water rich countries, the full-scale development
of hydroelectric energy generation by turbines at large-scale dams is already ex-
ploited to the full limit, and consequently, smaller hydro systems are of interest in
order to gain access to the marginal resources. The world’s total annual rainfall is,
on average, 108.4 x 10'? tons/year of which 12 x 10'? tons recharges the ground-
water resources in the aquifers, 25.13 x 10! tons appears as surface runoff, and
71.27 x 10! tons evaporates into atmosphere. If the above rainfall amount falls from
a height of 1000 m above the earth surface, then kinetic energy of 1.062 x 1013 kJ
is imparted to the earth every year. Some of this huge amount of energy is stored
in dams, which confine the potential energy so that it can be utilized to generate
hydroelectric power.

Wilbanks et al. (2007) stated that hydropower generation is likely to be impacted
because it is sensitive to the amount, timing, and geographical pattern of precipita-
tion as well as temperature (rain or snow, timing of melting). Reduced stream flows
are expected to jeopardize hydropower production in some areas, whereas greater
stream flows, depending on their timing, might be beneficial (Casola et al., 2005;
Voisin et al., 2006). According to Breslow and Sailor (2002), climate variability
and long-term climate change should be considered in siting wind power facilities
(Hewer 2006).
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As aresult of climate change by the 2070s, hydropower potential for the whole
of Europe is expected to decline by 6%, translated into a 20— 50% decrease around
the Mediterranean, a 15 —30% increase in northern and eastern Europe, and a stable
hydropower pattern for western and central Europe (Lehner ef al., 2001).

Another possible conflict between adaptation and mitigation might arise over
water resources. One obvious mitigation option is to shift to energy sources with
low greenhouse gas emissions such as small hydropower. In regions, where hy-
dropower potentials are still available, and also depending on the current and future
water balance, this would increase the competition for water, especially if irrigation
might be a feasible strategy to cope with climate change impacts on agriculture and
the demand for cooling water by the power sector is also significant. This recon-
firms the importance of integrated land and water management strategies to ensure
the optimal allocation of scarce natural resources (land, water) and economic in-
vestments in climate change adaptation and mitigation and in fostering sustainable
development. Hydropower leads to the key area of mitigation, energy sources and
supply, and energy use in various economic sectors beyond land use, agriculture,
and forestry.

The largest amount of construction work to counterbalance climate change im-
pacts will be in water management and in coastal zones. The former involves hard
measures in flood protection (dykes, dams, flood control reservoirs) and in coping
with seasonal variations (storage reservoirs and inter-basin diversions), while the
latter comprises coastal defense systems (embankment, dams, storm surge barriers).

Adaptation to changing hydrological regimes and water availability will also
require continuous additional energy input. In water-scarce regions, the increas-
ing reuse of waste water and the associated treatment, deep-well pumping, and
especially large-scale desalination, would increase energy use in the water sector
(Boutkan and Stikker 2004).

2.6.4 Biomass Energy

Overall 14% of the world’s energy comes from biomass, primarily wood and char-
coal, but also crop residue and even animal dung for cooking and some heating. This
contributes to deforestation and the loss of topsoil in developing countries. Biofuel
production is largely determined by the supply of moisture and the length of the
growing season (Olesen and Bindi 2002). By the twenty-second century, land area
devoted to biofuels may increase by a factor of two to three in all parts of Europe
(Metzger et al., 2004). Especially, in developing countries biomass is the major com-
ponent of the national energy supply. Although biomass sources are widely avail-
able, they have low conversion efficiencies. This energy source is used especially
for cooking and comfort and by burning it provides heat. The sun’s radiation that
conveys energy is exploited by the plants through photosynthesis, and consequently,
even the remnants of plants are potential energy sources because they conserve his-
toric solar energy until they perish either naturally after very long time spans or
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artificially by human beings or occasionally by forest fires. Only 0.1% of the so-
lar incident energy is used by the photosynthesis process, but even this amount is
ten times greater than the present day world energy consumption. Currently, living
plants or remnants from the past are reservoirs of biomass that are a major source
of energy for humanity in the future. However, biomass energy returns its energy
to the atmosphere partly by respiration of the living plants and partly by oxidation
of the carbon fixed by photosynthesis that is used to form fossil sediments which
eventually transform to the fossil fuel types such as coal, oil, and natural gas. This
argument shows that the living plants are the recipient media of incident solar radi-
ation and they give rise to various types of fossil fuels.

Biofuel crops, increasingly an important source of energy, are being assessed for
their critical role in adaptation to climatic change and mitigation of carbon emis-
sions (Easterling et al., 2007).

2.6.5 Wave Energy

Water covers almost two thirds of the earth, and thus, a large part of the sun’s radiant
energy that is not reflected back into space is absorbed by the water of the oceans.
This absorbed energy warms the water, which, in turn, warms the air above and
forms air currents caused by the differences in air temperature. These currents blow
across the water, returning some energy to the water by generating wind waves,
which travel across the oceans until they reach land where their remaining energy is
expended on the shore.

The possibility of extracting energy from ocean waves has intrigued people for
centuries. Although there are a few concepts over 100 years old, it is only in the past
two decades that viable schemes have been proposed. Wave power generation is not
a widely employed technology, and no commercial wave farm has yet been estab-
lished. In the basic studies as well as in the design stages of a wave energy plant,
the knowledge of the statistical characteristics of the local wave climate is essential,
no matter whether physical or theoretical/numerical modeling methods are to be
employed. This information may result from wave measurements, more or less so-
phisticated forecast models, or a combination of both, and usually takes the form of
a set of representative sea states, each characterized by its frequency of occurrence
and by a spectral distribution. Assessment of how turbo-generator design and the
production of electrical energy are affected by the wave climate is very important.
However, this may have a major economic impact, since if the equipment design is
very much dependent on the wave climate, a new design has to be developed for
each new site. This introduces extra costs and significantly limits the use of serial
construction and fabrication methods.

Waves have an important effect in the planning and design of harbors, waterways,
shore protection measures, coastal structures, and the other coastal works. Surface
waves generally derive their energy from the wind. Waves in the ocean often have
irregular shapes and variable propagation directions because they are under the in-
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fluence of the wind. For operational studies, it is desired to forecast wave parameters
in advance. Ozger and Sen (2005) derived a modified average wave power formula
by using perturbation methodology and a stochastic approach.

2.6.6 Hydrogen Energy

Hydrogen is the most abundant element on earth, however, less than 1% is present
as molecular hydrogen gas Hy; the overwhelming part is chemically bound as H,O
in water and some is bound to liquid or gaseous hydrocarbons. It is thought that the
heavy elements were, and still are, being built from hydrogen and helium. It has been
estimated that hydrogen makes up more than 90% of all the atoms or 75% of the
mass of the universe (Weast 1976). Combined with oxygen it generates water, and
with carbon it makes different compounds such as methane, coal, and petroleum.
Hydrogen exhibits the highest heating value of all chemical fuels. Furthermore, it is
regenerative and environment friendly.

Solar radiation is abundant and its use is becoming more economic, but it is not
harvested on large scale. This is due to the fact that it is difficult to store and move
energy from ephemeral and intermittent sources such as the sun. In contrast, fossil
fuels can be transported easily from remote areas to the exploitation sites. For the
transportation of electric power, it is necessary to invest and currently spend money
in large amounts. Under these circumstances of economic limitations, it is more
rational to convert solar power to a gaseous form that is far cheaper to transport
and easy to store. For this purpose, hydrogen is an almost completely clean-burning
gas that can be used in place of petroleum, coal, or natural gas. Hydrogen does not
release the carbon compounds that lead to global warming. In order to produce hy-
drogen, it is possible to run an electric current through water and this conversion
process is known as electrolysis. After the production of hydrogen, it can be trans-
ported for any distance with virtually no energy loss. Transportation of gases such
as hydrogen is less risky than any other form of energy, for instance, oil which is
frequently spilled in tanker accidents, or during routine handling (Scott and Hafele
1990).

The ideal intermediary energy carrier should be storable, transportable, pollution-
free, independent of primary resources, renewable, and applicable in many ways.
These properties may be met by hydrogen when produced electrolytically using
solar radiation, and hence, such a combination is referred to as the solar-hydrogen
process. This is to say that transformation to hydrogen is one of the most promising
methods of storing and transporting solar energy in large quantities and over long
distances.

Among the many renewable energy alternatives, solar-hydrogen energy is re-
garded as the most ideal energy resource that can be exploited in the foreseeable fu-
ture in large quantities. On the other hand, where conventional fuel sources are not
available, especially in rural areas, solar energy can be used directly or indirectly
by the transformation into hydrogen gas. The most important property of hydrogen
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is that it is the cleanest fuel, being non-toxic with virtually no environmental prob-
lems during its production, storage, and transportation. Combustion of hydrogen
with oxygen produces virtually no pollution, except its combustion in air produces
small amounts of nitrogen oxides. Solar-hydrogen energy through the use of hydro-
gen does not give rise to acid rain, greenhouse effects, ozone layer depletions, leaks,
or spillages. It is possible to regard hydrogen after the treatment of water by solar
energy as a synthetic fuel. In order to benefit from the unique properties of hydro-
gen, it must be produced by the use of a renewable source so that there will be no
limitation or environmental pollution in the long run. Different methods have been
evoked by using direct or indirect forms of solar energy for hydrogen production.
These methods can be viewed under four different processes, namely:

1. Direct thermal decomposition or thermolysis
2. Thermo-chemical processes

3. Electrolysis

4. Photolysis

Large-scale hydrogen production has been obtained so far from the water elec-
trolysis method, which can be used effectively in combination with photovoltaic
cells. Hydrogen can be extracted directly from water by photolysis using solar radi-
ation. Photolysis can be accomplished by photobiological systems, photochemical
assemblies, or photoelectrochemical cells.

Hydrogen has been considered by many industrial countries as an environmen-
tally clean energy source. In order to make further developments in the environmen-
tally friendly solar-hydrogen energy source enhancement and research, the follow-
ing main points must be considered:

1. It is necessary to invest in the research and development of hydrogen energy
technologies

2. The technology should be made widely known

3. Appropriate industries should be established

4. A durable and environmentally compatible energy system based on the solar-
hydrogen process should be initiated

Veziroglu (1995) has suggested the following research points need to be ad-
dressed in the future to improve the prospects of solar-hydrogen energy:

Hydrogen production techniques coupled with solar and wind energy sources
Hydrogen transportation facilities through pipelines

Establishment and maintenance of hydrogen storage techniques

Development of hydrogen-fuelled vehicles such as busses, trucks, cars, efc.
Fuel cell applications for decentralized power generation and vehicles
Research and development on hydrogen hydrides for hydrogen storage and for
air conditioning

Infrastructure development for solar-hydrogen energy

Economic considerations in any mass production

9. Environmental protection studies
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On the other hand, possible demonstrations and/or pilot projects include the fol-
lowing alternatives:

Photovoltaic hydrogen production facility

Hydrogen production plants by wind farms

Hydro power plant with hydrogen off-peak generators
Hydrogen community

Hydrogen house

Hydrogen-powered vehicles

A S

In order to achieve these goals, it is a prerequisite to have a data bank on the
hydrogen energy industry, its products, specifications, and prices.

Another important and future promising technology for applying solar photon
energy is the decomposition of water. This is referred to as the Solar-Hydrogen En-
ergy System by Ohta (1979) and Justi (1987). Photolysis does not mean technically
only water decomposition by photon energy, but also any photochemical reaction
used to obtain the desired products.

2.7 Energy Units

In general, energy is defined as the ability to perform work. According to the first
law of thermodynamics, the total sum of all the forms of energy in a closed system
is constant. It is also referred to as the principle of energy conservation. In order to
discuss quantitatively and comparatively various energy alternatives, it is necessary
to bring them all to a common expression in terms of units of measurement.

The basic and physical unit of energy is the joule (J) which is based on the classic
definition of work as the multiplication of force by distance. Hence, one joule is
equivalent to the multiplication of one newton (N) of force by 1 m distance, and this
definition gives J = Nm. The joule is named after the nineteenth century scientist,
James Prescott Joule who demonstrated by experiments the equivalence of heat and
work. Unfortunately, the joule is far too small a unit to be convenient for describing
different resources of world energy supplies. It is, therefore, necessary to define
greater versions such as the megajoule (MJ; 10°J), the gigajoule (GJ: 10° J), and
the terajoule (TJ; 1012 J).

Another difficulty in practice with the joule is that oil producers measure the
output of a well by barrels and coal producers by tons. Such different units require
unification of the energy units by a common base. For instance, the coal equivalent
ton (cet) is a basic unit which has been adopted by the United Nations. A commonly
used value for the cet is 38.6 x 10° kJ. Likewise, it is also possible to define oil equiv-
alent ton (oet) which is equal to 51 x 10°kJ. On the other hand, electrical energy is
expressed, in general, in terms of kilowatt hours (kWh). It is, therefore, necessary
to know the energy conversion factors between different energy units (Ohta 1979).
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Chapter 3
Solar Radiation Deterministic Models

3.1 General

Solar radiation emission from the sun into every corner of space appears in the
form of electromagnetic waves that carry energy at the speed of light. The solar
radiation is absorbed, reflected, or diffused by solid particles in any location of space
and especially by the earth, which depends on its arrival for many activities such
as weather, climate, agriculture, and socio-economic movement. Depending on the
geometry of the earth, its distance from the sun, geographical location of any point
on the earth, astronomical coordinates, and the composition of the atmosphere, the
incoming irradiation at any given point takes different shapes. A significant fraction
of the solar radiation is absorbed and reflected back into space through atmospheric
events and consequently the solar energy balance of the earth remains the same.

This chapter provides the basic astronomical variables and their definitions and
uses in the calculation of solar radiation (energy) assessment. These basic concepts,
definitions, and derived astronomical equations furnish the foundations of solar en-
ergy evaluation at any given location. They are deterministic in the sense that there
is no uncertainty about the effect of weather events, which will be taken into con-
sideration in the next three chapters.

3.2 The Sun

The sun has played a dominant role since time immemorial for different natural
activities in the universe at large and in the earth in particular for the formation of
fossil and renewable energy sources. It will continue to do so until the end of the
earth’s remaining life, which is predicted to be about 5 x 10° years. Deposited fossil
fuels, in the form of coal, that are used through combustion are expected to last for
approximately the next 300 years at the most, and from then onward human beings
will be left with renewable energy resources only.
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The diameter of the sun is R = 1.39 x 10° km. The sun is an internal energy gen-
erator and distributor for other planets such as the earth. It is estimated that 90%
of the energy is generated in the region between 0 and 0.23 R, which contains 40%
of the sun’s mass. The core temperature varies between 8 x 10° K and 40 x 106 K
and the density is estimated at about 100 times that of water. At a distance 0.7R
from the center the temperature drops to about 130,000 K where the density is about
70kg/m?>. The space from 0.7R to 1.0R is known as the convective zone with a tem-
perature of about 5000 K and the density is about 1075 kg/m?.

The observed surface of the sun is composed of irregular convection cells with
dimensions of about 1000—3000km and with a cell life time of a few minutes.
Small dark areas on the solar surface are referred to as pores and have the same order
of magnitude as the convective cells; larger dark areas are sunspots of various sizes.
The outer layer of the convective zone is the photosphere with a density of about
10~ that of air at sea level. It is essentially opaque as the gases are strongly ionized
and able to absorb and emit a continuous spectrum of radiation. The photosphere
is the source of most solar radiation. The recessing layer is above the photosphere
and is made up of cooler gases several hundred kilometers deep. Surrounding this
layer is the chromosphere with a depth of about 10,000 km. It is a gaseous layer
with temperatures somewhat higher than that of the photosphere but with lower
density. Still further out is the cornea, which is a region of very low density and
very high temperature (about 10° K). Solar radiation is the composite result of the
abovementioned several layers.

An account of the earth’s energy sources and demand cannot be regarded as com-
plete without a discussion of the sun, the solar system, and the place of the earth
within this system. In general, the sun supplies the energy absorbed in the short term
by the earth’s atmosphere and oceans, but in the long term by the lithosphere where
the fossil fuels are embedded. Conversion of some of the sun’s energy into thermal
energy derives the general atmospheric circulation (Becquerel 1839). A small por-
tion of this energy in the atmosphere appears in the form of the kinetic energy of the
winds, which in turn drive the ocean circulations. Some of the solar energy is inter-
cepted by plants and is transformed by photosynthesis into biomass. In turn, a large
portion of this is ultimately converted into heat energy by chemical oxidation within
the bodies of animals and by the decomposition and burning of vegetable matter.
On the other hand, a very small proportion of the photosynthetic process produces
organic sediments, which may eventually be transformed into fossil fuels. It is esti-
mated that the solar radiation intercepted by the earth in 10 days is equivalent to the
heat that would be released by the combustion of all known reserves of fossil fuels
on earth.

Until the rise of modern nuclear physics, the source of the sun’s energy was not
known, but it is now clear that the solar interior is a nuclear furnace that releases
energy in much the same way as man-made thermonuclear explosions. It is now ob-
vious through spectroscopic measurements of sunlight reaching the earth from the
photosphere layer of the sun that the solar mass is composed predominantly of the
two lightest elements, hydrogen, H, which makes up about 70% of the mass, and
helium, He, about 27%; and the remaining 3% of solar matter is made up of all the
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other 90 or so elements (McAlester 1983). The origin of solar radiation received on
the earth is the conversion of H into He through solar fusion. Theoretical considera-
tions show that, at the temperatures and pressures of the solar interior, He is steadily
being produced from lighter H as four nuclei unite to form one nucleus of helium
as presented in Fig. 3.1. During such a conversion, single H nuclei (proton) made
unstable by heat and pressure, first combine to form double H nuclei; these then
unite with a third H nucleus to form 3He, with a release of electromagnetic energy.

The sun is a big ball of plasma composed primarily of H and He and small
amounts of other atoms or elements. Plasma is a state of matter where the electrons
are separated from the nuclei because the temperature is so high and accordingly
the kinetic energies of nuclei and electrons are also high. Protons are converted into
He nuclei plus energy by the process of fusion. As schematically shown in Fig. 3.2
nuclei are composed of nucleons that come in two forms as protons and neutrons
with positive and no charges, respectively.

This reaction is extremely exothermal and the free energy per He nuclei is
25.5eV or 1.5 x 108 (kcal/g). The mass of four protons, 4 x 1.00723, is greater
than the mass of the produced He nucleus 4.00151 by 0.02741 mass units. This
small excess of matter is converted directly to electromagnetic radiation and is
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Fig. 3.1 H burning in sun Solar radiation
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Fig. 3.2 Proton conversion into He nuclei plus energy
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the unlimited source of solar energy. The source of almost all renewable energy
is the enormous fusion reactor in the sun which converts H into He at the rate of
4 % 109 tonnes per second. The theoretical predictions show that the conversion of
four H atoms (i. e., four protons) into He using carbon nuclei as a catalyst will last
about 10'! years before the H is exhausted. The energy generated in the core of
the sun must be transferred toward its surface for radiation into the space. Protons
are converted into He nuclei and because the mass of the He nucleus is less than
the mass of the four protons, the difference in mass (around 5 x 10° kg/second) is
converted into energy, which is transferred to the surface where electromagnetic
radiation and some particles are emitted into space; this is known as the solar wind.
It is well known by now that the planets, dust, and gases of the solar system
that orbit around the enormous central sun contain 99.9% of the mass of the system
and provide the gravitational attraction that holds it together. The average density
of the sun is slightly greater than of water at 1.4 g/cm?>. One of the reasons for
sun’s low density is that it is composed predominantly of H, which is the light-
est element. Its massive interior is made up of matter held in a gaseous state by
enormously high temperatures. Consequently, in smaller quantities, gases at such
extreme temperatures would rapidly expand and dissipate. The emitted energy of
the sun is 3.8 x 102 W and it arises from the thermonuclear fusion of H into He
at temperatures around 1.5 x 10° K in the core of the sun, which is given by the
following chemical equation (Sen 2004) and it is comparable with Fig. 3.2:

41H —3 He + 2 + energy(26.7 MeV)

In the core of the sun, the dominant element is He (65% by mass) and the H
content is reduced to 35% by mass as a direct result of consumption in the fusion
reactions. It is estimated that the remaining H in the sun’s core is sufficient to main-
tain the sun at its present luminosity and size for another 4 x 10° years. There is
a high-pressure gradient between the core of the sun and its perimeter and this is
balanced by the gravitational attraction of the sun’s mass. The energy released by
the thermonuclear reaction is transported by energetic photons, but, because of the
strong adsorption by the peripheral gases, most of these photons do not penetrate
the surface. In all regions of the electromagnetic spectrum, the outer layers of the
sun continuously lose energy by radiation emission into space in all directions. Con-
sequently, a large temperature gradient exists between the core and the outer parts
of the sun.

The sun radiates electromagnetic energy in terms of photons which are light par-
ticles. Almost one third of this incident energy on the earth is reflected back, but rest
is absorbed and is, eventually, retransmitted to deep space in terms of long-wave in-
frared radiation. Today, the earth radiates just as much energy as it receives and sits
in a stable energy balance at a temperature suitable for life on the earth. In fact, solar
radiation is in the form of white light and it spreads over a wider spectrum of wave-
lengths from the short-wave infrared to ultraviolet. The wavelength distribution is
directly dependent on the temperature of the sun’s surface.

The total power that is incident on the earth’s surface from the sun every year is
1.73 x 10! kW and this is equivalent to 1.5 x 10'® kWh annually, which is equiv-
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alent to 1.9 x 10'* coal equivalent tons (cet). Compared to the annual world con-
sumption of almost 10! cet, this is a very huge and unappreciable amount. It is
approximately 10,000 times greater than that which is consumed on the earth an-
nually. In engineering terms, this energy is considered to be uniformly spread all
over the world’s surface and, hence, the amount that falls on one square meter at
noon time is about 1 kW in the tropical regions. The amount of solar power avail-
able per unit area is known as irradiance or radiant-flux density. This solar power
density varies with latitude, elevation, and season of the year in addition to time in
a particular day (see Sect. 3.7). Most of the developing countries lie within the trop-
ical belt of the world where there are high solar power densities and, consequently,
they want to exploit this source in the most beneficial ways. On the other hand,
about 80% of the world’s population lives between latitudes 35°N and 35° S. These
regions receive the sun’s radiation for almost 3000—-4000h/year. In solar power
density terms, this is equivalent to around 2000 kWh/year, which is 0.25 cet/year.
Additionally, in these low latitude regions, seasonal sunlight hour changes are not
significant. This means that these areas receive the sun’s radiation almost uniformly
throughout the whole year. Apart from the solar radiation, the sunlight also carries
energy. It is possible to split the light into three overlapping groups:

1. Photovoltaic (PV) group: produces electricity directly from the sun’s light

2. Photochemical (PC) group: produces electricity or light and gaseous fuels by
means of non-living chemical processes

3. Photobiological (PB) group: produces food (animal and human fuel) and gaseous
fuels by means of living organisms or plants

The last two groups also share the term “photosynthesis”, which means literally
the building (synthesizing) by light.

3.3 Electromagnetic (EM) Spectrum

All solid, liquid, and gaseous matter is no more than a vibrating cosmic dance of en-
ergy. Matter is perceived by human beings in a three-dimensional form with struc-
ture, density, color, and sound. Density makes the matter solid, liquid or gaseous
and, in addition, the movement of its atoms and molecules gives rise to the sensa-
tions of heat and cold. The interaction of matter with the area of the electromagnetic
(EM) spectrum that is known as light gives it color, perceived through the eyes.
However, if one takes a step inward, it can be observed that matter is composed
of large and small molecules. Each atom, until the advent of modern physics, was
considered to consist of a nucleus of positively charged protons and zero-charged
neutrons, with a number of “shells” of orbiting, negatively charged electrons. With
these particles, the H and He atoms are shown in Fig. 3.3. In modern physics, the
subatomic particles are considered as wave packets, as electromagnetic force fields,
and as energy relationships.

They have “spin” and they rotate about the axis of their movement. They have no
“oscillation,” like an ultra-high-speed pendulum. By spinning and oscillating, they
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Fig. 3.3 a H atom. b He atom P

move around relative to each other in three dimensions. They also have an “electrical
charge” and a “magnetic moment” and, therefore, an EM field. Radiation consists
of atomic or subatomic particles, such as electrons, and/or EM energy waves, such
as heat, light, radio and television signals, infrared, X-rays, gamma rays, efc.

Particle and wave are two forms of light and EM radiation. The former has lo-
calized mass in space and can have charge in addition to other properties. Two par-
ticles cannot occupy the same space at the same time. On the other hand, wave has
no mass, is spread out over space at the speed of light, and obeys the superposition
principle which means two or more waves can occupy the same space at the same
time. For instance, EM waves consist of electric and magnetic fields, which are per-
pendicular to each other and perpendicular to the direction of travel as shown in
Fig. 3.4.

The oscillating field planes of electric and magnetic waves are perpendicular to
each other, i. e., when the electric field E and magnetic field H,, are in the yz-plane,
respectively, the propagation direction is along the x axis. Solar radiation EM waves
travel with the speed of light and cover the distance between the sun and the earth in
about 8 min. EM radiation from the sun is described by its wavelength, A (distance
from peak to peak of the wave), and frequency, f (number of cycles per second).
As the wave moves past a location, the frequency is also expressed as the number

Electric field, E

Magnetic field, Hy, I
y N 3 74
Fig. 3.4 EM waves
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of crests (peaks) per second. Wavelength and frequency (see Fig. 3.5) are related
through the speed of light, c, as

c=Af. 3.1

If either the wavelength or the frequency is known then the other can be calculated
since the speed of light is a constant.

The solar energy spectrum contains wavelengths that are too long to be seen by
the naked eye (the infrared) and also wavelengths that are too short to be visible (the
ultraviolet). The spectral distribution of the solar radiation in W/m? per micrometer
of wavelength gives the power per unit area between the wavelengths A and X + 1,
where A is measured in micrometers. The solar spectrum is roughly equivalent to
a perfect black body at a temperature of 5800 K. After the combined effects of water
vapor, dust, and adsorption by various molecules in the air, certain frequencies are
strongly absorbed and as a result the spectrum received by the earth’s surface is
modified as shown in Fig. 3.6. The area under the curve gives the total power per
square meter radiated by a surface at the specified temperature.

A blackbody is a perfect absorber or emitter of EM radiation. The intensity or
energy of irradiation emitted per wavelength (or frequency) depends only on the
temperature of the body and not on the type of material or atoms. So a blackbody
spectrum curve can be generated for a specific temperature, with the peak of the
curve shifting to shorter wavelengths (higher frequency) for higher temperatures.
For instance, a blue flame is hotter than an orange one and objects at higher tem-
peratures emit more radiation at all wavelengths, so the curves have similar shapes
nested within one another as in Fig. 3.6. Notice that the peak of the curve for the
sun is in the visible range and it is interesting that human eyes are most sensitive to
yellow-green light.

As it can be seen from the same figure the maximum solar irradiance is at the
wavelength A = 0.5 um which is in the region of the visible solar radiation from
A =0.4—0.7ym. It also shows a standard spectral irradiance curve which has been
compiled based on extensive measurements. The earth receives its radiation from
the sun at short wavelength around a peak of 0.5 pm, whereas it radiates to space at
a much lower wavelength around a peak value of 10 um, which is well into the in-

Wavelength, A

Fig. 3.5 Wave features
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frared. The relationship between the wavelength An,x, which is the power radiated at
a maximum, and the body temperature, 7, is given as Wien’s law (Collares-Pereira
and Rabl 1979; Frochlich and Werhli 1981) which reads as

AmaxT =3 %107 mK . (3.2)

EM waves show particle properties as photons and, in particular, they behave as if

they were made up of packets of energy having an energy E, which is related to
frequency f as

E=hf, (3.3)

where h is the Plank constant, h = 6.626 x 1073*J.s. The EM spectrum is the range
of radiation from very short wavelengths (high frequency) to very long wavelengths
(low frequency), as in Fig. 3.7. The subsections of the spectrum are labeled by how
the radiation is produced and detected, but there is overlap between the neighbor-
ing ranges. At the atomic level, EM waves come in units as photons and a high
frequency corresponds to high-energy photons.

The range of the visible spectrum is very small with red light having a longer
wavelength (7 x 10~7 m) than blue light (4 x 10~7 m). In nature any rainbow is a fa-
miliar example of a few color mixtures from the spectrum, whereas white light is
just a superposition (mixture) of all the colors. There are detectors for the whole
range of EM radiation and, for instance, with an infrared detector it is possible to
see objects in the dark.
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3.4 Energy Balance of the Earth

The earth radiates the same amount of energy into space as the amount of EM en-
ergy absorbed from the sun (Fig. 3.8). Hence, in the long term the energy balance
of the earth is essentially zero, except for the small amount of geothermal energy
generated by radioactive decay. If the in and out energies are not balanced then the
earth is expected to increase or to decrease in temperature and radiate more or less
energy into space to establish another balance level. At this point, it is useful to
remember the present day global warming and climate change phenomena. Clear-
sky shortwave solar radiation varies in response to altitude and elevation, surface
gradient (slope), and orientation (aspect), as well as position relative to neighboring
surfaces.

The sun’s radiation (solar) energy first interacts with the atmosphere and then
reaches to the earth’s surface (Fig. 3.9). Incoming solar radiation of 100 units
(100%) is shared by cloud and surface reflections and the rest is absorbed by the
atmosphere and the earth’s surface.

The atmospheric absorption accounts for about two thirds of the incoming ir-
radiation and it is primarily due to water vapor and to a lesser degree by CO» that
exist in the atmospheric composition (Chap. 2). Absorbed EM radiation is converted
into thermal energy at absorption locations. The earth’s surface has a comparatively
lower temperature, typically between 270 K and 320 K, and hence radiates at longer
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Fig. 3.9 Terrestrial solar radiation according to (Sen 2004)

wavelengths that do not appear appreciably in the spectrum of Fig. 3.7. This energy
drives weather events in terms of evaporation and transportation of heat from the
equator to the poles (Hadley cell) and additionally provides energy for wind and
currents in the ocean with some absorption and storage in plants as photosynthesis.
Some of this energy is radiated back to space (clear skies) as infrared radiation and
the rest is absorbed in the atmosphere. Some of the infrared radiation goes back
into space and the rest is re-radiated back to earth. Hence, clear nights are cooler
than cloudy nights because the nighttime radiation into space has a temperature
of 3K. As the solar radiation reaches the upper boundary of earth’s atmosphere,
the light starts to scatter depending on the cloud cover and the atmospheric com-
position (Hay 1984). A proportion of the scattered light comes to earth as diffuse
radiation. The term “sunshine” implies not the diffuse but the direct solar radiation
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Fig. 3.10 Visible and radio waves reach the surface

(solar beam) that comes straight from the sun. On a clear day, direct radiation can
approach a power density of 1000 W/m?, which is known as solar power density
for solar collector testing purposes. The atmosphere is largely transparent to visible
and radio wavelengths, but absorbs radiation at other wavelengths (Fig. 3.10). This
figure shows the EM wave recipient change by altitude. It is obvious that of all the
EM waves radio waves are receivable at the lowest altitude.

3.5 Earth Motion

Earth’s orbital movement around the sun affects the climate, solar radiation, and
temporal variations. The total amount of solar radiation reaching the earth’s surface
can vary due to changes in the sun’s output, such as those associated with earth’s
axis tilt, wobble, and orbital trace. Orbital oscillations can also result in different
parts of the earth getting more or less sunlight even when the total amount reaching
the planet remains constant, which is similar to the way the tilt in the earth’s axis
produces the hemispheric seasons. Due to the variations in the earth’s orbital move-
ments around the sun there are very slow climate cycles. The earth’s rotation about
its own axis and revolution around the sun is very involved and has the combination
of three movements at any time. These are as follows:

1. Tilt (Fig. 3.11): Due to the axis tilt the sun’s motion across the sky changes
during each year. The tilt of the earth changes cyclically between 21°45’ and
24°15’ with a cyclic period of 42,000 years. A large tilt warms the poles, which
means more solar radiation input and causes smaller temperature differences in
the summer hemisphere.

The tilt of the earth’s rotational axis with respect to the sun is called obliquity,
which is defined as the angle between the earth’s orbit and the plane of the
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Fig. 3.11 Changes in tilt Tilt

earth’s equator. The tilt is toward the sun in the summer hemisphere and away
from the sun in the winter hemisphere. Winter occurs in November—February
(May—August) in the northern (southern) hemisphere because of the tilt of the
earth’s axis (Fig. 3.12). Additionally, diurnal variations are also effective due to
the day and night sequence.

As a result of the earth’s rotation around a tilted axis, surprisingly the polar
region receives more radiation in the summer than at the equator. An important
feature is the absence of seasons at the tropics and the extremes of a six-month
summer and a six-month winter at the poles (Dunn 1986).

2. Wobble (see Fig. 3.13): As it rotates, the earth wobbles on its axis like a spinning
top, with a period of 23,000 years. These wobbles affect the amount of solar
energy the earth receives and where that energy is deposited. This in turn affects
the climate, introducing regular cycles with periods of up to 100,000 years.

As the earth wobbles, its axis sweeps out an imaginary cone in space. This is
known as precession of the earth’s axis.

\
\

December 21

Fig. 3.12 Seasons are due to the tilt of earth’s axis
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Fig. 3.13 Changes in wobble

3. Orbit (see Fig. 3.14): The earth moves rotationally once a year around the sun
on an elliptical orbit that is almost in the form of a circle. In the mean time it
spins on its axis once a day. Its closest position to the sun appears on 1 January
and furthest position on 1 July. During the orbital movement the radius from the
sun determines how much solar radiation (energy) is available and the tilt of the
spin axis as 23°30’ relative to the orbital plane causes the seasons with different
solar radiation rates. The shape of the earth’s path around the sun ranges from
a nearly perfect circle to a more elliptic shape over the 100,000-year cycle (ec-
centricity). This means that the sun not the centroid of the earth’s orbit causes the
distance from the earth to the sun to vary. The amount of solar energy received
by the earth is greatest when the earth is nearest to the sun. This factor combined
with the tilt of the earth’s axis causes seasonal climate changes, which are out
of phase in each hemisphere. For instance, northern hemisphere winters are cur-
rently milder and summers cooler than normal. The opposite situation, colder
winters and hotter summers, is now occurring in the southern hemisphere.

These small variations in the earth—sun geometry change how much sunlight each
hemisphere receives during the earth’s year-long trek around the sun, where in the
orbit (the time of year) the seasons occur, and how extreme the seasonal changes
are. The amount of solar energy per area depends on the angle of the surface in
relation to the sun (Fig. 3.15). For example, on 21 December there is no sunlight at
any location above the Arctic Circle, which corresponds to 66°30° N latitude.

Earth (present day)

0.1 % more sunlight in the orbit

Fig. 3.14 Changes in orbit
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Fig. 3.15 Earth’s axis tilt
affect on incident radiation
per area
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Perpendicular
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In this figure, it is summer at the south pole and there is sunlight 24 h a day, while
at the north pole there is no sunlight (see Sect. 3.12.3). In the northern hemisphere it
is winter, because the same amount of incident radiation is spread over a larger area.
Notice the parallel solar radiation lines on the plane at the top and at the equator,
which has the same length as the parallel lines between rays. Of course, the same
solar energy will impinge on both plates, but the one at the top will have more
surface area and hence its solar energy absorption will be comparatively smaller
than the other plate at the equator. This implies that the more the angle (zenith
angle) between the normal of the plate and the solar beam, the less is the solar
energy generation (see Sect. 3.12).

This tremendous amount of solar energy radiates into space from the surface
of the sun with a power of 3.8 x 10?3 kW. Solar energy is referred to as renew-
able and/or sustainable energy because it will be available as long as the sun con-
tinues to shine. The energy from the sunshine, EM radiation, is referred to as in-
solation. The earth intercepts only a very small portion of this power, since the
projected area of the earth as seen from the sun is very small. At the top of the at-
mosphere, the power intercepted by the earth is 173 x 10° W, which is equivalent to
1360 W/mz. On a clear day, at the surface of the earth, the solar radiation is about
1000— 1200 W/m?, on a plane perpendicular to the sun’s beam depending on the
elevation and the amount of haze in the atmosphere.

In order to appreciate the arrival of solar radiation on the earth’s surface, it is
very helpful to simplify the situation as shown in Fig. 3.15 where the earth is repre-
sented as a sphere. This implies that at the equator a horizontal surface at that point
immediately under the sun would receive 1360 W/m>. Along the same longitude
but at different latitudes, the horizontal surface receives less solar radiation from
the equator toward the polar region. If the earth rotates around the vertical axis to
the earth—sun plane, then any point on the earth’s surface receives the same amount
of radiation throughout the year. However, the earth rotates around an axis which
is inclined to the earth—sun plane, and therefore, the same point receives different
amounts of solar radiation on different days and times in a day throughout the year.
Hence, the seasons start to play a role in the incident solar radiation variation.
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3.6 Solar Radiation

Solar radiation from the sun after traveling in space enters the atmosphere at the
space—atmosphere interface, where the ionization layer of the atmosphere ends. Af-
terwards, a certain amount of solar radiation or photons are absorbed by the atmo-
sphere, clouds, and particles in the atmosphere, a certain amount is reflected back
into the space, and a certain amount is absorbed by the earth’s surface. The earth’s
surface also reflects a certain amount of energy by radiation at different wavelengths
due to the earth’s surface temperature. About 50% of the total solar radiation re-
mains in the atmosphere and earth’s surface. The detailed percentages can be seen
in Fig. 3.9. The earth’s rotation around its axis produces hourly variations in power
intensities at a given location on the ground during the daytime and results in com-
plete shading during the nighttime.

The presence of the atmosphere and associated climate effects both attenuate
and change the nature of the solar energy resource. The combination of reflection,
absorption (filtering), refraction, and scattering result in highly dynamic radiation
levels at any given location on the earth. As a result of the cloud cover and scattering
sunlight, the radiation received at any point is both direct (or beam) and diffuse (or
scattered).

After the solar radiation enters the earth’s atmosphere, it is partially scattered and
partially absorbed. The scattered radiation is called diffuse radiation. Again, a por-
tion of this diffuse radiation goes back to space and a portion reaches the ground.
Solar radiation reaches the earth’s surface in three different ways as direct, diffuse,
and reflected irradiations as in Fig. 3.16.

The quantity of solar radiation reaching any particular part of the earth’s surface
is determined by the position of the point, time of year, atmospheric diffusion, cloud
cover, shape of the surface, and reflectivity of the surface.

However, in hilly and mountainous terrains, the distribution of slopes has ma-
jor effects on surface climate and radiation amounts. Surface radiation may change
widely according to the frequency and optical thickness of clouds, and modeling
these cloud properties successfully is important for treatment of the surface energy
balance (Chap. 4).

Direct solar radiation is that which travels in a straight line from the sun to the
earth’s surface. Clear-sky day values are measured at many localities in the world. To
model this would require knowledge of intensities and direction at different times
of the day. Direct radiation as the name implies is the amount of solar radiation
received at any place on the earth directly from the sun without any disturbances.
In practical terms, this is the radiation which creates sharp shadows of the subjects.
There is no interference by dust, gas, and cloud or any other intermediate material
on the direct solar radiation. Direct radiation is practically adsorbed by some inter-
mediator and then this inter-mediator itself radiates EM waves similar to the main
source which is the sun. Direct solar radiation can be further reflected and dispersed
across the surface of the earth or back into the atmosphere. On the other hand, the
radiation arriving on the ground directly in line from the sun is called direct or beam
radiation (Fig. 3.16a). Beam radiation is the solar radiation received from the sun
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without scatter by the atmosphere. It is referred to as direct solar radiation. This is
actually the photon stream in space and has a speed of 3,000,000 km/s.

Passing through the atmosphere, the solar beam undergoes wavelength- and
direction-dependent adsorption and scattering by atmospheric gases, aerosols, and
cloud droplets. The scattered radiation reaching the earth’s surface is referred to
as diffuse radiation (Fig. 3.16b). Diffuse radiation is first intercepted by the con-
stituents of the air such as water vapor, CO», dust, aerosols, clouds, efc., and then
released as scattered radiation in many directions. This is the main reason why dif-
fuse radiation scattering in all directions and being close to the earth’s surface as
a source does not give rise to sharp shadows. When the solar radiation in the form
of an electromagnetic wave hits a particle, a part of the incident energy is scattered
in all directions and it is called diffuse radiation. All small or large particles in na-
ture scatter radiation. Diffuse radiation is scattered out of the solar beam by gases
(Rayleigh scattering) and by aerosols (which include dust particles, as well as sul-
fate particles, soot, sea salt particles, pollen, efc.). Reflected radiation is mainly re-
flected from the terrain and is therefore more important in mountainous areas. Direct
shortwave radiation is the most important component of global radiation because it
contributes the most to the energy balance and also the other components depend



3.6 Solar Radiation 63

on it, either directly or indirectly (Kondratyev 1965). If the particles are spheri-
cal and much smaller than the wavelength of the incident radiation, it is referred
to as Rayleigh scattering. In Rayleigh scattering, the scattering process is identical
in forward and backward directions with a minimum scattering in between. When
the particle size is of the order of incident radiation wavelength, the solution of the
wave equation becomes formidable. In this case, the scattering is called Mie’s scat-
tering and more energy is scattered in a forward than in a backward direction. On
any clear day, the diffuse component from the Rayleigh and aerosol scattering is
about 10—30% of the total incident radiation, whereas when the solar beam passes
through a cloud essentially all the surface radiation is diffuse. This radiation consists
of solar photons arriving from all directions of the sky, with intensities depending
on the incoming direction. Diffuse radiation occurs when small particles and gas
molecules diffuse part of the incoming solar radiation in random directions without
any alteration in the wavelength of the electromagnetic energy.

