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Series Preface

By 2050 the demand for energy could double or even triple as the global population grows and
developing countries expand their economies. All life on Earth depends on energy and the cycling
of carbon. Energy is essential for economic and social development and also poses an environmen-
tal challenge. We must explore all aspects of energy production and consumption, including energy
efficiency, clean energy, the global carbon cycle, carbon sources, and sinks and biomass, as well as
their relationship to climate and natural resource issues. Knowledge of energy has allowed humans
to flourish in numbers unimaginable to our ancestors.

The world’s dependence on fossil fuels began approximately 200 years ago. Are we running
out of 0il? No, but we are certainly running out of the affordable oil that has powered the world
economy since the 1950s. We know how to recover fossil fuels and harvest their energy for oper-
ating power plants, planes, trains, and automobiles; this leads to modifying the carbon cycle and
additional greenhouse gas emissions. The result has been the debate on availability of fossil energy
resources; peak oil era and timing for anticipated end of the fossil fuel era; price and environmental
impact versus various renewable resources and use; carbon footprint; and emissions and control,
including cap and trade and emergence of “‘green power.”

Our current consumption has largely relied on oil for mobile applications and coal, natural gas,
and nuclear or water power for stationary applications. In order to address the energy issues in a
comprehensive manner, it is vital to consider the complexity of energy. Any energy resource, includ-
ing oil, coal, wind, and biomass, is an element of a complex supply chain and must be considered
in its entirety as a system from production through consumption. All of the elements of the system
are interrelated and interdependent. Oil, for example, requires consideration for interlinking of all
of the elements, including exploration, drilling, production, water, transportation, refining, refinery
products and byproducts, waste, environmental impact, distribution, consumption/application, and,
finally, emissions.

Inefficiencies in any part of the system have an impact on the overall system, and disruption in
one of these elements causes major interruption in consumption. As we have experienced in the past,
interrupted exploration will result in disruption in production, restricted refining and distribution, and
consumption shortages. Therefore, any proposed energy solution requires careful evaluation and, as
such, may be one of the key barriers to implementing the proposed use of hydrogen as a mobile fuel.

Even though an admirable level of effort has gone into improving the efficiency of fuel sources
for delivery of energy, we are faced with severe challenges on many fronts. These include population
growth, emerging economies, new and expanded usage, and limited natural resources. All energy
solutions include some level of risk, including technology snafus, changes in market demand, and
economic drivers. This is particularly true when proposing an energy solution involving implemen-
tation of untested alternative energy technologies.

There are concerns that emissions from fossil fuels will lead to changing climate with possibly
disastrous consequences. Over the past five decades, the world’s collective greenhouse gas emis-
sions have increased significantly—even as increasing efficiency has resulted in extending energy
benefits to more of the population. Many propose that we improve the efficiency of energy use and
conserve resources to lessen greenhouse gas emissions and avoid a climate catastrophe. Using fossil
fuels more efficiently has not reduced overall greenhouse gas emissions for various reasons, and it is
unlikely that such initiatives will have a perceptible effect on atmospheric greenhouse gas content.
Although the correlation between energy use and greenhouse gas emissions is debatable, there are
effective means to produce energy, even from fossil fuels, while controlling emissions. Emerging
technologies and engineered alternatives will also manage the makeup of the atmosphere, but will
require significant understanding and careful use of energy.

xiii
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We need to step back and reconsider our role in and knowledge of energy use. The traditional
approach of micromanagement of greenhouse gas emissions is not feasible or functional over a
long period of time. More assertive methods to influence the carbon cycle are needed and will be
emerging in the coming years. Modifications to the cycle mean that we must look at all options in
managing atmospheric greenhouse gases, including various ways to produce, consume, and deal
with energy. We need to be willing to face reality and search in earnest for alternative energy solu-
tions. Some technologies appear to be able to assist; however, all may not be viable. The proposed
solutions must not be in terms of a “quick approach,” but rather as a more comprehensive, long-term
(10, 25, and 50+ years) approach based on science and utilizing aggressive research and develop-
ment. The proposed solutions must be capable of being retrofitted into our existing energy chain.
In the meantime, we must continually seek to increase the efficiency of converting energy into heat
and power.

One of the best ways to define sustainable development is through long-term, affordable avail-
ability of resources, including energy. There are many potential constraints to sustainable develop-
ment. Foremost of these is the competition for water use in energy production, manufacturing, and
farming versus a shortage of fresh water for consumption and development. Sustainable develop-
ment is also dependent on the Earth’s limited amount of soil; in the not too distant future, we will
have to restore and build soil as a part of sustainable development. Hence, possible solutions must be
comprehensive and based on integrating our energy use with nature’s management of carbon, water,
and life on Earth as represented by the carbon and hydrogeological cycles.

Obviously, the challenges presented by the need to control atmospheric greenhouse gases are
enormous and require “out of the box™ thinking, innovative approaches, imagination, and bold engi-
neering initiatives in order to achieve sustainable development. We will need to exploit energy even
more ingeniously and integrate its use with control of atmospheric greenhouse gases. The continued
development and application of energy is essential to the development of human society in a sustain-
able manner through the coming centuries.

All alternative energy technologies are not equal; they have various risks and drawbacks. When
evaluating our energy options, we must consider all aspects, including performance against known
criteria, basic economics and benefits, efficiency, processing and utilization requirements, infra-
structure requirements, subsidies and credits, and waste and the ecosystem, as well as unintended
consequences such as impacts on natural resources and the environment. Additionally, we must
include the overall changes and the emerging energy picture based on current and future efforts
to modify fossil fuels and evaluate the energy return for the investment of funds and other natural
resources such as water.

A significant driver in creating this book series focused on alternative energy and the environ-
ment and was initiated as a consequence of lecturing around the country and in the classroom
on the subject of energy, environment, and natural resources such as water. Water is a precious
commodity in the West in general and the Southwest in particular and has a significant impact on
energy production, including alternative sources, due to the nexus between energy and water and
the major correlation with the environment and sustainability-related issues. The correlation among
these elements, how they relate to each other, and the impact of one on the other are understood;
however, integration and utilization of alternative energy resources into the energy matrix has not
been significantly debated.

Also, as renewable technology implementation grows by various states nationally and interna-
tionally, the need for informed and trained human resources continues to be a significant driver in
future employment. This has resulted in universities, community colleges, and trade schools offer-
ing minors, certificate programs, and, in some cases, majors in renewable energy and sustainability.
As the field grows, the demand increases