Solar energy modeling requires knowledge of surface reflectance and shape, and
a means of modeling any dispersal. Albedo is a measure of how much radiation is
reflected by a surface (Table 2.1). When the albedo is 1.0 all radiation is reflected;
none is absorbed. When the albedo is 0.0 no radiation is reflected; it is all absorbed
(Graves 1998). A significant proportion of direct solar radiation striking a surface
is reflected, particularly from snow and clouds. What proportion of the reflected
radiation strikes another surface is not known.

Diffuse radiation occurs when small particles and gas molecules diffuse part of
the incoming solar radiation in random directions without any alteration in the wave-
length of the electromagnetic energy. Diffuse cloud radiation would require model-
ing of clouds, which was considered impossible to do and would have been variable
from day to day. It appears to only contribute a minor part to radiation energies from
above the mid-visible through to the infrared spectrum, but can contribute up to 40%
of the radiation energy from the mid-visible through to the mid-ultraviolet spectrum
(Barbour et al., 1978).

Total (global) solar radiation is the sum of the beam and the diffuse solar ra-
diation on a surface. The most common measurements of solar radiation are total
radiation on a horizontal surface, hereafter referred to as global radiation on the
surface. The total solar radiation is sometimes used to indicate quantities integrated
over all wavelengths of the solar spectrum. The sun’s total energy is composed of
7% ultraviolet (UV) radiation, 47% visible radiation, and 46% infrared (heat) radi-
ation. UV radiation causes many materials to degrade and it is significantly filtered
out by the ozone layer in the upper atmosphere.

The total global radiation at the earth’s surface consists of both short- and long-
wave radiation. Short-wave radiation may be absorbed by terrestrial bodies and
cloud cover and re-emitted as long-wave radiation. The short-wave radiation reach-
ing the surface of the earth may be direct, diffuse, or reflected (Fig. 3.16).

Global radiation at a location is roughly proportional to direct solar radiation,
and varies with the geometry of the receiving surface. The other components, such
as diffuse radiation, vary only slightly from slope to slope within a small area and the
variations can be linked to slope gradient (Kondratyev 1965; Williams et al., 1972).
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In fact, diffuse radiation comprises less than 16% of the total irradiance at visible
wavelengths in the green and red region (Dubayah 1992), rising to 30% for blue.
The flux of clear-sky diffuse radiation varies with slope orientation in much the same
way as the flux of direct solar radiation, hence preserving the spatial variability in
total radiation (Dubayah et al., 1989).

3.6.1 Irradiation Path

Sun-born solar radiation rays travel toward the earth and on their way they encounter
many molecules, the number of which is dependent on the distance traveled, d,
which is called the path distance (or slant path). If the distance-dependent density is
p(d) then the actual optical mass, m,, can be expressed as

e¢]

mg = /p(d) dd . (3.4)
0

This is valid for monochromatic radiation because the refraction along the traveled
path depends on the wavelength. If the sun is at its zenith at a location then Eq. 3.4
can be written as

mzzf,o(z)dz, (3.5)
0

where z is the distance on the zenith direction (Fig. 3.17).
If the path is different than the zenith direction then its optical path can be ex-
pressed as the ratio, m, of Eq. 3.4 to Eq. 3.5,

o0

/,o(d) dd

m=2 (3.6)
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Fig. 3.17 a,b. Solar radiation paths
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This is referred to as the relative optical air mass. On the basis of the assumptions
that the earth does not have any eccentricity and the troposphere is completely ho-
mogeneous and free of any aerosol or water vapor, then the relative optical mass,
m, in any direction with an angle of 6, from the zenith can be written simply as

mg

3.7

m=mgsecH, = .
cos6,
If the assumptions are applied to an actual case, this expression yields errors of up
to 25% at 6, = 60°, which decrease to 10% at 6, = 85° (Igbal 1986). At sea level,
m = 1 when the sun is at the zenith and m = 2 for 8, = 60°.

Air mass as defined in Eq. 3.7 is a useful quantity in dealing with atmospheric ef-
fects. It indicates the relative distance that light must travel through the atmosphere
to a given location. There is no attenuation effect in the space outside the atmo-
sphere, the air mass is regarded as equal to zero and as equal to one when the sun
is directly overhead. However, an air mass value of 1.5 is considered more repre-
sentative of average terrestrial conditions and it is commonly used as a reference
condition in rating photovoltaic modules and arrays (Fig. 3.18).

The two main factors affecting the air mass ratio are the direction of the path and
the local altitude. The path’s direction is described in terms of its zenith angle, 6,
which is the angle between the path and the zenith position directly overhead. The
adjustment in air mass for local altitude is made in terms of the local atmospheric
pressure, p, and is defined as

m= ﬁmo , (3.8)
Po

where p is the local pressure and m( and pg are the corresponding air mass and pres-
sure at sea level. Equation 3.7 is valid only for zenith angles less than 70° (Kreith

O Sun at noon

Sun at either

mid-morning
0
mid-afternoon

4— Atmosphere

I

Fig. 3.18 Sun’s angle and distance through atmosphere
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and Kreider 1978). Otherwise, the secant approximation under-estimates solar en-
ergy because atmospheric refraction and the curvature of the earth have not been
accounted for. Frouin e al. (1989) have suggested the use of the following:

-1
m= [coseZ +0.15(93.885 — 92)—1-253] . (3.9)

Kreith and Kreider (1978) and Cartwright (1993) have suggested the use of the
following relationship, where the model requires the calculation of air mass ratio as

51172
m= [1229+(614sina) ] —6l4sina . (3.10)

It is obvious then that the relative proportion of direct to diffuse radiation depends
on the location, season of the year, elevation from the mean sea level, and time of
day. On a clear day, the diffuse component will be about 10 —20% of the total radia-
tion but during an overcast day it may reach up to 100%. This point implies, practi-
cally, that in the solar radiation and energy calculations, weather and meteorological
conditions in addition to the astronomical implications must be taken into consider-
ation. On the other hand, throughout the year the diffuse solar radiation amount is
smaller in the equatorial and tropical regions than the sub-polar and polar regions of
the world. The instantaneous total radiation can vary considerably through the day
depending on the cloud cover, dust concentration, humidity, ezc.

3.7 Solar Constant

The sun’s radiation is subject to many absorbing, diffusing, and reflecting effects
within the earth’s atmosphere which is about 10 km average thick and, therefore, it is
necessary to know the power density, i. e., watts per meter per minute on the earth’s
outer atmosphere and at right angles to the incident radiation. The density defined in
this manner is referred to as the solar constant. The solar constant and the associated
spectrum immediately outside the earth’s atmosphere are determined solely by the
nature of the radiating sun and the distance between the earth and the sun.

Earth receives virtually all of its energy from space in the form of solar EM
radiation. Its total heat content does not change significantly with time, indicat-
ing a close overall balance between absorbed solar radiation and the diffuse stream
of low-temperature, thermal radiation emitted by the planet. The radiance at the
mean solar distance — the solar constant — is about 1360 W/m2 (Monteith 1962).
At the mean earth—sun distance the sun subtends an angle of 32’. The radiation
emitted by the sun and its spatial relationship to the earth result in a nearly fixed
intensity of solar radiation outside the earth’s atmosphere. The solar constant, I
(W/m?), is the energy from the sun per unit time per unit area of surface per-
pendicular to the direction of the propagation of the radiation. The measurements
made with a variety of instruments in separate experimental programs resulted as
Ip = 1353 W/m? with an estimated error of 4-1.5%. The World Radiation Center
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has adopted a value of 1367 W/m? with an uncertainty of 1%. The most updated
solar constant is Ip = 1367 W/m?, which is equivalent to Iy = 1.960 cal/cm? min or
432 Btu/ft*h or 4.921 MJ/m?h.

Igbal (1986) gives more detailed information on the solar constant. As the dis-
tance between the sun and the earth changes during the whole year the value of the
solar constant changes also during the year as in Fig. 3.19.

The best value of the solar constant available at present is Iy = 1360 W/m?
(Frochlich and Werhli 1981). Whereas the solar constant is a measure of solar
power density outside the earth’s atmosphere, terrestrial applications of photovoltaic
(Chap. 7) devices are complicated by the following two variables that must be taken
into consideration:

1. Atmospheric effects (Chap. 2)
2. Geometric effects, including the earth’s rotation about its tilted axis and its or-
bital revolution around the sun (Sect. 3.11)

3.8 Solar Radiation Calculation

Solar irradiance, [ (W/mz), is the rate at which radiant energy is incident on a unit
surface. The incident energy per unit surface is found by integration of irradiance
over a specified time, usually an hour or a day. Insolation is a term specifically for
solar energy irradiation on surfaces of any orientation.
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There are two dimensions to the energy flux due to the energy of photons and
the energy itself. Specialists in “solar energy” think in terms of an integrated ex-
pression over a certain time interval and have the dimension of energy, J, which is
“insolation” as the integrated “irradiance”.

In general, modeling the solar radiation arriving at the top of the atmosphere can
simply be considered as the product of the solar constant Iy and the astronomical
factor f(R) of annual average 1.0, proportional to R~ (inverse distance square),
where R is the distance of the earth from the sun. However, for the modeling of solar
radiation at the earth’s land surfaces, it is usually adequate to assume that the diffuse
radiation is isotropic (the same intensity in all directions from the sky). Diffuse sky
irradiance under cloud-free conditions may be estimated by assuming an isotropic
sky and calculating the proportion of the sky seen from a point [that is using the
equivalent of the view-shed operation in GIS (Dubayah and Rich 1995)]. Under
cloudy or partly cloudy conditions, diffuse radiation is anisotropic which may be
explicitly modeled, but in practice this is computationally expensive to achieve as
the diffuse radiation from different portions of the sky must be calculated. In order
to calculate actual solar flux, field data from pyranometers (which measure actual
incoming solar flux at a station), atmospheric optical data, or atmospheric profiling
(sounding) must be used.

If I is the intensity of radiation arriving at the ground surface from a given direc-
tion, then the amount incident per unit surface area along the zenith direction is

I, =1Icosé,, (3.11)

where 6, is the azimuth angle between the normal to the surface and the direction
of the beam (see Fig. 3.20). In the simplest modeling efforts land is assumed to be
horizontal.

The solar radiation varies according to the orbital variations. If I7 is the total
solar radiation output from the sun at all frequencies then at a distance R from the
sun’s center, the flux of the radiation will be the same assuming that the radiation
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Fig. 3.20 Surface solar radiation
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is equal in all directions. If the radiation flux per unit area at a distance R is repre-
sented by Q(R), then the total radiation is equal to 4 R? QO (R). Hence, it is possible
to write that

Ir =47 R*Q(R) (3.12)

or
Ry = 1T (3.13
QR) = 5. 13)

The earth is approximately 150 x 10® km away from the sun, hence Eq. 3.13
yields approximately that the total solar output is 3.8 x 10%® W. Of course, the radi-
ation incident on a spherical planet is not equal to the solar constant of that planet.
The earth intercepts a disk of radiation from the sun with area & R?, where R is the
radius of the earth. Since, the surface area of the earth is 47r R2, the amount of solar
radiation per unit area on a spherical planet becomes

TRZQ(R) _ Q(R)

= 3.14
47 R? 4 (.19

Consequently, the average radiation on the earth’s surface can be calculated as
1360/4 = 340 W/m?. All these calculations assume that the earth is perfectly spher-
ical without any atmosphere and revolves on a circular orbit without eccentricity.
Of course, these simplifications must be used in practical applications.

The driving force for the atmosphere is the absorption of solar energy at the
earth’s surface. Over time scales which are long compared to those controlling the
redistribution of energy, the earth—atmosphere system is in thermal equilibrium. The
absorption of solar radiation, at visible wavelengths as short-wave (SW) radiation,
must be balanced by the emission to space of infrared or long-wave (LW) radiation
by the planet’s surface and atmosphere. A simple balance of SW and LW radiations
leads to an equivalent blackbody temperature for the earth as 7 = 255 K. This is
some 30K colder than the global mean surface temperature, 7y =~ 288 K. The dif-
ference between these two temperatures follows from the greenhouse effect which
results from the different ways the atmosphere processes SW and LW radiations.
Although transparent to SW radiation (wavelength ~ 1 um), the same atmosphere
is almost opaque to LW radiation (wavelength &~ 10 um) re-emitted by the planet’s
surface. By trapping radiant energy that must eventually be rejected into space, the
atmosphere’s capacity elevates the surface temperature beyond what it would be in
the absence of an atmosphere.

The change in extraterrestrial solar radiation can be calculated by taking into
account the astronomical facts according to the following formula:

360Ny4
I =1y|1+0.033 , 3.15
0|: + cos( 365 )} (3.15)

where Nq is the number of the day corresponding to a given date. It is defined as
the number of days elapsed in a given year up to a particular date starting from 1 on




70 3 Solar Radiation Deterministic Models

1 January to 365 on 31 December. On the other hand, solar radiation is attenuated as
it passes through the atmosphere and, in a simplified case, may be estimated accord-
ing to an exponential decrease by using Bouger’s Law (Kreith and Kreider 1978) as

[ = [pe™*m (3.16)

where it is assumed that the sky is clear, I and /) are the terrestrial and extraterrestrial
intensities of beam radiation, k is an absorption constant, and m is the air mass ratio.

3.8.1 Estimation of Clear-Sky Radiation

As the solar radiation passes through the earth’s atmosphere it is modified due to the
following reasons:

1. Absorption by different gases in the atmosphere
2. Molecular (or Rayleigh) scattering by the permanent gases
3. Aerosol (Mie) scattering due to particulates

Absorption by atmospheric molecules is a selective process that converts incom-
ing energy to heat, and is mainly due to water, oxygen, ozone, and carbon dioxide.
Equations describing the absorption effects are given by Spencer (1972). A number
of other gases absorb radiation but their effects are relatively minor and for most
practical purposes can be ignored (Forster 1984).

Atmospheric scattering can be either due to molecules of atmospheric gases or
due to smoke, haze, and fumes (Richards 1993). Molecular scattering is considered
to have a dependence inversely proportional to the fourth power of the wavelength
of radiation, i. e., A~*. Thus the molecular scattering at 0.5 mm (visible blue) will
be 16 times greater than at 1.0 mm (near-infrared). As the primary constituents of
the atmosphere and the thickness of the atmosphere remain essentially constant un-
der clear-sky conditions, molecular scattering can be considered constant for a par-
ticular wavelength. Aerosol scattering, on the other hand, is not constant and de-
pends on the size and vertical distribution of the particulates. It has been suggested
(Monteith and Unsworth 1990) that a A~ '3 dependence can be used for continen-
tal regions. In an ideal clear atmosphere Rayleigh scattering is the only mechanism
present (Richards 1993) and it accounts for the blueness of the sky. The effects of
the atmosphere in absorbing and scattering solar radiation are variable with time as
atmospheric conditions and the air mass ratio change. Atmospheric transmittance, t,
values vary with location and elevation between 0 and 1. According to Gates (1980)
at very high elevations with extremely clear air T may be as high as 0.8, while for
a clear sky with high turbidity it may be as low as 0.4.

As shown in Figs. 3.16 and 3.20, the solar radiation during its travel through
the atmosphere toward the earth surface meets various phenomena, including scat-
ter, absorption, reflection, diffusion, meteorological conditions, and air mass, which
change with time. It is useful to define a standard atmosphere “clear” sky and cal-
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culate the hourly and daily radiation that would be received on a horizontal surface
under these standard conditions. Hottel (1976) has presented a method of estimating
the beam radiation transmitted through a clear atmosphere and he introduced four
climate types as in Table 3.1. The atmospheric transmittance for beam radiation,
7, is given in an exponentially decreasing form depending on the altitude, A, and
zenith angle as

t=a+bexp<—coze ) , (3.17)
Z

where the estimations of constants a, b, and c for the standard atmosphere with
23 km visibility are given for altitudes less then 2.5 km by (Kreith and Kreider 1978)

a=0.4237—0.00821 (6 — A)2 , (3.18)

b =0.5055—0.005958 (6.5 — A)2 , (3.19)
and

c=0.2711-0.01858 (2.5—A)2, (3.20)

where A is the altitude of the observer in kilometers. The correction factors (r4, 7
and r.) are given for four climate types (Table 3.1).

Kreith and Kreider (1978) have described the atmospheric transmittance for
beam radiation by the empirical relationship

T =0.56 (e_0'65 m | o=0.095 m) . (3.21)

The constants account for attenuation of radiation by the different factors discussed
above. Since scattering is wavelength dependent, the coefficients represent an aver-
age scattering over all wavelengths. This relationship gives the atmospheric trans-
mittance for clear skies to within 3% accuracy (Kreith and Kreider 1978) and the
relationship has also been used by Cartwright (1993). The atmospheric transmit-
tance in Eq. 3.21 can be replaced by site-specific values, if they are available, and
hence the solar radiation on a horizontal plane can be estimated as

I=1It. (3.22)
Table 3.1 Correction factors

Climate type Ty rp e

Tropical 095 098 1.02

Mid-latitude summer 0.97 0.99 1.02

Sub-artic summer 099 099 1.01

Mid-latitude winter 1.03 1.01 1.00
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3.9 Solar Parameters

Solar radiation and energy calculations require some geometric and time quantities
concerning the sun position relative to the earth and any point on the earth. It is also
necessary to know the relation between the local standard time and the solar time.

3.9.1 Earth’s Eccentricity

It is desirable to have the distance and the earth’s eccentricity in mathematical forms
for simple calculations. Although a number of such forms are available of varying
complexities, it is better to have simple and manageable expressions such as the one
suggested by Spencer (1972), who gave the eccentricity, ¢, correction factor of the
earth’s orbit as

e =1.0001140.034221cosI" +0.001280sinT"
+0.000719cos2I" +0.000077 sin2I" , (3.23)

where day angle, I', in radians is given as

2w (Ng—1)
=———. 3.24
365 (3:24)
On the other hand, in terms of degrees one can write the day angle as
360(Ng —1)
= 3.25
365.242 (3:25)

Duffie and Backman (1991) suggested a simple approximation for ¢ as follows:

21w Ny
=140.033 . 3.26
£ + cos( 365 ) ( )

The use of this last expression instead of Eq. 3.23 does not make an appreciable
difference. The average distance between the sun and the earth is R = 150 x 10% km.
Due to the eccentricity of the earth’s orbit, the distance varies by 1.7%.

3.9.2 Solar Time

Solar time is based not only on the rotation of the earth about its axis but also on the
earth’s revolution around the sun during which the earth does not sweep equal areas
on the ecliptic plane (see Fig. 3.21).
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Fig. 3.21 Earth’s orbit around the sun

3.9.2.1 Equation of Time

These combined movements, as already mentioned in Sect. 3.5, cause small discrep-
ancies in the sun’s appearance exactly over the local meridian daily. This discrep-
ancy is the align of time, E;, which is expressed by Spencer (1972) as

E; =229.18(0.000075 4 0.001868 cosI" — 0.032077 sinT"
—0.014615cos2I" —0.04089sin2T") . (3.27)

The constant multiplication factor in front of the parenthesis on the right-hand side
is for conversion from radians to minutes. It varies in length throughout the year due
to the following factors:

1. The tilt of the earth’s axis with respect to the plane of the ecliptic containing the
respective centers of the sun and the earth

2. The angle swept out by the earth—sun vector during any given period of time,
which depends upon the earth’s position in its orbit (see Fig. 3.21).

The standard time (as recorded by clocks running at a constant speed) differs
from the solar time. The difference between the standard time and solar time is de-
fined as the align of time, E;, which may be obtained as expressed by Woolf (1968):

E; =0.1236sinI" — 0.0043 cosI" + 0.1538 sin2I" 4+ 0.0609 cos2I" , (3.28)



74 3 Solar Radiation Deterministic Models

Table 3.2 Harmonic coefficients

k A (10%) () By (10%) (h)

0 0.2087 0.00000
1 9.2869 —122.29000
2 —52.2580 — 156.98000
3 —1.3077 —5.16020
4 —2.1867 —2.98230
5 —1.5100 —0.23463

where I must be substituted from Eqs. 3.24 or 3.25. E; may also be obtained more
precisely as presented by Lamm (1981) in the form of harmonic components as

5
2mkN
i } (3.29)

2kN
E = A - 4 Bisin———
’ /;)[ kCOS 36525 T Pk 36505

where N is the day in the 4-year cycle starting after the leap year. The harmonic
coefficients are given in Table 3.2.

3.9.2.2 Apparent Solar Time (AST)

Most meteorological measurements are recorded in terms of local standard time.
In many solar energy calculations, it is necessary to obtain irradiation, wind, and
temperature data for the same instant. It is, therefore, necessary to compute local
apparent time, which is also called the true solar time. Solar time is the time to be
used in all solar geometry calculations. It is necessary to apply the corrections due
to the difference between the local longitude, Ljqc, and the longitude of the standard
time meridian, Lgm,. The apparent time, Ly, can be calculated by considering the
standard time, Lg, according to Igbal (1986) as

Lat = Lst =+ 4(Lstm - Lloc) +E. (3-30)

In this expression 4 (—) sign is taken in degrees toward the west (east) of the 0°
meridian (longitude), which passes through Greenwich in the UK. All terms in the
above equation are to be expressed in hours.

3.9.3 Useful Angles

The basic angles that are necessary in the definition of the geographic locations are
latitude, 6, and longitude, ¢. The latitude is the angular distance measured along
a meridian from the equator (north or south) to a point on the earth’s surface. Any
location towards the north (south) has positive (negative) latitude with maximum
degrees as +90 (—90) at the north (south) pole. On the other hand, longitude is the
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angular distance measured from the prime (solar noon) meridian through Green-
wich, UK, west or east to a point on the earth’s surface. Any location west (east) of
the prime meridian is positive (negative) location (see Fig. 3.22).

The two significant positions of the sun are height above the horizon, which
is referred to as the solar altitude at noon and it changes by 47° from 21 June to
21 December. At the equinoxes on 21 March and 21 September, at noon the sun is
directly overhead with 90° at the equator and sunrise (sunset) is due east (west) for
all locations on the earth. The winter (summer) solstice corresponds to dates that
the sun reaches it highest (lowest) positions at solar noon in each hemisphere. On
21 December the sun is directly overhead at 23°30” south latitude and on 21 June it
is directly overhead at the same degree north latitude. These two latitudes are called
the “tropic of Capricorn” and “tropic of Cancer,” respectively.

The position of the sun can be calculated for any location and any time as shown
in Fig. 3.23. The position of the sun is given by two angles, which are altitude,
a4, and azimuth angle, y. The altitude (or elevation) is the angle of the sun above
the horizon and azimuth (or bearing) is the angle from north to the projection on
the earth of the line to the sun. The solar position is symmetrical about solar noon
(which is different than 12 noon local time). Irradiation fluctuates according to the
weather and the sun’s location in the sky. This location constantly changes through-
out the day due to changes in both the sun’s altitude (or elevation) angle and its
azimuth angle. Figure 3.23 shows the two angles used to specify the sun’s location
in the sky.

1 235° N

Y Horizontal plane
Zenith,
normal to
horizontal
plane

Ecliptic circle

1, solar irradiation

SOLAR NOON MERIDIAN

Fig. 3.22 Useful angles
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Fig. 3.23 Position of the sun by altitude and azimuth

The zenith angle, 6,, is the angle between the vertical and the line connecting to
the sun (the angle of incidence of beam radiation on a horizontal surface). Likewise,
the angle between the horizontal and the line to the sun is the solar altitude angle,
(the complement angle of the zenith angle), hence ag + 6, = 90°.

The angle between the earth—sun line and the equatorial plane is called the dec-
lination angle, §, which changes with the date and it is independent of the location
(see Fig. 3.22). The declination is maximum 23°45’ on the summer/winter solstice
and 0° on the equinoxes (Fig. 3.24).

The following accurate expression is considered for declination angle, §, in ra-
dians and the eccentricity correction factor of the earth’s orbit as defined above

Declination, 0°

Winter Dec. 21

Summnier, Jun. 21

Declination, 0°

Fig. 3.24 The declination angles
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(Spencer 1972):

§ =0.006918 —0.399912 cosI" +0.07257 sinI" — 0.006758 cos2I'
+0.000907 sinI" — 0.002697 cos3I" +0.00148 sin3T" . (3.31)

It is also possible to consider the following expressions for the approximate cal-
culations of § and E¢ (Igbal 1986) as

o (3.32)

8 =23.45sin [w} .
As stated by Jain (1988) this expression estimates § with a maximum error of 3’ and
Eq. 3.23 estimates ¢ with a maximum error of 0.0001.

Declination angle is considered to be positive when the earth—sun vector lies
northward of the equatorial plane. Declination angle may also be defined as the
angular position of the sun at noon with respect to the equatorial plane. It may be

obtained as
siné = 0.39795c0s[0.98563 (Ng — 1)] , (3.33)

where the cosine term is to be expressed in degrees and hence the arc sine term will
be returned in radians (Kreider and Kreith 1981).

The hour angle, w, is the angular distance that the earth rotates in a day, which
is equal to 15° multiplied by the number of hours (15 x 24 = 360°) from local solar
noon (see Fig. 3.22). This is based on the nominal time, 24 h, required for the earth
to rotate once i. e., 360°. Values east (west) of due south (north), morning (evening)
are positive (negative). Hence, the w can be defined by

w=15(12—h), (3.34)

where £ is the current hour of the day.

The solar altitude is the vertical angle between the horizontal and the line con-
necting to the sun. At sunset (sunrise) altitude is 0° and 90° when the sun is at the
zenith. The altitude relates to the latitude of the site, the declination angle, and the
hour angle.

3.10 Solar Geometry

The geometric relationship between the sun and the earth can be described by the
latitude of the site, the time of the year, the time of the day, the angle between the sun
and the earth, and the altitude and azimuth angles of the sun. Geometric fundamen-
tals, which are needed in solar radiation calculations, are presented in Fig. 3.25, in-
cluding the beam of direct solar irradiance / reaching a point A on horizontal terrain.

The solar declination, §, latitude, 6, hour angle (longitude), ¢, and the earth’s an-
gular rotational velocity, o, are the essential geometry and variables involved in the
determination of the duration of daily irradiation, and energy input by solar radia-
tion. O is the earth’s center, and [ is the vector of direct solar radiation reaching the
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EQUATOR

Ecliptic circle

Solar beam I

SOLAR NOON MERIDIAN

Fig. 3.25 Solar energy calculation geometry

earth’s surface in a parallel beam. The point A is located uniquely by the latitude 6
and hour angle ¢ (longitude). A positive (negative) longitude (hour angle) is mea-
sured counterclockwise (clockwise) from the solar noon meridian to the meridian
containing the point A. The hour angle is depicted by the circular sector, A to A’, on
a plane parallel to the equatorial plane.

The simple relationship between the hour angle, ¢, and the earth’s rotational an-
gular velocity, w, is w = d¢/dt, where approximately 27 radians is equal to 24 h
in the counterclockwise direction in the northern hemisphere. Time ¢ = 0 is chosen
to correspond to solar noon (location at Greenwich, UK). The beam of direct solar
radiation strikes perpendicular to a horizontal surface at point E’ on the solar noon
meridian and its latitude is called the solar declination (8). Its range is approximately
—23.45° < § <23.45° (Stacey 1992), being positive (negative) when it is the north-
ern (southern) hemisphere. The solar declination is about + 23.45°( —23.45°) on
the summer (winter) solstice in the northern (southern) hemisphere, and equals zero
on the autumnal and vernal equinoxes.

3.10.1 Cartesian and Spherical Coordinate System

Daily irradiation duration calculation on a sloping terrain can be appreciated using
a spherical coordinate system, which is very suitable for observing the passage from
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a horizontal to a sloping surface. The mutually orthogonal unit directions u,, ug,
and uy in a spherical coordinate system are shown in Fig. 3.26. Hence, an oblique
view can be obtained for the solar noon meridian and of the meridian containing the
sloping surface point A of latitude 6 and hour angle ¢. Here, the latitude is positive
(negative) for the northern (southern) hemisphere.

Geographically, the longitude and latitude (hour angle) can be expressed very
conveniently as the components of a spherical coordinate system with its origin at
the earth’s center. Hence, any point on the earth will have geographically its latitude,
6, on the line that connects this point to the earth’s center and perpendicular to this
line at the same geographic point the longitude, ¢, from the solar noon half meridian.
The first axis in the spherical coordinate system is the radial line from the earth’s
center to the location of the point on the earth’s surface; it falls on the radius of
the earth and is denoted by r with its unit vector as u,. This is the direction of the
horizontal plane normal vector. On the same point perpendicular to this axis there is
the second axis of the spherical coordinate system that lies within the meridian and
it is tangential to the earth’s surface. The unit vector of this axis is from the point A

23.5°

Solar noon meridian 0]

Solar beam, I

EQUATOR

Fig. 3.26 Spherical and Cartesian coordinate system positions
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toward the north (south) with positive (negative) angle values. Its unit vector is uy
as shown in Fig. 3.26. The completion of the spherical coordinate system requires
the third axis perpendicular to the previous two axes and it is tangential at the same
earth point to the latitude circle and its unit vector is ug.

On the other hand, there is another coordinate system in the form of Cartesian
axes that go through the earth’s center with the z axis directed toward the north
along the earth’s rotational axis with unit vector k. The x axis with its unit vector i,
goes through the earth’s center and it constitutes the intersection line between the
equator plane and the solar noon half meridian plane. The third Cartesian coordinate
axis is perpendicular to these two axes and has unit vector j. The change of the
geographic point on the earth changes the spherical system accordingly, but the
Cartesian system remains as it is. In solar energy calculations, it is necessary to
refer to the constant coordinate system, which is the defined as the Cartesian system
and hence all the directions must be expressed in terms of (i, j, K) unit vectors.

The unit vector u, is radial outward at point A and is perpendicular to the hori-
zontal plane tangential at point A where g is in the direction of increasing absolute
value of the latitude and it is tangential to the meridian containing point A and u
has the direction of increasing hour angle and in the mean time it is perpendicular
to both ug and u,. Hence, these unit vectors can be related to a Cartesian coordinate
system unit direction vectors i, j, and k by considering the earth’s center point O.

In Fig. 3.25, N indicates the north pole, and I is the direct solar radiation vector.
The k axis coincides with the direction of the line segment O-N, which is part of
the earth’s rotation axis, and the other two unit vectors, i and j, fall on the equatorial
plane. The u,, ug, and ug unit vectors can be expressed in terms of the latitude, hour
angle, and the Cartesian unit vectors i, j, and k, by considering from Fig. 3.26 the
projections of spherical coordinates on the Cartesian coordinate system as follows:

u, = (cos@cose)i+ (cosfsing)j+ (sinf)k, (3.35)

ug = (—sinf cosp)i+ (—sinfsing)j+ (cosH)k , (3.36)
and

uy = (—sing)i+ (cos¢)j . (3.37)

These equations are valid for horizontal planes with its normal vector that falls on
to the u, direction. Hence, there is no need for further calculation in order to define
the position of the horizontal plane. It is convenient to remember at this point that,
in the solar radiation and energy calculations, so far as the planes are concerned
their positions are depicted with the normal vectors. For the sake of argument, let
us define a plane with its three dimensions as the thickness, 7, length, Ly, and
width, Wy, where each subscript indicates the direction of each quantity. In other
words, any horizontal plane is defined by its latitudinal width, longitudinal length,
and radial thickness, as shown in Fig. 3.27.

This plane is horizontal in the sense that its normal direction coincides with the
radial axis of the spherical coordinate system (Fig. 3.26). Hence, the rotation of
this plane around the radial axis causes the plane to remain horizontal whatever the
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Fig. 3.27 Solar horizontal
plane

rotation angle. On the other hand, the horizontal plane becomes inclined in one of
the three rotations:

1. Rotation around the ¢ axis: It gives the plane a tilt angle, hence the new axis as
r’, 0, and ¢’ have the configuration in Fig. 3.28.
On the other hand, in the case of a sloping surface a view perpendicular to the
great circle containing the solar noon meridian appears as in Fig. 3.29.
Such a two-dimensional view shows several of the geometric factors governing
the solar radiation of a sloping surface where solar irradiance, /, falls at the base
of a slope, which can be downward or upward from the horizontal plane tangen-
tial at A’. Herein, a positive (negative) sign to a downward (upward) slope is
considered. The downward slope in this figure is rotated «°, which is the critical
angle, and if exceeded, would result in a shaded slope during solar noon. If the
view in Fig. 3.25 represents the northern hemisphere summer solstice then the
solar declination would be § = 23.45°, and day-long irradiation would be experi-
enced at latitudes 66.55° < 6° < 90°. On the other hand, Fig. 3.30 is a graphical

Fig. 3.28 ¢ axis rotation
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K Downward sloped plane

Upward sloped plane
Solar beam

Ur

Shaded /hemisphere

Solar beam, I

Solar noon meridian

Fig. 3.29 View perpendicular to the plane of a great circle

summary of a rotation of the coordinate vectors u,, ug, and uy exerted to achieve
a downward (positive) slope. The third unit vector uy = u;S is perpendicular onto
the plane and serves as the axis of rotation in this instance. An upward (negative)
slope would be achieved by making the rotation in a clockwise direction.

Here, « is the tilt angle or the slope angle, which is counted as positive toward
the north as upward slope. The new position of the plane has u,. as the new
normal and wj, axis perpendicular to it. This rotation will leave the unit vector
of the ¢ axis the same, hence, uy = u:p. The relationship between (u). and uy)
and the original axes unit vectors can be written as

u,. = (cosa)u, — (sina)uy , (3.38)

uy = (sin@)u, + (cosa)ug , (3.39)
and

u, =uy. (3.40)

Hence, the substitution of Eqs. 3.35 and 3.36 conveniently into the first two
equations gives the inclined plane expressions with respect to longitude and
latitude as follows:

u,. = (cosa cosf + sina sinf) cos i + (cosa cosd + sina sind) sin @

— (cosa sin—sina cosf)k , (3.41)
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Downward sloped plane

Solar beam, I

Fig. 3.30 Rotation of the spherical coordinate system to achieve a desired slope, o

“/0 = (sin cosf — cosa sinf) cos i + (sina cosd — cosa sinH) sin @
+ (sinasinf +cosasinf)k,  (3.42)

and
u:p =u,, (3.43)
or more succinctly
u, = cos(f — a) cos gi+ cos(d — o) singj+ sin(0 —a)k , (3.44)
u; = sin(f0 — ) cos gi+ sin(f — «) singj + cos(d + a)k , (3.45)
and
uy, =uy. (3.46)

2. Rotation around the 0 axis: It gives to the plane an aspect angle of € (see
Fig. 3.31). In this case, the 6 axis remains the same and the plane can be de-
fined with its new normal direction along the u// and perpendicular axis to it as
u;.

Similar to the previous case the Eqs. 3.41-3.43 remain the same except o will
be replaced by €2 and finally the relevant expressions are expressed succinctly
as

u = cos(6 — ) cospi+ cos(d — ) singj+sin(@ — Q)k , (3.47)
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T

Fig. 3.31 6 axis rotation

e

uy = sin(6 — Q) cos gi+sin(6 — Q) singj+cos(d + )k, (3.48)
and
u =ug . (3.49)

3. Two successive rotations, first around the ¢ axis and then subsequently around

the 0 axis: In this manner both o and €2 angles will be effective as in Fig. 3.32.
Figure 3.33 shows how a slope can be rotated ©2° west (east) of north to achieve
aspects ranging from 0° west (east) of north to 180° west (east) of north. The
accepted convention is to make €2 positive (negative) if the rotation is west (east)
of north.
The rotations in Fig. 3.33 with respect to the unit vectors e:p and e (see also
Fig. 3.32) lead to doubly rotated unit vectors u,’(= w}.), u;’, and ug’ . These
doubly rotated unit vectors provide the coordinate system with which to describe
the geometry of a sloping surface in full generality, and they are given by the
following equations:

u” =[cosa cost cosp — sina cos 2sind cos¢ + sina sin Qsingli+
[cosacosB sing — sina cos2sinf singp — sina sin 2cosgp]j+ , (3.50)

[cosasin® + sina cos 2cosf ]k

Fig. 3.32 ¢ and 6 axes rota-
tion
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Uy
Uy

Fig. 3.33 Rotation of the spherical coordinate system to achieve a desired aspect €2

u,’ =[—sinacosf cos¢p — cosa cos 2siné cos ¢ + sina sin 2sin @i+

— [sina cos 6 sing + cosa cos 2sinf sing + cosa sin2cosp]j+ ,(3.51)

[—sina sinf + cosa cos2cosO ]k
and

uy = —[—cosQsing + sinQsinb cos i+
[cos2cos¢ —sin 2sinf sinp]j+ (3.52)
[sinQcosf]k .

In the case of ¢ = Q2 = 0 the unit vectors in Eqgs. 3.50-3.52 revert to those in
Egs. 3.35-3.37, respectively.

3.11 Zenith Angle Calculation

It is possible to calculate the angle by considering the scalar vector multiplication
between the solar beam and the normal to the plane directions (Figs. 3.26, 3.33;
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Eq. 3.50), which can be expressed as

Teu! =1 |u)|cost, , (3.53)
where e indicates scalar multiplication. Equation 3.53 can be re-written as

Teuw/
cosf, = - |ur”’| . (3.54)
r

The absolute values on the right hand side are intensity of the vectors. From Fig. 3.26
one can express the solar radiation direction vector as follows:

I=(—cosé)i+ (—sind)k. (3.55)

The scalar multiplication in the numerator of Eq. 3.54 is equal to the multiplication
of the corresponding components of the two vectors. By considering that iei =
jej=kek=1andiej=1iek = jek = 0. The substitution of Egs. 3.54 and 3.55
into Eq. 3.47 yields

cosf, = (cosd sinacos 2sinf — cosd cosa cosd) cos P

—cosdsina sin2sinf — sind cosa sinf — sind sina cos 2cosf . (3.56)

This is the general expression and it is possible to deduce special case solutions. For
instance, in the case of the horizontal plane o = €2 = 0 and the resulting equation is

cosf, = —cosdcosf cos¢ —sind sinf . (3.57)

The same expression can be reached by the scalar multiplication of the sun beam and
u, vectors from Eqs. 3.33 and 3.55. This implies that the solar radiation direction is
in the opposite of r (zenith) direction, and therefore, one can write actually that

cosf; = cosdcosf cos¢p 4+ sind sinf . (3.58)

On the other hand, if the plane is tilted then only scalar multiplication of Eqgs. 3.40
and 3.55 yields

cosf; = —cosdcosa cosf cosp + cosd sina sinf cos ¢

—sindcosa sinf —sind sinw cos6 . (3.59)

By considering the basic trigonometric relationships this expression can be rewritten
succinctly as follows:

cosf, = —[cosScos¢cos(d +a) +sindsin(f0 — )] , (3.60)

which reduces to Eq. 3.55 when o = 0.
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3.12 Solar Energy Calculations

Once the solar irradiance, /, on the ground is known then the solar radiation per-
pendicular to a horizontal surface Iy can be calculated similar to Eq. 3.11 as

Iy = Icosb,, (3.61)

where 0, is the zenith angle (see Fig. 3.20). Hourly direct radiation is obtained by
integrating this quantity over a 1-h period:

1h
Iy =/Icos€Z (3.62)
0

In the measurement of direct irradiation, /4, two pyranometer readings are neces-
sary, one with and the other without an occulting device. The hourly beam radiation
on a horizontal surface is deduced from the difference between the these readings,
thus,

In=1-1,. (3.63)
Hence, the diffuse radiation can be obtained as
Iy=1—1y. (3.64)

The daily global radiation, Ipg, on a horizontal surface can be calculated by integra-
tion as

day
Ipg = / Ide. (3.65)
Similarly, daily diffuse radiation, Ipg, on a horizontal surface is
day
Ipg = / Iqdr. (3.66)

Hence, daily direct radiation is the difference between these two quantities and can
be written as

Ip = Ipg — Ipa. (3.67)

It is possible to calculate the daily solar energy input incident on a sloping terrain.
Considerations from Fig. 3.20 lead to the following expression for the daily solar
radiation energy input, Ip,y, onto a sloping surface as

¢SS
Ipay = / I cos6,do , (3.68)
¢S[
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where ¢g; and ¢ are any hour angles after the sunrise and before the sunset, respec-
tively, at the point A (Fig. 3.25). These angles expressed in radians in the limits of
integration depend on the latitude, 6, and the solar declination, 8, as is the case for
a horizontal surface, and, in addition, on the slope («) and aspect (£2) of an insolated
surface, in general.

On the other hand, the monthly average daily values of the extraterrestrial irra-
diation on a horizontal plane H and the maximum possible sunshine duration Sy
are two important parameters that are frequently needed in solar energy applications
(Chap. 4). The values of ‘H have been tabulated by Duffie and Beckman (1980) and
Igbal (1986) for latitude intervals of 5°. Most of the solar radiation researchers make
their own calculations for these parameters. For reducing the amount of calculations,
short-cut methods of using the middle day of each month or a single recommended
day for each month have often been employed (Klein 1977). The values of Hy for
a given day can be computed by

24 x 3600 SS

H, I $cosSsing + 2
= X €] COS®COSo SIn S
0 e 0 SS 360

sin¢ sin8> , (3.69)

where ¢ is the latitude, § is the declination angle, ¢ is the sunset hour angle, and ¢
is the eccentricity given in Eqs. 3.23 or 3.26. The monthly averages of Hy for each
month can be calculated for the ¢ values from 90°N to 90°S at 1° intervals from
Eq. 3.69.

On the other hand, values of monthly average daily maximum possible sunshine
duration Sy for a given day and latitude can be obtained from

2
So = Ecos—l(-tan¢tan§) ) (3.70)

The monthly averages, S, can be taken for all the ¢ values. The values of S, can be
computed from the following expression:

, 1 {cos85% —singsing
Sp = — cos .
15 cospcosé
The use of Eq. 3.64 instead of Eq. 3.63 can lead to substantial differences in the
values of Sp of up to 10%. Different solar radiation calculations can be obtained

from already prepared tables given by ASHRAE (1981). A suitable site for such
information is presented in http://www.solarviews.com.

(3.71)

3.12.1 Daily Solar Energy on a Horizontal Surface

Similar to Eq. 3.68, daily insolation, /p g, and solar energy input due to direct radi-
ation on a horizontal surface are given as

¢ss0
Ipg = / telpcost,dg , (3.72)
¢sr0
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where I is the solar constant, T is the total atmospheric transmissivity which as-
sumes values between 0 and 1 and it depends on the hour angle (see Sect. 3.11),
and ¢ is the eccentricity ratio (Egs. 3.23 or 3.26). Hence, the radiation flux is equal
to the fraction of solar constant as tely, which is equivalent to the terrestrial solar

radiation as

I=etly. (3.73)

Additionally, in Eq. 3.72 6, is the zenith angle at any point with latitude, 6, and
longitude, ¢ (see Fig. 3.34); and finally ¢ and ¢gg0 are the sunrise and sunset hour

angles, which are expressed in radians.
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' \
' '
' '
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\ '
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Fig. 3.34 Horizontal plane extraterrestrial and terrestrial irradiations
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Substitution of the relevant quantities from Eq. 3.58 into Eq. 3.61 gives the nor-
mal incidental solar radiation on a horizontal surface in its most explicit form as

Ig = lpe(cosd cosfcosgp + sindsinf) . (3.74)

This is the amount of solar radiation from the sun at any instant, but if the radiation
amount during a specific time interval, say dt, is requested then due to the linear
relationship with time the amount of solar energy becomes

dIy = Ipe(cosScosOcosg + sindsind)dz . (3.75)

If dr is in hours then the unit of this amount will be kJ/m?/h. It is necessary to
convert the time in hours to the hour angle by considering the rotational speed, w,
of the earth around it axis which leads to first w = 27 /24 = d¢/dt and, hence,

12
dr=--do. (3.76)
b4
Its substitution into Eq. 3.63 leads to
12 e
Iy = —Ipet(cosdcosfcosgp +sindsinf)deg . (3.77)
b4

Practical applications require adaptation of a unit time interval as 1 h and in this case
the i-th hour from the solar noon with ¢; hour angle at the midpoint of this period,
the radiation over a period of 1 h can be calculated as

¢i+m/24
12
Iy = —1Ipet / (cosdcosfcoseg +sindsinf)de . (3.78)
T
¢i—m /24

After the necessary algebraic calculations, it becomes approximately
12 e
Iy = —Ipet(cosdcosOcos¢ +sindsinb;) . (3.79)
bid

It is possible to calculate the daily solar radiation amount, Ip, from this last equation
by considering the sunrise and sunset hours at a particular point. It is assumed that
from sunrise to noon time there will be an increase in the hourly solar radiation and
then onward from noon to sunset there will be a decrease in a similar pattern. Hence,
the hourly solar radiation variation within the day is considered as symmetrical with
respect to noon time. Such a consideration gives the following simple equations:

(pSS ¢SS
Ip Z/IHdl‘ =2/IHdt . (3.80)
¢Sr O
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The substitution of Eq. 3.72 into this expression gives
24 b4 e
Ip = —1Ihet ﬁ(f)gs (siné sinf) + cos§ cos ¢ cos s | , (3.81)
T

where ¢ indicates the sunset time in degrees.

3.12.2 Solar Energy on an Inclined Surface

If the plane surface is tilted toward the equator then its position can be represented
schematically as in Fig. 3.35.

At the interface of the atmosphere and space the horizontal plane, which is per-
pendicular to the direction of the earth’s radius helps to define the extraterrestrial
solar radiation onto a horizontal and tilted surface (see Fig. 3.34). Incident extrater-
restrial solar beam radiation onto an inclined surface can be calculated as

I, = 1 cosBy = et lycosby (3.82)
and onto a horizontal surface as
Iy = Iycosa (3.83)

or

I = I, cosfycosc . (3.84)

In these expressions the symbol I means incident terrestrial solar radiation per unit
time and unit area (W/m?). Within one year on any day, the value of I can be
calculated according to Eq. 3.15 by considering the extraterrestrial irradiation solar
constant, Iy (W/mz), which is taken as Ip = 1360 W/m2 in many practical studies.
If the extraterrestrial solar radiation between two solar times (f > #1) is given for

Inclined plane

Horizontal plane

Fig. 3.35 Inclined plane terrestrial irradiation
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one hour then these expressions can be integrated over solar time as
5]
/Ia dr = Iy, (3.85)
3]
and onto a horizontal surface as
5]
/IZ dt = Io; . (3.86)
al

Consideration of Eq. 3.61 in a similar manner to Eq. 3.70 and then its substitution
into the last expression leads to:

2
12
I, = —1Ipet /[sinS sin(f —a) + cosd cos(6 — o) cosp]de . (3.87)
b4
#1
Again for a unit time period of 1 h and with ¢y, which is the hour angle at mid-hour,
it is possible to obtain from the last expression after integration, approximately,

12
I, = —Ipet [sindsin(@ — ) + cosdcos (0 —a) cospy] - (3.88)
b4

If the radiation is required for a shorter duration than one hour, Az, starting from
t1 and ending at #, (At =t — 2 < 1), then after the necessary calculations one can
obtain

12
LIl = Ioe {sinS Sin(0 — ) A + — cos 8 cos(6 — a) [sin(lStl) — sin(15t2)]} .
T
(3.89)

Herein, #; and #, are in hours from midnight. It is possible to determine # on a partic-
ular day (that is, a particular declination, §) that has irradiation equal to the monthly
average hourly irradiation. Monthly average extraterrestrial hourly irradiation, 17,
can be calculated as

Iot = Ia|8:56 . (390)

On the other hand, by considering the symmetry principle as in Eq. 3.73 the daily
irradiation on a tilted plane after the integration of Eq. 3.69 from sunrise to sunset
hour angles becomes

” $=min(¢z, Pg)
Toyday = g Ipet / [sinéd sin(f — «) +cosdcos(@ —a)cospldgp, (3.91)
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where ¢, is the solar hour corresponding to zenith time. It can be obtained by sub-
stituting 8, = 0 into Eq. 3.53, which gives

¢, =cos” ' [tanStan (0 — )] . (3.92)

If each of the sunset hour angles is considered as the minimum then the following
two expressions can be obtained:

24
Inday = ;Ioer [%dm sind sin(f — a) 4 cosd cos(d — o) sin¢5,:| , (3.93)

(for ¢, < ¢sr) ,

and

24
laday = —loeT [%% sin 8 sin(f — ) 4 cos 8 cos(d — a) sin¢5,:| . (3.94)

(forgps, < ;) .

In these expressions ¢, and ¢, should be substituted in degrees. Combination of
these two equations leads to

24
Today = ;Iosr [%qﬁw sind sin(f — «) +cosd cos (0 — o) sin¢sri| , (3.95)

where ¢, is min(@s, ¢,). Finally, the monthly average extraterrestrial daily irra-
diation Iy on a tilted surface toward the equator can be calculated similar to the
previous cases as

7ozday = Iozday|5:50 . (3.96)

3.12.3 Sunrise and Sunset Hour Angles

On any given day under clear-sky circumstances sunrise (sunset) occurs when so-
lar radiation shines for the first (last) time upon a surface. The difference between
the times of sunset and sunrise gives the duration of daily irradiation, which has
more involved calculations in the case of double sunrise (sunset) time for certain
combinations of slope, aspect, latitude, and solar declination.

During sunrise (sunset) the angle between the solar beam and the normal of
the plane is 6, = 90° and hence cosf, = cos90 = 0, the substitution of which into
Eq. 3.56 leads to the hour angle equation as

Acos¢p+ Bsing+C =0 (3.97)
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where A, B, and C depend on the slope, aspect, latitude, and solar declination as
follows:

A = —cosdcosacosf 4+ cosdsina cos 2sinf , (3.98)

B = —cosédsinasinQ2 (3.99)
and

C = —sind cosasinf — sind sina cos 2cosf . (3.100)

The general solution of Eq. 3.97 will be presented at the end of this section
for calculating the sunrise (sunset) hour. Two different solutions will fall into the
interval from O to 7w (—m to 0) corresponding to the sunset, ¢ (sunrise, ¢;.) hour.
However, for the time being the simplest solutions are from the substitution of o =
© = 0 first into Eqgs. 3.98—-3.100 and then Eq. 3.97 gives

cosd):—% = —tandtanf . (3.101)
For this case the sunrise-hour and sunset-hour angles are
$0 = —cos~ ! (—tandtanf) — 7w < 0 < 0 (3.102)
and
Pss0 = cos_l(— tandtanf) 0 < g0 < 7 , (3.103)

respectively. On the other hand, in terms of the earth’s angular rotation velocity, the
sunrise and sunset times can be expressed as

o = 2510 (3.104)
w
and
o = 2550 (3.105)
w

respectively. If ;0 < O the sunrise precedes the solar noon. In general, the duration
of daily insolation, Dy;, is the difference between the sunrise and sunset times as
given by

(¢er - d)ssO) )

w

In the northern hemisphere, locations with a latitude 90° —§ < 6 < 90° (with 0 > §)
are insolated 24 h daily, in which case, ¢s;0 = —7 and ¢50 = 7.

By viewing the earth from over the north pole when § = 23°45’ (summer sol-
stice), it is possible to determine the sunrise and sunset hour angles on a sloping
surface (see Fig. 3.36).

Dg; = ts10 — Iss0 = (3.106)
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Fig. 3.36 North pole view for inclined surface sunset hour

In this figure a downward sloping plane is located at point A with aspect Q =
—90° due east. For a horizontal plane at point A the sunset hour angle, ¢y, is given
by Eq. 3.103. Additionally, the theoretical sunset hour angle ¢, from Eq. 3.97 is
smaller than ¢s0. Hence, the actual sunset hour angle is, ¢ss = @7, because at angle
¢ss0 the sloping plane is shaded by the curved shape of the earth.

On the other hand, Fig. 3.37 is the continuation of the situation with point A
emerging from darkness.

The theoretical sunrise hour angle ¢ from Eq. 3.97 is smaller with more negative
values than ¢gs. Hence, is does not equal the actual sunrise hour angle. However,
the actual sunrise hour angle equals ¢, the sunrise hour angle at A on a horizontal
surface. This is due to the fact that at angle ¢ the point A is under the earth’s
shadow geometry. The last two figures imply that the solutions from Eq. 3.103 for
¢ and ¢ equal the actual sunrise and sunset hour angles, respectively, when the
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Fig. 3.37 North pole view for inclined surface sunrise hour

sloping plane is not shaded at ¢, or at ¢J;. This same conclusion is valid in the most
general plane position with any slope, «, and aspect, €2 angles.

Hence, it is possible to arrive at the following rules for determining the actual
sunrise and sunset hour angles as

$sr = max (g, , Psro) T <¢s=0 (3.107)
and

$ss =min(gg,, dss0) 0=y <7, (3.108)
respectively. It has already been explained that some combinations of latitude, solar
declination, slope, and aspect produce 24-h daily insolation, where ¢y = —m and

¢ss = m. After the determination of ¢ and ¢gs they can then be substituted into
Eq. 3.72 to calculate the daily energy input. Similar to Eq. 3.106 the duration of
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daily insolation can be obtained as

1
Dy =tss— 1t = 5 ((bss - (bsr) s (3-109)

where # and 7 are the times of sunrise and sunset, respectively.

In order to solve Eq. 3.97 in a general form it is necessary to relate sin¢ and
cos ¢ terms through the well-known trigonometric relationship, sin” ¢ +cos? ¢ = 1,
the substitution of which into Eq. 3.97 yields, after some algebra,

(A2+Bz)cosz¢+2ACcos¢+(CZ—BZ) —0. (3.110)

This expression has two roots, namely, for sunrise, ¢, and sunset, ¢gs. Although for
a horizontal plane they are symmetrical, for inclined planes they are asymmetrical.
The general solution of Eq. 3.110 gives

—AC— | [4A2C2 —4(A2+ B?) (C? - B?)
2(A%+B?)

¢sr = CcOs™ (3.111)

and

—AC+,/4A2C2 — 4(A2 + B?) (C? - B?)
2(A2+B?)

s = cos~ (3.112)

In the case of a horizontal plane ¢« = Q2 = 0 and from Eqgs. 3.98-3.100 A =
—cosdcosf, B=0, and C = —sind sinf and their substitutions into these last two
expressions yield Eqgs. 3.102 and 3.103, respectively.

3.12.3.1 Double Sunrise and Sunset

The northern (southern) high latitudes with steep slope produce two sunrises, (sun-
sets) Gsr1, Psi2, With @sr1 > Psr2 (@ss1, Pss2, With Pss2 > 1) hour angles. For in-
stance, if the critical slope in Fig. 3.29 is exceeded then a shaded slope is produced
during an interval that would otherwise be in light. This slope may be insolated prior
to and after that interval of darkness hence causing to two sunrises and two sunsets.
The first sunrise occurs when the sun first shines on the slope on any clear-sky day.
The first sunset ends the first period of insolation, at which time darkness sets in on
the slope until the second sunrise (¢2) restarts insolation. The latter ends with the
second sunset (¢ss2). In this case the energy input Eq. 3.68 can be expressed as

Pss1 Gss2
Iszfl-u;”d¢+f1-u;”d¢, (3.113)
Gl bsr2

where all the intervening terms are defined exactly in association with Eq. 3.59.
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The angles are expressed in radians. Hence, ¢gr1 = Psr0, Pss1 = Pl dor2 = ¢, and
bss2 = Pss0, Where ¢gr0 and ¢ggo are defined in Eqgs. 3.107 and 3.108, respectively,
and correspond to the horizontal-case hour angles. In the case of double sunrise and
sunset situations the duration of daily insolation can be expressed as follows:

1
Dy = 5 ((bssl - ¢sr1 +¢552 - ¢sr2) . (3~114)
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Chapter 4
Linear Solar Energy Models

4.1 General

Long-term average values of the instantaneous (or hourly, daily, monthly) global
and diffuse irradiation on a horizontal surface are needed in many applications of
solar energy designs. The measured values of these parameters are available at a few
places. At others no measurements exist and here the usual practice is to estimate
them from theoretical or empirical models that have been developed on the basis of
measured values.

In practical studies it is a logical and rational idea that the solar radiation is di-
rectly proportional to the sunshine duration. The formulation of the proportionality
can be derived from the measurements of the variables through scatter diagrams
and most often by the application of statistical regression methods. In this book, the
reader is advised to look at the scatter diagrams visually and make interpretations
prior to any modeling attempt. Like in any other discipline of science, early solar
energy models have linear mathematical forms similar to scientific laws (Newton,
Hooke, Fourier, Fick, Hubble, Ohm, Darcy), which express linear relationships be-
tween two relevant variables. For instance, provided that the mass is constant the
force is directly and linearly proportional to the acceleration. Similarly, in the solar
energy literature, before entering into more complicated and sophisticated models,
the original models expressed the relationship between solar radiation and the sun-
shine duration as a straight line. Such a pioneering relationship was presented by
Angstrom in 1924. The first attempt to analyze the hourly radiation data is due to
Hoyt (1978) who employed the data of widely separated localities to obtain the
curves or the ratio (hourly/daily) for the observed global radiation versus the sunset
hour angle for each hour from 9 a.m. to 3 p.m. Liu and Jordan (1960) extended the
day length of these curves.

Knowledge of the amount of solar radiation falling on a surface of the earth
is of prime importance to engineers and scientists involved in the design of solar
energy systems. In particular, many design methods for thermal and photovoltaic
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systems require monthly average daily radiation on a horizontal surface as an input,
in order to predict the energy production of the system on a monthly basis (Beck-
man et al., 1977; Ma and Igbal 1984; Thevenard et al., 2000).

This chapter will first provide the fundamental assumptions in a linear model,
such as the Angstrom model and then several alternatives with the exclusion of
a few restrictive assumptions. The whole modeling procedure revolves around the
plausible estimation of the model parameters from a given set of data. In gen-
eral, Angstrom model parameter estimations are achieved through the application
of a classic statistical regression approach, which has a set of restrictive assump-
tions that are not taken into account in almost all the practical applications.

4.2 Solar Radiation and Daylight Measurement

Systematic measurements of diffuse solar energy and the global (total) irradiation
incident on a horizontal surface are usually undertaken by a national agency, which
is the national meteorological office in many countries. The measurement network
includes pyranometers, solarimeters, or actinography instruments for this purpose.
At several locations direct or beam irradiation is measured by a pyrheliometer with
a fast-response multi-junction thermopile. Diffuse irradiance is measured at a set
of stations by placing a shadow band over a pyranometer. In practice, it is very
important to appreciate the order of measurements prior to any modeling study both
for solar radiation and sunshine duration or daylight. The present state of solar
radiation and daylight models is such that they are approaching the accuracy limits
set out by the measuring equipment (Gueymard 2003; Perez et al., 1990). Radiation
in the visible region of the spectrum is often evaluated with respect to its visual
sensation effect on the human eye.

There is a relative abundance of sunshine duration data and therefore it is a com-
mon practice to correlate the solar radiation to sunshine duration measurements.
In many countries, diurnal bright sunshine duration is measured at a wide number
of places. The hours of bright sunshine are the time during which the sun’s disk
is visible. It has been measured using the well-known Campbell-Stokes sunshine
recorders, which use a solid glass spherical lens to burn a trace of the sun on a grad-
uated paper. It produces the trace whenever the beam irradiation is above a critical
level. Although the critical threshold varies loosely with the prevailing ambient con-
ditions, the sunshine recorder is an economic and robust device and hence it is used
widely. The limitations of the Campbell-Stokes sunshine recorder are well known
and have been discussed in the Observers’ Handbook (1969), Painter (1981), and
Rawlins (1984). Some of the associated limitations with this device are that the
recorder does not register a burn on the card below a certain level of incident ra-
diation, which is about 150—300 W/m?2. On a clear day with a cloudless sky the
burn does not start until 15 —30 min after sunrise and usually ceases about the same
period before sunset. This period varies with the season. On the other hand, under
periods of intermittent bright sunshine the burn spreads. The diameter of the sun’s



4.2 Solar Radiation and Daylight Measurement 103

»

\ Peak sun hours
«— 3

E , o . :

= 1000 W/m~ | : ,

3 :

£ /T\ Solar irradiance

'-g .

E Solar

=] insolation

= .

A i

Sunrise Noon Sunset Time of day (hours)

Fig. 4.1 Peak sun hours

image formed by the spherical lens is only about 0.7 mm. However, a few seconds
of exposure to bright sunshine may produce a burn width of about 2 mm. As such,
intermittent sunshine may be indistinguishable from a longer period of continuous
sunshine.

The results of the earth’s motion and the atmospheric effects at various locations
have led to essentially two types of solar insolation data as the average daily and
hourly data. Unlike irradiation, which is defined as the solar power per unit area,
solar radiation is radiant energy per unit area. Solar radiation is determined by sum-
ming solar irradiance over time and it is expressed usually in units of kW/m? per
day.

The number of peak sun hours per day at a given location is the equivalent time
(in hours) at peak sun condition (1000 W/m?) that yields the same total insolation.
Figure 4.1 shows how peak sun hours are determined by constructing a graph having
the same area as that for the actual irradiation versus time.

In order to homogenize the data of the worldwide network for sunshine du-
ration, a special design of the Campbell-Stokes sunshine recorder, the so-called
Interim Reference Sunshine Recorder (IRSR), was recommended as the reference
(WMO 1962). According to WMO (2003), sunshine duration during a given period
is defined as the sum of that sub-period for which the direct solar irradiance exceeds
120 W/m?.

4.2.1 Instrument Error and Uncertainty

Any measurement includes systematic, random, and equipment inherent errors. An-
gus (1995) has provided an account of the measurement errors associated with solar
radiation and sunshine duration measurements. He stated that the most common er-
ror sources arise from the sensors and their construction. Among such error types
are the following:

1. Cosine response
2. Azimuth response
3. Temperature response
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Spectral selectivity

Stability

Non-linearity

Thermal instability

Zero offset due to nocturnal radiative cooling

PNk

Pyranometers in use have to meet the specifications set out by World Meteo-
rological Organization (WMO). The cosine effect error is the most apparent and
widely recognized error, which is the sensor’s response to the angle at which ra-
diation strikes the sensing area. The more acute the angle of the sun (at sunrise
and sunset), the greater this error at altitude angles of the sun below 6°. This er-
ror source can be avoided through the exclusion of the recorded data at sunrise and
sunset times.

The azimuth angle error appears as a result of imperfections of the glass domes.
This is an inherent manufacturing error which yields a similar percentage error to
the cosine effect. Like the azimuth error, the temperature response of the sensor is an
individual fault for each cell. The photometers are thermostatically controlled and
hence the percentage error due to fluctuations in the sensor’s temperature is reduced.
However, some pyranometers have a much less elaborate temperature control sys-
tem. The pyranometers rely on the two glass domes to prevent large temperature
swings. Ventilation of the instrument is an additional recommended option.

The spectral selectivity of some pyranometers is dependent on the spectral ab-
sorbance of the black paint and the spectral transmission of the glass. The overall
effect contributes only a small percentage error to the overall measurements. Each
sensor possesses a high level of stability with the deterioration of the cells resulting
in approximately 1% change in the full-scale measurement per year. Finally, the
non-linearity of the sensors is a concern especially with photometers. It is a function
of illuminance or irradiance levels and tends to contribute only a small percentage
error toward the measured values. Table 4.1 provides details of the above-mentioned
uncertainties.

In addition to the above sources of equipment-related errors care must be taken
to avoid operational errors such as incorrect sensor leveling and orientation of the
vertical sensors as well as improper screening of the vertical sensors from ground-
reflected radiation.

4.2.2 Operational Errors

The sources of operation-related errors are self-explanatory and they can be catego-
rized as follows:

1. Complete or partial shade-ring misalignment

2. Dust, snow, dew, water droplets, bird droppings, efc.
3. Incorrect sensor leveling

4. Shading caused by building structures
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9]

Electric fields in the vicinity of cables
Mechanical loading on cables
7. Orientation and/or improper screening of the vertical sensors from ground-
reflected radiation
8. Station shut down
9. Improper application of diffuse shade-ring correction factor
10. Inaccurate programming of calibration constants

o

It is good practice to protect cables from strong electric fields such as elevator
shafts. Another source of error that may arise is from cables under mechanical load
(piezoelectric effects), which is the production of electrical polarization in a material
by the application of mechanical stress. Failure to protect cables from the above
sources may produce “spikes” in the data and these are shown as unusually high
values of solar irradiance. Figure 4.2 demonstrates the sources of error categorized
under items (1) and (2) discussed above.

Such errors are best highlighted via a scatter diagram by plotting the diffuse ratio
(the ratio of horizontal sky diffuse and the total or global irradiance) against clear-
ness index (the ratio of horizontal global to extraterrestrial irradiance). Any serious
departure of data from the normally expected trend can hence be identified.

4.2.3 Diffuse-Irradiance Data Measurement Errors

Historically, meteorological offices worldwide have used a shade-ring correction
procedure that is based on the assumption of an isotropic sky. However, during
the past 15 years a number of alternate, more precise methods that are based on
a realistic, anisotropic sky have been established (Kreider and Kreith 1981; Perez
etal., 1990). Old isotropic-sky-corrected diffuse-irradiation records are slightly high

Table 4.1 WMO classification of pyranometers

Characteristics Secondary First Second
standard  class class

Resolution (smallest detectable change in W/ m?2) +1 +5 +10

Stability (percentage of full scale, change per year) +1 +2 +5

Cosine response (% deviation from ideal +3 +7 +15

at 10° solar elevation on a clear day)

Azimuth response (% deviation from ideal +3 +5 +10

at 10° solar elevation on a clear day)

Temperature response (% maximum error due to change +1 +2 +5

of ambient temperature within the operating range)

Non-linearity (% of full scale) +0.5 +2 +5

Spectral sensitivity (% deviation from +2 +5 +10

mean absorbance 0.3 — 3 um)
Response time (99% response) <25s <60s  <240s
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Fig. 4.2 Demonstration of the sources of measurement errors (Lof et al., 1966)

(low) for overcast conditions by up to 10% for clear-sky conditions. It is imperative
that due care is taken in using a precise and validated shade-ring correction pro-
cedure since any errors in horizontal diffuse-irradiance records will be multiplied
by a large factor when horizontal beam irradiance and subsequently the total slope
energy computations are undertaken.

Drummond (1965) estimates that accuracies of 2—-3% are attainable for daily
summations of radiation for pyranometers of first-class classification. Individual
hourly summations even with carefully calibrated equipment may be in excess of
5%. Coulson (1975) infers that the errors associated with routine observations may
be well in excess of 10%. There are isolated cases of poorly maintained equipment,
but those that are in the regular network may exhibit monthly averaged errors of
about 10%. However, not all designs of the latter sensor can claim even this level of
accuracy. These figures must be borne in mind when evaluating the accuracy of the
relevant models.

4.3 Statistical Evaluation of Models

The accuracy of the solar radiation mathematical models is important not only in the
final stages of projects, but particularly in the initial stages prior to any systematic
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model construction work. Apart from the scatter diagram inspections, examination
of residuals (model errors) is also recommended after the model establishment. The
procedure is to produce a graph of the model error, e, which is the difference be-
tween measurements, Y; and corresponding model estimates, ?,- i=12,....,n).
These errors, (¢; = Y; — ﬁ), are plotted against the independent variable X; on
a Cartesian coordinate system (Fig. 4.3). In such a graph there may arise various
alternative patterns which are:

1.

2.

Adequate model: If the scatter of points appears as in Fig. 4.3a then the model is
adequate, because the model errors are scattered independently from each other.
Transformation model: If the band of error scatter widens (or narrows) as X; or
Y; increases, as in Fig. 4.3b, then it indicates a lack of constant variance of the
residuals, which is one of the violations of the regression model validity. The
corrective measure in this case is a transformation of the Y variable until the
error scatter appears as in Fig. 4.3a.

Linear independent model: A plot of the residuals such as in Fig. 4.3c indicates
the absence of an independent variable in the model under examination, which
is not a suitable model.

Non-linear independent model: If the scatter of points is as in Fig. 4.3d then
a non-linear term must be added to the initial model.
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Fig. 4.3 a—d. Model validation
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Another significant verification approach in modeling is the scatter diagram of
measurements against corresponding model estimates. In the case of an adequate
model the scatter of points should be close to the 45° line in a random manner as in
Fig. 4.4 (Sen 2001a).

In practical studies, especially in the modeling of solar radiation from sunshine
duration measurements, it is not possible to obtain a perfect plot on a 45° straight
line. Less than £10% deviations from the 45° line are acceptable in practical stud-
ies (Sen 2001a). However, some researchers may prefer 5% or less. Figure 4.5
presents some cases that can be encountered in modeling, but they are not exhaus-
tive and there may be other scatter patterns, which must be interpreted and the model
adjustment made accordingly.

In the next sections of this chapter and in Chaps. 5 and 6 a number of models
will be presented wherein one dependent variable is regressed against one or several
independent variables or additional non-linear terms.

Often correlation between two quantities is also to be examined. In solar energy
literature it has become common practice to refer to regression models as “cor-
relation equations” based on the well-known least squares method. Correlation is
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Fig. 4.5 a—f. Scatter diagrams of measurement-model values
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the degree of relationship between variables, which helps to seek determination of
how well a linear model describes the relationship. On the other hand, regression is
a technique of fitting linear or non-linear models between a set of n dependent, Y7,
and independent X;(i = 1,2,...,n) variables. In solar energy modeling most often
a simple regression equation is used with one independent variable, X, in the form
with constants @ and b as

Y=a+bX. “.1)

Provided that n pairs of measurements (X;, ¥;) are available then the model pa-
rameter estimations can be found from the simple classic regression approach as

a=Y —bX 4.2)
and
YX—-XY
X2—X2

where over-bars indicate the arithmetic averages of the attached variable
(Davis 1986). For instance, X is the arithmetic average of X. On the other hand,
there are also non-linear models between the solar radiation and sunshine duration
as will be explained in Chap. 5. However, one alternative of such models may have
the following quadratic and power mathematical forms:

Y =a+bX+cX? (4.4)
or

Y=a+bX", 4.5)

where a, b, and ¢ are model parameters.

4.3.1 Coefficient of Determination (R?*)

In statistics literature, it is the proportion of variability in a data set that is accounted
for by a statistical model, where the variability is measured quantitatively as the sum
of square deviations. Most often it is defined notationally as

n ~ . 2
Z Yi—Y

R2=%. (4.6)
> (v,-7)

i=1
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This can also be expressed as
(o <R*< 1) . 4.7)

Herein, ¥; and Y; are the measurements and model estimates, respectively. A high
value of R? is desirable as this shows a lower unexplained variation. R is a statistic
that gives some information about the goodness-of-fit of a model. In regression, the
R? coefficient of determination is a statistical measure of how well the regression
line approximates the real data points. An R? of 1.0 indicates that the regression line
perfectly fits the data, which is never valid in any solar radiation estimation model.

4.3.2 Coefficient of Correlation (r)

The correlation coefficient implies the strength and direction of a linear relation-
ship between two variables. In general, its statistical usage refers to the departure of
two variables from independence. In this broad sense, there are several coefficients,
measuring the degree of correlation. For instance, the square root of the coefficient
of determination is defined as the coefficient of correlation, —1 < r = VR? < 1.
It is a measure of the relationship between variables based on a scale ranging be-
tween —1 and +1. Whether r is positive or negative depends on the inter-relationship
between X; and Y;, i. e., whether they are directly proportional (high Y; values fol-
low high X; values) or vice versa. Once r has been estimated for any fitted model,
its numerical value may be interpreted as follows. For instance, if for a given regres-
sion model r = 0.9, it means that R?> = 0.81. It may be concluded that 81% of the
variation in Y has been explained (removed) by the model under discussion, leaving
19% to be explained by other factors.

The significance of r can be checked by Student’s t-test statistic, which is given as

t:«/n—Z(—%) , (4.8)

where n is the number of data points and (n — 2) is the degrees of freedom (d.f.).
If for a given location a regression model between average clearness index (Kr)
and monthly averaged sunshine fraction (S/Sp) gives r> = 0.64 for 12 pairs of data
points, then ¢t = (12—2)%3{0.8 //(1—0.64) } = 4.216. In this example there are
10d.f.. Thus from Table 4.2 the value of r = 0.8 is significant at 99.8% but not at
99.9% (note that for d.f. = 10, r = 4.216 lies between 4.144 and 4.587 correspond-
ing to columns for 0.998 and 0.999, respectively). In general terms, this means that
the regression model may yield estimates with 99.8% confidence.
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Table 4.2 Percentile values for Student’s ¢-distribution

d.f. Significance level
0.95 0.98 0.99 0.998 0.999

12.706  31.821 63.657 318.310 636.620

2 4.303 6.965 9.925 22.327 31.98
3 3.182 4.541 5.841 10.214 12.924
4 2.76 3.747 4.604 7.173 8.610
5 2.571 3.365 4.032 5.893 6.869
6 2.447 3.143 3.707 5.208 5.959
7 2.365 2.998 3.499 4.785 5.408
8 2.306 2.896 3.355 4.501 5.041
9 2.262 2.821 3.250 4.297 4.781
10 2.228 2.764 3.169 4.144 4.587
15 2.131 2.602 2.947 3.733 4.073
20 2.086 2.528 2.845 3.552 3.850
25 2.060 2.485 2.787 3.450 3.725
30 2.042 2.457 2.750 3.385 3.646
40 2.021 2.423 2.704 3.307 3.551
60 2.000 2.390 2.660 3.232 3.460
120 1.980 2.358 2.617 3.160 3.373
200 1.972 2.345 2.601 3.131 3.340
500 1.965 2.334 2.586 3.107 3.310
1000 1.962 2.330 2.581 3.098 3.300
00 1.960 2.326 2.576 3.090 3.291

4.3.3 Mean Bias Error, Mean of Absolute Deviations,

and Root Mean Square Error

In order to gain further insight into the performance evaluation of a model, mean
bias error (MBE), mean absolute deviation (MAD), and root mean square error
(RMSE) may be defined in sequence as follows:

and

n

1 .
MBE = - 3 (Y,- — Y,-) , (4.9)

MAD = —

¢ ,
I’lZ Y,-Y

RMSE = —

LT LG
- [Z (Yi—Y,-) ] . @.11)

i=1

i=

i=1

) (4.10)

The MBE is given as the arithmetic average of the errors. If its value is equal to zero,
it does not mean that the model yields estimations without error. The MBE provides
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a measure of the overall trend of a given model, i. e., predominantly over-estimating
(positive values) or under-estimating (negative values). However, the smaller the
MBE the better is the model result.

On the other hand, in an acceptable model, the MAD value should be as close as
possible to zero, but never equal to zero in the solar radiation modeling.

The RMSE is similar to the MAD and provides a measure of squared deviations.
In statistics, the RMSE of an estimator is the square root of the expected value of the
square of the “error.” The error is the amount by which the model estimate differs
from the corresponding measurement. The error occurs because of randomness or
the model does not account for information that could produce a more accurate
estimate.

These error formulations provide quantitative measures which have the same
physical units as the dependent variable, Y;. In some instances, non-dimensional ver-
sions of MBE (NDMBE), MAD (NDMAD), and RMSE (NDRMSE) are required,
which are defined simply as follows:

1< Y — ﬁ'
NDMBE = — — (4.12)

i=1

n

1 .
NDMAD = —Z AN (4.13)
n-~
i=1
and
N2 1/2
1 Yi =Y
NDRMSE = — _ . (4.14)
n Y;

4.3.4 Outlier Analysis

Often in solar radiation studies one encounters data that lie unusually far removed
from the bulk of the data population. Such data are called “outliers.” One definition
of an outlier is that it lies three or four standard deviations or more from the mean of
the data population. The outlier indicates peculiarity and suggests that the datum is
not typical of the rest of the data. As a rule, an outlier should be subjected to partic-
ularly careful examination to see whether any logical explanation may be provided
for its peculiar behavior.

Automatic rejection of outliers is not always very wise. Sometimes an outlier
may provide information that arises from unusual conditions. Outliers may however
be rejected if the associated errors may be traced to erroneous observations due to
any one or a combination of factors. Statistically, a “near outlier” is an observation
that lies outside 1.5 times the inter-quartile range, which is the interval from the 1st



4.4 Linear Model 113

quartile to the 3rd quartile. The near outlier limits are mathematically defined as
follows:

Lower outlier limit: 1st quartile — 1.5 (3rd quartile — 1st quartile)

Upper outlier limit:  3rd quartile + 1.5 (3rd quartile — 1st quartile)

Likewise, far outliers are defined as the data whose limits are defined below:

Lower limit: Ist quartile — 3 (3rd quartile — 1st quartile)
Upper limit: 3rd quartile 4+ 3 (3rd quartile — 1st quartile)

4.4 Linear Model

The most widely used and the simplest equation relating radiation to sunshine dura-
tion is the Angstrom-Prescott relationship (Angstrom 1924; Prescott 1940), which
can be expressed as a linear regression expression

LR (4.15)
— =da —, .
Hy N

where H is the monthly average daily radiation on a horizontal surface, H is
the monthly average daily horizontal extraterrestrial radiation, n is the number
of hours of bright sunshine per month, N is the total number of daylight hours
in the month, and, finally, @ and b are model constants that should be deter-
mined empirically from a given data set. Angstrom (1929), Gueymard et al. (1995),
Sahin et al. (2001), and Wahab (1993) assume a wide range of values depending on
the location considered. If it is not possible to estimate these parameters from mea-
sured data for a specific location, they can be inferred from correlations established
at neighboring locations as will be explained in Chap. 6 (Palz and Greif 1996; Sen
and Sahin 2001).

The empirical determination of a and b is the greatest shortcoming of the
Angstrom-Prescott relationship and it limits the usefulness of the formula. The
Suehrcke derivation (Suehrcke 2000; Suehrcke and McCormick 1992) is presented
here briefly. For a given month with a number of hours #n of bright sunshine, the
clear air sunshine fraction f;jeqr 1S defined as

n

fclear = N s (4'16)

where N is the total number of daylight hours in the month. Suehrcke (2000) equates
this approximately to

Hy

H b,clean

, 4.17)

where Hy, is the monthly average of daily horizontal surface beam (direct) radiation
and Hp clean 1s the monthly average of daily clear-sky horizontal surface beam radi-
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ation. In order to relate Hy, to monthly mean daily horizontal surface radiation H,
Suehrcke uses the Page (1961) diffuse fraction relationship as

Ha _
— =1-CK, (4.18)
H

where Hgy 1s the monthly mean daily horizontal surface diffuse radiation, C is a con-
stant, and K is the monthly mean daily clearness index defined as
— H
K=—, (4.19)
Hy

with H( the monthly mean daily horizontal extraterrestrial radiation. Given that by
definition

H=Hy+Hqy (4.20)
and considerations from Eqgs. 4.18—4.20 lead to
Hy=CHK", 4.21)

the same relationship for ﬁb,clean is

— — =2
Hb,clear = CHOKclear ’ (4.22)
where K ¢jeqr is the monthly average clear-sky clearness index defined as
_ Hy
K clear = ﬁczar ’ (4.23)

where H gjeqr is the monthly mean daily horizontal surface clear-sky radiation. Elim-
ination of the constant C leads to Suehrcke’s relationship

— 2
— K
(= . 4.24
f clear ( Kclear) ( )

The only semi-empirical constant is K clear, Which is a measurable quantity and it
depends on the local atmospheric conditions and according to Suehrcke (2000) it is
typically between 0.65 and 0.75.

On the other hand, by definition bright sunshine duration s is the number of
hours per day that the sunshine intensity exceeds some predetermined threshold of
brightness. Angstrom (1924, 1929) proposed a linear relationship between the ratio
of monthly averaged global radiation H to cloudless global irradiation H.e and
monthly averaged sunshine duration, s leading to

H
Heg

=c1+(1— cl)%, (4.25)
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where ¢; = 0.25 and S is the monthly averaged astronomical day duration (day
length). Angstrom (1929) determined the value of ¢; from Stockholm data, but it
was not until more than 30 years later that he (Angstrom 1956) stated that Eq. 4.25
was obtained from mean monthly data and should not be used with daily data.

In order to eliminate H from sunshine records, Angstrom’s model required
measurements of global radiation on completely clear days, Hcg. The limitation
prompted Prescott (1940) to develop a model that was a fraction of the extraterres-
trial radiation on a horizontal surface ﬁo rather than Heg, since ﬁo can be easily cal-
culated. Hence, the modified Angstrom model, referred to as the Angstrom-Prescott
formula (Gueymard et al., 1995; Martinez-Lozano et al., 1984) is

L + s (4.26)

T, c+c 3 .
where the over-bars denote monthly average values, and c; = 0.22 and c3 = 0.54 are
determined empirically by Prescott (1940). Since then many empirical models have
been developed that estimate global, direct, and diffuse radiation from the number of
bright sunshine hours (Ahmad et al., 1991; Hay 1979; Igbal 1979; Lof et al., 1966;
Rietveld 1978; Sahin and Sen 1998). All these models utilize coefficients that are
site specific and/or dependent on the averaging period considered. This confines
their application to stations where the values of the coefficients were actually deter-
mined, or, at best, to localities of similar climate, and for the same average period.

Hay (1979) lessened the spatial and temporal dependence of coefficients by in-
corporating the effects of multiple reflections, but his technique requires surface
and cloud albedo data. More recently, Suehrcke (2000) has argued that the relation-
ship between global radiation and sunshine duration is approximately quadratic and
thus the linear Eqs. 4.25 and 4.26 are of the wrong functional forms. A few authors
have considered the relationships between sunshine duration, observed irradiation,
and potential daily clear-sky beam radiation. Suehrcke and McCormick (1992) first
proposed the following relationship:

Hy

K
=, 4.27
Hye S )

where Hy, is the monthly averaged daily beam radiation on the horizontal surface,
and Hy. is the monthly averaged potential daily clear-sky beam irradiation on a hor-
izontal surface. The same relationship was subsequently used to predict the perfor-
mance of a solar hot water system. Hinrichsen (1994) employed Eq. 4.25 to assign
physical meaning to coefficients ¢, and c3 in Eq. 4.26, while Suehrcke (2000) used
Eq. 4.27 to derive his non-linear relationship between global radiation and sunshine
duration.
The physical arguments suggest that the same relationship exists for irradiation
at normal incidence. Indeed, Gueymard (1993) proposed that
Hon _ 5 (4.28)
Hyne Sc
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where Hyp, is the monthly averaged daily beam irradiation at normal incidence,
Hypy is the monthly averaged potential daily clear-sky beam irradiation at normal
incidence, and S_ is the monthly averaged day length modified to account for when
the sun is above a critical solar elevation angle. The ratio 5/S, is similar to 5/ in
Eqs. 4.25-4.27 except S corrects for the irradiation threshold of sunshine recorders.
The basis of Eqs. 4.27 and 4.28 is that for a given day the beam radiation incident
at the surface (Hp or Hyy) is a fraction, s/S, of what would have been incident if
the sky had been clear all day. In the absence of clouds, Hy. and Hppe are func-
tions of atmospheric scattering and absorption processes. The appeal of Eqs. 4.27
and 4.28 is twofold: they provide a means of estimating the potential beam irradia-
tion and they do not contain empirically derived coefficients. However, a minimum
averaging period is recommended when using these equations to estimate potential
beam irradiation. A monthly period has been suggested by Gueymard (1993). The
time averaging is necessary since s is simply the total number of sunshine hours
per day and provides no information about when the sky was cloudless during any
given day. There are several other assumptions in Eqs. 4.24 and 4.25. Turbidity and
precipitable water are the same during cloudless and partly cloudy days, measure-
ments of s are accurate, and the sunshine recorder threshold irradiance is constant
and known.

4.4.1 Angstrom Model (AM)

Different global terrestrial solar radiation estimation models on the earth’s surface
are proposed, which use the sunshine duration data as the major predictor at a loca-
tion. Some others include additional meteorological factors, such as the temperature
and humidity, but all the model parameter estimations are based on the least squares
technique and mostly a linear regression equation is employed for the relevant rela-
tionship between the terrestrial solar radiation and the predictor factors.

Angstrom (1924) provided the first global solar radiation amount estimation
model from the sunshine duration data. This model expresses the ratio of the av-
erage global terrestrial irradiation, H, to extraterrestrial irradiation, which is the
cloudless irradiation, Hy, in linear relationship to the ratio of average sunshine du-
ration, S, to the cloudless sunshine duration, So, as

H S

—=a+b—, (4.29)

Ho So
with a = 0.25 and b = 0.75 for Stockholm, Sweden. According to historical records,
in 1919 Kimball (1919) suggested the same idea and proposed a = 0.22 with
b = 0.78. Later, Prescott (1940) modified this equation in such a manner that the
summation (a 4 b) is not equal to 1.0. He suggested that a = 0.22 and b = 0.54
and, hence, more realistic estimations are obtained. Physically, in Eq. 4.29 a cor-
responds to relative diffuse irradiation during overcast meteorological situations,
whereas (a + b) corresponds to the relative cloudless-sky condition global irradia-
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tion. An implied assumption in the structure of this linear model is the superpos-
ability of two extreme cloud states, which are reflected in the (a + b) summation.
However, in actual situations the superposability is not possible with respect to all
possible combinations of atmospheric variables other than the cloud cover. This is
the first indication why the summation (a + b) did not equal to vall.0 as suggested
by Prescott (1940). Furthermore, in practical applications, various non-linear esti-
mation models are also proposed in order to relieve the assumption of superposabil-
ity. Another physical fact that the solar radiation models should include non-linear
effects is that atmospheric turbidity and turbulence in the planetary boundary do not
necessarily vary linearly with total cloud cover. There are numerous studies and pro-
posals as alternatives to the linear model in the solar energy literature and with the
expectations of more studies in the future, but Gueymard et al. (1995) state that the
studies related to solar radiation should now be more fully scrutinized. In particular,
it is understood that the mere use of Angstrom’s equation to estimate global irradi-
ation from local sunshine data would generally be judged as not publishable unless
a new vision in the model structure is documented. All these explanations indicate
that linear models are very restrictive and, therefore, many researchers have tried to
propose non-linear models for better refinements (Chap. 5).

The AM helps to estimate the amount of the global daily (H ), monthly (H), and

yearly (H) solar radiation from the comparatively simple measurements of sunshine
duration, S, according to

Ho a+b 3
where Hy and Sy are cloudless daily global irradiation received on a horizontal sur-
face at ground level i. e., extraterrestrial and maximum possible sunshine duration;
both a and b are model parameters. This equation has been used most often all over
the world in order to calculate the global irradiation at locations of sunshine du-
ration measurements and to extrapolate the global solar radiation estimations from
measured short-term solar radiation data. Later, this equation has been modified by
taking into account some other relevant meteorological variables (Abouzahr and
Ramkumar 1991). All over the world, the coefficients are estimated from available
solar radiation and sunshine duration data at a location by use of the statistical re-
gression technique. However, in such an approach there are implied assumptions as
follows (Sen 2001b):

1. The model parameters are assumed invariant with time on average, as if the same
sunshine duration appears on the same days or months of the year in a particular
location.

2. Whatever the scatter diagram of H versus S, automatically the regression line
is fitted leading to constant a and b estimates for the given data. In fact, these
coefficients depend on the variations in the sunshine duration during any partic-
ular time interval and since sunshine duration records have inherently random
variability so are the model parameters.

3. Angstrom’s approach provides estimations of the global solar radiation on hor-
izontal surfaces, but, unfortunately, it does not give clues about global solar

H S
=, (4.30)
0
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radiation on a tilted surface because diffuse and direct irradiations do not appear
in the AM.

4. The AM relates the global solar radiation to the sunshine duration only by ig-
noring the other meteorological factors such as the relative humidity, maximum
temperature, air quality, latitude, and elevation above mean sea level. Each one
of these factors contributes to the relationship between H and S and their ig-
norance causes some errors in the prediction and even in the model identifica-
tion. For instance, Eq. 4.30 assumes that the global solar radiation on horizontal
surfaces is proportional to the sunshine duration only. The effects of other me-
teorological variables always appear as deviations from the straight line fit on
any scatter diagram all over the world. In order to overcome this, it is neces-
sary to assume that the coefficients in Angstrdm’s equation are not constants but
random variables that may change according to the capacity of measured data.

5. The physical meanings of the model coefficients are not considered in most
of the application studies, but only the statistical linear regression line fit and
parameter estimations are obtained directly and then incorporated into Eq. 4.30
for the global solar radiation estimation from the sunshine duration records.
This is because the regression method does not provide dynamic estimation of
the coefficients from available data.

There are also statistical restrictions in the parameter estimations of any re-
gression technique based model such as the AM. These restrictions are as follows
(Sen, 2001b):

1. Linearity: The regression technique fits a straight line trend through a scatter of
data points and a correlation analysis tests for the “goodness-of-fit” of this line.
Clearly, if the trend cannot be represented by a straight line, regression analy-
sis will not portray it accurately. The unrestricted model described in Chap. 5
does not require such a restriction, since it is concerned with the variances and
arithmetic averages only.

2. Normality: It is widely assumed that use of the regression model requires that the
variables have normal distributions. The requirement is not that the raw data be
normally distributed but that the conditional distribution of the residuals should
be normally distributed. If the conditional distribution is normal, then it is almost
certain that the distributions of global solar radiation and sunshine duration are
also normally distributed. Thus, it is necessary to test if the data are normally
distributed in order to inquire as to whether a necessary prerequisite for normal
conditional distribution exists. The spatial arrays of monthly (H /Hy) data are
generally not normally distributed. In the northern hemisphere from February
to October the distributions are significantly positively skewed, suggesting that
a few stations with especially large values of (H /Hp) produced a monthly mean
that is greater than the mode. July, August, November, and December all dis-
played spatial distribution with significant negative kurtosis levels (Balling and
Cerveny 1983).

3. Means of conditional distributions: For every value of sunshine duration, the
mean differences between the measured and predicted global solar radiation
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values obtained by Eq. 4.30 must be zero. If they are not, the coefficients of the
regression equation (a and b) are biased estimates. The implication of major de-
parture from this assumption is that the trend in the scatter diagram is not linear.

4. Homoscedasticity: It means equal variances in the conditional distributions and
it is an important assumption. If it is not satisfied then the regression equation
coefficients (a and b) may be severely biased (see Fig. 4.3b). In order to test
for homoscedasticity the data must be subdivided into three or more groups and
the variance of each group must be calculated. If there is significant difference
between any of these variances then the data has homoscedasticity.

5. Independence: The crux of this assumption is that the value of each observation
on the independent variable (sunshine duration in the AM model) is independent
of all the other variables, so that one cannot predict the value of (S/Sp) at time,
say i, if one knows (S/Sp) value at time, i — 1. There are two interpretations as
to the importance of this assumption, one is substantively logical and the other
is statistically logical (Johnston 1980). The statistical interpretation of indepen-
dence as a special case of autocorrelation relates to the linearity assumption.

6. Lack of measurement error: This assumption requires that both global solar ra-
diation and sunshine duration measurements are without error. If this is not the
case and the magnitude of the error is not known, then the coefficients of the
regression equation may be biased to an extent that cannot be estimated.

If these six assumptions do not apply then the AM coefficient estimations may
be under suspicion. The application of the unrestricted model in Sect. 4.6 does not
require that the (H / Hy) versus (S/Sp) scatter diagram should have a distinguishable
pattern as a straight line or a curve.

Many researchers (Ahmad et al., 1991; Akinoglu and Ecevit 1990; Angstrom
1924, 1929, 1956; Balling and Cerveny 1983; Barbaro et al., 1978; Beckman
et al., 1977) have considered additional meteorological factors to Eq. 4.30 for the
purpose of increasing the accuracy of the estimated values. This is equivalent to
saying that deviations from the classic AM are explained with the additional vari-
ables. Although each one of these studies refined the coefficient estimates, they all
depend on the average parameter values obtained by the least squares method and,
therefore, there are still remaining errors although smaller than the original AM. Re-
cently, a methodology has been presented that takes into consideration the random
variations in the coefficients of the AM (Bucciarelli 1986).

The classic statistical analysis by the least squares technique and the regression
method of Eq. 3.30 will lead to AM parameter estimations according to Eqs. 4.2 and

4.3 W lth the rele\/ant nOtathl‘lS as

(1) -(3)]

b= = (4.31)
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(i) -*(5)
a=|—|)-bl—). (4.32)
Hy So

However, these estimations are based on a set of restrictive regression assumptions,
which will be explained below with the proposal of the unrestricted solar radiation
model (Sect. 4.6).

and

4.5 Successive Substitution (SS) Model

Routinely recorded daily global irradiation and sunshine duration values are used
by the regression technique for determining the coefficients as in Eqs. 4.31 and
4.32. Such a model provides unique estimations of global solar radiation given the
sunshine duration. In order to consider the effects of the unexplained part, it is nec-
essary to estimate coefficients from the successive data pairs “locally” rather than
“globally” as in the AM approach (Sahin and Sen 1998).

Let us consider the physical and mathematical meanings of parameters a and b
in Eq. 4.30. First of all, a represents the ratio of actual daily global irradiation, H, to
the daily (or monthly) extraterrestrial irradiation, Hy, provided that physically the
sun is covered by clouds all day, so that S = 0, i. e., overcast sky. On the other hand,
b corresponds to the slope of the linear model, which is defined differentially as

_ d(H/Ho)

=— 4.33
d(S/S0) (*:39

This first-order ordinary differential equation can be written in terms of the back-
ward finite difference method as

ROROY
T,

Herein, n is the number of records and blf is the rate of local irradiation change with
the sunshine duration between time instances, i — 1 and i. For daily data, these are
successive daily rates of change or in the case of monthly records, monthly rates of
change. Rearrangement of Eq. 4.30 and considering Eq. 4.34 leads to the successive
time estimates of a_ as

H S
a;=<—> —b;<—> , (i=2,3,4,...n). (4.35)
HO i SO i

The application of these last two equations to actual relevant data yields n(n —1)/2
coefficient estimations. Each pair of the coefficient estimate (a’ ib ,~) explains the

(i=2,3,4,....n). (4.34)
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whole information for successive pairs of global radiation and corresponding sun-
shine duration records. It has been already shown by Angstrom (1924) that phys-
ically a must be greater than zero. Comparisons of Eq. 4.34 with Eq. 4.31 and
Eq. 4.35 with Eq. 4.32 indicate that the regression technique estimations do not
allow any randomness in the calculation of coefficients.

It is possible to obtain the relative frequency distribution of the SS model coef-
ficients in addition to statistical parameters such as the mean, variance, or standard
deviation. Confidence limits on parameter estimations can also be stated at given
significance levels such as 5% or 10%. Taking the average value of both sides in
Eq. 4.35 leads to finite difference averages of the new Angstrom coefficients as

i b S 436
“—(Fo)‘ (s‘) (330

The difference of this expression from Eq. 4.32 results in

?—az(b—F)@. (4.37)

The SS method is applied to a set of solar radiation and sunshine duration data
measured at 29 sites (Table 4.3) in Turkey, which is located between latitudes 36°N
and 42°N and longitudes 26°E and 45°E (Fig. 4.6). It has relatively significant solar
energy potential especially in the southern parts including the Mediterranean Sea
region.

At each station daily records are available concurrently for 25-year measure-
ments, which are checked by plotting the extraterrestrial irradiation versus global
irradiation and sunshine duration. Accordingly, extremely odd measurements are
corrected through the classic regression technique.
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The SS method is applied independently for each station and parameter estima-
tion series are obtained for a; and b;. The lower order statistics for each station are
shown in Table 4.4 together with the AM parameters, which give some idea of the
standard deviation values.

It is to be noticed that in the application of the SS approach mode values are con-
sidered rather than arithmetic averages as in the AM. Also included in Table 4.4 is
the relative error (RE) percentage between the AM arithmetic average and the mode
values of the SS method. These percentages indicate how the arithmetic averages
deviate from the mode values. By making use of the longitudes and latitudes from
Table 4.3, the regional variations of the average parameters are shown in Fig. 4.7a,b
which are obtained by the Kriging method, i. e., geostatistical methods in the com-
puter (Journel and Huijbregts 1978). In this way, it is possible to obtain average a;
and b} values for any location within the study area.

It is also obvious that both averages do not change significantly in the north-south
direction, but east-west variations are more often. Coefficients have greater values
in the eastern part of the country. This is meteorologically very plausible because

Table 4.3 Data characteristics

Station name Latitude  Longitude  Elevation (m)
Adana 36.98 35.30 20
Adiyaman 37.75 38.28 678
Afyon 38.75 30.53 1034
Amasya 40.65 35.85 412
Anamur 36.10 32.83 5
Ankara 39.95 32.88 891
Antalya 36.88 30.70 51
Aydin 37.85 27.83 56
Balikesir 39.65 27.87 102
Bursa 40.18 29.07 100
Canakkale 40.13 26.40 6
Cankiri 40.60 33.62 751
Diyarbakir 37.92 40.20 677
Elazig 38.67 39.22 991
Erzincan 39.73 39.50 1218
Eskisehir 39.77 30.52 789
Tstanbul 40.97 29.08 399
Isparta 37.77 30.55 997
Tzmir 38.40 27.17 25
Kars 40.60 43.08 1775
Kastamonu 41.37 33.77 800
Kayseri 38.72 35.48 1093
Kirsehir 38.13 34.17 985
Konya 38.87 32.50 1031
Malatya 38.35 38.30 898
Mersin 36.82 34.60 5
Samsun 41.28 36.33 44
Trabzon 41.00 39.72 30

Van 38.47 43.35 16.71
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Table 4.4 Statistical characteristics

Station name AM SS Relative error (%)
Mode SD
a b a b a b a,a b, b
Adana 033 029 031 031 1.27 1.75 6.05 8.42
Adiyaman 030 022 027 026 0.80 1.10 9.93 17.90
Afyon 040 028 034 029 0.78 1.95 15.20 5.78
Amasya 0.30 038 027 037 2.44 6.79 8.72 3.92
Anamur 036 025 029 035 1.51 2.04 2140 28.90
Ankara 0.31 032 030 048 3.03 6.09 474 32.00
Antalya 033 038 033 032 1.98 2.78 0.60  16.20
Aydin 032 042 033 042 1.88 3.38 4.50 0.95
Balikesir 023 037 022 034 1.39 3.98 0.88 6.28
Bursa 0.27 033 024 035 1.25 3.09 9.62 4.03
Canakkale 031 033 031 045 3.81 4.58 2.50  27.70
Cankiri 035 032 011 025 5.92 8.86 57.30  21.60
Diyarbakir 023 048 043 042 2.09 3.06 4500 12.73
Elazig 032 032 024 040 1.74 246 2540  18.38
Erzincan 044 0.15 040 025 0.83 2.42 9.15  38.05
Eskisehir 039 026 034 043 0.74 1.56  13.81  39.60
Istanbul 030 035 028 0.55 0.90 3.34 5.08  35.50
Isparta 036 0.16 028 0.16 0.58 1.03  21.32 0.00
Tzmir 033 033 032 042 1.16 1.71 1.80  22.00
Kars 050 0.12 074 041 1.32 222 3330  70.00
Kastamonu 032 024 019 031 0.70 2.04 41.17  21.20
Kayseri 036 023 031 030 2.87 4.02 1373 24.10
Kirsehir 043 020 0.18 0.25 1.31 2.15 5730 21.81
Konya 038 027 031 0.39 1.79 3.80 20.00 32.20
Malatya 031 037 024 047 2.04 0.47 2345 21.80
Mersin 033 040 027 048 0.87 1.25 18.60  17.30
Samsun 034 031 022 040 2.78 8.23 33770 2240
Trabzon 028 038 026 046 8.82  23.69 8.27 17.86
Van 0.51 0.14 040 023 3407 4192 2176  38.60

eastern Turkey has many days of the year where the sky is overcast due to high
elevations reaching up to 6500 m above the sea level. The cold period of the year
lasts almost 9 months. In contrast, from the Aegean Sea coast in the west toward
central Anatolia, days with a cloudless sky are encountered much more frequently.
In Fig. 4.7b the regional variation of b’ coefficient has just the opposite trend to
the east-west variation of a’ and this is the expected meteorological situation as
explained above. In order to support these conclusions in detail, Fig. 4.8 and 4.9
show the regional variations of the same parameters but this time with elevation
instead of longitude as the abscissa.

Figures 4.7-4.9 relate the geographical (regional, spatial) information to solar
radiation variations over the country. Figure 4.10 shows the relation between a’ and
b’ for values calculated for all over Turkey.

There appears an inverse relationship between these two parameters. It means
that low b’ values are coupled with high a’ values and vice versa. The general trend
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Fig. 4.7 a,b. Parameter regionalization

relationship between a’ and b’ is

a’'=—-0.610+0.52. (4.38)

The empirical relative frequency distributions of average a’ and b’ values on
a regional basis are shown in Fig. 4.11. It is to be noticed from Table 4.4 that a’ and
b’ values are confined between zero and one. This piece of information implies that
a beta-type of theoretical probability distribution function (PDF) is suitable for the
parameters regional estimation (Bucciarelli 1984). Figure 4.11 shows both observed
and beta-type PDF for a’ and b’.
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The beta distribution is checked to fit the empirical data with the chi-square crite-
rion in the statistics literature at the 5% significance level. It is obvious even visually
from Fig. 4.11 that the beta-type PDF is very convenient. The beta-type curves are
helpful for any modeling studies in the future for areal radiation variations (see
App. A).

4.6 Unrestricted Model (UM)

In practice, the estimation of model parameters is achieved most often by the least
squares method and regression technique using procedural restrictive assumptions
as already mentioned in Sect. 4.4.1. These are unnecessary procedural restrictions,
which lead to unreliable biases in the parameter estimations. The averages and vari-
ances of the solar radiation and sunshine duration data play a predominant role
in many calculations and the conservation of these parameters becomes more im-
portant than the cross-correlation coefficient. Gordon and Reddy (1988) stated that
a simple functional form for the stationary relative frequency distribution for daily
solar radiation requires knowledge of the mean and variance only. In almost any es-
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timate of solar radiation by means of computer software, the parameter estimations
are achieved without caring about the theoretical restrictions in Sect. 4.4.1. The ap-
plication of the regression technique to Eq. 4.30 for estimating the model parameters
from the available data (Bucciarelli 1986) leads to

b= rns (4.39)

and

Var (H /Hy) < S)
— =), (4.40)
Var(S/So) \ So

H
a = FO —I'hs

where ry; is the cross-correlation coefficient between global solar radiation and sun-
shine duration data, Var(...) is the variance of the argument, and the over-bars indi-
cate arithmetic averages. As a result of the classic regression technique, the variance
of the predictand, given the value of predictor is

Var [(HHo) / (S7S0) = §/80] = (1 - rfx) Var (HHo) - (4.41)
This expression provides the mathematical basis for interpreting rrzx as the propor-

tion of variability in (H / Ho) that can be explained provided that (S / So) is given.
From Eq. 4.41, after rearrangement, one can obtain

, _ Var(H/Ho)—Var[(H/Ho)/(S/S0) = S/S0]
a Var (H/Ho)

If the second term in the numerator is equal to zero, then the regression coefficient
will be equal to one. This is tantamount to saying that given S /Sy there is no variabil-
ity in (H/Ho). Similarly, if it is assumed that Var[(H/Ho) / (S/S0) = (5/50)] =
Var (H/ Ho), then the regression coefficient will be zero. This means that given
(m) the variability in (H/Hp) does not change. In this manner, 2, can be in-
terpreted as the proportion of variability in (H/Hp) that is explained by knowing
(m) The requirement of normality is not satisfied, especially if the period for
taking averages is less than one year. Since, daily or monthly data are used in most
practical applications it is over-simplification to expect marginal or joint distribu-
tions to abide by the Gaussian (normal) PDF.

The UM parameter estimations require two simultaneous equations since there
are two parameters to be determined. The average and the variance of both sides
in Eq. 4.30 lead without any procedural restrictive assumptions to the following

, (4.42)




128 4 Linear Solar Energy Models

L DDA 443
<FO>—au+ u(S_O) (4.43)

Var (H [Ho) = b2 Var (S/S0) , (4.44)

where for distinction the UM parameters are shown as a,, and b,,, respectively. These
two equations are the basis for the conservation of the arithmetic mean and vari-
ances of global solar radiation and sunshine duration data. The basic AM remains
unchanged whether the restrictive or unrestrictive model is used. Equation 4.43 im-
plies that in both models the centroid, i. e., averages of the solar radiation and sun-
shine duration data are equally preserved. Furthermore, another implication from
this statement is that the AM and the UM yield close estimations around the cen-
troid. The deviations between the two model estimations appear at solar radiation
and sunshine duration data values away from the arithmetic averages. The simulta-
neous solution of Eqs. 4.43 and 4.44 yields parameter estimates as

equations (Sen 2001b):

and

b, = Var (H/Ho) (4.45)
Var (S/So)
and
=1 wﬂ‘”(i) (4.46)
Hy Var (S/So) So

Physically, variations in the solar radiation data are always smaller than the sun-
shine duration data and, consequently, Var (S/So) > Var (H/Ho). For Eq. 4.45, this
means that always 0 < b, < 1. Furthermore, Eq. 4.45 is a special case of Eq. 4.39
when r;s = 1. The second term in Eq. 4.46 is always smaller than the first one,
and hence a, > 0. The following relationships are valid between the AM and UM
parameters:

b, =— (4.47)
and

e (- (2 (4.48)
au_rhs Fhs Hy ’ )

According to Eq. 4.47, b, > b since always 0 < rjy < 1. Figure 4.12 indicates the
straight line from the AM and the UM for the same data.
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Fig. 4.12 Solar energy data centroidy

This further indicates that in the light of the previous statement the UM over-
estimates (under-estimates) compared to the AM estimations for sunshine duration
data greater (smaller) than the average value. On the other hand, Eq. 4.48 shows that
a, < a. Furthermore, the summation of model parameters gives

au+bu=a+b+<1—i) <£> (4.49)

Ihs T'hs Hy

These last expressions indicate that the two approaches are completely equivalent
to each other for r,; = 1. The application supposes that the AM is first used to
obtain a,,, b,, and ry. If rjs is close to 1, then the AM coefficients estimation with
restrictions is almost equivalent to @, and b,.. Otherwise, the UM results should be
considered for applications.

For the implementation of UM and AM parameter estimations, 29 global solar
radiation stations are considered as given in Table 4.5.

Table 4.5 AM and UM parameters

Station name AM UM
a b ay by,

Adana 0.33 029 020 0.50
Adiyaman 030 022 025 028
Afyon 0.40 0.28 036 034
Amasya 0.30 0.38 0.26 041
Anamur 036 0.25 0.26  0.40
Ankara 0.31 0.32 028 0.38
Antalya 0.33 0.38 0.22  0.55
Aydin 032 042 025 0.53
Balikesir 0.23 0.37 0.20 041
Bursa 0.27 033 0.21 0.46
Canakkale 0.31 0.33 0.27 041

Cankiri 035 032 032 040
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Table 4.5 (continued)

Station name AM UM
a b a, by,

Diyarbakir 023 048 0.16 0.61
Elazig 026 046 0.18 0.52
Erzincan 044 0.15 034 033
Eskisehir 039 026 033 039
Istanbul 030 035 027 041
Isparta 036 0.16 030 0.26
{zmir 0.33 0.33 0.25 0.45
Kars 050 0.12 034 045
Kastamonu 032 024 0.29 0.29
Kayseri 036 023 030 0.36
Kirsehir 0.43 020 036 0.30
Konya 0.38 027 030 040
Malatya 0.31 037 026 045
Mersin 033 040 036 045
Samsun 0.31 0.23 0.30 0.31
Trabzon 0.28 038 023 0.51
Van 0.51 0.14 038 034

In order to see whether the global solar radiation and sunshine duration data
are normally distributed, the frequency distribution function (FDF) of the ratios are
plotted for the months of January, April, July, and October in Figs. 4.13 and 4.14.

Frequency
O = N W H 0O N x

Frequency
O = N W H o N
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Fig. 4.13 a—d. Areal frequency distribution functions of H/Hj in a January, b April, ¢ July, and d
October
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It is obvious that FDFs are not Gaussian (normal) and they are overwhelmingly
skewed. Hence, the AM parameter estimations by the classic least squares technique
remain biased. By making use of the AM and UM parameter estimates, their FDFs
over Turkey are presented in Fig. 4.15.
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This figure indicates that both methods yield FDFs close to a normal function.
It is obvious that the UM function provides over-estimates compared with the re-
gression results for high values of sunshine duration data that are greater than the
average sunshine duration. This point may be a reasonable answer to the statement
by Gueymard ef al. (1995) that for clear-sky conditions the AM under-estimates
insulation. In Fig. 4.16 the AM and UM approaches are presented for the Ankara,
Adana, and Istanbul stations. It is noticed that both straight lines pass through the
centroid (H /Hy, S/So) of the scatter diagram.
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Fig. 4.16 a—c. AM and UM for Ankara (top), Adana (middle), and Istanbul (bottom)
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4.7 Principal Component Analysis (PCA) Model

One of the practical observations by visual inspection of a scatter diagram is the
impression of reliability in the application of classic statistical methods such as the
regression line or curve. The more the scatter the less reliable are the conclusions
because the regression models try to represent the data and the dependence between
the data constituents on average without giving preference to the variability within
each set of data. Although each factor has its own variance, they can be comparable
with each other, but their joint behavior on a scatter diagram represents definitely
different variances along different directions. Among these directions, there is one
with the maximum joint variance and another one perpendicular to this direction
with the minimum joint variance. Here, joint variance means the variance of scatter
point projections along any desired direction as shown in Fig. 4.17.

Herein, the I-I direction is an axis within the scatter diagram and the projections
of each scatter point on this axis provides a new data set, which is composed of
partial sunshine duration and partial solar radiation data. In order to fix the position
of such an axis, the centroid of the original data (arithmetical averages, S/So and
H /Hy) are considered with a rotation angle « of the new axis from the horizontal
axis. For any given set of solar radiation and sunshine duration data, change in the
rotation angle causes changes in the projection data, and accordingly their variances
also. The changes of projection data variances with « and the axis perpendicular to it
(ov 4+ /2) appear in the forms of harmonic oscillations, where there is one rotational
angle with maximum variance of projection data and another one perpendicular to

0.65 a G I
65 . M . .
% Major axis
=
06} o
=)
o —
0.55| 2
05}
c
Soask . P e
©
3
8
S 04
o
w
0.35}
03}
0.25¢
0.2 1 1 1 1 1 1 | 1 )
0 041 0.2 0.3 0.4 05 06 07 0.8 0.9

Sunshine duration

Fig. 4.17 Scatter and rotational axis



134 4 Linear Solar Energy Models

this axis with the minimum variance (II-II). In such a situation, the following new
definitions become valid:

1. The rotational angle attached to the maximum variance axis is referred to as the
principal rotation angle, op.

2. The axis with the maximum projection data variance, 01\2,1, is the major princi-
pal axis, which explains the maximum joint variance direction within the solar
radiation and sunshine measurement.

3. The axis with the minimum projection data variance, UI%, is the minor principal
axis with the next minimum joint variance direction within the solar radiation
and sunshine measurement.

The projected data on the principal axes are independent from each other. This
means to say that the original dependent data are transformed into two indepen-
dent data sets along the principal axes. Such a property provides convenience in
modeling the projected data sets within themselves independently from other vari-
ables and therefore, their averages and variances become important since the cross-
correlation coefficient between these projected data sets (along I-I and II-1I) is equal
to zero. These principal axes are the basis of principal component analysis (PCA)
(Davis 1986).

The two dimensional PCA preserves the total variance of the two variables,
namely, S/So and H/Hy. The summation of solar radiation variance 0'521 and the
sunshine duration variance US2D is equal to the summation of the principal variances.
This can be expressed as follows:

0'521 +US2D = 01\2,[ +or%l . (4.50)

This expression is obvious from Fig. 4.17 since the summation of variances at any
rotation angle remains constant and equal to the summation of the basic variances.
On the other hand, by definition always 01\2,1 > O‘I%, and accordingly the ratio is

r=oljol <1, 4.51)

which can be used as a measure of dependence between the basic factors of solar
radiation and sunshine duration. In order to indicate the scatter diagram variations
along this principal axis, it is possible by the use of principal variances to show the
elliptical variations. The slimmer the ellipse the more is the dependence between
the solar radiation and sunshine duration data (see Fig. 4.18).

The smaller the ratio the more dependent are the two variables, and practically, if
r < 0.05 then the minor principal axis can be neglected in the calculations, and the
whole variability is considered to be accounted for by the major principal variable
only. It is possible to deduce that as » — 0 the major principal axis variable becomes
more dominant, and hence the application of the AM or the UM is tractable math-
ematically and plausible physically. This is exactly what the linear regression is,
even though it may not be suitable physically. As r — 1, the two principal variances
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become equal to each other and this implies the most scatter of the solar radiation
and sunshine duration points. In this case, the use of the classic regression equation
cannot be valid. Since 0 < r < 1, the use of two-dimensional PCA becomes more
suitable than any regression technique (Davis 1986). In PCA theory, the principal
axes are referred to as the eigenvectors of the correlation matrix and the variances
are the eigenvalues (Cressie 1993; Davies and McKay 1989). In two-dimensional
PCA the original data values, say (S/So); and (H/Hy);, are transformed to princi-
pal variables pj; and py; through the axis rotation formulation as

H S
= —) cosa— | — | sinx (4.52)
pii <HO>,' (So)i

(), e+ (5) @
i— | — Sino —_— COoSw . .
P2i Ho i SO i

These principal variables are the projections of the solar radiation-sunshine duration
data pairs on the principal axes. If the second component is comparatively smaller
than the first one, i. e., ¥ < 0.05 then the only variable that represents the two original
variables is the first principal value. In the same way, the inverse transformation can
be written trigonometrically as

S

(—) = p1;sina + po; cosa (4.54)

and

and

H
<—) = —pjicosa — py; sina. (4.55)
H() i
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Five representative solar radiation and sunshine duration measurement sites are con-
sidered for application of PCA from different climatology regions of Turkey, which
lie within the northern subtropical climate region of the world with four distinctive
seasons. This location is in the transitional region between subtropical and polar
regional weather and climatic features. The five measurement locations, Istanbul,
Ankara, Antalya, Trabzon, and Kars, are indicated in Fig. 4.6 with statistical param-
eters of each site as in Table 4.6.

Istanbul lies between the borders of two continents, Europe and Asia. The
Bosphorus connects the Black Sea to the Mediterranean Sea through the inland sea
of Marmara and then the Aegean Sea (Fig. 4.6). The city has a modified Mediter-
ranean climate in the summer, but in winter the cold weather movements from cen-
tral Siberia in Russia and cold wave movements from the Balkan Peninsula in east-
ern Europe cause rather cold spells.

The Ankara station lies within the central Anatolian plateau with steppe features
and dry climatic conditions. The climatic signature is continental with dry and hot
summers. However, in winter the weather is very cold.

Antalya is under the influence of the Mediterranean climate with hot summers
and mild winters. Since this site lies within the coastal plane, the solar radiation
values are very high in summer and rather low in the winter periods. The solar
radiation is under the influence of humidity due to excessive evaporation in this
region.

Trabzon lies along the eastern Black Sea coast and receives much more rainfall
than the other sites mentioned in this section. Due to its location, the summers are
humid but winters are dry and cold.

Kars is located in the eastern mountainous part of Turkey with altitudes reaching
to almost 2,500 m above mean sea level. The climate is strongly continental with
very short summers of about two months at the maximum and long winter periods.
The weather fluctuation is very frequent in the region leading to randomly varying
sunshine duration hours within each day, especially, during the summers.

The application of two-dimensional PCA to solar radiation and sunshine duration
data at these stations shows different elliptical variations. Table 4.7 presents the
rotation angle and the principal axis variances in addition to the variance ratio, r.

It is obvious from this table that the maximum rotation angles appear in Antalya
in the south and in Trabzon in the north. The increase in the rotation axis angle
implies that the site is subject to rather stable weather conditions. The greater is the

Table 4.6 Site location features

Station name Solar radiation Sunshine duration
Average Variance Average Variance

Istanbul 0.4549  0.0065 0.4494  0.0392
Ankara 0.4894  0.0061 0.5496  0.0430
Antalya 0.6014  0.0057 0.7045  0.0188
Trabzon 0.4043  0.0030 0.3330  0.0113

Kars 0.5651  0.0063 0.5051  0.0307
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Table 4.7 Two-dimensional PCA parameters

Station name Rotation angle  Principal axis variances Variance ratio
(degree) Major (1072) ~ Minor (103)

Istanbul 20 4.42 1.48 0.033

Ankara 19 4.76 1.50 0.031

Antalya 24 2.20 2.53 0.115

Trabzon 23 1.31 1.21 0.092

Kars 8 3.12 5.79 0.185

rotation angle, the more stable is the weather situation, and hence, the solar radiation
variation is not very much with time.

As a first approximation the major principal axis is considered as the model that
helps to predict the solar radiation amounts from a given set of sunshine duration
data. In such a modeling the effect of the minor axis and, therefore, the variation
along this axis are ignored. Similar to the AM, the straight line equation of the
major principal axis can be considered as the valid model. The intercept and slope
parameters corresponding to the a and b parameters in Eq. 4.30 are calculated and
shown as a,, and b, in Table 4.8 together with the AM and UM parameters.

In Fig. 4.19 the three straight lines resulting from the three models are shown and
they all pass through the data centroid and, consequently, they all predict the solar
radiation data from the sunshine duration with almost equal efficiencies around the
arithmetic means of the sunshine duration values.

However, as the location of sunshine duration value moves away from the arith-
metic average region, the estimation by the UM becomes an over-estimate of the
solar radiation values. In such situations the best model appears to be the two-
dimensional PCA, which is shown by the dotted line in Fig. 4.19. It is obvious that
the PCA method gives rather closer results in each case to the classic AM, which
has restrictive assumptions as already explained in the previous section; the PCA
method does not have such restrictions. It is, therefore, recommended to employ
PCA in solar radiation and sunshine duration data modeling and in solar radiation
prediction studies.

Table 4.8 Parameters of different models

Station AM UM PCA
name

a b ay by, ap bp
Istanbul 0.297 0.351 0273 0.393 0.2913  0.3640
Ankara 0.312  0.323 0376 0.355  0.300 0.3443
Antalya 0332  0.382 0372 0.496  0.288 0.4452
Trabzon 0.279 0376  0.139 0489  0.2629  0.4245

Kars 0.508  0.113  0.334 0384  0.4941  0.1405
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4.8 Linear Cluster Method (LCM)

Solar radiance estimation from measurable sunshine duration data constitutes one of
the fundamental engineering problems in solar energy applications. The general re-
lationship including various astronomical and meteorological factors can be written
mathematically as

" —f S pTors ® (4.56)
r .
HO SO’ 9 9 9 9 9

where £ is the elevation, 7 and r are the meteorological parameters of tempera-
ture and relative humidity, and § and ¢ are the astronomical parameters of declina-

tion angle and latitude, respectively. The explicit form of Eq. 4.56 is presented by
Gopinathan (1986) as a multiple linear regression expression

£=a+bi+ch+dT+er+f8+g¢, (4.57)
Ho So

where a, b, ¢, d, e, f, and g are the model parameters. The first two terms on the
right-hand side express the AM. In practice, most often without looking at the scat-
ter diagrams between the variables a linear model is assumed and the deviations
from such a model are not considered in detail for the model suitability. Many
linear relationships have been critically reviewed by Gueymard et al. (1995) who
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suggested that AMs are overwhelmingly dominant in the literature and, therefore,
future researchers should be directed toward more physically based methods.

Sen and Oztopal (2003) have presented a linear cluster model (LCM) for the es-
timation of solar radiation. In the LCM rather than plotting the scatter diagram with
the same symbol for all the data without distinction between seasons, data for each
season are plotted by different symbols. This helps to identify and interpret differ-
ent subgroups or, as in many cases, the interference between different seasons can
be appreciated with meaningful astronomical and meteorological interpretations. In
such an identification problem, the following points are the most significant to keep
in mind for interpretations:

1. Physically, different seasons are expected to cluster in different groups. If only
astronomical effects are assumed to play a role in the arrival of solar radiation
onto the earth’s surface, without any atmospheric and meteorological effects,
then they appear in distinctive non-overlapping groups. However, meteorologi-
cal factors cause interferences between the seasons.

2. In the case of astronomic effects only, the H/H versus S/Sp plot is expected
to appear in the form of a straight line with the assumption of a linear model as
shown in Fig. 4.20. Here, (H /Ho)m and (H /Hp)m represent the minimum and
maximum solar radiation ratios, respectively. Similarly, on the horizontal axis
(S/So0)m and (S/So)m are the astronomically possible minimum and maximum
values of sunshine duration, respectively. The linear model appears as a straight
line on such a graph without seasonal distinctions. The minimum (maximum)
irradiation and sunshine duration are expected logically to appear at the winter
(summer) solstice. The equinox dates appear between these two extreme cases.

3. Consideration of seasonal distinction provides four non-overlapping parts along
the straight line as shown in Fig. 4.21. It is possible to interpret logically that the
lowest part of the straight line corresponds to the winter period because during
this season the solar radiation has its lowest values in the northern hemisphere.
The highest part represents summer, and in between the lower part corresponds
to autumn and the upper part to spring, respectively.

4. Once the meteorological conditions and atmospheric effects start to play a role,
over many years, within each month, the solar irradiance assumes values de-
pending on the sunshine duration variations, which can be clear, overcast, or
cloudy. As a result of the atmospheric composition, as particulate matter, CO»,
water vapor efc. change in a random manner, the astronomically linear parts be-
come blurred, vague, randomly scattered, or fuzzy, which are different sources
of uncertainties. For instance, such an uncertain scatter of points for the win-
ter period only is shown in Fig. 4.22. It is necessary to notice that the scatter of
points around the astronomical part appears not only above or below the straight
line, but also interferes with the adjacent season.

5. In extreme weather, in some meteorological and atmospheric situations, there
are interference scatters not only between adjacent seasons but occasionally also
between non-adjacent seasons also. Figure 4.23 shows such a general concep-
tual scatter diagram. However, the interferences between adjacent seasons are
more intense than those between non-adjacent ones. Scatter diagrams similar to
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Fig. 4.23 lead to trends of generally linear and occasionally non-linear models
without distinction between seasonal effects.
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The application of the LCM is presented for two different solar radiation mea-
surements from different climatic regions of Turkey, namely, Istanbul and Ankara
stations. Since the solar radiation has seasonal and astronomical backgrounds, it
is useful to sub-group the global scatter into seasonal or bi-seasonal groups. In
Figs. 4.24 and 4.25 the best possible groupings for Istanbul and Ankara stations
are shown, respectively.

It is possible to observe seasonal interferences from these graphs in addition to
the seasonal and bi-seasonal scatters. The seasonal and bi-seasonal applications of
the AM led to the parameter estimations through the classic regression technique,
as shown in Table 4.9.

Comparison of this table with the global AM parameters in Table 4.5 indicates
significant seasonal deviations between the corresponding parameters. In any effi-
cient calculation of the solar energy amounts in Turkey, the winter season data and
corresponding parameter estimates must not be considered at all because, in prac-
tice, solar heaters are not functional in Turkey during this season. In fact, similar
arguments are also valid to a certain extent for the autumn season. Inclusion of the
winter season in the global parameter estimations as presented in Table 4.5 imbeds
a certain bias, which affects realistic solar energy calculations. Most often, in many
parts of Turkey, the spring—summer bi-seasons are promising for sunshine duration
and, hence, solar energy. Consequently, in any solar energy design and calculations,
the parameters required are in the last two columns of Table 4.9.

Table 4.9 LCM coefficients

Station Season Bi-seasonal
Autumn Winter Spring Summer Autumn—  Spring—
winter summer

a b a b a b a b a b a b

Istanbul 0.54 0.02 028 045 023 049 052 0.05 0.30 036 029 0.36
Ankara 0.37 024 030 035 025 040 0.18 049 033 031 022 044
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Chapter 5
Non-Linear Solar Energy Models

5.1 General

As already explained in the previous chapter different versions of linear AMs are in
use extensively in solar energy studies for estimation of the global terrestrial solar
radiation amounts from the sunshine duration data. However, atmospheric turbidity
and transmissivity, planetary boundary layer turbulence, cloud thickness, and tem-
poral and spatial variations cause embedding of non-linear elements in the solar
radiation phenomena. Hence, the use of simple linear models cannot be justified
physically except statistically without thinking about obtaining the model parame-
ter estimations. In the literature, most often the linear models are either modified
with the addition of extra terms in the hope of explaining the non-linear features or
adjustment of the linear model parameters by relating them to geographical, meteo-
rological, and other variables. Non-linearity in solar radiation and sunshine duration
relationships is represented initially through classic statistical techniques by the ad-
dition of non-linear terms to the basic AM of Chap. 4. Some other researchers have
incorporated the non-linear behavior in the models by expressing the linear model
parameters in terms of each other or in terms of sunshine and solar radiation vari-
ables. Such models reduce to the classic linear solar radiation models under a set of
specific assumptions.

In this chapter after the general review of available classic non-linear models,
additional innovative non-linear models are presented with fundamental differences
and distinctions. Fuzzy logic and genetic algorithm approaches are presented for the
non-linear modeling of solar radiation from sunshine duration data.

5.2 Classic Non-Linear Models

Most of the sunshine duration based solar radiation estimation models are modifi-
cations of the AM (Chap. 4, Eq. 4.30). Some authors have suggested changing the
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Fig. 5.1 Benson et al. (1984) seasonal model

model parameters a and b seasonally thus arriving at better estimations (Abdalla and
Baghdady 1985; Benson et al., 1984; Rietveld 1978). Barbara et al. (1978), Sen and
Oztopal (2003), and Suleiman (1985) have expressed the global irradiation in terms
of the sunshine duration and the geographic location. Hay (1984) related clouds and
the atmospheric conditions to the solar radiation estimation. He proposed the use of
the AM with a modified day-length instead of S and solar radiation that first hits the
ground instead of H (Chap. 4). In the search for the non-linearity effects, Benson
et al. (1984) have suggested modification of the AM with two six-month seasons,
similar to the linear cluster model (LCM) as proposed by Sen and Oztopal (2003),
namely, October—March and April-September periods leading to two different lin-
ear models as follows:

H S

— =0.184+0.60— 5.1

Hy + So 5-1)
and

A —024+054§ (5.2)

o =" S .

respectively. It is to be noticed that although the summations of a + b in these two
models are the same, a and b have different values in the two periods. These linear
models represent the scatter region by two non-parallel AMs as in Fig. 5.1.

Gopinathan (1988) has related the AM parameters to geographic elevation, #,
and the ratio of sunshine duration as follows:
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1

0.9 B

H/H,

s/s,
Fig. 5.2 Gopinathan (1988) model
a =0.265+0.O7h—0.1355— (5.3)
0
and
S
b=0.265—-0.07h — 0.3255— . 5.4
0

Substitution of these parameters into the AM (Eq. 4.30) leads to non-linear global
solar radiation estimation models. The non-linearities are sought indirectly through
the parameters’ relationship to the sunshine duration ratio. For a set of elevation
values this model is shown in Fig. 5.2. In general these models have concave shapes.

Ogelman et al. (1984) suggested adding a non-linear term to the AM, thus mak-
ing the following quadratic model:

_ _ —\2
H S S

- = b— — 5.5
Ho a+ SO+C<SO) (5.5

Based on this quadratic equation, Akinoglu and Ecevit (1990) showed its superiority
over other models in terms of global applicability. They applied this model to some
Turkish data and finally obtained a suitable model that was better than the AM:

x|

— —\ 2

S S
=0.1954+0.676——0.142 | — (5.6)

So So
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Fig. 5.3 Akinoglu and Ecevit (1990) quadratic model

Figure 5.3 shows the graphical representation of this quadratic model. Compared to
the Gopinathan model in Fig. 5.2, it has a convex curvature.

Higher-order polynomial non-linear models are also proposed in the solar energy
literature and, in particular, Zabara (1986) correlated the AM parameters to the third
power of the sunshine duration ratio as

_ _\2 —\3
S S S
a=0.395-1.247—+2.680 — ) —1.674| — (5.7)
So So So
and
5 5\ 5\’
b=0395+1384——-3248{ — | +2.055({— ] . (5.8)
So So So

After the substitution of these parameters into the AM, the Zabara model for Greece
appears as in Figure 5.4, which has convex and concave parts in the overall perfor-
mance.

Akinoglu and Ecevit (1990) found a global relationship between the AM param-
eters by using the published a and b values for 100 locations all over the world and
the relationship is suggested in the following quadratic form:

a =0.783 — 1.509b + 0.8925°. (5.9)
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Given any b value this expression provides a value and its substitution into the AM

leads to the model appearance as in Fig. 5.5.
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5.3 Simple Power Model (SPM)

Generally, the PDF of global solar radiation and sunshine duration data are uni-
modal but not necessarily Gaussian (Caughey et al., 1982; Chap. 4). Intense cloud
areas indicate increase in the furbulence at the cloud top, which causes a decrease
in the global solar radiation. A number of theoretical studies have shown the sensi-
tivity of cloud irradiative properties to their spatial structure affecting the sunshine
duration and subsequently the global irradiation amounts (Davies 1978; Joseph and
Cahalan 1990). It is, therefore, significant to preserve in any estimation procedure
the third- or higher-order statistical moments (Wahab 1993). One way of incorpo-
rating these moments in the model is the inclusion of a third power of the sunshine

duration variable as
H S S\? S\?
— = b— — dl— ) , 5.10
o a+ SO+C<SO> + (S()) (5.10)

where ¢ and d are additional model parameters. However, there are implied mathe-
matical and physical assumptions in such polynomial models as follows:

1. In any modeling approach, parsimony (i. e., to obtain the best result with the
least number of parameters) is one of the requirements (Box and Jenkins 1970).

2. It is difficult to explain on physical grounds why a polynomial expression is
adopted for modeling purposes apart from the mathematical convenience only.
It is important to note that Eq. 5.10 includes integer powers (0, 1, 2, and 3) of
the variable S/Sp.

3. In statistical literature, second-order statistics (variance) subsume first-order
statistics (average), and third-order statistics (skewness) include first- and
second-order statistics (Benjamin and Cornell 1970). In general, a polynomial
model leads to imbedded redundancy in the model.

In order to avoid the aforementioned assumptions, a simple power model (SPM)
with non-integer (decimal, fractional) power, p, is proposed (Sen 2007):

B b, (2 ’ (5.11)
Ho—ap » S , .

where a,, by, and ¢ are the model parameters. Hence, an objective SPM structure is
proposed by including a power on the sunshine duration term in the basic AM. The
power may assume fractional values and if its value is equal to 1 then the model re-
duces to the AM approximation. If p # 1 then different types of convex and concave
non-linear models are obtainable (Fig. 5.6).

Although the linear equation passes through the center (H / Ho) Versus (S / So) of
the scatter diagram, the SPM does not pass from this point. In contrast to the avail-
able linear and non-linear models in the literature, SPM subsumes more physical
conditions. It is known that a;, corresponds to the relative diffuse radiation on any
overcast day and the summation of a, and b, represents the relative cloudless-sky




5.3 Simple Power Model (SPM) 157

07 : ‘ ‘
a=0.3
065} b=04

0.6 =5.9 |
onvex pewer medels

c=30

0.55} 2.0 R

0.5} ’ Concave power modelg |

H/H,

¢c=0.75
c=0.50

04r =0.25 i

0.35F R

03 L L L L L L L
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

SIS,

Fig. 5.6 Different SPMs

global irradiation. Hence, parameters a, and b, are reflections of extreme states,
which correspond to full overcast and completely cloudless cases. The power p
in Eq. 5.11, however, provides the whole expected dynamics from the SPM. Any
non-linear effects due to the atmospheric composition and the joint behaviors of
irradiation and sunshine duration phenomena are reflected in the power parameter.

Consideration of averages of solar radiation (H / Ho) and sunshine duration

(8/So) renders Eq. 5.11, after some algebra, into

H s\
— = b, — . 5.12
Ho ap+ p<SO) (5.12)

It is suggested that the SPM should be used in different parts of the world and its
possible universal acceptance should be tested.

5.3.1 Estimation of Model Parameters

Since Eq. 5.12 has a non-linear form, the parameter estimations will be achieved
through a non-linear least squares analysis. The basis of this methodology is to
minimize the estimation error sum of squares (SS). This implies mathematically that
the partial derivatives of the SS expression with respect to each model parameter
should be set equal to zero. Detailed formulation of the non-linear least squares
analysis is presented in Appendix B, which yields the following model parameter
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estimations:

> ' (5.13)

and

by = . (5.14)

For p =1 these two equations reduce to the classic regression line parameter esti-
mates as in Eq. 4.31 and 4.32 of Chap. 4. Simultaneous analytical solution of the
three parameters is not possible and, therefore, a numerical optimization procedure
is used with the following steps (Sen 2007):

1. Initially, a small p value is chosen and with the solar radiation and sunshine du-
ration data at hand, corresponding a;, and b, parameter estimates are calculated
from Eq. 5.13 and 5.14, respectively.

2. The SS error value is calculated from Eq. 5.12 by using Eq. B.2 from App. B:

" H S\7
SS:Z (FO)—a,,—b,,(S—O)i ) (5.15)
i=1

3. The slope, s;+1, value of SS variation with p is calculated by taking the differ-
ence between the two successive SS values divided by the increment Ap in p
as

(89))41 = (SS);

~ (5.16)

Sj+1 =
Here, the counter j + 1 shows the current but j the previous step calculations in
the numerical optimization procedure.

4. If sj41 are less than a pre-selected critical value, say, s.,, then the optimization
procedure is stopped with model parameter estimates. In practice, most often
=+ 5% error band is admissible which implies that 5., = 0.05.

Steps 2-4 are repeated until the optimum estimation point is reached according
to the 541 < s¢r criterion. For the implementation of the methodology eight so-
lar radiation measurement station records are considered from different climatic
zones in Turkey (see Fig. 4.6 and Table 4.3).

In order to obtain the optimum parameter estimates, the initial p value is as-
sumed as 0.01, the p increment as Ap = 0.01, and, finally, the critical value
as s¢r = 0.05. The parameter estimations from the non-linear least squares pro-
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Table 5.1 SP model and AM estimations

Station name SP AM
ap by P SS a b SS

Adiyaman 0.228 0.285 1.550 0.130 0.302 0.215 0.179
Afyon 0.429 0.256 0.760 0.160 0.395 0.277 0.165
Antalya 0.198 0.511 1.530 0.375 0.332 0.282 0.387
Diyarbakir 0.193 0.535 1.150 0.376 0.332 0.382 0.387
Istanbul 0.166 0.448 1.940 0.215 0.295 0.355 0.225
Izmir 0.273 0.382 1.210 0.355 0.317 0.310 0.370
Kastamonu 0.350 0.223 0.640 0.155 0.317 0.227 0.161
Konya 0.409 0.247 0.800 0.501 0.381 0.266 0.511

cedure are given in Table 5.1 with AM parameter estimates. The use of these
parameters with the sunshine duration data at any site yields the solar irradiance
estimates according to the non-linear model Eq. 5.11.

The use of the AM and the SPM does not make significant differences at the
extreme weather conditions such as overcast and clear-sky situations, but most of
the time, especially in subtropical regions, the weather situation occurs more of-
ten in between. The real divergence between the AM and the SPM appears at the
intermediate sunshine duration and solar radiation data values. One can conclude
physically that toward the equator in the tropical and polar regions the use of the
AM is more reliable than in the subtropical regions. Physically, this implies that the
power, p, comes close to 1 toward the polar and equator regions. The deviations
from 1 are more in the subtropical regions. In the desert regions of the world, the
AM approach is more reliable, but in the mountainous regions, with frequent par-
tially cloudy weather, use of the SPM is preferable for more reliable predictions of
the global solar radiation values from the measured sunshine duration data.

5.4 Comparison of Different Models

In order to compare all the models, they are plotted with the same a and b values on
the same Cartesian coordinate system. For the appreciation of parameter changes
(a and b) on the models, Fig. 5.7 is prepared for four different cases as follows:
(a=0.1; b =0.75), (a = 0.15; b = 0.85), (a = 0.15; b = 0.80), and (a = 0.15;
b =0.70). In the figure, p is considered as a set of values that leads to a set of SPM
curves that cover a significant part of the Cartesian coordinate system.
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Fig. 5.7 a-d. All models together a for a = 0.1 and b =0.75, b for @ = 0.15 and b = 0.85, ¢ for
a=0.15and b =0.80, and d fora = 0.15 and b = 0.70

5.5 Solar Irradiance Polygon Model (SIPM)

Classic approaches expressing the solar global irradiation in terms of sunshine dura-
tions are abundant in the literature and they include mostly linear and to a lesser ex-
tent non-linear relationships between these variables. None of them provide within-
year (monthly) variations in the parameters. Herein, a solar irradiance polygon
model (SIPM) is presented for evaluating qualitatively and quantitatively the within-
year variations in the solar energy variables. On the basis of the SIPM, monthly,
seasonal, and annual parameters of the classic AM can be calculated. The meteo-
rological variability reflects itself in the astronomical extraterrestrial irradiation H
and sunshine duration S, i. e., length of the day values, in two ways:

1. The astronomical extraterrestrial irradiation and sunshine duration are short-
ened due to meteorological and atmospheric events which are measured at a so-
lar station as meteorological solar radiation H and sunshine duration S, such that
S < Spand H < Hp.
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Fig. 5.8 Daily data scatter diagram

2. The shortening effect is not definite but might be in the form of different and
random amounts during a day or a month depending on the climate and weather
conditions.

As usual a Cartesian coordinate system is used for the scatter of points and then
linear or non-linear expressions are suggested and subsequently by the least squares
technique the model parameters are estimated (Chap. 4, Sect. 4.4.1). By considering
the time sequence of points on the scatter diagram, successive straight lines between
two observations can be traced. Such an application leads to a very complex and
chaotic pattern for daily data and hence the pattern cannot be appreciated as shown
in Fig. 5.8.

No doubt, there should be a certain pattern due to at least the astronomical effects
such as month to month or season to season periodic effects. When monthly or
seasonal averages of the same data set are considered, the pattern becomes visually
clear and interpretable as in Fig. 5.9

A close inspection indicates that there emerges a polygon with 12 sides and ver-
tices in a monthly sequential order which is referred to as the SIPM, where poly-
gons depict the non-linearity, if any. Scatter in Fig. 5.9 is comparatively smaller
than Fig. 5.8. Monthly, SIPMs at any station are similar to Fig. 5.9 with different
features of width, peripheral length, side lengths, and areal extent depending on the
geomorphologic characteristic of the station site, its altitude, longitude, and espe-
cially weather conditions. Hence, apart from the scatter of points, SIPMs provide
a monthly variation sequence. Since, it is known physically that surface global solar
radiation is positively related to the sunshine data, all the SIPMs exhibit high (low)
values of extraterrestrial solar radiation following high (low) values of the sunshine
data. In general, these diagrams provide the following benefits over the classic mod-
els (Sen and Sahin 2000):
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Fig. 5.9 Monthly average data scatter diagram

. They are closed polygons, which indicate that the global solar radiation and

sunshine duration processes evolve periodically within a year. However, on the
top of such a periodicity, there are also the local meteorological effects. The
reason for different SIPMs at different sites is due to differences in the weather
and climate conditions, in addition to longitude, latitude, and altitude values.

2. Each side shows transition, i. e., variation of the solar global irradiation amount

3.

with the sunshine duration between two successive months.

Similar to the regression straight line concept where the slope is related to
parameter b, it is possible to calculate the slope between the two successive
months, say i andi — 1 as

(), - (7).,

b = (i=2,3,...,12). (5.17)
&),-G).,

Herein, it is referred to as the Monthly Global Solar Irradiation Change (MGSIC)
with the sunshine duration. Sahin and Sen (1998) have employed this equa-
tion in their study for the statistical analysis of the AM parameter assessments
(Eq. 4.34). In fact, it is equivalent to the derivation of the global solar irradiance
with respect to the sunshine duration (Eq. 4.33). The smaller the time interval,
the closer is this ratio to the mentioned derivation. It is to be noticed that such
an interpretation cannot be attached to the b parameter estimation in the AM,
which is based on the classic regression equation.

Another piece of information that can be deduced from SIPMs is the direction
of the H/Hj versus S/Sp variation. The polygons are closed and hence there are
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two possible revolution directions, either clockwise or anti-clockwise. Hence, in
some monthly durations the MGSIC values become negative in the sense that
the global solar radiation and the sunshine duration both start to decrease with
time. This is contrary to what can be deduced from the AM coefficient, b, which
does not provide any information about the direction of the change.

5. The lengths of polygon sides give information on weather and astronomical
change from one month to another. For instance, short lengths show that the
changes are not significant. This is especially true if the weather conditions
have remained almost the same during the transition between two successive
months. For instance, one type of clear, hazy, overcast, partly cloudy, or cloudy
sky conditions during such a transition causes these lengths to be short.

6. Comparison of two successive sides also provides information about the change
of solar radiation rate from one month to other. If the angle between the two
sides is negligibly small it is then possible to infer that the weather conditions
have remained rather uniform.

7. The more the contribution of diffuse solar radiation on the global irradiation the
wider will be the SIPM.

8. Depending to the closeness of each side to the vertical or horizontal directions
there are different interpretations. For instance, in the case of a nearly horizontal
side, there is no change in the global solar irradiance, which means that the effect
of the weather has been such that it remained almost stable.

9. Each polygon has rising and falling limbs and, hence, shows two complementary
periodic cycles. However, the number of months in each limb might not be equal
to each other, depending on the meteorological effects and the station location.

10. The SIPMs provide two values for a given constant H/Hy (or S/Sp) each of
which lies on a different limb as referred to in the previous step. Hence, the
difference between these two values yields the domain of change for the given
constant variable value.

11. For comparison purposes one can plot two or more SIPMs according to latitudes,
longitudes, or altitudes.

Although the application of the SIP concept is accomplished for all 29 stations
in Table 4.3, the results are presented only for the Istanbul and Ankara stations in
Turkey. Since Turkey lies in the northern hemisphere most often the SIPMs will have
a clockwise rotation throughout year, however, depending on the weather conditions
some polygons might have two loops. The SIPMs are presented in Fig. 5.10 for
average monthly data inform the Istanbul and Ankara stations.

In general, all the SIPMs can be grouped into two categories, those with two
loops (Fig. 5.10a) and those with a single (Fig. 5.10b) loop. Their interpretations
must consider the geomorphologic features of the vicinity of the station location and
the weather conditions in addition to the lower atmospheric stability. It is, therefore,
necessary to talk about the common features of these SIPMs as follows:

1. All the SIPMs have high H /Hj values for high S/Sp values, and therefore, solar
radiation increases with an increase in sunshine duration.
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Fig. 5.10 a,b. SIPM for a Istanbul and b Ankara

2. SIPMs provide a basis for the monthly or seasonal global solar radiation-

sunshine duration variability within one year. For instance, the least amounts oc-
cur in January or February but they attain their maximum in August or Septem-
ber. These periods are very close to solstices. In most of the SIPMs, the polygons
cross to another loop near the spring equinox which is not the case during the
summer solstice. This is tantamount to saying that with the start of warming
during the spring season the summer equinox does not show any transitional
affect as a node at the intersection of two loops.

. The rising limbs of SIPMs start from January and continue until September then

a falling limb starts and completes the yearly period.

The slopes of each side in SIPMs show the rate of global solar radiation change
with sunshine duration between two successive months. The model parameters
(as and by) for each side of the SIPM polygon are presented in Table 5.2. Herein,
as and by are the intercept of each polygon side on the vertical axis (H/Hp)
corresponding to S/Sp and b is the slope of the same side.

It is obvious that a; and b, values vary from month to month during one year.
Compared with the AM coefficients these show great differences in value. How-
ever, the monthly average throughout year became more stable and close to the
AM as shown in Table 5.3.

A close inspection of Table 5.3 shows that there are negative a; and b, values
especially in monthly and to a lesser extent in seasonal durations, but for the
annual case they are all positive. The negative by values indicate that during
this month increases in the sunshine duration have caused decrease in the global
solar radiation. Furthermore, short sunshine duration gives rise to high solar
radiation. This is physically possible if a hot air mass develops over the mea-
surement station area due to some meteorological features such as wind speed. It
may also be due to the urban heat island effect for measurement stations close
to city centers. For such physical interpretations one should be confident that
there are no measurement errors in the solar energy variable records. The SIPM
approach provides a basis for the calculation of seasonal a; and by values as
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Table 5.2 a, and b coefficients from SIPM

Month  Station number

3 4 5 6 7 8 9 10 11 12 13 14 15
a a a a a a a a a a a a a a a
J-F —-0.03 053 030 006 —0.27 033 027 0.00 -0.10 020 0.12 031 —0.19 023 046
F-M —-050 028 039 032 034 031 —-0.17 033 024 036 0.07 040 —0.01 0.33 048
M-A 025 027 0.60 028 —039 029 036 033 018 030 029 —0.64 025 041 —0.25
A-M 041 040 044 032 —-049 020 044 015 023 026 029 032 027 030 035
M-J 035 029 033 027 019 030 022 035 023 022 039 036 025 020 035
J-J 0.00 039 031 031 021 010 050 0.09 0.07 030 020 029 078 024 0.39
J-A 055 049 0.13 031 093 0.8 253 0.11 017 —-021 0.13 0.13 055 056 040
A-S 046 1.12 0.70 040 —0.09 026 242 043 0.59 1.03  0.70 1.57 122 040 0.38
S-0 0.27 038 034 023 —-052 035 020 045 025 035 030 041 039 026 040
O-N 0.05 029 032 029 0.11 023 029 031 0.15 0.18 031 032 0.16 022 043
N-D —-0.69 022 040 0.18 0.10 040 —038 0.08 025 064 0.16 037 —025 035 041
D-J 0.07 —0.52 042 050 —0.10 024 000 125 —0.12 059 038 034 006 030 0.64
Spring 034 032 046 029 —023 026 034 028 021 026 032 001 026 030 0.15
Summer 034 066 038 034 035 0.8 1.82 021 027 037 034 066 0.85 040 0.39
Autumn —0.12 030 035 023 —0.10 033 004 028 022 039 02 036 0.10 028 042
Winter —0.15 0.10 037 030 —0.01 029 0.03 053 001 039 0.19 035 -0.05 029 053
Annual 0.10 034 039 029 000 027 056 032 018 035 028 035 029 032 037
b b b b b b b b b b b b b b b
J-F 1.00 —0.32 057 138 195 025 043 1.06 145 057 0.72 052 140 0.55 0.08
F-M 2,00 027 029 032 026 030 129 037 023 002 08 024 1.01 029 0.05
M-A 043 0.28 —0.18 043 217 033 028 036 042 020 035 263 049 0.11 1.61
A-M 0.14 0.06 0.15 032 242 050 0.15 067 031 031 036 036 045 032 028
M-J 025 022 036 043 075 031 048 036 030 037 020 027 047 048 027
J-I 075 0.10 038 037 070 0.60 0.10 0.09 054 026 045 038 —0.16 042 0.21
J-A 0.00 —0.01 0.62 037 —093 050 —247 0.67 041 1.00 054 0.62 0.11 005 021
A-S 0.12 —0.69 —0.09 0.25 138 040 —2.34 0.27 —0.16 —0.73 —0.14 —1.33 —0.65 024 0.22
S-0 038 0.12 038 050 235 030 054 025 032 024 037 028 032 040 0.22
O-N 0.75 025 041 037 088 050 041 046 052 057 034 043 064 047 0.17
N-D 200 039 022 077 09 014 163 092 021 —-073 0.70 028 143 0.16 0.23
D-J 0.80 195 0.16 —0.67 145 060 094 —156 1.52 —0.60 0.14 040 0.76 0.32 —0.66
Spring 027 019 0.11 039 178 038 030 046 034 030 030 1.09 047 030 0.72
Summer 029 —-0.20 030 033 030 050 —1.57 054 026 0.17 028 —0.11 —0.23 024 0.21
Autumn 1.04 025 034 055 138 031 08 054 035 002 047 033 080 034 021
Winter 127 0.63 034 034 122 038 088 —0.04 1.07 —0.01 057 039 1.06 039 —0.18
Annual 072 022 027 040 119 039 0.12 033 051 0.12 041 042 052 032 024
Table 5.2 (continued)
Month  Station number
17 18 19 20 21 22 23 24 25 26 27 28 29
a a a a a a a a a a a a a a
J-F 0.33 0.11 0.35 1.93 0.45 0.32 0.37 0.27 0.27 0.23 0.94 0.28 0.20 0.57
F-M 0.32 0.29 0.41 0.37 0.39 0.43 0.38 0.43 0.45 0.38 —0.14 0.43 —0.27 0.68
M-A 0.60 0.19 0.69 0.22 1.02 —-0.10 0.51 0.78 0.57 0.15 0.41 0.28 0.44 0.61
A-M 0.39 0.25 0.37 0.34 0.43 0.30 0.27 0.38 0.34 0.37 0.49 0.18 0.25 0.53
M-J 0.40 0.30 0.26 0.29 0.49 0.32 0.30  0.35 0.25 0.26 0.12 0.26  0.39 0.37
J 0.20 0.50 0.34 0.44 0.16 0.15 0.15 0.45 0.30 0.29 0.38 0.38 0.39 0.62
J-A 0.30 0.33 0.25 0.39 0.42 0.25 0.71 0.46 0.35 0.44 0.39 0.42 0.60 1.10
A-S 0.93 0.00 0.59 0.34 1.55 0.72 0.88 1.23 0.71 0.63 0.20 0.47 0.28 0.27
S-O0 0.42 0.35 0.37 0.36 0.39 0.26 0.31 0.44 0.45 0.25 0.38 0.29 0.33 0.50
O-N 0.38 0.30 0.34 0.34 0.42 0.36 0.32 040 0.36 0.30 0.27 0.13 0.18 0.38
N-D 0.34 0.09 0.33 —0.26 0.99 0.36 0.38 0.33 0.26 0.52 —1.12 0.50 0.33 0.86
D-J 0.25 0.18 0.44 —0.11 0.40 0.24 0.38 0.46 0.33 0.35 0.41 0.38 0.17 0.57
Spring 0.46 0.25 0.44 0.28 0.65 0.17 0.36 0.51 0.39 0.26 0.34 0.24  0.36 0.50
Summer  0.48 0.28 0.39 0.39 0.71 0.37 0.58 0.71 0.45 0.45 0.32 0.42 0.42 0.66
Autumn 0.38 0.25 0.34 0.15 0.60 0.33 0.34 0.39 0.35 0.36 —0.16 0.31 0.28 0.58
‘Winter 0.30 0.19 0.40 0.73 0.42 0.33 0.37 0.39 0.35 0.32 0.40 0.36 0.03 0.61
Annual 0.41 0.24 0.39 0.39 0.59 0.30 0.41 0.50 0.38 0.35 0.23 0.33 0.27 0.59
b b b b b b b b b b b b b b
J-F 0.43 1.04 0.18 —3.20 0.05 0.34 0.18 0.43 0.58 0.52 —0.88 0.54 045 0.02
F-M 0.47 0.32 0.06 0.21 0.24 —0.02 0.17 0.15 0.10 0.14 1.30 —0.13 1.70 —0.23
M-A —0.21 0.60 —0.48 0.50 —1.28 127 —0.14 —0.50 —0.13 0.64 0.26 0.40 —0.13 —0.09
A-M 0.22 0.46 0.10 0.30 0.19 0.23 0.37 0.23 0.30 0.25 0.11 0.70  0.35 0.05
M-J 0.21 0.36 0.28 0.37 0.07 0.19 0.31 0.32 0.44 0.43 0.73 0.50  0.03 0.32
J- 0.50 0.05 0.17 0.17 0.58 0.47 0.53 0.19 0.38 0.39 0.33 0.26  0.04 —0.02
J-A 0.36 0.29 0.29 0.24 0.22 0.32 —0.19 0.20 0.32 0.22 0.30 0.18 —0.48 —0.60
A-S —0.41 0.77 —0.11 029 —1.29 —-030 —040 —1.09 —0.11 0.00 0.56 0.09 0.33 0.45
S-O0 0.26 0.25 0.17 0.31 0.32 0.37 034  0.28 0.18 0.46 0.33 0.45 0.22 0.18
O-N 0.34 0.36 0.22 0.34 0.27 0.16 0.33 0.28 0.33 0.39 0.49 0.87 0.56 0.37
N-D 0.45 1.10 0.23 1.51 —1.30 0.16 0.17 0.34 0.57 —0.14 294 —-0.25 0.15 —0.54
D-J 0.32 0.73 —0.01 1.21 0.23 0.26 0.17 0.04 0.37 0.35 0.31 0.06 0.54 0.00
Spring 0.07 0.47 —0.03 0.39 —0.34 0.56 0.18 0.02 0.20 0.44 0.37 0.53 0.08 0.09
Summer  0.15 0.37 0.11 0.23 —0.16 0.16 —0.02 —0.23 0.20 0.20 0.40 0.18 —0.04 —0.05
Autumn 0.35 0.57 0.21 0.72 —0.24 0.23 0.28 0.30 0.36 0.24 1.25 0.36 0.31 0.00
‘Winter 0.57 0.69 0.07 —0.59 0.17 0.19 0.17 0.21 0.35 0.34 0.24 0.16  0.90 —0.07
Annual 0.29 0.53 0.09 0.19 —0.14 0.29 0.15 0.07 0.28 0.30 0.56 0.31 0.31 —0.01
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Table 5.3 SIPM and classic approach a and b values with relative error

Station number Classic SIP
a b ag by
Min. Ave. Max. Min. Ave. Max.

1 0.3 0.3 —-0.7 0.1 0.6 0.0 0.7 2.0

2 0.3 0.2 -0.5 0.3 1.1 -0.7 0.2 1.9

3 0.4 0.3 0.1 0.4 0.7 -0.2 0.3 0.6

4 0.3 0.4 0.1 0.3 0.5 -0.7 0.4 1.4

5 0.4 0.2 —-0.5 0.0 0.9 -0.9 1.2 2.4

6 0.3 0.3 0.1 0.3 0.4 0.1 0.4 0.6

7 0.3 0.4 —-04 0.6 2.5 -2.5 0.1 1.6

8 0.3 0.4 0.0 0.3 1.3 —-1.6 0.4 1.1

9 0.2 0.4 —0.1 0.2 0.6 —-0.2 0.5 1.5

10 0.3 0.3 —-0.2 0.4 1.0 -0.7 0.1 1.0

11 0.3 0.3 0.1 0.3 0.7 —0.1 0.4 0.9

12 0.4 0.3 —-0.6 0.3 1.6 —-1.3 0.4 2.6

13 0.2 0.5 —0.3 0.3 1.2 —0.6 0.5 1.4

14 0.3 0.3 0.2 0.3 0.6 0.0 0.3 0.6

15 0.4 0.2 —0.3 0.4 0.6 -0.7 0.2 1.6

16 0.4 0.3 0.2 0.4 0.9 —-04 0.3 0.8

17 0.3 0.4 0.0 0.2 0.5 0.0 0.5 1.1

18 0.4 0.2 0.3 0.4 0.7 —0.5 0.1 0.3

19 0.3 0.3 —-0.3 0.4 1.9 3.2 0.2 1.5

20 0.5 0.1 0.2 0.6 1.5 —-1.3 —0.1 0.6

21 0.3 0.2 —0.1 0.3 0.7 -0.3 0.3 1.3

22 0.4 0.2 0.1 0.4 0.9 -04 0.2 0.5

23 0.4 0.2 0.3 0.5 1.2 —1.1 0.1 0.4

24 0.4 0.3 0.3 0.4 0.7 —0.1 0.3 0.6

25 0.3 0.4 0.2 0.3 0.6 —0.1 0.3 0.6

26 0.3 0.4 —1.1 0.2 0.9 -0.9 0.6 29

27 0.3 0.3 0.1 0.3 0.5 —-0.3 0.3 0.9

28 0.3 0.4 —0.3 0.3 0.6 -0.5 0.3 1.7

29 0.5 0.1 0.3 0.6 1.1 —0.6 0.0 0.5
averages of the 3 months of each season. On the other hand, it is obvious from
Table 5.3 that there are significant differences between the average a; and by
values determined from SIPM and AM approaches. With the SIPM approach, it
is possible to make internal estimates of minimum and maximum for a, and by
parameters.

5. It is obvious from the appearance of SIPMs that within a year there are two
H/Hy (S/So) values corresponding to a given constant S/So (H/Hp) value.
This point cannot be captured from the direct application of the AM.

6. In the great majority of the SIPMs the same sunshine duration value, S/Sp, gives

higher global solar radiation during the autumn months than in spring. This is
due to the fact that the terrain has already warmed up in the summer period and
there is a delay prior to cooling. On the other hand, in the spring period although
warming up has already started the effect of winter cooling still prevails. Hence,
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Fig. 5.11 SIPs at different altitudes

SIPMs show that solar energy production possibilities in the autumn months are
more than in spring.

7. As the altitude of the station increases the corresponding SIPMs become wider.
This means that for the same sunshine duration in different seasons the solar
energy amounts become significantly different from each other. Another point
is that these stations are very close to high mountains on the top of which the
snow cover exists throughout the year with few exceptions. Hence, the climate
in these regions is kept rather cool and dry during the year.

Further interpretations are possible by comparing the SIPMs at different loca-
tions, altitudes, latitudes, and longitudes. For instance, in Fig. 5.11 two important
cites, namely, Istanbul along the coastal region on the Bosphorus (straight) connect-
ing the Black Sea to the Marmara, Aegean, and Mediterranean Seas, and Ankara
in central Anatolia with continental climate features, are shown just for comparison
purposes.

Although both station’s monthly values lie almost along straight lines that can be
represented by the AM, the possible production of solar energy in Ankara is more
than Istanbul at all months. Since, Ankara is located at an elevation almost 600 m
more than Istanbul, its SIPM is wider. The changes of SIPM parameters month by
month for Istanbul and Ankara stations are shown in Fig. 5.12.

It is obvious that a, + by values do not have very significant fluctuations about
their arithmetic averages but a; and by show opposite fluctuations to each other. This
is to say that an increase (decrease) in ay is associated with a decrease (increase) in
bs. However, their summations are more stable.
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5.6 Triple Solar Irradiation Model (TSIM)

Although there are multiple regression models that relate the solar radiation to vari-
ables such as sunshine duration, humidity, temperature, elevation, efc., they are
based on the restrictive assumptions (Sect. 4.4.1) as required by the regression tech-
nique methodology (Sen 2001; Sen and Sahin 2000). Such regression models do not
exhibit variations in an elastic manner, but rather in a deterministic form. They pro-
vide a mathematical relationship, but, due to an increase in the number of variables,
the error source might also increase and the model reliability becomes questionable.
In order to avoid such restrictive situations, it is suggested in this section to draw
contour lines of solar radiation values based not only on the sunshine duration, but
additionally, on the relative humidity (RH). Hence, triple solar irradiation models
(TSIM) indicate without model restrictive affects the natural variability of solar ra-
diation with sunshine duration and RH. Depending on the significance of the third
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Fig. 5.13 a,b. Stations and some of their regional properties

variable, one can consider the TSIM approach with variables other than RH, such
as temperature, precipitation, evaporation, aerosol concentration, etc.

Classic scatter diagrams are shown in Fig. 5.13, where in Fig. 5.13a the scatter is
very restrictive but in Fig. 5.13b the scatter is comparatively wide indicating that it
is preferable to consider another, i. e., third variable in order to explain these scatters
more physically.

Narrow scatter implies that solar radiation is affected and can be explained by
sunshine duration to a great extent. Regression models are successful in cases of
narrow scatter diagrams, but in very wider scatters it is preferable to import a third
variable for better physical estimations. For this purpose, solar radiation is taken
as the dependent variable with two independent variables, sunshine duration and
RH. It is possible to construct a triple-regression equation between solar radiation,
sunshine duration, and RH variables but such a model will suffer from the restrictive
assumptions of the regression approach (Chap. 4).
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In the TSIM estimation procedure, the vertical Cartesian axis is allocated for
sunshine duration ratio and the horizontal axis is for the RH. The contour lines are
drawn for the solar radiation ratios as dependent variable. The TSIM graphs show
the following general points:

Solar radiation variation based on sunshine duration and RH variation.

Solar radiation variation with sunshine duration for any given level of RH.

Solar radiation variation with RH for any given level of sunshine duration value.

Solar radiation maxima occurrences at RH and sunshine duration values.

Solar radiation minima occurrences at sunshine duration and RH values.

Solar radiation variation for any combination of sunshine and RH values.

Locations of nearly clear weather conditions based on sunshine duration and

RH values.

8. Locations of nearly overcast weather conditions based on sunshine duration and
RH values.

9. Average and standard deviation values of solar radiation for given ranges of RH

and sunshine duration, and hence it is possible to obtain the arithmetical average

and standard deviation variations of solar radiation by sunshine duration and RH

values. This is very helpful in deciding the error limitations concerning upper

and lower boundaries in any solar radiation estimation.

NonA WD~

Under the light of the previous step, one can obtain estimation of solar radia-
tion for a given pair of sunshine duration and RH values. The TSIM graphs may be
prepared for different time periods such as hourly, daily, weekly, and monthly. Com-
parison of two or more TSIM graphs at different locations helps to identify climatic
differences to a significant extent.

The implementation of the TSIM is presented for Adana and Diyarbakir stations
in Turkey (Fig. 4.6 and Table 4.3). Adana lies in the southern part with its typical
Mediterranean climatic features where winters are relatively short with cool periods
and summers have high temperatures and RH. Fig. 5.14a indicates that the solar ra-
diation values change from 0.35 to 0.75. This figure is rather rough which indicates
unstable climatic conditions. The maxima of solar radiation are for high sunshine
duration and RH values. The minima take place at low sunshine durations but with
RH confined between.

Diyarbakir region, on the other hand, is completely in the semi-arid region of
Turkey in the southeastern part with dry, and hence, low RH but long periods of
sunshine duration, especially, in the summer. Figure 5.14b indicates solar radiation
contour changes from almost 0.30 to 0.65 with minima at low sunshine duration but
high RH area. Maxima are for high sunshine duration but moderate RH values. It
is possible to make solar radiation estimations from these maps for a given pair of
sunshine duration and RH values. Although for any given sunshine duration there is
only one solar radiation estimate from the AM method, in Table 5.4, solar radiation
estimates are given at different RH levels.
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The differences between the AM and TSIM estimations are within the practically

acceptable ranges, but the TSIM graphs are more reliable because they take into
consideration the contribution of the third variable which is the RH.
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Table 5.4 TISM parameters

Measured H/Hj H /Hj estimation by TSIM
S/So estimation
by AM RH levels
0.40 0.50 0.55 0.60 0.70 0.80
ADANA
0.20 0.37170 0.44 0.43 0.42 0.39 0.34
0.30 0.40535 0.45 0.45 0.45 0.42 0.46
0.40 0.43900 0.46 0.46 0.45 0.44 0.44
0.50 0.47265 0.47 0.46 0.45 0.47 0.48
0.60 0.50630 0.50 0.50 0.51 0.52 0.52
0.70 0.53995 0.54 0.53 0.57 0.57 0.55
0.80 0.57360 0.58 0.58 0.61 0.61 0.58
DIYARBAKIR

0.35 0.43208 0.47 0.45 0.39 0.50
0.40 0.44642 0.50 0.50 0.51 0.60
0.50 0.47510 0.61 0.54 0.65 0.71
0.60 0.50378 0.65 0.65 0.65 0.70
0.65 0.51812 0.60 0.55 0.65 0.75

5.7 Triple Drought—Solar Irradiation Model (TDSIM)

Physically some relations can be found among drought magnitude, solar radiation,
and sunshine duration. In the dry (wet) season solar radiation and sunshine dura-
tion increase (decrease) to their highest (lowest) degree. For cloudy skies, sunshine
duration is lowest and rainfall amount increases to a higher level. In conditions of
maximum clearness, sunshine duration is the highest and generally there is no sig-
nificant rainfall. If dry periods continue for several successive seasons then drought
occurs.

The main purpose of the triple drought—solar irradiation model (TDSIM) is to
combine again three related variables and examine their common behavior by con-
tour maps. In addition, linear model relations are also derived between two variables.
The least square and Kriging methods are used for the preparation of the TDSIM.
The least square method is used to find the AM parameters and then the third vari-
able Z-score concept is taken into consideration for map preparation by the Kriging
approach (Journel and Huijbregts 1989; Matheron 1965). This new approach gives
not only some climatic variations but also helps to estimate drought intensity de-
pending on sunshine duration and solar radiation intervals.

The Z-score is suggested and designed to quantify the precipitation deficit for
multiple time scales, which reflect the impact of drought on availability of different
water resources. Z-scores are sometimes called “standard scores.” In every normal
distribution, the distance between the mean and a given Z-score cuts off a fixed
proportion of the total area under the curve. Statisticians have provided tables in-
dicating the value of these proportions for each possible Z-score (Benjamin and
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Table 5.5 Standardized precipitation index categories

SPI values Category
0to —0.99 MID
—1.00 to —1.49 MOD
—1.50 to —1.99 SED
<—2.00 EXD

Cornell 1970). The Z-score is simply a standardization of a given time series, X; as
X1, Xo,...,X,, where the standardized series, x; is calculated as

_X,'—Y

X =
Sx

(i=1,2,....n) (5.18)

where X is the arithmetic mean, and Sy is the standard deviation. A deficit occurs
at any time when the Z-score is continuously negative. The accumulated magnitude
of deficits is referred to as the drought magnitude, and it is the positive sum of the
Z-score for all the months within a drought event.

In papers by McKee et al.(1993, 1995) only empirical calculations of drought de-
scriptions such as mild (MID), moderate (MOD), severe (SED), and extreme (EXD)
drought cases are calculated and accordingly the classifications are done crisply at
a single site according to Z-score categories as in Table 5.5.

Similar to standardization by Eq. 5.17 solar radiation and sunshine duration ratios
can be standardized as follows:

p. — (H/Ho)i — (H/Ho)

1

(i=12,...,n) (5.19)
SH/H,

and

_ (8/80)i = (5/50)

: (5.20)
' Ss/5,

respectively. Here n is the number of data, and /; and s; represent standardized solar
radiation and sunshine duration values, respectively. There are physical relations
between sunshine duration, solar radiation, and the Z-score indicating drought and
wet conditions (see Fig. 5.15).

The following rules can be deduced logically from the simultaneous considera-
tion of these three variables:

1. If sunshine duration is lower than the mean value, (s; < 0) and the Z-score > 0,
then wet climatic conditions occur.
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Fig. 5.15 General drought—solar radiation classification

2. If the s; and Z-score values are greater than zero, then moderate wet climatic
conditions occur.

3. If s; > 0 and the Z-score < 0, then severe drought conditions occur depending
on the magnitude.

4. Lastly, if s; < 0 and the Z-score < 0 then moderate cloud conditions occur.

The AM and TDSIM methodology are presented for two different climate zones,
at Istanbul and Ankara (see Fig. 4.6 and Table 4.3). These two stations have the AM
expressions as follows:

H S 2
— =0.36—+0.28R“=0.81,r =0.90 (5.21)
Hy So
and
H S )
— =0.33—+0.40R"=0.83,r=0.92, (5.22)
Hy So

respectively. The TDSIMs for each station are shown in Fig. 5.16. The Istanbul
station lies in the northwestern part of Turkey which is characterized by a modified
Mediterranean type of climate with influences from the Black Sea maritime and
Balkan continental effects. Consequently, winters are cold and summer seasons are
rather warm with long hours of sunshine and high RH. The triple solar irradiation
relationship for this city is shown in Fig. 5.16a.

Ankara is in the central Anatolian peninsula and has completely continental cli-
matic effects with dry air movements because humidity-laden air masses from the
Black Sea in the north and the Mediterranean Sea in the south leave their moisture
along the hills that look toward these water bodies, and the air around Ankara is
rather dry with low humidity values.
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Fig. 5.16 a,b. TDSIMs for a Istanbul and b Ankara

The TDSIM gives not only climatic variability but also estimates of some solar
engineering variables in the AM. If S/So (H / Hp) is known using a and b parameters
in Eq. 5.21 and 5.22 then H/Hy (S/So) can be estimated easily. By using solar
radiation and sunshine duration ratios, drought magnitude can be estimated with
TDSIM. Solar radiation values evaluated by the AM are given in Table 5.6.

This approach can be used also for drought intensity estimation by considerations
from Table 5.5. For different S/Sy and H/Hy values different drought intensities
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Table 5.6 Solar radiation estimation by using the Angstrom equation

Observed S/So Hwm/Ha Angstrom estimation Hyj/Hp
Adana Ankara
0.300 0.300 0.418 0.405
0.400 0.400 0.446 0.439
0.500 0.500 0.475 0.472
0.600 0.600 0.504 0.506
0.700 0.700 0.532 0.540
0.800 0.800 0.561 0.573

Table 5.7 Drought magnitude estimation by using the Angstrom equation

Observed Drought category
S/So Hv/Ha Adana Ankara
0.3 0.3 0.5 1

04 0.4 0 1.5
0.5 0.5 0 0

0.6 0.6 0 -1

0.7 0.7 2 -1

0.8 0.8 - -1

can be estimated, which give different drought magnitudes for different stations
(Table 5.7). Hence, drought intensity can be estimated by using sunshine duration
and solar radiation ratio ranges.

5.8 Fuzzy Logic Model (FLM)

There are ambiguities and vagueness in solar radiation and sunshine duration
records during a day. A fuzzy logic (FL) algorithm can be devised for tackling these
uncertainties and estimating the amount of solar radiation. The main advantage of
fuzzy logic models (FLM) is their ability to describe the knowledge in a descrip-
tive human-like manner in the form of simple logical rules using linguistic variables
only. The AM or any other type of regression equations are replaced by a set of fuzzy
rule bases. There are several implied assumptions in all the model formulations as
follows:

1. In many applications without considering the scatter diagram of H versus S,
automatically a linear regression line is fitted to data at hand according to a lin-
ear model where coefficients depend vaguely on the variations in the sunshine
duration. It is the main purpose of this section to provide a simple technique
whereby uncertainties in the process of solar radiation and sunshine duration
measurements are processed linguistically by means of fuzzy sets.

2. A linear model provides estimations of the global radiation on a horizontal sur-
faces at the level of the earth, but unfortunately it does not give clues about the
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normal incidence and tilted surface global radiation because diffuse and direct
radiation components do not appear in this linear model.

3. Most of the formulations relate the global irradiation to the sunshine duration
by ignoring some of the meteorological factors such as the RH, maximum tem-
perature, air quality, latitude, elevation above mean sea level, efc. Each one of
these factors contributes to the relationship between H and S and their neglect
introduces some errors in the estimations. For instance, the AM assumes that
if all of the other meteorological factors are constant then the global horizontal
irradiation is proportional to the sunshine duration only. The effects of other me-
teorological variables appear as deviations from the straight line fit on a scatter
diagram. In the FL approach, there are no model parameters but all the uncer-
tainties and model complications are included in the descriptive fuzzy inference
procedure in the form of IF-THEN statements.

4. The physical meanings of the model coefficients are not explained in most of
the application studies but only the statistical regression fit and parameter es-
timations are obtained and then incorporated into the relevant formulations for
the global irradiation estimation from the sunshine duration records.

5. Dynamic responsive behavior of the system is not considered at all due to the
complexities since any regression technique is based on restrictive assumptions
(Chap. 4, Sect. 4.4.1). However, in the FLM there are no assumptions involved in
the global irradiation estimation from the sunshine duration data. This is because
the regression method does not provide dynamic estimation of the coefficients
from available data. Furthermore, a critical look at recent interpretations of the
AM approach is presented by Gueymard et al. (1995) concerning global solar
radiation prediction. They have put forward some thoughts and new elements
in order to improve the coefficient estimates in the AM. Among their question
is “Can statistical and stochastic models be developed and used to supplement
linear radiation models?”” Herein, the answer to this question is presented by the
introduction of the FLM.

5.8.1 Fuzzy Sets and Logic

The concept of “fuzzy sets” was introduced by Zadeh (1965) who pioneered the de-
velopment of fuzzy logic instead of the Aristotelian logic of two possibilities only.
Unfortunately, this concept was not welcome into the literature since many uncer-
tainty techniques such as probability theory, statistics, and stochastic processes were
commonly employed at that time. FL has been developed since then and it is now
used for automatic control of commercial products such as washing machines, cam-
eras, and robotics. Many textbooks provide basic information on the concepts and
operational fuzzy algorithms (Tagaki and Sugeno 1985; Tanaka and Sugeno 1992;
Wang 1997; Zadeh 1968, 1971; Zimmerman 1991). The key idea in FL is the al-
lowance of partial belonging of any object to different subsets of the universal set
instead of belonging to a single set completely. Partial belonging to a set can be de-
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scribed numerically by a membership function (MF) which assumes values between
0 and 1.0 inclusive. For instance, Fig. 5.17 shows typical MFs for small, medium,
and large class sizes in a universe, U.

Hence, these verbal assignments are the fuzzy subsets of the universal set. In
this figure set values with less than 2 are definitely “small,” those between 4 and
6 are certainly “medium,” and values larger than 8 are definitely large. However,
intermediate values such as 2.2 are in between, that is, it partially belongs to subsets
“small” and “medium.” In fuzzy terminology 2.2 has an MF value of 0.9 in “small”
and 0.1 in “medium” but 0.0 in “large.”

The literature is rich with reference concerning the ways to assign MFs to fuzzy
variables. Among these ways are intuition, inference, rank ordering, angular fuzzy
sets, neural networks, genetic algorithms, inductive reasoning, etc. (Sen 2000). In
particular, the intuition approach is used rather commonly because it is simply de-
rived from the capacity of humans to develop MFs through their own innate intel-
ligence and understanding. Intuition involves contextual and semantic knowledge
about an issue; it can also involve linguistic truth values about this knowledge
(Ross 1995).

Fuzzy MFs may take many forms but in practical applications simple straight line
functions are preferable. Especially, triangular functions with equal base widths are
the simplest possible ones. For instance, in Fig. 5.18 the whole universe of tempera-
ture, T, space is subdivided into four subsets with verbal attachments “cold,” “cool,”

Small Medium Large
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Fig. 5.18 MFs for the fuzzy linguistic word “temperature”
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“warm,” and “ hot,” associated with different MFs. Of course, these membership
functions are a function of context and the researcher developing them.

The solar radiation at the earth’s surface is a random process and therefore it
involves uncertainty. Furthermore, if the form of uncertainty happens to arise be-
cause of imprecision, ambiguity, or vagueness then the variable is fuzzy and can be
represented by an MF.

5.8.2 Fuzzy Algorithm Application for Solar Radiation

A detailed account of the fuzzy sets and logic is given by Sen (1998) for the solar
radiation estimation. He used fuzzy logical propositions in the forms of IF-THEN
statements. Among a multitude of propositions, two of them are given here below
for the sake of argument:

IF sunshine duration is “long” THEN the solar radiation amount is “high.”
IF sunshine duration is “short” THEN the solar radiation amount is “small.”

In these two propositions solar energy variables of sunshine duration and solar ra-
diation are described in terms of linguistic variables such as “long,” “high,” “short,”
and “small.” Indeed, these two propositions are satisfied logically by a simple AM.
These linguistic variables are only a certain part set of the whole variability domain,
i. e., of the full set. It can be understood from this argument that a set of relationships
is sought between two variables as exemplified in Fig. 5.19.

This figure shows the architecture of a two-variable fuzzy proposition collection.
For our purpose, the first three boxes on the same line represent sunshine duration
linguistic words, with the second line three words for the solar radiation. Hence, it
is possible to infer 3 x 3 = 9 different IF-THEN propositions from Fig. 5.19. The
question still remains in this figure is whether the boundaries between the linguistic
words in each line are distinct from each other or there may be some overlaps. Logi-
cally, it is not possible to draw crisp boundaries between subsequent words. For this
purpose, Fig. 5.19 can be rendered into a more realistically valid architectural form

Fig. 5.19 Crisp boundary linguistic words and relationships
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as shown in Fig. 5.20 where there are interferences (shaded areas) between the sun-
shine duration (solar radiation) linguistic words on the same line. The overlapping
areas between the atomic words indicate fuzzy regions.

It is also logical to think that as the linguistic word domain moves away from the
interference locations they represent more of the linguistic word meaning. For in-
stance, medium sunshine duration linguistic word has two interference regions and,
therefore, one can assume comfortably that the middle locations in the “medium”
word domain are more genuine mediums. This last statement reflects a triangular
type of medium belongingness to the medium region. On the contrary, the words
that are located on both sides of the line, such as short and long or small and big,
have only one interference region. This means that the belongingness into these
words will increase as one moves away from the interference region. Likewise, this
gives again the impression of a triangular belongingness but with its greatest belong-
ing at the far edges from the interference regions. Such belongingness is attached
with certain numbers that vary between zero and one (Zadeh 1965). In such a ter-
minology zero represents non-belongingness to the word concerned, whereas one
corresponds to the full belongingness. These belongingness numbers are referred to
as the membership degree (MD) in the fuzzy sets theory. After all these discussions,
it becomes evident that the new architecture of the logical propositions will appear
as in Fig. 5.21.

Solutions with the architectural form in Fig. 5.20 are already presented by
Sen (1998) for solar radiation estimation. In such an approach there is no mathe-
matical equation included. However, in engineering applications simple and linear
equations are sought for rapid calculations. For this purpose, the architecture in
Fig. 5.21 can be changed into the one in Fig. 5.22 with crisp mathematical forms
after the THEN part of the logical propositions (Takagi and Sugeno 1985). In FL
terminology, the premises of the productions are vague in terms of fuzzy subsets
whereas the consequent parts are adopted in the form of the simplest linear partial
mathematical equations.

Short Medium Long
| THEN |
‘/"
Small Medium Big

Fig. 5.20 Fuzzy boundary linguistic words and relationships
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Fig. 5.21 Fuzzy sets and relationships
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Fig. 5.22 Mathematical relationships of the consequent parts

The mathematical formulations in the consequent part are adopted similar to the
AM (Chap. 4). Although the AM is globally fitted to the S/Sy versus H /Hy scatter
diagram, the architecture in Fig. 5.22 provides a piece-wise linear approach. These
two cases are shown representatively in Fig. 5.23.
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Fig. 5.23 Angstrom and fuzzy solar radiation estimation models

It is possible to write down the three possible propositions that emerge from
Fig. 5.22 as

H S
IF sunshine duration is “short” THEN — =a1+b;—
Hy So
H S
IF sunshine duration is “medium” THEN — =ar+by—
Hy So
H S
IF sunshine duration is “long” THEN — =a3+b3—
Hy So

Hence, the relationship between the radiation and sunshine duration is deduced
from the measurements linguistically. The application of the FLM is performed for
two different locations, Istanbul and Ankara in Turkey as shown in Fig. 4.6. With-
out dividing by Hy and S salient features of H and S scatter diagram are plotted in
Fig. 5.24 for the purpose of fuzzy irradiation estimation. To this end, the extrater-
restrial solar radiation, H, and sunshine duration hours are first fuzzified into fuzzy
subsets so as to cover the whole range of changes.

The sunshine duration is considered at the maximum for 12 h and its subdivision
into 7 subsets as S, S2, 53, S4, S5, Se, and S7 is considered to have triangular MFs
represented in Fig. 5.25.

However, subsets of fuzzy changes in the solar radiation domain will depend on
the location and elevation of the station and accordingly fuzzy partitions will be
different for different sites. Since solar irradiance data are continuous, and change
slightly and smoothly over very large distances, the fuzzy partitions of solar irradi-
ance are expected to be slightly different for different sites. The reason for adopting
seven, contrary to what is recommended as a rule of thumb which in practice is five,
is due to the error minimization in the estimation. Once the fuzzy rule base inference
machine is set up it is straightforward to play with the number of fuzzy partitions
on the computer until the best fit is obtained. Of course, the domain of radiation
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Fig. 5.24 a,b. H versus S scatter diagrams at stations with crosses indicating fuzzy solutions.

a Istanbul. b Ankara

change is observed from the past records and at each station the irradiation values
assume 600 cal/cm? per month. Due to different latitudes there are three slightly
different fuzzy set partitions for Istanbul and Ankara as shown in Fig. 5.26a and b,
respectively. The solar radiation fuzzy sets are labeled as Hy, H», H3, H4, Hs, Hg,

and H7 in increasing magnitude.
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Fig. 5.26 a,b. Fuzzy subsets for radiation at different stations. a Istanbul. b Ankara

The irradiation and sunshine duration fuzzy subsets are combined with each other
through the following fuzzy rule bases:

IFSis S; and S;4+; THEN His H; and H; 4+ i=1,2,3,4,5,6). (5.23)

Such a fuzzy rule base is not used in any previous study in the literature since
the consequent part is in terms of two successive fuzzy subsets from the irradiation
domain. For a given sunshine duration measurement, Sy,, there are two successive
sunshine duration fuzzy subsets (see Fig. 5.25). Once the fuzzy subsets of irradiation
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and sunshine duration data are recorded, it is possible to perform the application for
the estimation of irradiation amount from a given sunshine duration measurement
through the following steps:

1.

Locate the measured sunshine duration amount S, on the horizontal axis in
Fig. 5.25. It is possible to find two successive fuzzy subsets, for instance, S, and
S3.
Find the MDs, namely, « and 8 corresponding to these two successive sunshine
duration fuzzy subsets. It is important to notice at this stage that by definition
a+p=1.0.
Enter the radiation fuzzy subset domain by considering & and § membership
degrees as shown, for instance, in Fig. 5.26a.
Since « in Fig. 5.25 came from S4, in Fig. 5.26a it should yield two values,
namely o1 and oy from the corresponding Hy fuzzy subset in the irradiation
domain. Likewise, 81 and B, are obtained from Hs as shown in the same figure.
In fact, H4 and Hs together present the fuzzy consequent, i. e., answer to the
irradiation estimation in the form of a fuzzy subset union as in Fig. 5.27.
For the defuzzification of the fuzzy set in Fig. 5.27, first of all the arithmetical
averages of the lower and upper values from each fuzzy subsets are calculated
as

o] +ap

ﬁzTandﬁz

B1+ B2

> (5.24)

The radiation estimation value, He, is calculated as the weighted average of
these two simple arithmetic averages as

H.=au+pBpB. (5.25)

H2 H3

p=0.65

a=0.35

f A .

=42 AS  BF” a=13.0
7

N

Fig. 5.27 Fuzzy irradiation estimation compound subset
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It is to be noticed at this stage that the right hand side of this expression is
a function of radiation (see Fig. 5.26a). Hence, it is possible to execute these
steps for each sunshine duration measurement which leads to either fuzzy subset
estimation in a vague form similar to Fig. 5.27 or after its defuzzification by
Eq. 5.25 to a single irradiation estimation value. The final results in the form
of defuzzified irradiation estimations are shown in Fig. 5.24 by crosses. It is
obvious that these crosses lie within almost the central parts of scatter diagram
for any given sunshine duration measurement. Hence, the proposed method of
fuzzy estimation leads to irradiation estimations either in a vague form similar
to fuzzy subset in Fig. 5.27 or as a defuzzified value.

5.9 Geno-Fuzzy Model (GFM)

The FLM accounts for the possible local non-linearity in the form of piece-wise
linearization. The parameters estimation of this model can be achieved through the
application of the genetic algorithm (GA) technique. The fuzzy part of the model
provides treatment of vague information about the sunshine duration data whereas
the genetic part furnishes an objective and optimum estimation procedure.

Evolution by natural selection is one of the most compelling themes of mod-
ern science and it has provoked a revolutionary way of thinking about biologi-
cal systems. This is a form of evolution referred to as the GA that takes place in
a computer. In the GAs, selection operates on strings of binary digits stored in
the computer’s memory and, over time, the functionality of these strings evolves
in much the same way that natural populations of individuals evolve. GAs allow
engineers to use a computer to evolve solutions over time instead of designing
them by hand. An algorithm is the general description of a procedure and a pro-
gram is its realization as a sequence of instructions to a computer. Although GAs
are known primarily as a problem-solving method, they can also be used to study
evolution and to model dynamic systems (Goldberg 1989; Haupt and Haupt 1998;
Holland 1992).

The basic idea of a GA is very simple. First, a population of individuals is created
in a computer as binary strings and then it is evolved with the use of some principles
of variation, selection, and inheritance. In its simplest form, each individual in the
population consists of a string of binary digits, which is also referred to as the bits,
and by analogy to biological systems the string of bits is referred to as the “geno-
type.” Each individual consists only of its genetic material which is organized into
one chromosome. Each bit position (set to 1 or 0) represents one gene. The term
“bit string” refers to both genotype and the individuals that they define. There are
a variety of techniques for mapping bit strings to different problem domains.

The initial population of individuals is usually generated randomly, although this
is not necessary. Each individual is tested empirically in an “environment” and is
assigned a numerical evaluation of its merit by a fitness function, ¥, which returns
a single number. This constraint is sometimes relaxed so that F returns a vector of
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numbers, and it determines how each gene (bit) of an individual will be interpreted
and thus what specific problem the population will evolve to solve.

Once all the individuals in the population have been evaluated, their F's are used
as the basis for selection, which is implemented by eliminating low-fitness individ-
uals from the population and inheritance is implemented by making multiple copies
of high-fitness individuals. GA operations such as mutation (flipping individual bits)
and cross-over (exchanging substrings of two individuals to obtain two offsprings)
are applied probabilistically to the selected individuals in order to produce a new
population (or generation) of individuals. The term cross-over is used here to refer
to the exchange of homologous strings between individuals although the biological
term “cross-over” generally implies exchange within an individual. New genera-
tions can be produced either synchronously, so that the old generation is completely
replaced, or asynchronously, so that generations overlap.

By transforming the previous set of good individuals, the operators generate
a new set of individuals that have a better than average chance of also being good.
When this cycle of evaluation, selection and genetic operations is iterated for many
generations, the overall fitness of the population generally improves, and the indi-
viduals in the population represent improved “solutions” to whatever problem was
posed in F.

There are many details left unspecified by this description. For example, selection
can be performed in any of several ways. It could arbitrarily eliminate the least fit
50% of the population and make one copy of all the remaining individuals, it could
replicate individuals in direct proportion to their fitness, or it could scale the fitness
in any of several ways and replicate individuals in direct proportion to their scaled
values. Likewise, the cross-over operator can pass on both offspring to the new
generation or it can arbitrarily choose one to be passed on, the number of cross-
overs can be restricted to one per pair, two per pair, or N per pair. These and other
variations of the basic algorithm have been discussed extensively by various authors
(Grefenstette 1985, 1987; Goldberg 1989; Schaffer 1984).

Genetic algorithms are powerful search and optimization algorithms based on
semblance of natural genetics which are characterized by the following features.
The GA is a fixed procedure that would generate reproducible results and it does
not need fine tuning necessary by a skilled experimenter along the following steps:

1. A scheme for encoding solutions referred to as chromosomes to the problem

2. A fitness function that rates each chromosome relative to the others in the current

set of chromosomes which are referred to as the population

An initiation procedure for the population of chromosomes

4. A set of operators which are used to manipulate the genetic composition of the
population

5. A set of parameters that provide the initial settings for the algorithm and opera-
tors as well as the algorithm’s termination condition

[O8]

The application of the GFM is presented for Istanbul and Ankara stations in
Turkey (see Fig. 4.6, Table 4.3). For the application purpose the sunshine duration
fuzzy subsets are already presented in Fig. 5.25.
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Table 5.8 GA parameters

Sunshine duration Station name
fuzzy subset Istanbul Ankara
ag bg ag bg

S1 0.22 0.84 - -
S> 0.27 0.43 0.27 0.48
S3 0.26 0.44 0.33 0.27
M 0.32 0.32 0.28 0.37
Ss 0.37 0.24 0.28 0.36
Se 0.28 0.36 0.39 0.22
S7 - - - -
AM 0.28 0.36 0.30 0.34
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Fig. 5.28 GFMs with straight lines

Table 5.8 shows the GA parameter (a, and bg) estimations for each of the seven
sunshine duration fuzzy subsets at the two stations.

Figure 5.28 shows each one of the sub-domain straight lines together with the
AM straight line.

The AM and its various modifications help to estimate solar radiation from the
sunshine duration measurements. Although some of the modifications are in non-
linear forms, the estimation of their parameters is achieved through the least squares
approach by considering the scatter diagram globally.

5.10 Monthly Principal Component Model (MPCM)

The basis of principal component analysis (PCA) has already been explained in
Chap. 4, Sect. 4.7. The scatter diagrams are essential parts prior to the application
of PCA and the following questions should be pondered upon in visual and logical
interpretation of any solar radiation scatter diagram:
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1. Do the scatter points indicate distinctive mathematical forms? For such an as-
sessment, it is necessary that the scatters should appear around general trends in
the forms of linear or non-linear lines.

2. Do the scatter points dispose elongated or circular features? Is there only one
feature (cluster) or more in the scatter diagram? (see Fig. 4.18),

3. Inthe case of a single feature, what is the direction of the most elongated scatter?
Similarly, the location of the least elongated direction? In practice, most often
these two directions are more or less perpendicular to each other.

4. Are there clustered regions within the scatter diagram? If so, then the regression
or any classic model fitting procedure is not suitable and each cluster must be
investigated within itself, if possible, independently from other group(s).

5. In the case of small scatters, more distinctive forms appear and it is possible
to represent these distinctive features in terms of other convenient Cartesian
coordinate systems. A basic and necessary knowledge is that any Cartesian co-
ordinate system has two axes in the plane and they are perpendicular to each
other.

6. Is it possible to transform the basic data into some other forms so as to obtain
more independent behaviors between the transformed groups? Such indepen-
dence provides the facility for the researcher to investigate them separately and
probably in different contexts.

7. Are the solar radiation (sunshine duration) variation ranges for given sunshine
durations (solar radiation) constant? In practice, they are never constant, but
theoretical modeling procedures require constant variances along the whole data
which cannot correspond appropriately to practical situations.

In the following sequel, the scatter diagram is viewed on a monthly basis with 12
classes. Each class is treated individually by calculating monthly means and vari-
ances. This will provide the ability to compare the monthly solar radiation-sunshine
duration data variability among the classes.

For the sake of discussion, Fig. 5.29 shows three scatter diagram classes (months)
and it is obvious that they have different patterns.

In the same figure, their summary statistics are shown in terms of averages, m1 g,
moy, and m3 g, on the solar radiation axis and m s, mys, and m3s on the sunshine
duration axis; omi, om2 and om3z and om1, om2 and o3 are the corresponding stan-
dard deviations. It is possible to find another set of Cartesian axes such that the max-
imum (major axis) variance appears along one direction and the minimum (minor
axis) along the second axis. Hence, each set of monthly Cartesian axes is repre-
sented by an ellipse with the major (minor) axis length equal to twice the maximum
(minimum) variance with the center at monthly averages. The comparisons of these
ellipses indicate clearly that they are quite distinct from each other. The rotational
angle for each month can be calculated according to Sect. 4.7. Finding of these
principal axes and the variances along them is referred to in general as the principal
component analysis in the literature (Davis 1986), but its two-dimensional version
with 12 monthly classifications is referred to as the monthly principal component
model (MPCM), which includes the following steps:
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1. Find the arithmetic averages of solar radiation and sunshine duration data for
a particular month or season. Let these be indicated for months as m; g and m;g
(i =1,2,...,12) for solar radiation and sunshine duration data, respectively.
Then each pair (m; g, m;s) indicates the center of the corresponding ellipse.
2. Consider any orthogonal axes with their origin at the arithmetic averages.
3. Find the projections of solar radiation and sunshine duration data points on these
axes and then calculate the variances along each axis.
4. Repeat the variance calculation for a set of different orthogonal axes at the same
central point.
5. Find the maximum variance among all the orthogonal axes and name it as the

major axis. Accordingly, the minor axis is perpendicular to this axis.

In this manner, it is possible to identify 12 ellipses as in Fig. 5.30, which corre-

spond to the relevant scatter diagrams.

The MPCM as presented above is applied for five solar radiation sites, which

represent different climatologic regions in Turkey (see Fig. 4.6 and Table 4.3). The
MPCM parameters for each station and for four months are presented in Table 5.9

He

rein, « indicates the angle of the major axes with the horizontal sunshine duration

axis; 2o and 2oy, are the lengths of the major and minor axes as indicated in
Fig. 5.29.

Istanbul and Ankara monthly ellipse distributions are shown in Fig. 5.31 and 5.32

where three clusters are observable, namely, October—-May, June—September, and
November, which has the most independent solar radiation and sunshine duration
variability.
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Fig. 5.31 Monthly classification of Istanbul solar radiation data

Ankara station lies almost in the middle of Turkey where a dry continental
climate prevails with extremely cold winter periods. If the sequence of numbers
1,2,...,12 corresponding to the monthly sequence of January, February, ..., De-
cember, respectively, is followed an increasing limb from 1-8 (January—August) and
then a decreasing limb from 9-12 (September—December) are observed. The solar
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Table 5.9 MPCM parameters

Month Parameters Stations
Istanbul Ankara Antalya Trabzon Kars
January Average solar irradiation 0.332 0.385 0.544 0.357 0.569
SD solar irradiation 0.049 0.034 0.108 0.035 0.081
Average sunshine duration 0.214 0.253 0.588 0.215 0.290
SD sunshine duration 0.082 0.079 0.151 0.047 0.089
o 28 20 35 31 40
oM 0.092 0.084 0.183 0.052 0.104
Om 0.026 0.021 0.029 0.025 0.060
April Average solar radiation 0.434 0.436 0.570 0.384 0.508
SD solar radiation 0.058 0.045 0.042 0.036 0.060
Average sunshine duration 0.398 0.475 0.611 0.291 0.446
SD sunshine duration 0.100 0.094 0.076 0.059 0.069
o 30 26 25 30 33
oM 0.114 0.104 0.084 0.068 0.075
Om 0.016 0.007 0.025 0.015 0.053
July Average solar radiation 0.530 0.549 0.634 0.391 0.575
SD solar radiation 0.038 0.031 0.035 0.036 0.040
Average sunshine duration 0.682 0.748 0.860 0.337 0.708
SD sunshine duration 0.064 0.057 0.041 0.076 0.034
o 27 26 24 25 52
oM 0.070 0.063 0.042 0.084 0.048
Om 0.024 0.015 0.033 0.009 0.023
October Average solar radiation 0.464 0.526 0.634 0.413 0.566
SD solar radiation 0.042 0.051 0.025 0.048 0.051
Average sunshine duration 0.446 0.614 0.762 0.371 0.551
SD sunshine duration 0.084 0.111 0.055 0.084 0.094
o 25 24 12 29 21
oM 0.092 0.122 0.056 0.096 0.100
Om 0.019 0.015 0.022 0.014 0.040

radiation and sunshine duration variability is comparatively bigger in November and
December. Also, there is an inverse relationship in November.

The monthly solar radiation sunshine distribution in Fig. 5.33 for Antalya is dif-
ferent than Ankara, because it is located in a region in the southern part of Turkey
and has a Mediterranean-type climate. Comparatively the monthly scatter diagram
has high solar radiation and sunshine duration values.

The sequence of the monthly evolution of these variables does not follow dis-
tinctive limbs but rather clusters in Antalya. The first cluster includes the months of
November to April whereas the highest cluster has the months of July to Septem-
ber. Between these two clusters May—June is the rising limb transition period and
October—November is the recession limb transition period. In December the solar
radiation and sunshine duration distribution are independent, because the scatter
shape has a circle.

Trabzon station in Fig. 5.34 has an opposite pattern to Antalya station in Fig. 5.33
because it lies along the Black Sea coastal area in the northeastern part of Turkey.
There are two distinctive clusters, namely, all months except December.
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Fig. 5.33 Monthly classification of Antalya solar radiation data

Kars station is located in the northern mountainous region of Turkey and is more
than 2000 m above mean sea level. The scatter of monthly partial solar radiation and
sunshine scatter has a distinctive feature. It is obvious from Fig. 5.35 that the scatter
of the monthly solar radiation and sunshine duration ellipses is comparatively more
random than other stations. Such a pattern indicates that the weather conditions at
this station are rather unstable and cannot be predicted by any linear or non-linear
model.
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Fig. 5.35 Monthly classification of Kars solar radiation data

The procedure of partial cluster analysis of the solar radiation and sunshine du-
ration predictions are shown as points in Figs. 5.36 and 5.37 for the first and all the
years at Kars station, respectively. In the same figures the classic Angstrom straight
line solutions are also presented.

Itis clear that the AM solution presents the average behavior of the solar radiation
and sunshine duration distribution along a straight line as in Fig. 5.36, which cannot
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be accepted as a satisfactory solution when visually compared with the measured
data points.

It does not represent the scatter around this straight line. On the other hand,
for all years in Fig. 5.37, the MPCM predictions follow a far better pattern with
the measured values than Angstrom solution. Hence, not only the average trend of
solar radiation and sunshine scatter diagram but additionally the deviations are also
simulated, which is very important in solar energy applications.

5.11 Parabolic Monthly Irradiation Model (PMIM)

The main purpose of this section is to present simple models for monthly average
hourly global and diffuse radiation estimations. The data are recorded and treated to
some extent by Tirts and Tirts (1996) for the Istanbul (Gebze, Turkey) solar energy
variables measurement station. The measurements are taken on a horizontal surface
by using Kipp—Zonen pyranometers through a data logger. The ratio of the monthly
total daily diffuse to global radiation amounts are presented in Fig. 5.38.

The ratios vary between 0.33 and 0.55 with a definite periodicity within one
year. By definition the diffuse/global ratio changes theoretically between 0 and 1,
because the global radiation is always greater than the diffuse radiation amounts.
This ratio attains its minimum values in the summer, with the least ratio in July,
and the maximum ratios occur in the winter, with the greatest value in December.
Physically, the global and diffuse radiation amounts are comparatively bigger in the
summer than winter periods. Furthermore, the difference between the global and
diffuse radiations in a particular month is greater in summer months than in the
winter. The instantaneous global radiations can vary considerably through the day.
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Fig. 5.38 Diffuse to global radiation variations
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Tiris and Tiris (1996) have provided scatter diagrams of hourly average global
and diffuse radiation changes versus months for different hours within a day. The
monthly average hourly global or diffuse radiation changes with hours have random
fluctuations around a general trend, which is adopted as the second-order parabola
for each month. For the sake of brevity, only one set of these graphs is reproduced
in Fig. 5.39.

The mathematical formulation of these changes can be expressed according to
a second-order polynomial (PMIM) as

I = amt* + byt + cm (5.26)

where [ represents either monthly average hourly global or diffuse radiation
amounts, or ¢ indicates time in hours within one day. In this equation ap,, by, and
cm are the model parameters that are to be estimated from the available data. By
application of the least squares method to the available data the necessary model
parameters can be obtained, together with the coefficient of determination, R2?, and
the results are presented for the monthly average daily global radiation amounts in
Table 5.10. In the meantime, the model curves are shown for different months in
Fig. 5.40, together with the scatter of data points.

The R? values confirm that the second-order parabola is very suitable as a model
of the monthly average hourly global solar radiation change by time.

Similar PMIM parameters for monthly average hourly diffuse radiation are
shown in Table 5.11. One can notice from these tables that the values of parameters
am and ¢y, are always negative for each month for the global and diffuse radiations
amounts, but by, has positive values. These signs are plausible because, during the
daylight hours, substitution of the hour value in any one of the parabolic models
does not give a negative radiation amount. More significantly, in order to end the
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254 March
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| (kdim?) (x10%)
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Fig. 5.39 Monthly average hourly solar radiation change with time
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Table 5.10 Monthly average daily global radiation parabolic model parameters

Month Model parameters Coefficient  Iyy(h)  Imax (kJ/m?)
of determin-
a b c ation R?
January —27.405 636.85 —2990.9 0.8989 11.62  709.0
February —37.937 887.25 —4145.5 0.9352 11.69 1042.1
March —44.212  1036.10 —4709.2 0.9782 11.72  1361.0
April —52.607 1219.90 —-5277.0 0.9838 11.59 1795.0
May —59.818 1384.40 —5711.6 0.9920 11.57 2298.4
June —61.721 1421.30 —-5669.0 0.9932 11.51 25134
July —58.409 1373.00 —5619.5 0.9924 11.75 2449.2
August —64.616 1500.60 —6352.8 0.9941 11.61 23594
September —62.649 1445.60 —6312.9 0.9864 11.54 2026.3
October —48.623 1110.70 —4956.5 0.9631 11.42 1386.5
November —34.355 790.87 —3616.6 0.9183 11.51  935.0
December —23.448  538.09 —2490.2 0.8837 1147  596.9
Averages —47.983 1112.06 —4821.0 0.9599 11.58 1622.7

1 (kJIm?) (x10%)

12
t (hour)

Fig. 5.40 Monthly average hourly diffuse radiation change with time

hour of maximum radiation, #y,, Eq. 5.26 is derived with respect to time and then set
equal to zero, which yields

tm = _bm (5.27)

am

Since the coefficient ay is always negative in Table 5.10 and 5.11 and by, is
positive, this expression will yield positive times in hours. The amount of maximum
radiation, Inyax, can be formulated by substituting Eq. 5.27 into Eq. 5.26, which

leads to
b2
Inax=—""+cm . (5.28)
dam
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Table 5.11 Monthly average daily diffuse radiation parabolic model parameters

Month Model parameters Coefficient In(h) Imax (kJ/m?)
of determi-
a b c nation R?
January —13.392 31220 —1464.2 0.9228 11.66 355.6
February —19.112 446.86 —2079.4 0.9422 11.69 532.7
March —21.081 493.27 —2208.9 0.9887 11.70 676.6
April —16.583 387.14 —1586.3 0.9838 11.67 673.2
May —13.937 326.52 —1144.3 0.9921 11.71 768.2
June —16.805 389.24 —1404.0 0.9900 11.58 849.9
July —20.322 473.14 —1859.7 0.9766 11.64 894.2
August —17.651 407.98 —1635.3 0.9811 11.56 722.2
September —20.925 484.92 —-2071.0 0.9940 11.59 7384
October —21.046 479.58 —2106.9 0.9823 11.39 625.2
November —15.542 35342 —1583.0 0.9539 11.37 426.2
December —12.532 286.94 —1317.7 0.9081 11.45 3248
Averages —17.411 403.43 —1705.1 0.9680 11.58 632.2

The changes of am, by, and ¢y, parameters for monthly average daily global radia-
tion values are shown in Fig. 5.41.

This figure indicates a systematic variation of parameter a, within one year,
starting from a big value in January, decreasing to a minimum during the summer,
and rising again until December. This parameter assumes big values during small ra-
diation months, i. e., during the winter season, and relatively small a, values appear
in big radiation months. For parameter bp,, just the opposite physical interpretation
is valid. The behavior of parameter ¢y, resembles that of parameter an,. Hence, an
increase in the an, value indicates a decrease in the by, value but an increase in the
cm value. In order to further confirm these points, Figs. 5.42 and 5.43 indicate the
scatter diagram between ay, and by, as well as ap, and ¢y, respectively.

It is obvious that they are related, according to the least squares technique, as

am = —0.431b,, — 0.081 (5.29)
and
am = 0.0112¢, +6.2467 . (5.30)

It is possible to know the values of parameter by, and ¢y, provided that ay, is known
or vice versa as

bm = —23.202a, — 1.951 (5.31)
and
cvm = 89.286aym — 557.74 . (5.32)

Figure 5.44 represents the monthly average hourly diffuse irradiation model param-
eter variations, namely, dm, by, and cp.
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Fig. 5.41 a—c. PMIM parameter variations with time a an,, b by, and ¢ ¢y

The comparisons of these figures with their counterparts in Fig. 5.41 indicate that
in the case of the monthly average hourly diffuse radiation model, the parameters
do not present very definite types of single curvatures, but rather double curvatures
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Fig. 5.42 Scatter diagram between ap, and by, for monthly average hourly global radiation
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Fig. 5.43 Scatter diagram between ap, and ¢, for monthly average hourly global radiation

within one year. Similar relational patterns are observable between the three parame-
ters for monthly average daily diffuse radiation also. Therefore, the scatter diagrams
are presented in Figs. 5.45 and 5.46. The resulting equations become

am = —0.0429b, — 0.1169 , (5.33)

am = 0.001cy, — 3.6469 (5.34)

by =—23.31aym, —2.725, (5.35)
and

cm = 123.457am + 450.234 . (5.36)

With these sets of equations, if the value of any one of the parameters is estimated
then the others can be calculated accordingly.
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5.12 Solar Radiation Estimation
from Ambient Air Temperature

The designing of solar installations requires the determination of solar radiation
incident on the plane of the solar collector. Sloped solar collectors receive direct,
diffuse, and reflected solar radiation. In order to calculate the total solar radiation, it
is necessary to know their components. The relationship between monthly average
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Fig. 5.46 Scatter diagram between ap, and ¢, for monthly average hourly diffuse radiation

daily diffuse and global solar radiations incident on horizontal surface, H;/H is the
most significant variable (Chap. 4). This relationship can be found from direct me-
teorological observations or through an empirical relationship as studied by various
researchers (Erbs et al., 1982; Igbal 1979; Klein 1977). Most of the meteorological
stations in many countries record the global and diffuse radiation amounts.

Kenisarin and Tkachenkova (1992) used 34 sets of USSR meteorological sta-
tion data for establishing such relationships by using 12 monthly daily values of
H,/H and the relationship between the global and extraterrestrial daily solar radia-
tion incident on a horizontal surface, H/Hy = K. Linear and non-linear (second-
and third-order polynomials) models are taken into consideration for the determina-
tion of the correlation type. For instance, the cubic polynomial model with the least
squares error is given as follows:

H
Fd =1.191 - 1.783K7 +0.862K7 — 0.324K3 (0.15 < K7 <0.80) . (5.37)
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This expression describes evenly the behavior of H;/H in all investigated latitude
intervals. The RMSE of diffuse radiation varies from 11% to 15%.

For the first time Lui and Jordan (1960) developed a graphical relationship be-
tween H;/H and Kr, which is expressed later by Klein (1977) as

Hy 2 3
ﬁ =1.390—-4.027K7+5.531K7 —3.108K 5 . (5.38)

Page (1961) advised the use of the following linear expression for data from ten
meteorological stations located between 40°N and 40°S latitudes. This agrees with
the linear model in Eq. 4.18 where for the equatorial region C = 1:

Hy
o= 1.00—1.13K7 . (5.39)

On the other hand, Tuller (1976) considered data from four actinometrical stations
of Canada and suggested the following expression:

H
Fd —0.84—0.62K7 . (5.40)

For latitudes less than 50° the Tuller equation can be recommend whereas for lati-
tudes more than 50° the Igbal equation is more suitable. Based on data from south-
ern Canadian stations, he recommended the same linear equation with restrictions
on K7 as follows:

H
Fd —084—062Kr (0.3 <Kr <0.6) . (5.41)

Additionally, with five sets of actinometrical station data from the USA, Collares—
Pereira and Rabl (1976) suggested an equation whose coefficient varies with the
seasons:

Ha _ o775 10347 (fss — 90°) — 0.505
H T )=0.
+0.261 % (Bss — 90°) cos [2 (KT — 0.90)] (5.42)

Based on 12 meteorological stations from India, Modi and Sukhatme (1979) devel-
oped a regression equation:

H,
7" =1.4112-1.6956K7  (0.34 < K7 <0.73) . (5.43)

Models of Lui and Jordan (1960) and Modi and Sukhatme (1979) should be used
only for those regions for which they have been proposed.

On the basis of for four US stations, Collares—Pereira and Rabl (1976) and Erbs
et al. (1982) recommended the use of the following equations:

H
ﬁd =1.391 —3.506K7 +4.189K% +2.137K3  (fss < 80°and0.3 < K7 < 0.8)



5.12 Solar Radiation Estimation from Ambient Air Temperature 205

and

H,
ﬁd =1.311-3.022K7 +3.427K7 — 1.821K;  (fss > 80°and0.3 < K7 <0.8) .

(5.44)

Equations 5.37, 5.42, and 5.44 for latitudes less 50° give the non-compensated re-
mainders as —0.025, —0.039, and —0.035, respectively. These remainders are less
than for all reference stations which were —0.045, —0.074, and —0.059. The graph-
ical representations of the above correlations are given in Fig. 5.47. It is clear that
these correlations approach to different values. Therefore, it is interesting to carry
out the statistical comparison of these correlations.

The MBE in Eq. 4.9 and the RMSE in Eq. 4.11 are used for comparison of the
present result with other known correlations. The calculation results of the MBE
and RMSE from Eq. 5.39 are presented in Table 5.12.

The calculations show that the aforementioned equations give under-estimation
of diffuse radiation on all reference stations. In respect to Lui and Jordan (1960),
Page (1961), Collares—Pereira and Rabi (1976), and Erbs et al. (1982) the results of
the equations agree with the statistical analysis obtained by Ma and Igbal (1984).
More detailed information about the statistical analysis can be found in Kenisarin
et al. (1990).
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Fig. 5.47 The various types of correlations for H;/H
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Table 5.12 Monthly average daily diffuse radiation estimation on a horizontal surface

Equation MBE RMSE
Lui and Jordan (1960) —0.107 0.132
Page (1961) —0.043 0.087
Tuller (1976) 0.032 0.092
Igbal (1979) —0.017 0.078
Collares—Pereira and Rabl (1979) 0.071 0.149
Modi and Sukhatme (1979) 0.108 0.143
Erbs et al. (1982) —0.056 0.099
Kenisarin and Tkachenkova (1992) —0.001 0.075
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Chapter 6
Spatial Solar Energy Models

6.1 General

In the previous sections solar radiation modeling is discussed on a given single site.
However, in practical solar energy assessment studies, it is necessary to have spatial
(multiple sites) solar energy estimation procedures. The spatial solar energy distri-
bution depends not only on the meteorological effects such as the clouds, aerosols,
etc., but also on the topography, geographic location, and land use and soil type.
In practice, single site measurements at a set of irregular locations are available.
Logically, the spatial solar radiation variation at any non-measurement site must
be deduced by some scientific methodologies. The spatial weights are deduced
through the regionalized variables (ReV) theory (Journel and Huijbregts 1989;
Matheron 1965), the semivariogram (SV) method (Matheron 1971), and the cu-
mulative SV (CSV) approach (Sen 1989). These methods help to find the change of
spatial variability with distance from a set of given solar radiation data and then esti-
mation of the solar radiation value is achieved at any desired site through a weighted
average procedure. The number of adjacent sites considered in the weighting scheme
is based on the least squares technique which is applied either globally or adaptively.
The validity of these methodologies is checked with the cross-validation technique.

The main purpose of this section is to present and develop regional models for
any desired point from solar radiation measurement sites. The use of geometric
functions, inverse distance (ID), inverse distance square (IDS), SV, and CSV tech-
niques are presented for the solar radiation spatial estimation. Empirical CSVs and
standard spatial dependence function (SDF) are developed as an alternative to the
classic spatial autocorrelation function of the irradiation data. The SDF is proposed
and applied instead of classic weighting functions, which takes into consideration
not only the measurement sites’ configuration but also the records of solar radiation
values at each site.
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6.2 Spatial Variability

In general, spatial variability is concerned with different values for any property,
which is measured at a set of irregularly distributed geographic locations in an area.
The aim is to construct a regional model on the basis of measurement locations
with records and then to use this model for regional estimations at any desired point
within the area.

Solar radiation varies both in time and space, and its sampling is based on the
measurement stations’ configuration. In many practical applications measured data
are seldom available at the point of interest and consequently the only way to trans-
fer the solar radiation data from the measurement sites to the estimation point is
through regional interpolation techniques. The spatial variability in irradiation is
a function of the season in a year and time interval in the season. Synoptic weather
conditions also play a role in the spatial features. The longer the duration the smaller
will be the regional variability and as the time interval becomes shorter the vari-
ability will increase accordingly. The spatial variability is measured in the most
common way through the recorded solar radiation time series at individual points.
The relative variability between the stations (the difference of simultaneous values
between each pair of stations) is treated commonly by the spatial autocorrelation
function, which is used for inter-station dependence based on a set of restrictions
(Sen and Habib 2001). Its use is not recommended unless either the irradiation and
sunshine duration data abide by the Gaussian (normal) probability distribution func-
tion (PDF) or at least they can be transformed into the Gaussian PDF. Hay (1983,
1984) has presented autocorrelation function studies for the North American coun-
tries, where the regional variability has not been well documented quantitatively in
the literature. Among the questions asked are the following points:

1. What is the optimum number of solar radiation measurement stations in the area
considered?

2. How should these stations be arranged so as to describe adequately the radiation
climate of the area within which the stations are located?

3. What is the objective procedure that will provide an unbiased estimate of the
inter-station dependence between the stations?

4. How should the radius of influence be determined, which is defined as the aver-
age distance over which the spatial correlation has significant values?

According to Hay (1986) the smaller is the sampling period the smaller will be
the correlation coefficient. Solar energy is significant for small durations because
solar radiation variation has high frequency components. As the time duration in-
creases the energetic effects of the solar radiation on the climatologic quantities
become less because they are averages over longer durations (Chap. 2). Their study
of the North American solar radiation records showed a spatial correlation of 0.40
at 250km for a 1-h period but this increased to 0.98 for a 5-year period. Statisti-
cal facts indicate that since over longer time durations summation or averages are
calculated, their correlation increases because such averages become abundant in
lower frequency components. In meteorological studies, the optimum interpolation
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method of regional dependence is used to evaluate the error distribution from the
solar radiation measurement networks (Gandin 1963). The critical point in such es-
timation is the use of five measurement sites adjacent to the point of interest. This is
a very subjective approach because the fixation of five stations does not have any sci-
entific basis apart from its practical convenience. Besides, such an approach leaves
rather large errors in the final estimation especially where spatial variability is large
in the mountainous and coastal areas or in areas of widely dispersed measurement
stations.

Hay (1979) stated that current analytical programs and observational techniques
are not capable of dealing with the substantial variability existing in the solar ra-
diation data. Suckling and Hay (1978) have attempted to show that a synoptic ap-
proach of solar radiation regimes may provide a more useful basis for interpretations
than calendar periods leading to irradiation climate variability in a region. Accord-
ingly temporal and spatial radiation weather characteristics are associated with the
distinctive solar radiation regimes. It is important to develop models that provide
a quantitative basis for the assessment of the solar radiation data variability around
a given measurement station.

Spatial variability is the main feature of regionalized variables, which are very
common in the physical sciences (Cressie 1993). In practical applications, the spa-
tial variation rates of the phenomenon concerned are of great significance in fields
such as solar engineering, agriculture, remote sensing, and other earth and plane-
tary sciences. A set of measurement stations during a fixed time interval (hour, day,
month, efc.) provides records of the regionalized variable at irregular sites, and there
are few methodologies to deal with this type of scattered data. There are various
difficulties in making spatial estimations originating not only from the regionalized
random behavior of the solar radiation, but also from the irregular site configuration.
Hence, the basic questions are as follows:

1. How to transfer the influence of the neighboring measurement stations to the
estimation point?

2. How to combine these effects to make reliable regional estimates of solar irra-
diance?

Based on empirical work by Krige (1951) for estimating ore grades in gold
mines, the regionalized variables (ReV) theory was developed by Matheron (1971).
This theory is also termed geostatistics, which has been used to quantify the spatial
variability. The basic idea in geostatistics is that for many natural phenomena, such
as solar radiation, samples taken close to each other have a higher probability of
being similar in magnitude than samples taken further apart, which implies a spatial
correlation structure in the phenomena. Especially, in earth sciences, considerable
effort has been directed toward the application of the statistical techniques leading
to convenient regional interpolation and extrapolation methodologies (Barnes 1964;
Clark 1979; Cressman 1959; Sasaki 1990).

The spatial solar radiation estimation problem has been addressed first by Doo-
ley and Hay (1983) and Hay (1984). They tried to evaluate the errors using solar
irradiance data at a number of sites in Canada. The basis of their approach was the
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optimal interpolation techniques as suggested by Gandin (1963) in the meteorol-
ogy literature. The main interest was to estimate the long-term average of all the
sites considered for each month irrespective of any particular year. Systematic inter-
polation evaluations have been carried out in solar radiation networks by different
authors (Hay 1983; Sen and Sahin 2001; Zelenka 1985; Zelenka et al., 1992).

It is possible to prepare solar radiation maps of a region based on a set of mea-
surements at different sites by using basic geostatistical techniques such as semivar-
iograms (SV) and then the Kriging methodology (Journel and Huijbregts 1989). The
success of Kriging maps is dependent on the suitability of the theoretical SV to the
data at hand. In fact, SVs are the fundamental ingredients in Kriging procedures, be-
cause they represent the spatial correlation structure of the phenomenon concerned.
There are, however, practical difficulties in the identification of empirical SVs from
available data (Sen 1989, 1991).

6.3 Linear Interpolation

The essence of the spatial interpolation is to transfer available information in the
form of data from a number of adjacent irregular measurement sites to the estimation
site through a function that represents the spatial weights according to the distances
between the sites (Fig. 6.1).

Generally, changes in the measurement site number or, especially, the location
of the estimation site will cause changes in the weightings due to change in the
distances. In the linear interpolation technique as presented by Gandin (1963) the
solar radiation estimation site, Sg, is assumed to be a linear combination of the
records at n measurement sites, S;(i = 1,2, ...,n), which can be expressed as

> W(rip)Si

Sp=2 (6.1)

> Wrie)
i=1

Estimation site
X Measurement sites

0 5 km

Fig. 6.1 Measurement and estimation sites
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where r; g and W (r; ) are the distance and the weighting function between the i-th
solar radiation measurement site and the estimation site. By defining that

W .
=) (62)
Z w (ri,E)
i=1
it is possible to write Eq. 6.1 as
n
Sg = ZwiSi . (6.3)
i=1

where w;s are the weighting factors which show the contribution from the is-th
measurement site. Due to the unbiased estimation requirement, the summation of
the weights must be equal to 1 as a restriction:

wi+wr+...+w,=1. (6.4)

It is the purpose of any regional method to determine these weights in an optimum
manner. Such a regional estimation gives rise to an error, e, which is defined as the
difference between the solar irradiance estimation, Sg, and the measured values S;.
The estimation error variance, V,, as defined below, must be minimum:

111
V, =~ Sg—S)? . 6.5
n;u ) (6.5)

The same estimation variance may also be used for cross-validation, whereby
the measured solar radiation value at site i is considered as if it is not mea-
sured (Sect. 6.6.1). The analytical derivation of weightings for the data is found
in Cressie (1993). After the substitution of Eq. 6.3 into Eq. 6.5, then taking the par-
tial derivatives with respect to weightings and their equalization to zero provide n
equations with n unknown weighting factors and the simultaneous solution yields
the weighting factors in terms of the data values. Hence, the best linear unbiased
estimate (BLUE) of the weightings and consequently the solar radiation estimations
are obtained. In this approach the unbiased requirement is not satisfied unless the
departures from the ensemble average are used rather than the observations them-
selves. However, in practical studies the observations are used and therefore the
resultant estimates are biased.

Another linear interpolation technique which is very commonly used in many
regionalization and spatial estimation problems is the Kriging approach which pro-
vides BLUE for the spatial interpolations. It is based on the linear estimator as in
Eq. 6.3 and minimization of the estimation variance. The Kriging technique as sug-
gested by Matheron (1965) was applied for the first time in earth sciences for ore
body recovery in mining, but it has several applications in the atmospheric and hy-
drological sciences (Delhomme 1978; Journel and Huijbregts 1989). In many practi-
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cal applications, it is not possible to obtain a representative SV due to either paucity
of measurement sites or the regional discontinuity and heterogeneity in the ReV evo-
lution. Bardossy et al. (1990a,b) indicated that when sampling sites are inadequate
for establishing an SV, Kriging estimates are not reliable.

However, in the classic applications the inverse distance (ID) and inverse dis-
tance square (IDS) methods provide weights, W (r; ), in Eq. 6.1 simply as equal to
1/rigand 1/ rf - respectively. Since, weightings do not take into consideration the
spatial variation in the solar radiation data the final estimation will be biased. In this
sense, they are similar to geometric weighting functions.

6.4 Geometric Weighting Function

The weighting functions are prepared on rational and logical bases without consid-
eration of regional data variability and hence they have the following major draw-
backs:

1. They do not take into consideration the natural regional variability features of
solar radiation. For instance, in meteorology, the Cressman (1959) weighting
function is proposed as

R? —rfE
— for riE = R

W(rip) =\ R*+rip . (6.6)
0 forr,g > R

where R is the radius of influence and it is determined subjectively by personal
experience.

2. Although weighting functions are considered universally applicable all over the
world, they may show unreliable variability for small areas. For instance, within
the same study area, neighboring sites may have quite different weighting func-
tions.

3. Geometric weighting functions cannot reflect the morphology, climatology, and
meteorology, which cause the regional variability of the phenomenon. In practi-
cal studies, ID, IDS, and geometric weighting functions can be considered only
as first approximations in any spatial estimation procedure.

A generalized form of the Cressman model with an extra exponent parameter «
is suggested by Thiebaux and Pedder (1987) as

R2_752E ¢
—2’ fOI‘ri’ESR
W(rig)= R2 +ri,E .

0 forr;g > R

(6.7)
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The inclusion of « has alleviated the aforesaid drawbacks to some extent, but
its determination still presents difficulties in practical applications. Another form of
geometric weighting function was proposed by Sasaki (1960) and Barnes (1964) as

W(ri g) =exp[—4 (%)2} . 6.8)
Figure 6.2 shows various dimensionless geometric weighting functions used in the
atmospheric and earth sciences literature by different researchers, where R indicates
the radius of influence and r is the actual distance between any two stations.

All the aforementioned techniques depend on the geometric distances only with-
out consideration of solar radiation records at each site. Hence, none of these tech-
niques are event-dependent but based on logical and geometric concepts. If any one
of the relationships in Fig. 6.2 is used, then the estimation will be biased to a certain
extent since, for the application of these relationships, it is necessary to determine
subjectively the radius of influence. Available weighting functions in the literature
are proposed on a logical basis by taking into consideration the site configuration
only without experimental verification (Barnes 1964; Cressman 1959; Sasaki 1960;
Thiebaux and Redder 1987). In general, the major drawbacks of the weighting func-
tions available in the literature are given by Sen (1997). On the other hand, in the

1.0 /
W= R-r2
| R+ r?
L\
i v\ W= e [ 42
\ \
\ /
) R+r
0
0
E

Fig. 6.2 Geometric weighting functions
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SV- and CSV-based approaches, similar relationships are determined with the pro-
cedures based on the available data set. Hence, they change as a result of changes in
the site configuration and ReV data. Experimental SVs and CSVs lead to weighting
functions which reflect the regional behavior of the available data.

6.5 Cumulative Semivariogram (CSV) and Weighting Function

The solar radiation measurements are recorded at a set of irregular measurement
points within any area at regular time intervals (hourly, daily, and monthly). Solar
radiation shows variations in the atmosphere with respect to time and location. The
temporal and regional evolutions are controlled by temporal and spatial correla-
tion structures. As long as the measurements are at regular time intervals (hourly,
daily, and monthly), the whole theory of time series is sufficient in their temporal
modeling, simulation, and prediction (Box and Jenkins 1970). The problem is with
their spatial measurements at a set of irregular sites, the information transfer from
irregular sites to regular grid nodes or to any desired point. Provided that the re-
gional dependence structure is depicted effectively then any future study, such as
the numerical estimation at any site based on measurement sites, can be applied
successfully.

To this end, regional covariance and SV functions are among the early alterna-
tives for the weighting functions that take into account the spatial correlation of the
phenomenon considered. The former method requires a set of assumptions such as
the Gaussian distribution of the regionalized variable. The latter technique, SV, does
not always yield a clear pattern of regional correlation structure. Hence, herein the
CSV method is used, which does not suffer from these drawbacks. It is proposed by
Sen (1989) as an alternative to the classic SV technique of Matheron (1971) with
various advantages over any conventional procedure in depicting the regional vari-
ability, and hence, spatial dependence structure. The CSV is a graph that shows the
variation of successive half-squared difference summations with distance. Hence,
a non-decreasing CSV function is obtained which exhibits various significant clues
about the regional behavior. The CSV provides a measure of regional dependence
such that the closer the two sites, the more correlated the regional event and the
smaller is the value of the CSV. Prior to the derivation of the experimental CSV
weighting functions, some logical points embedded in the aforementioned geomet-
ric weighting functions (Fig. 6.2) must be identified:

1. The weighting functions have dimensionless forms by dividing the distances
and weights to their respective maximum values (see Fig. 6.2). On both axes the
variations are confined between 0 and 1. On the horizontal (vertical) axis is the
dimensionless distance (weighting).

2. The maximum (minimum) weight corresponds to minimum (maximum) dis-
tances. In the case of wavy field the monotonically decreasing weighting func-
tions with distance are also expected to have waves.
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The weighting functions decrease monotonically with distance, which is not
a necessary requirement in the case of the CSV approach.

The steeper is the slope in the weighting function the smaller is the domain of
influence along the distance axis.

Solar radiation values are more accurately estimated from local sunshine obser-

vations than by assignment from nearby pyranometric stations if the latter are more
than 20 to 30 km away. Convenient spatial models require distance between any two
locations (measurements and estimation sites) for evaluating the regional variability
of solar radiation. The CSV can be obtained from a given set of solar radiation data

by
1.

execution of the following steps:

Calculate the distance d;,j, (i # j =1,2,...,m) between every possible pair of
measurement sites. For instance, if the number of sample sites is n, then there
are m = n(n — 1) /2 distance pairs.
For each distance, d; ;, calculate the corresponding half-squared differences,
D; j, of the solar radiation data. For instance, if the solar radiation variable has
values of §; and §; at two distinct sites at distance d; ; apart, then the half-
squared difference is

DM=%@—%Y. (6.9)
The plot of distances versus half-squared differences yields the experimental
SV. However, accumulations of the half-squared differences starting from the
smallest distance to the largest leads to the experimental CSV in the form of
a non-decreasing function as

ﬂ@ﬂ=%2§:mp (6.10)

i=1i=1

where y (d; ;) represents CSV value at distance d; ;.

Plot y(d;,j) values versus the corresponding distance d; ; (Fig. 6.3). The sam-
ple CSV functions are free of subjectivity because no a priori selection of dis-
tance classes is involved in contrast to the analysis as suggested by Perrie and
Toulany (1965) in which the distance axis is divided into subjective intervals,
and subsequently, averages are taken within each interval which is regarded as
the representative value for the interval.

6.5.1 Standard Spatial Dependence Function (SDF)

Prior to the formal derivation of standard spatial dependence function (SDF), it is
necessary to obtain the experimental CSV, the general features of which are already
explained by Sen (1989). By keeping in mind some logical points embedded in the
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geometric weighting functions, the CSV can be converted into an SDF through the
following steps:

1. Find two successive CSV values a large distance apart that are almost equal to
each other within a certain percentage of relative error, say less than 0.05. This
CSV level can be regarded as the maximum value, Vy, (Fig. 6.3).

2. Divide the whole CSV ordinates by Vy and, hence, a dimensionless experi-
mental CSV results as a standard non-decreasing function for the regionalized
variable.

3. In order to obtain the experimental SDF, it is necessary to subtract the dimen-
sionless CSV ordinates at every distance from one. The resulting graph is a non-
increasing but steadily decreasing function of distance similar to any regional
correlation or geometric weighting functions in the literature.

4. The SDF provides a basis for the selection of the weights corresponding to any
distance between two sites. Hence, distances on the horizontal axis yield through
the SDF, the weights on the vertical axis. The weights are positive and assume
values between zero and one. The greater is the distance the smaller the weights
and vice versa.

For the implementation of the methodology Table 6.1 shows 21 solar radiation mea-
surement stations with measurements in column 2. Figure 6.4 shows the locations
of the sites within the area.

It is obvious that there is a rather representative distribution of the sites over the
whole study area. The classic experimental SV values from the data yield scatter
points as in Fig. 6.5 which are rather haphazard.
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Table 6.1 Measured and estimated solar radiation values and errors
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Station Measurement  Estimation Relative error (%)
Global IDS Measurement-Global Measurement-IDS
(D 2 3) 4 (%) ©)
1 35.5 32.85 33.44 7.45 5.80
2 29.4 32.78 31.92 11.51 8.57
3 36.8 33.72 30.87 8.36 16.11
4 33.7 34.15 30.77 1.32 8.69
5 35.3 33.33 36.67 5.58 3.88
6 32.5 32.56 35.61 0.19 9.57
7 30.6 33.88 33.24 10.73 8.63
8 30.1 33.52 35.47 11.37 17.84
9 40.1 33.76 32.62 15.81 18.65
10 31.6 33.84 33.24 7.1 5.19
11 34.8 33.32 36.66 4.24 5.34
12 28.6 32.76 30.5 14.55 6.64
13 41.5 33.48 29.85 19.32 28.07
14 33.2 33.51 34.6 0.92 4.22
15 343 33.56 37.35 2.31 8.89
16 31 33.82 33.24 9.09 7.23
17 29.6 32.5 34.67 9.78 17.13
18 40.4 33.7 34.04 16.59 15.74
19 28.5 34.08 34.12 19.59 19.72
20 24.4 34.55 32.29 41.62 32.34
21 39.5 3291 34.06 16.69 13.77
Average 334 33.46 33.58 11.15 12.48

The scattering in this figure represents a “variogram cloud” which is the collec-
tion of half-squared differences of a ReV for all the possible pairs of points within
the data set.

The SV scatter in Fig. 6.5 is added successively starting from the smallest dis-
tance leading to the CSV pattern as shown in Fig. 6.6. It can now be used for obtain-
ing a suitable SDF for the data at hand after the execution of steps already mentioned
in this section (see Fig. 6.7).
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Similar to all the regional estimation procedures, weighted average formulation
as in Eq. 6.3 are used together with the weights obtained from the SDF in Fig. 6.7b.

6.6 Regional Estimation

Regional estimation of solar radiation is essential for economic planning, opera-
tion, and maintenance of many solar energy projects. There are different estimation
techniques as mentioned before including purely geometric methods (Barnes 1964;
Cressman 1959; Thiebaux and Pedder 1987) or distance weightings (Davis 1986)
or more efficient geostatistical approaches through semivariogram (SV) techniques
such as the Kriging technique (Clark 1979; Journel and Huijbregts 1989; Math-
eron 1965). Additionally, it is also possible to divide the study area into sub-areas
of polygons. Among these are the Thiessen polygons (Thiessen 1912), percentage
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weighting polygon (Sen 1998), Delauney triangularization, or other types of regular
or irregular polygons.

6.6.1 Cross-Validation

In order to assess the validity of the proposed weighted average procedure, a cross-
validation technique is used. According to this, a data value at one site is supposed
to be unknown and it is removed from the data set. This removed value is then
estimated with the remaining set of data by using the SDF together with Eq. 6.3. This
procedure is repeated for all the sites knowing that a datum removed for estimation
at its location is put back again in the set for the estimation of another location.
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6.6.1.1 Global Estimation

There are two procedures in the estimation of the solar radiation value. In the first
one all the sites are considered for their simultaneous contributions and, therefore,
in the estimation of any solar radiation value all the distances from this site to oth-
ers (n-1 sites) are measured from the location map (Fig. 6.4). Subsequently, these
distances are entered into Fig. 6.7b on the horizontal axis and the corresponding
SDF weights are found from the vertical axis for each distance. In this manner, all
the sites are treated equally and hence, instead of measured values, their estima-
tions through the SDF and the cross-validation procedure are calculated. Column 3
in Table 6.1 shows estimated solar radiation values and their corresponding relative
errors are calculated as the solar radiation ratio of the absolute difference between
the measured and estimated values divided by the measured values multiplied by
100, which are shown in column 5:

d-estimated
Relative Error = 100 measured-estimated| 6.11)
measured

In order to assess visually the correspondence between the measured and estimated
values, solar radiations are presented in Fig. 6.8 against the station number sequence
along the horizontal axis.

It is obvious that for almost half of the sites, the relative error is more than 10%,
which indicates the unsuitability of the global estimation procedure. For extreme
solar radiation concentration sites the relative errors are very high. However, the av-
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erages of measured and estimated values are very close within the 2% relative error
band. On this basis, it may be concluded that the proposed procedure yields reason-
able values on average but fails to estimate individual site values. This procedure
takes into account the contribution of all the sites in the estimation and disregards
the concept of the radius of influence.

On the other hand, the results by the IDS are also shown in column 4 and with
their relative errors in the last column of Table 6.1. The comparisons of average
relative errors in the last row with global approach errors indicate that the latter has
superiority because it takes into consideration the actual solar radiation measure-
ment in the estimations.

6.6.1.2 Adaptive Estimation

In order to improve the representativeness of the solar radiation regional estimations
at sites, herein, an adaptive technique is suggested which not only estimates the
regional value at a site but also provides the number of the nearest sites that should
be considered in the best possible regional estimation. Accordingly, the radius of
influence is defined as the distance between the estimation site and the furthest site
within the adjacent sites that are considered in the regional estimation procedure.
The following steps are necessary for the application of this adaptive procedure:

1. Take any site for cross-validation and apply Eq. 6.3 by considering the nearest
site only. Such a selection is redundant and corresponds to the assumption that,
if only the nearest site measurement is considered then the regional estimation
will be equal to the same value. This means that in such a calculation the radius
of influence is the minimum and equal to the distance between the estimation
site and the nearest site.

2. Consider now two of the nearest sites to the estimation site and apply the SDF
weighting method according to Eq. 6.3. Consideration of these two sites will
increase the radius of influence as the distance between the estimation and the
next nearest site and the estimation value will assume the weighted value of the
two nearest sites. Since, the weights and measurements are positive numbers,
the estimated value will lie between the measurements. There will be a squared
estimation error as the square of the difference between measured and estimated

values.
3. Repeat the same procedure now with the three nearest stations and calculate the
square error likewise. Subsequently, it is possible to continue with 4,5, ..., (n —

1) nearest sites, and for each case to calculate the corresponding square error.
The first one with the least square error yields the number of nearest sites for the
best regional solar radiation estimation. The distance of the farthest site in such
a situation corresponds to the radius of influence. As an example, herein, only
site-14 calculations are presented in Table 6.2. It is obvious from this table that
when Eq. 6.3 is applied by considering the 11 nearest sites the estimation error
square becomes minimum with the radius of influence equal to 127.47 km.
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Table 6.2 Site 14 adaptive estimation

Number of Estimation  Square error
nearest sites
()] (@) 3
2 31.94 1.58
3 29.46 13.96
4 30.75 6.00
5 3242 0.60
6 3221 0.97
7 32.38 0.67
8 32.82 0.14
9 32.59 0.37
10 32.72 0.23
11 3321 0.009
12 33.12 0.01
13 33.48 0.08
14 33.80 0.36
15 33.69 0.24
16 33.63 0.18
17 33.57 0.13
18 33.55 0.12
19 33.48 0.08
20 33.51 0.09

Application of the above adaptive procedure to solar radiation records results in
the estimation values, number of the nearest sites with the minimum squared error,
and the radius of influence, which are presented in Table 6.3.

It is possible to deduce the following points from this table:

1. The adaptive estimation procedure gives an average solar radiation concentra-
tion value similar to average measurements with a 2% error. Hence, it is similar
to all the previous methods of adaptive estimation and yields reasonable average
values.

2. Comparison of average relative error in Table 6.3 with average relative errors
in Table 6.1 shows clearly that the adaptive method with 5.06% error is the
best among all approaches and the reduction in the relative error implies that
deviations from the average level are taken into account effectively. Figure 6.9
presents the adaptive estimations together with the measured values.

If Figs 6.8 and 6.9 are compared, it is then obvious that deviations are better
accounted for by the adaptive method.

3. The adaptive approach provides the radius of influence for each station as shown
in the last column of Table 6.3 The average radius of influence is about 87 km
with maximum and minimum values at sites 7 and 2 (and 12), respectively.

By making use of the radius of influence from Table 6.3, it is possible to construct
an equal radii regional map as shown in Fig. 6.10. From this map one can know the
relevant radius of influence for any desired point within the study area.
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Table 6.3 Estimations and radius of influence
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Station Measurement ~ Adaptive Relative Number of Radius of
estimation error (%) nearest sites influence (km)
(D 2 3) 4 (%) (©)
1 35.50 33.10 6.76 10 199.06
2 29.40 29.10 1.02 2 41.23
3 36.80 36.91 0.29 5 69.46
4 33.70 33.84 0.41 3 69.46
5 35.30 35.83 1.50 3 47.17
6 32.50 32.50 0.00 9 164.50
7 30.60 33.82 9.87 14 222.99
8 30.10 31.63 5.08 3 92.19
9 40.10 37.96 5.34 4 82.46
10 31.60 32.73 3.57 2 67.27
11 34.80 34.77 0.09 4 61.03
12 28.60 30.50 6.64 3 41.23
13 41.50 38.65 7.11 2 58.31
14 33.20 33.21 0.03 11 127.47
15 34.30 34.26 0.17 4 94.34
16 31.00 33.17 7.00 8 127.47
17 29.60 30.14 1.82 3 50.25
18 40.40 39.50 2.23 3 52.20
19 28.50 28.82 1.12 2 51.48
20 24.40 32.34 32.54 3 51.48
21 39.50 33.83 14.35 4 60.21
Average 33.40 33.64 5.06 - 87.20
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Once, this radius of influence is determined then a circle with the center at the
estimation point is drawn. The measurement sites within this circle are taken into
consideration in the application of Eq. 6.3 for regional estimation through the SDF
weights.

6.6.2 Spatial Interpolation

After having completed the cross-validation procedure and the map of the radius
of influence, it is now time to present the spatial interpolation procedure with SDF
usage as follows:

1. Select any certain number, say 15, of spatially scattered points within the study
area as shown in Fig. 6.3. These sites are locations without measurements. For
the sake of argument, they are selected rather arbitrarily with easting and nor-
thing coordinates as shown in Table 6.4.

2. The radius of influence of each site is determined from the map in Fig. 6.10 and
written in column 4 of Table 6.4.

3. Consideration of the radius of influence for each site defines the number of
measurement sites within this radius that are the basis for the solar radiation
estimation through Eq. 6.3. Hence, the measurement sites that will be considered
in the spatial interpretation of the solar radiation at the site are identified.

4. Subsequently, distances between the interpolation site and the effective mea-
surement sites are calculated.

5. The entry of these distances on the horizontal axis in the SDF (Fig. 6.7b) yields
the weights on the vertical axis.

6. Substitution of all the relevant values into Eq. 6.3 provides the solar radiation
value estimations at each site, which are shown in the last column of Table 6.4.
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Table 6.4 Regional interpolation
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Station Easting (km) Northing (km) Radius of Adaptive
influence (km) estimation
1 () 3) C)) (5)
1 36 136 63 30.02
2 27 90 172 32.71
3 86 116 97 30.13
4 45 29 200 33.81
5 95 47 118 34.88
6 186 23 68 38.49
7 218 58 50 32.63
8 222 129 95 31.77
9 268 98 80 32.35
10 327 134 93 33.47
11 272 43 58 28.99
12 340 40 80 32.30
13 331 65 77 32.78
14 327 87 70 33.08
15 368 96 103 34.37

7. In order to check the reliability of the estimations, the question is now whether
these spatial estimations will yield almost the same SDF or not. For this purpose,
the SDF calculation steps in Sect. 6.5.1 are applied to the data in Table 6.4.

8. Figure 6.11 indicates the resulting SDF for the measured and estimated solar
radiation values. The maximum relative difference between these two SDFs is
less than 5% which confirms the practical validity of the SDF adaptive estima-

tion procedure methodology.
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It is now time to compare the estimation procedures by plotting the measurement
data versus estimations as in Fig. 6.12 for the global and IDS approaches and for the
adaptive technique in Fig. 6.13.

It is obvious that global estimation and inverse distance square approaches can-
not pass the test against the measurement because the scatter points do not appear
around the 45° straight line, which indicates the best model verification (Chap. 4.3).
These models have scatter diagrams with almost horizontal trends which are away
from the best model verification line. However, in Fig. 6.13, the SDF model adap-
tive estimation technique has the trend of scatter points that is very close to the best
model verification line.

6.7 General Application

The application of SDF is presented for 29 stations in Turkey as given with their
locations in Fig. 4.6 and geographic features in Table 4.3. The recorded monthly
average solar radiation amounts are given in Table 6.5.

In order to apply and indicate the reliability of the proposed approaches, stations
are considered one by one for cross-validation. Let us say that Ankara is chosen
as the estimation site and January as the month of estimation. Figure 6.14 shows
the CSV and thereof obtained SDF for January. Herein, on the horizontal axis the
dimensionless distances are as the ratios of distances to the maximum distance be-
tween Izmir and Van, which is equal to 916.40km.

Although according to Table 6.5 Ankara has an average January solar radiation
record of 5.88 MJ/m, it will be assumed non-existent for the cross-validation.

The subsequent step is to apply the estimation process as explained in the previ-
ous section. For this purpose, it is necessary to consider the distances from Ankara
to all other 28 stations. Table 6.6 includes these distances in the third column. For
the sake of comparison, the fourth and fifth columns include ID and IDS values.

In the sixth column the dimensionless distances are given and they are necessary
prerequisites for the SDF in Fig. 6.14b. Dimensionless distances are calculated by
dividing each distance value in the third column by the maximum distance value.
In the seventh column, the SDF weightings are included as found for January from
Fig. 6.14b corresponding to the dimensionless distances.

In the application of SDF for global estimation the available measurement sites
are considered in the weighting procedure according to Eq. 6.3 with all stations. The
plots of these estimations and the actual measurements are presented in Fig. 6.15.

It is obvious that global estimation procedure appears to be successful on the
average. This is tantamount to saying that consideration of all the measurement sites
without any distinction causes smoothing in the solar radiation spatial estimation.
Relative error percentages of more than 10% appeared excessively at almost all the
sites.

In order to improve the situation, it is suggested to use adaptive estimation so
that the spatial estimation error becomes minimum. For this purpose, during the
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Fig. 6.13 Adaptive estimation

estimation procedure at a particular site, the number of adjacent stations is increased
from one (the nearest site) to the total number of sites in order of increasing distance.
Consequently, it is observed that each site has its special number of adjacent sites
for the best interpolation depending on the regional variability of the solar radiation
with the minimum error.

The consequent estimates resulting from the ID, IDS, and SDF are shown in
Table 6.7 where the number of adjacent sites is also presented.

In the same table comparison of relative errors from these three approaches indi-
cates that the SDF has the least values — almost all of which fall within the acceptable
limit of 10%. Last but not the least, Fig. 6.16 shows the variation in the measured
and adaptively estimated values of solar radiation.

Even the visual comparison of Figures 6.15 and 6.16 shows clearly that the adap-
tive spatial solar radiation estimation leads to great improvements. A practical ques-
tion is how many solar radiation stations should be considered in the spatial esti-
mation at any given unmeasured site? In order to provide an objective answer, it is
necessary to provide equal adjacent site contours for the whole region of the study
area. Figure 6.17 indicates such a map and the following features can be depicted:

1. In general the eastern Mediterranean and the south-eastern parts of Turkey re-
quire the least adjacent stations for the solar radiation spatial adaptive estima-
tion. In fact, in the south-eastern parts two measurement stations are sufficient
for estimation. The regional climatology of Turkey indicates that these regions
have less rainfall, long sunshine duration hours, and relatively high tempera-
tures.
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2. In the southwestern part, up to five adjacent site numbers are necessary. This is
well correlated with the topographic heights in this region, which include several
lakes that effect the evaporation and rainfall regimes.

3. The adjacent site number increases toward the eastern border where there are
the very rugged and high elevation mountain chains of Turkey. Winters are long,
about 5 — 7 months each year.
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4. Another high adjacent site requirement appears in the north along the middle
Black Sea coast where the elevations reach up to almost 3000 m. Severe winter

conditions also occur in this region.
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Chapter 7
Solar Radiation Devices and Collectors

7.1 General

The practical applications and beneficial uses of solar radiation require considera-
tion of engineering aspects in order that the use of the solar energy is efficient and
sustainable. For instance, in any design of solar energy powered devices, it is neces-
sary to know how the power density will vary during the day, from season to season,
and also the effect of tilting a collector surface at some angle to the horizontal. From
the practical point of view, for most purposes solar energy applications can be di-
vided into two components, namely, direct (beam) radiation and scattered or diffuse
radiation, as already mentioned in Chap. 3.

Solar energy is expected to be the foundation of a sustainable energy economy,
because sunlight is the most abundant renewable energy resource. Additionally, so-
lar energy can be harnessed in an almost infinite variety of ways beginning with sim-
ple solar cookers now used in different parts of the world. There is a vast amount of
literature about the use of solar energy both in engineering and architectural design
procedures and projects (Leng 2000). It is not possible to present all these studies
herein, but the proper references with a brief description will be provided in this
chapter so that the reader can find further information on the topic.

7.2 Solar Energy Alternatives

The nuclear fusion reactions in the sun yield a huge amount of energy which is
estimated at 3.47 x 10%*kJ per unit time. Only a small part, about 5 x 10~ kJ,
of this energy is irradiated onto the earth’s surface. The incident solar energy is
distributed in many ways as shown in Fig. 7.1. Solar energy is clean, undepletable,
and harmless to living organisms on the earth because the harmful short wavelength
ultraviolet rays are absorbed before reaching the troposphere by the stratospheric

Zekai Sen, Solar Energy Fundamentals and Modeling Techniques 239
DOI: 10.1007/978-1-84800-134-3, ©Springer 2008
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Fig. 7.1 Solar energy distribution and utilization (Ohta 1979)

ozone layers and weakened by the air composition and moisture in the troposphere
(Sen 2004; Chap. 2 and 3). Solar energy energizes the atmosphere and thus generates
climatic phenomena, but the balance of the energy is absorbed by molecules of
the materials on the earth and converted into heat at low temperatures. This is an
example of the entropy increasing process of nature. It is, therefore, necessary to
plan actively to utilize the sun’s photon and high temperature heat energies before
they decay to produce entropy. The artificial utilization of solar energy is also shown
in Fig. 7.1. Two classifications, namely, natural and artificial are apparent from this
figure and the photon energy is of better quality and is much higher than that of the
heat energy.

In fact, all energy sources with the exception of atomic energy have a solar energy
origin. A sweeping statement yet true to the extent that even coal, oil, and natural
gas are forms of solar energy. In order to separate the various forms of solar energy,
the following three categories are adopted:
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1. Heat from the sun’s rays which is possible when there is little or no cloud cover.
This type of energy is dependent on heat from the sun’s rays and is dominated
by the multiplicity of methods designed to heat water.

2. Power from the sun’s light any time except at night, cloudy or clear.

3. Power from air or water movement (hydrological cycle), any time day or night,
cloudy or clear.

7.3 Heat Transfer and Losses

The easiest way of using collected solar radiation is for low temperature heating
purposes. Most of the low-temperature solar heating systems depend on the use of
glazing, because it has the ability to transmit visible light and to block infrared ra-
diation. High-temperature solar collectors employ mirrors and lenses. Solar thermal
engines are an extension of active solar heating and help to produce high tempera-
tures to drive steam turbines to produce electric power. Solar ponds and even ocean
thermal energy conversion devices that operate on the solar-induced temperature
difference between the top and the bottom of the world’s oceans may cover many
hectares.

Another way of benefiting from solar radiation is by passive solar heating de-
vices which have different meanings. For instance, in the narrow sense, it means
the absorption of solar energy directly into a building to reduce the energy required
for heating the habitable space. Passive solar heating systems are integral parts of
the building and mostly use air to circulate the collected energy without pumps or
fans. In the broad sense, passive solar heating means low-energy building designs,
which are effective in reducing the heat demand to the point where small passive
solar gains make a significant contribution in winter.

It is well known that black surfaces absorb solar radiation more than any other
color and, therefore, when a surface is blackened it will absorb most of the incident
solar radiation. Continuous flow of solar radiation onto such a surface will increase
its temperature. This will continue until the heat gain from the solar radiation is in
equilibrium with the heat loss from the collector. Of course, among the heat losses,
there are two types, namely, naturally unavoidable losses and losses due to human
uses. The heat can be transmitted to where it is needed through pipes soldered to
the metal plate which is heated due to exposure to solar radiation. The heat balance
of a collector will have three components in relation as follows (ASHRAE 1981;
Dunn 1986):

Absorbed heat — Lost heat = Removed heat by coolant
It is possible to define the coefficient of efficiency for the collector as
Efficiency coefficient = (absorbed heat — lost heat)/incident solar radiation.

In practice, the collectors must be designed in such a manner that the efficiency
becomes high. In order to achieve such a goal there are two methods, either the
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reduction of heat losses or the increase of the incident solar radiation and, hence,
the heat absorbed per unit area. For low-temperature collectors heat loss reduction
methodology is suitable. It is possible to reduce heat loss by using transparent cover
plates, by using specially treated absorber surfaces, and by evacuating the space
between the cover plate and the absorber surface. In contrast, for high-temperature
solar collectors the efficiency must be increased by increasing the incident radia-
tion through the concentrators. Of course, for this purpose only direct radiation is
considered.

There are three heat transfers that should be considered in any solar energy design
for efficiency. For any solar radiation collector to work efficiently it is necessary to
reduce the heat losses or to minimize them. As a material is heated by solar radiation,
it seeks to reach equilibrium with its surroundings by conduction, convection, and
radiation processes.

7.3.1 Conduction

This corresponds to heat transfer within a solid body where there are at least two
different heat areas, i. e., a temperature difference. Such a heat transfer is possible by
means of vibrations of the atomic lattice which forms the body of the material. The
heat is also carried away by electrons, and this contribution is much greater than
that due to lattice vibration. During conduction there is no mass transfer. Atoms
move randomly under thermal stress in liquids and gases, and they also lead to
heat conduction. The heat transfer is proportional to the temperature difference,
dT, along a distance, dx, (d7/dx being the temperature gradient) and, hence, the
conduction heat flow can be expressed as

dr
He=—k—. (7.1)

where H. is the heat flow per unit area of cross-section (W/m?), T is the tempera-
ture (°C), x is the direction and distance (m), and finally, k is the thermal conductiv-
ity of the material (W/m°C). Thermal conductivity is special for each material and
its value is given for various materials in Table 7.1.

As solar radiation is absorbed by an opaque material, the energy redistributes it-
self as it is conducted between adjacent molecules. Such redistribution is dependent,
on the one hand, on temperature difference and, on the other, on the thermal conduc-
tivity of the material. Metals, in general, have big conductivities, and consequently,
can transmit large amounts of energy under small temperature gradients. However,
in insulators the reverse situation is valid where under large temperature gradients
only a small amount of heat is conducted. It is known that air is a very good insula-
tor. Hence, most of the practical insulators rely on very small pockets of air trapped
between the panels of glazing, as bubbles in a plastic medium, or between the fibers
of mineral wools.
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Table 7.1 Thermal conductivity of some materials

243

Material k (W/m°C)
Metals:

Copper 385
Aluminum 205

Steel 50
Non-metals:

Glass 0.8
Concrete 0.8
Wood 0.14
Saw-dust 0.06
Rock wool 0.04
Polystyrene (expanded) 0.03
Glass fiber 0.03
Liquids:

Water 0.61
Gases:

Hydrogen 0.142
Helium 0.142
Air 0.0239

7.3.2 Convection

This is the process by which heat from the hot surfaces is carried away by a fluid
such as water. Fluid flowing across a surface is heated and then the heated volume is
removed due to fluid flow with replacement by new, cold fluid. This heat transfer is
referred to as convective cooling or heating. The rate of heat removal will depend on
both the temperature difference between the surface and the bulk fluid temperature,
and also on the velocity and characteristics of the fluid. Another sort of convective
heat transfer can be considered for a horizontal hot plate in still air where the air
adjacent to the top surface will become hotter than the bulk of the air. As a result of
hot air expansion and density decrease, hot air is replaced by cooler air. In solar en-
ergy conversion both forced and natural convections may be accompanied by phase
changes. Hence, convective heat flow can be expressed as

Hy=c(Ty—Ty) =cAT, (7.2)

where Hy is the heat flow per unit area (W/m?), c is the convective heat transfer
coefficient (W/m2°C), Ty is the surface temperature (°C), and T’y is the fluid tem-
perature (°C). The actual calculation of ¢ is somewhat complicated, because it is
dependent on both the nature of the fluid and also on its flow velocity. Approximate
convective heat transfer coefficients are given for flat plate collectors in Table 7.2.
This refers to the transference of heat to a fluid (gas or liquid). First, energy is
transferred to the molecules of the fluid, which then physically move away, tak-
ing the energy with them. A warmed fluid expands and rises, as a result, creating
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Table 7.2 Convective heat transfer coefficient (Dunn 1986)

System configuration c(W/m?°C)

Heat transfer between parallel plates (separation 2.5-10cm) 3

with air at atmospheric pressure

Heat transfer from the surface of a cover plate, where v is the ~ 2.34-3.8v
wind velocity at the surface of the plate in meters per second

a current known as natural convection, which is one of the principal processes of
heat transfer through windows. It occurs between the air and glass. It is possible to
reduce the convection losses through double glazing windows by filling the space
between the glazing with heavier, less mobile gas molecules, such as argon or carbon
dioxide. On the other hand, since the convection currents cannot flow in a vacuum,
the space between the glazing may be evacuated.

7.3.3 Radiation

A hot body may lose heat by radiation through emission of EM waves (Chap. 3). The
maximum power which can be radiated from a body at a given temperature is called
the black body radiation corresponding to that temperature. The radiation power, P,
from a black body increases as the fourth power of the absolute temperature, T, of
the same body and it is given by Stefan’s law as

P=0oT* (7.3)

where o = 5.67 x 1078W/m?K* is Stefan’s constant. Heat flux in the case of radia-
tion from a black body is presented in Table 7.3 for different absolute temperatures.

Table 7.3 Black body radiation

Surface Heat flux
temperature (K) (W/mz)

6000 73.5 x 100

3000 4.6 x10°

2000 9.1x10°

1073 75.0x103
873 32.9 x10°
673 11.6 x103
473 2.84 x10°
353 1.10x 103
333 880

300 459
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Table 7.4 U-values of different types of window construction

Window type U-value
(W/m2°C)

Single-glazed window 6
Double-glazed window 3
Double-glazed window with “low-E” coating 1.8
Double-glazed window with heavy gas filling 1.5
Experimental evacuated double-glazed window with transparent insulation spacers 0.5

For comparison: 10-cm opaque fiberglass insulation 0.4

Similar to the sun’s radiation, heat can be radiated from the surfaces of heated
materials. The amount of radiation is first dependent on the temperature of the radi-
ating body and then on the destination of the radiation. In low-heat solar collectors
on roofs, energy radiates to the atmosphere. The amount of radiation is also depen-
dent on the surface material emissivity. Most materials used in building construction
have high emissivity of approximately 0.9, which means that they radiate 90% of
the theoretical maximum for a given temperature. Usually, the total heat loss from
the combined effects of conduction, convection, and radiation is referred to as the U-
value. Its unit is the amount of loss per area per degree centigrade. Typical U-values
are provided in Table 7.4.

7.4 Collectors

Typical uses of solar radiation collectors can be grouped into four different cate-
gories depending on the purpose:

1. As a low-temperature heat source which may be used for domestic hot water or
crop drying purposes.

2. In order to power heat engines, relatively high heat collectors can be used.

3. Depending on the climate, the collectors can be used as high temperature heat
to power refrigerators and air conditioners.

4. Photovoltaic (PV) cells are used for direct electricity production.

Most low-temperature solar collectors are dependent on the properties of glass
which is transparent to visible light and short-wave infrared, but opaque to long-
wave infrared reradiated from a solar collector or building behind it. In order to
benefit from daylight and, especially, solar radiation as the energy source, manu-
facturers strive to make glass as transparent as possible by keeping the iron content
down. In Table 7.5 the optical properties of some commonly used glazing materials
are indicated.

In order to design a solar energy powered device, it is necessary to know how
the power density will vary during the day and seasonally at the site concerned. It is
also important to consider the tilting of the collector surface with the horizontal. As
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Table 7.5 Optical properties of commonly used glazing materials

Material Thickness Solar Long-wave infrared
(mm) transmittance  transmittance

Float glass (normal window glass) 3.9 0.83 0.02

Low-iron glass 32 0.90 0.02

Perspex 3.1 0.82 0.02

Polyvinyl fluoride 0.1 0.92 0.02

Polyester 0.1 0.89 0.18

has already been explained in Chap. 3, it is possible to consider the solar radiation in
two parts, namely, direct radiation and scattered or diffuse radiation. In solar engi-
neering device designs, most often the direct radiation amounts are significant. The
relative proportions of direct to diffuse radiation depend on the day of the year, me-
teorological conditions, and the surrounding site. The diffuse component on a clear
day is usually not more than 20% depending on the circumstances. On the other
hand, on an overcast day this proportion may become almost 100%.

7.4.1 Flat Plate Collectors

The flat plate collectors are based on two important principles: a black base that
absorbs the solar radiation better than any other color and a glass lid that is needed to
keep the heat in. Figure 7.2 shows the cross-section of the most commonly used flat
plate collector. Its surface should be located perpendicularly to the solar radiation
direction for the maximum solar energy gain.

Here the sun’s rays go through the glass cover and the air layer to warm up the
black metal plate which in turn warms the water. Unfortunately, the ordinary metal
plate is also warmed up. The heat insulation lagging keeps most of the heat inside
the sandwich. With the heat in the water, it has now to be moved to where good use
can be made of it. The simplest method for achieving this water movement is shown
in Fig. 7.2, the “"thermo-siphon” system. Its operation is based on the simple fact
that hot water will rise to settle above a quantity of cooler water.

As the collector heats up, the water in it rises out at the upper pipe and pushes
its way into the top of the tank. This hot water then displaces some of the cold in
the tank, pushing it down and out of the bottom. This heat-induced circulation is
completed as the water, being pushed down the pipe, comes round the bottom and
back into the collector.

Different types of solar collectors are given in Fig. 7.3. Among these, the most
primitive is unglazed panels which are most suitable for swimming pool heating
where it is not necessary for the collectors to raise the temperature of the water to
more than a few degrees above ambient air temperature, so heat losses are relatively
unimportant.
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Fig. 7.2 Flat plate collector cross-section (Howell 1986)

Flat plate collectors are the main stay of domestic solar water heating, These
are usually single glazed, but may have an additional second glazing layer. The
more elaborate the glazing system, the higher the temperature difference that can
be sustained between the absorber and the external wall. It is necessary and is usual
that the absorber plate should have a black surface with high absorptivity. In general,
most black paints reflect approximately 10% of the incident radiation. On the other
hand, flat plate air collectors are mainly used for space heating only. These type
of collectors are connected with photovoltaic panels for producing both heat and
electricity. Evacuated tube collectors in Fig. 7.3 are in the form of a set of modular
tubes similar to fluorescent lamps. The absorber plate is a metal strip down the
center of each tube. A vacuum in the tube suppresses convective heat losses.

In practice, most often the collectors do not move, and therefore, they must be
located such that during one day the maximum amount of solar radiation can be
converted into solar energy. For this reasons, fixed collectors must be located to
face south (north) in the northern (southern) hemisphere. This implies that for given
a latitude there is a certain angle which yields the maximum solar energy over the
year. As a practical rule, for low latitudes the angle of the collector is almost equiv-
alent to the angle of latitude, but increases by 10° at 40°N and 40°S latitudes. All
these arrangements are for flat-surfaced collectors. Typical temperatures that can be
achieved by flat plate collectors vary between 40°C and 80°C depending on the as-
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tronomic, topographic, and meteorological conditions. In a flat plate collector, the
energy incident on the surface cannot be increased and all that can be done is to
ensure that surface absorbs as much as possible of the incident radiation, and that
the losses from this surface are reduced as far as possible. Figure 7.4 shows a flat
plate collector.

Some of the incident radiation is lost by reflection but for a blackened surface
about 95% of the radiation will be absorbed. The heat losses from flat plate collec-
tors are shown in the same figure. In general, in these collectors the lower surface
usually has an insulating layer of material such as several centimeters of glass wool.
The heat can be lost through the conduction, convection, and radiation mechanisms.

Flat plate collectors are usually roof mounted and their tracking of the sun is not
possible. They are subject to many external events such as frost, wind, sea spray,
acid rain, and hail stones. They must also be resistant against corrosion and signif-
icant temperature changes. Low-temperature flat plate collectors are able to raise
the water temperature up to boiling point in the summer, provided that they are
double-glazed and the water circulation is not fast enough to carry away the heat
quickly. These may be only a few square meters in area. In order to collect enough
solar energy to supply the winter demand, the collectors would have to cover a large
area and in such cases the solar energy production during the summer would not be
wholly exploited. This means a wastage of the capital expenditure.
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Fig. 7.4 a—c. Flat plate solar collectors (Dunn 1986)

7.4.2 Tracking Collectors

Logically, in order to collect the maximum radiation for each unit surface area of
collector, it is necessary to direct the collector surface at right angles to the direc-
tion of direct radiation. Continuation of maximum benefit by the collector during
a day is possible by keeping the collector surface perpendicular to the incident so-
lar radiation throughout the hours of daylight. It is, theoretically, simple to show
that a tracking (moving) collector compared to the horizontal collector at the same
site will collect 7 /2 times more energy per day. However, in practice this factor is
around 1.5 times. Of course, the more the direct radiation, the better is the energy
generation from the sun’s radiation.
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7.4.3 Focusing (Concentrating) Collectors

If high temperatures are needed then the collector surface is manufactured as a curve
for focusing (concentrating) the solar radiation at certain points by a mirror or lens.
Mirrors are cheaper to construct than lenses. The mirror collectors may have spher-
ical parabolic or linear parabolic shapes as shown in Fig. 7.5. In a parabolic mirror
solar radiation is concentrated at a point and, therefore, the concentration ratio is
approximately 40,000 whereas the concentration for a one-dimensional device of
a linear parabolic system is around 200.

So far as the lens collectors are concerned there are single surface or equiva-
lent Fresnel types as shown in Fig. 7.6. Although in flat plate collectors diffuse solar
radiation also makes a contribution in the radiation collection, the concentrating col-
lectors focus the incident sunlight on the collector surface, leaving the contribution
of diffuse radiation aside.

Another disadvantage of the concentrating collectors is that they must track
the sun in order to obtain the optimal benefit. Concentrating collectors rise the
temperature of the heater up to 300—-6000 °C. These collectors must be aligned
with sufficient accuracy to ensure that the focus coincides with the collector sur-
face. The greater the degree of concentration, the more accurate is the alignment
required.

Line focus collectors concentrate the solar radiation onto a pipe running down the
center of a trough, and are mainly used for generating steam for electricity genera-
tion. To get the maximum benefit, it is necessary that the trough is pivoted to track
the sun’s movement in any direction. Point focus collectors as shown in Fig. 7.7 also
track the sun but in two dimensions and these also generate steam for conversion into
electricity.

If the solar radiation is concentrated through mirrors or lenses then temperatures
in excess of the boiling point of water may be reached. It is possible to use such high
temperatures through steam production for mechanical work, for instance, for water

Paraboloid mirror Linear Paraboloid mirror
Fig. 7.5 a,b. Parabolic mirror Point focus Line focus
concentrator of solar radiation a b
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pumping or electricity generation. These are named high-temperature collectors.
Most often parabolic mirrors are used for solar radiation concentrations. As shown
in Fig. 7.7 all the sun’s rays directed parallel to the axis of such a mirror will be
reflected to one point.

It is necessary that the mirror tracks the sun, otherwise slightly off-axis solar
beams will make inconvenient reflections, and the intensity of the radiation con-
centration onto a point or line will be weakened. In the line focus form the sun’s
radiation can be concentrated on a small region running along the length of the mir-
ror. For the maximum focusing of the sun’s radiation, it is necessary to tract the sun
in an elevation that is only up and down. However, in the point focus form, the sun’s
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radiation is reflected on a boiler in the mirror center. For optimum performance, the
axis must be pointed directly at the sun at all times, so it needs to track the sun both
in elevation and in azimuth (Chap. 3).

Another technology of centralized electricity generation is solar-thermal power.
These are produced by using large mirrored troughs to reflect the sun’s rays onto
an oil-filled tube, which in turn superheats water to produce the steam that drives
an electricity-generating turbine. Since the mid-1980s, about 350 MW of these solar
energy systems have been installed across three square miles of the southern Califor-
nian desert and these are enough to supply electricity to 170,000 homes. Especially,
in areas of extensive pollution control, solar-thermal electricity substitution is re-
quired urgently for the pollution reduction. In order to produce sufficient energy,
solar-thermal electricity production is only practical in areas where there are intense
direct sunlight conditions such as the arid regions of the world. Another way of har-
nessing solar power is to use an array of mirrors to concentrate, or focus, sunlight
onto water flowing through a metal pipe. The resulting steam can then be used to
drive a turbine.

7.4.4 Tilted Collectors

It is necessary to have ftilted surfaces for the maximum collection of solar energy.
The angle of tilting is dependent both on the latitude and the day of the year. If
the tilt angle is equal to the latitude then the sun’s rays will be perpendicular to
the surface of collector at midday in March and September. For the maximization
of solar collection in the summer it is convenient to tilt the surface a little more
toward the horizontal. However, for the maximization in the winter the surface must
be tilted more to the vertical. Fortunately, the effects of tilt and orientation are not
particularly critical. Table 7.6 presents totals of energy incident on various tilted
surfaces in the London region.

Table 7.6 Collector surface tilting to the south at 53° N latitude near London

Tilt (°) Annual total radiation June total radiation December total radiation
(kWh/m?) (kWh/m?) (kWh/m?)
0 - horizontal 944 155 16
30 1068 153 25
45 1053 143 29
60 990 126 30

90 - vertical 745 82 29
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7.4.5 Solar Pond Collectors

Instead of flat plate collectors, solar ponds are used for thermal electricity produc-
tion. A solar pond is similar to a large salty lake as shown in Fig. 7.8. In such a pond,
salty water is required to be at the bottom with fresh water at the top.

The difference in salt concentration causes a gradient in the salt concentration.
The incident solar radiation is absorbed directly from the sun’s radiation in the bot-
tom of the pond. The hot and salty water cannot rise, because it is heavier than the
fresh water in the top layer. Hence, the upper fresh water layer acts as an insulating
blanket and the temperature at the bottom of the lake can reach 90 °C.

The thermodynamic limitations of the relatively low solar-to-electricity conver-
sion efficiencies are typically less than 2%. One of the main advantages of the solar
pond system is that the large thermal mass of the pond acts as a heat store, and elec-
tricity generation can go on day or night, as required. However, a large amount of
fresh water is needed to keep the solar pond running with a proper salt gradient.

7.4.6 Photo-Optical Collectors

Among the photo-optical transmission methods, Cinar (1995) has considered the
collection of radiation by focused collectors. On the other hand, Baojun et al. (1995)
have investigated the solar energy relationships with fiber-optic radiation.

The most advanced and recent method of solar energy collection, as well as trans-
mission, is by using fiber-optics. Collection of energy directly as light by concentra-
tor collectors causes almost no energy loss in the transmission. Since the collected
solar radiation is in the form of light, it can be used directly for lighting purposes.
However, it can also be used for heating and for conversion into electrical energy, if
desired.
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Fig. 7.9 Fiber optical collector system. / Large diameter convex collector, 2 small diameter convex
reflector, 3 refining lens system, 4 lens system that renders the solar rays into parallel form, 5 fiber
optic glass transmission cable

After collection of the solar energy through focusing, it is refined by means of
a lens system and, finally, directed toward a fiber-optic glass transmission cable.
The transmission is affected without any further loss to the desired area over long
distances as shown in Fig. 7.9. It is obvious that large diameter convex collectors
collect the incoming radiation, and then send it to another small diameter convex
reflector.

The small dish in Fig. 7.9 reflects the incoming radiation to the refining lens
system. This system refines the radiation twice after the focusing. The light ray
that is refined down to the size of a needle goes through a collector which includes
a set of lenses that render the radiation into a parallel beam. Such a condensed solar
ray enters without any loss into fiber-optical cable which has a high transmission
capability.

Through the aforementioned system, the transmission of solar energy will be pos-
sible, without losses, from solar radiation rich regions of the world to solar radiation
poor regions. For this purpose, a regional energy transmission network must be con-
structed. In this manner, the solar energy can be transmitted to consuming countries
where the solar radiation possibilities are rather poor. For instance, when the central
European and Arabian conditions are considered, because of the low solar potential
of the central Europe, the solar energy transmission from Arabian deserts is possi-
ble through the above-mentioned system. Figure 7.10 includes the fiber-optic glass
cable transmission system among the selected regions of the Arabian and northern
African desert regions to European countries.

The significance of this topic can be appreciated from the solar energy figures
presented in Table 7.7 concerning central Europe and the Arabian Rub-Al-Khali
desert, which covers about 660,000 km? and from each square meter of which
1 kW/h solar energy can be generated.

The solar energy collection area is about 360 x 10° m? and, hence, 360 x 10° m? x
1 kWh = 360 x 10° kWh = 360 x 10° MW /h solar energy can be harvested which
is equal to 1440 x 10° MW /year. By considering about 6 m? of surface area for
each collector, it is possible to find the number of necessary collectors to be 360 x
10° /6 = 60 x 10°.

Due to the location and planning of some housing complexes, lighting problems
might exist and such undesirable situations can be avoided by including fiber-optic
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Fig. 7.10 Fiber-optic collector energy transmission

Table 7.7 Average solar energy per square kilometer in central Europe and Arabia

Region Total annual Radiation Radiation  Energy Energy
sunshine duration (h) (kcal/h)  (kcal/year) (kWh) (kW /year)

Central Europe 1200 172 206,200 0.2 240
North-eastern Turkey 1825 344 627,800 0.4 730
Arabian deserts 4000 860 3,440,000 1.0 4000

systems in the architectural designs. Such a system may even provide facilities for
multi-story greenhouse activities (Chap. 2). By leading the solar radiation over fruit,
vegetables, and flowers in multi-story buildings, a covered agricultural production
area may be established, and consequently, cheap and healthy food production may
become available. The application of fiber-optic electrical energy production in the
future is expected to minimize the demand on fossil fuel energy and to provide
continuity in renewable energy availability, especially by exploiting the abundantly
existing solar radiation potential in the world. The collection of solar energy through
fiber-optic glass and lens systems causes insignificant losses and transmission takes
place instantaneously.

In particular, the transmission of solar radiation to regions with very little vari-
ation provides opportunity for its use directly as light in heating and electrical and
hydrogen-generation purposes. Photo-optical energy plants are a means for using
solar radiation at low cost, and hence the demand on fossil fuels such as coal,
petroleum, and natural gas will decrease leading to a clean atmospheric environ-
ment. The energy obtained in this manner may also be used for electrolysis of water
into hydrogen and oxygen leading to hydrogen energy production. This will increase
the efficiency of solar-hydrogen energy prospects and future usages.
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7.5 Photovoltaic (PV) Cells

PVs or solar cells (SC) convert sunlight directly into electricity. When photons strike
certain semiconductor materials, such as silicon, they dislodge electrons which
causes a potential difference to form between the specially treated front surface
of the SCs and the back surface. In order to increase the voltage, individual cells
are combined in a panel form. The most advanced photon utilization technology is
the SC to which the PV effects of semiconductors are applied. SCs are the stan-
dard bearer of the new energy technologies because of their great potential. Their
successful development is dependent on cost reduction of the power-generating sys-
tems that include SCs. They must either be used together with storage devices or as
supplements to conventional facilities. Due to their high cost they are still not prac-
tical for large-scale power generation. The few central solar generation facilities
in operation are experimental and need large areas of land. With current technol-
ogy about 10 m? of PV panels are required to generate 1 kW of electricity in bright
sunlight. It would take hundreds of square kilometers of solar panels to replace an
average nuclear power plant. For instance, 220,000 km? would be needed to supply
the world with power. Some scientists suggest that the size of the solar power foot-
print could be reduced by as much as 75% by placing satellites in space to collect
sunlight, convert it into electricity, and then beam the power to the earth’s surface in
the form of microwaves. Currently, the problems for researchers in SC technology
are making SCs more reasonable in price and more efficient. Unfortunately, high
efficiency and low cost tend to be mutually exclusive.

Photovoltaic cells consist of a junction between two thin layers (positive, p, and
negative, n) of dissimilar semiconducting materials. When a photon of light is ab-
sorbed by a valance electron of an atom, the energy of the electron is increased by
the amount of energy of the photon. If the energy of the photon is equal to or more
than the band gap of the semiconductor, the electron with the excess energy will
jump into the conduction band where it can move freely. However, if the electron
does not have sufficient energy to jump into the conduction band, the excess energy
of the electron is converted to excess kinetic energy of the electron, which mani-
fests as an increase in temperature. If the absorbed photon has more energy than the
band gap, the excess energy over the band gap simply increases the kinetic energy
of the electron. One photon can free up only one electron even if the photon energy
is greater than the gap band. Figure 7.11 indicates schematically a PV device.

As free electrons are generated in the n layer by the photon action they can ei-
ther pass through an external circuit or recombine with positive holes in the lateral
direction, or move toward the p-type semiconductor. However, the negative charges
in the p-type semiconductor at the p-n junction restrict their movement in that direc-
tion. If the n-type semiconductor is made extremely thin, the movement of electrons
and therefore the probability of recombination within the n-type semiconductor are
greatly reduced unless the external circuit is open. In this case the electrons recom-
bine with the holes and an increase in the temperature of the device is observed.
The energy of a photon is already expressed by Eq. 3.3 and by considering the light
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speed from Eq. 3.1 the photon energy can be obtained as

E,="C 74
Photovoltaic cells are usually manufactured from silicon although other materials
can also be used. n-type semiconductors are made of crystalline silicon that has been
“doped” with tiny quantities of an impurity (usually phosphorous) in such a way that
the doped material possesses a surplus of free electrons. On the other hand, p-type
semiconductors are also made from crystalline silicon, but they are doped with very
small amounts of a different impurity (usually boron) which causes the material to
have a deficit of free electrons. Combination of these two dissimilar semiconductors
produces an n-p junction, which sets up an electric field in the region of the junction
(Fig.7.11). Such a set up will cause negatively (positively) charged particles to move
in one direction (in the opposite direction).

Light is composed of a steam of tiny energy particles called photons, and if pho-
tons of a suitable wavelength fall within the p-n junction, then they can transfer their
energy to some of the electrons in the material so prompting them to a higher en-
ergy level. When the p-n junction is formed, some of the electrons in the immediate
vicinity of the junction are attracted from the n-type layer to combine with holes on
the nearby p-type layer. Similarly, holes on the p-type layer near the junction are
attracted to combine with electrons on the nearby n-type layer. Hence, the net effect
is to set up around the junction a layer on the n-type semiconductor that has more
positive charges than it would otherwise have.

In recent years, power generation from renewable resources has been counted
upon to bridge the gap between global demand and supply of power. The direct
conversion technology based on solar PV devices has several positive attributes and
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seems to be most promising. Extensive research activities over the past 25 years
have led to significant cost reduction and efficiency amelioration (De Meo and
Steitz 1990; Kaushika 1999).

Generation of electricity from sunlight started in the 1950s when the first PV
cell was invented, which converted solar radiation directly into electric current via
a complex photo-electric process. PV technology has advanced during the last five
decades, making it possible to convert a larger share of sunlight into electricity; it
has reached as much as 14% in the most advanced prototype systems. Although
the cost of PV devices has fallen drastically during recent decades, it is still four
to six times the cost of power generation from fossil fuels. PV devices are already
the most economical way of delivering power to homes far from utility lines. It is
expected that this technology will become an economic way of providing supple-
mentary utility power in rural areas, where the distance from plants tends to cause
a voltage reduction that is otherwise costly to remedy. As they become more versa-
tile and compact, PV panels could be used as roofing material on individual homes,
bringing about the ultimate decentralization of power generation. For instance, the
desert areas are the most attractive and rich regions of the world for the solar radi-
ation conversion into electric power. One day in the future the world’s deserts may
become very large solar power plants, which may centralize power in the same way
as do today’s coal and nuclear power plants. PV panels are much more effective in
hazy or partly cloudy conditions and they can be installed even on very small scale
residential rooftops.

Photovoltaic solar cells are semiconductor diodes that are designed to absorb
sunlight and convert it into electricity. The absorption of sunlight creates free mi-
nority carriers, which determine the solar cell current. These carriers are collected
and separated by the junction of the diode, which determines the voltage. PV SCs
have been the power supply of choice for satellites since 1958. Light drives the PV
process and provides the energy that is converted into electricity. PV cells use pri-
marily visible radiation. The distribution of color within light is important because
a PV cell produces different amounts of current depending on the various colors
shining on it. Infrared radiation contributes to the production of electricity from
crystalline silicon and some other materials. In most cases infrared radiation is not
as important as the visible portion of the solar spectrum (Chap. 3).

Terrestrial applications of PV devices developed rather slowly. Some of the
main advantages of their use as an electric power source can be given as follows
(Deniz 2006, unpublished):

Direct conversion of solar radiation into electricity

No mechanical moving parts and no noise

No high temperatures

No pollution

PV modules are very robust and have a long life

The energy source (sun) is free and inexhaustible

PV energy is a very flexible source; its power ranges from microwatts to
megawatts

NonA WD~
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7.6 Fuel Cells

A fuel cell is an electrochemical energy converter. It converts the chemical energy
of fuel (Hy) directly into electricity. A fuel cell is like a battery but with constant
fuel and oxidant supply (Fig. 7.12).

Fuel cells are preferred for the following reasons (Barbir 2005):
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Promise of high efficiency

Promise of low or zero emissions

Run on hydrogen/fuel may be produced from indigenous sources/issue of na-
tional security

Simple/promise of low cost

No moving parts/promise of long life

Modular

Quiet

wn

Nk

7.7 Hydrogen Storage and Transport

It is an unfortunate characteristic of solar energy that it arrives in a quite random
manner depending on the meteorological conditions and it does not arrive at all
time to suit our needs. Since the time of usage does not always match with the time
of availability, it is necessary to store the solar energy at times of availability so as
to use it at times of need.

The need for new and renewable energy alternatives due to the depletion of con-
servative energy sources also brought about studies on the efficient usage and trans-
mission of available energies. As is well known, the major criticism against these
energy alternatives is the problem of energy storage (Tsur and Zemel 1992). Uneven
solar energy potential in the world causes an imbalance in its production among var-
ious regions, some of which are relatively richer in solar energy than others. Such
imbalances can be avoided only through an efficient energy transportation system.

If the storage and transmission of solar energy can be achieved then the coal,
fuel oil, and natural gas requirements of any country will be reduced significantly.
Such solar energy transmission system will provide benefits for great trade centers,

Heat
t
Hydrogen I
EE—— Direct
Fuel cell current
electricity
Oxygen
+

Fig. 7.12 Fuel cell principle Water
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factories, and, especially, its application to illuminate green plants will lead to reduc-
tion in the fossil energy use to a minimum, and provide continuity in the renewable
energy alternatives.

Any discrepancy between the energy supply and demand can be offset by hydro-
gen storage and its use at the time of need as a source of energy. Hydrogen can be
stored on a large scale underground in the aquifers, in depleted petroleum or natural
gas reservoirs, and in artificial caverns as a result of mining activities. The latter
method is the most commonly used alternative in some countries. Hydrogen can be
transported to the places of consumption from the production plants in gaseous form
through underground pipelines and by supertankers in liquid form. Hydrogen can be
stored in stationary or mobile storage systems at the consumer site depending on the
end use. It can be stored either as a pressurized gas or as a liquid, or using some of its
unique physical and chemical properties, in metal hydrides and in activated carbon.
Hydrogen can be used instead of fossil fuels virtually for all purposes as a fuel for
surface and air transportation, heat production, and electricity directly (in fuel cells)
or indirectly (through gas and steam turbine driven generators) (Veziroglu 1995).

Hydrogen can be converted to electricity electrochemically in fuel cells with high
efficiency. It is not subject to Carnot cycle limitations, which is the case with the
present day thermal power plants whether they burn fossil or nuclear fuels. It has
been stated by Veziroglu (1995) that Tokyo Electric Utility started experimenting
with a 4.5-MW United Technologies fuel cell years ago. Now, they have another
11-MW fuel cell on line.

Another unique property of hydrogen is that it will combine with certain metals
and alloys easily, in large amounts, forming hydrides in exothermic chemical re-
actions. Hydrogen is released when the hydrides are heated. The temperature and
pressure characteristics vary for different metals and alloys. Many household appli-
ances working with hydrogen do not need CFCs and, hence, they will not damage
the ozone layer.

Hydrogen has the further property that it is flameless when it burns or the cat-
alytic combustion is in the presence of small amounts of catalysts, such as platinum
or palladium. Catalytic combustion appliances are safer, have higher second ther-
modynamic law efficiencies, and are environmentally compatible.

The “technology readiness” of hydrogen energy systems needs to be acceler-
ated, particularly in addressing the lack of efficient, affordable production processes;
lightweight, small volume, and affordable storage devices; and cost-competitive fuel
cells. The hydrogen energy system has the potential to solve two major energy chal-
lenges that confront the world today: reducing dependence on petroleum imports
and reducing pollution and greenhouse gas emissions.

7.8 Solar Energy Home

Careful building design makes the best use of natural daylight. In order to make
the best use of solar energy, it is necessary to understand the climate of the re-
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gion. Buildings that are inappropriate for the local climate cause energy wastage
(Howell 1986). In order to gather radiation directly by devices, house roofs are con-
structed as discrete solar collectors.

It is possible to consider a south-facing window as a kind of passive solar heat-
ing element. Solar radiation will enter during daylight hours, and if the building’s
internal temperature is higher than that outside then heat will be conducted and con-
vected back out. Here, the main question is whether more heat flows in than out, so
that the window provides a net energy benefit. The answer depends on the following
several points:

The internal temperature of the building

The average external air temperature

The available amount of solar energy

The transmitting characteristics, orientation, and shading of the window

The U-value (see Sect. 7.3.3) of the window whether it is single or double glazed

Dk =

The total amount of heat needed for supply over the year can be called the gross
heating demand, which can be supplied from three sources:

1. The body heat of people and heat from cooking, washing, lighting, and ap-
pliances are together named as “free heat gains” in a house or apartment. Al-
though, individually, they are not significant, collectively they may amount to
15 kWh/day. Free heat gains help in reducing the space heat loading.

2. Passive solar gains occur mainly through the windows.

3. Fossil fuel energy exploitation from the normal heating system.

If the house is insulated properly, it is not necessary to have large areal collectors,
because the energy need will be small. Here lies the key problem in active solar
space heating: either to insulate the house to have less energy demand or to build
poorly insulated houses and try to implement solar energy for space heating.

7.9 Solar Energy and Desalination Plants

Water is an extremely important commodity for the improvement of arid (desert) and
semi-arid environments. As for the water production technology, desalination plants
widely use fossil fuels. Hence, for the improvement of these regions it is necessary
to shift from fossil fuel usage to some environmentally friendly energy source, such
as solar energy as it is available abundantly in such environments. It is necessary to
develop a sustainable water production system using the renewable energy that is
presented by solar energy instead of fossil fuels in these regions. Specifically, the
Arabian Gulf countries have the latest water production technology and the use of
the solar energy alternative for this purpose must be investigated in spite of fossil
fuel availability. The relationships of the natural energy sources and the sea water
desalination technology are shown in Fig. 7.13.
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Fig. 7.13 Renewable energy and sea water desalination

At present, the energy sources used for water production are mainly heat and
pressure. The latter is produced from electricity and heat or pressure can be made
from various renewable energy sources as shown in Fig. 7.13. Among them solar
energy is the most universal and exists in abundance especially in desert environ-
ments. Currently, there is a problem in the solar energy usage cost performance.
However, the expenses after equipment construction are almost zero and the water
production cost becomes low.

7.10 Future Expectations

In general, there are two main reasons for future energy research. First, as a re-
sult of global warming, atmospheric and environmental pollution due to energy
consumption, present day energy patterns, using predominantly fossil fuels, must
be either improved in their quality or more significantly, they must be substituted
with more environmentally reliable clean and renewable energy sources. The sec-
ond reason for future research is the appreciation that the fossil fuel reserves are
limited and bound to be exhausted sooner or later. If the necessary precautions are
not taken from now on by radical innovations in energy systems and their tech-
nologies, then future human generations on the earth will face an extremely pre-
carious position. Additionally, population increase places extra pressure on the en-
ergy resources and the energy consumption per capita per day in developing coun-
tries is about 10 oil-equivalent-liter, which is below one-tenth of that in industrial
countries (Chap. 1). In order to produce new energy sources independent of fossil
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and nuclear fuels, the following points must be considered in future research pro-
grams:

1. The solar beam collector with a Fresnel lens or concave mirror

2. Electric charge separation by solar radiation

3. Other natural processes that reduce entropy, such as the functions of a mem-
brane, catalyst, biological organ, other chemical phenomena, efc.

In the long run, full consideration must be given to the amount of energy that is
required to produce more energy. One of the constant research areas is storage
and the two most promising new devices are silica gel beds and two-vessel stor-
age (Ohta 1979). Silica gel beds try to improve the efficiency of pebble storages.
It is possible to obtain the same performance with a volume fifteen times less. The
silica gel beds are relatively unaffected by thermal losses so there is also a saving
on insulation. On the other hand, the two-vessel store introduces a fresh storage
technique. As Howell (1986) explained, the idea relies on the chemical reaction that
occurs when acid and water are mixed; heat is then released. Hence, for heat storage
it can be used to drive water and acid into separate vessels where they can remain
for years as stored energy. By allowing the acid back into the water the stored heat
is released.

It is necessary all over the world to reduce the cost of solar collectors although
this may appear in the guise of increased efficiency at the same cost. This is tan-
tamount to saying that as production increases and the days of handmade collec-
tors pass, the labor content of the product will reduce to a minimum. As the only
other major production cost is the cost of materials, the other move must be toward
cheaper materials.

Although copper and aluminum make excellent devices to heat water, as collector
material one must not forget that they are only intermediaries. The objective is to
heat fluid not metal. Therefore, future research on solar collectors is into the use of
plastics, and many more alternatives might follow which combine the advantages
of suitability, mass production, cheap raw materials, and long life. Replacement of
glass with a layer of clear fluorescent tubes reduces the cost almost fivefold.

It is expected that within the next two decades solar energy, whether transmitted
through electrical lines or used to produce hydrogen, will become the cornerstone in
the global energy policy. In the future, wherever solar energy is abundant, hydrogen
can be produced without pollution and shipped to distant markets. For this purpose,
the Sahara Desert in Africa can be regarded as the solar-hydrogen production area
from where the hydrogen can be transmitted to consumption centers in Europe. Ger-
many leads the effort to develop solar-hydrogen systems. There are demonstration
electrolysis projects powered by PV cells already operating in Germany and the so-
lar energy rich deserts of the Kingdom of Saudi Arabia. Germany spends some $ 25
million annually on hydrogen research projects.

The invention of optical fibers has led to extensive studies on the traditional meth-
ods of illumination and sterilization using the sun’s radiation. Optic fibers provide
a pathway to transmit solar beams almost anywhere. Cinar (1995) has explained
such transmission of solar energy from sunshine-rich desert areas to exploitation
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Fig. 7.14 Evolution of modern civilization (Barbir 2005, unpublished)

centers. The solar radiation incident on the Fresnel lenses is focused at a point where
the entropy of the system is greatly reduced. If the temperature of the point of focus
is 300 °C and the ambient temperature is 27 °C, then the entropy of the focus is re-
duced by about half. Searching for similar entropy-reducing natural phenomena is
an important task in energy science. The application fields of solar energy are well
known and rather traditional, but new technologies will have an impact and will
eventually be put to practical use.

In the two past centuries there were many revolutions that propelled society into
a new mode of development and the majority of these revolutions are energy related
as shown in Fig. 7.14. It seems that in the future energy-related revolutions are
going to take place in addition to stress on water resources, which might be relieved
through use of the practically inexhaustible solar energy supply and desalination
plant production of additional water for the survival of humanity. Hydrogen energy
is also related to water production in this respect.
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Appendix A
A Simple Explanation of Beta Distribution

If a random variable x is equally likely to take any value in the interval O to 1,
then its probability distribution function (PDF) is constant over this range. The beta
PDF is a very flexible function for use in describing empirical data such as @’ and
b’ as in Chap. 4. The general form of this distribution is given by Benjamin and
Cornell (1970) as

fx) = %x’—l(l -0 0<y <),

where B is the normalizing constant as
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in which I'(.) is the incomplete gamma function of the argument. Herein, r and ¢ are
the PDF parameters related to the mean X and variance ax2 parameters as follows:
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Appendix B
A Simple Power Model

The non-linear least squares technique depends on the minimization of the predic-
tion error square summation from a non-linear equation. The non-linearity exists in
the power term of the solar radiation model as presented in the text by Eq. 5.12. In
order to predict the solar radiation amount (H /Hp) at any time instant, say i, from
the fractal exponent model there is an error, €;, involved as follows:

1

H S\7
<_> :ap+bp<—>”+ei (B.1)
Hy i SO i

or the error term is calculated as

- 1
H S\»
ei=(—) —a,—b,[—
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and the sum of error squares for n predictions becomes notationally as

(B.2)

The partial derivatives of this expression with respect to model parameters a, b,
and c leads to
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and

9ss _ Z( ) _b”<sio)i b(%)llog<1> . (B.S)

In order to find the optimum solution of parameter estimates these three differentials
must be set equal to zero:
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Hence, there are three unknowns and three equations. However, the analytical and
simultaneous solution of these three equations is not possible, and therefore, the
numerical solution is sought. For this purpose, first of all it is possible to obtain
from Eqs. B.6 and B.7 by elimination the following parameter estimations:
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These are the two basic equations that reduce to the linear regression line coef-
ficient estimations for p = 1. This situation is equivalent with the AM parameter
estimation. The third equation of the non-linear least squares technique can be ob-
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tained from Eq. B.8 as

S G) S (5) mn ) = e

The numerical solution algorithm is explained in the main text.
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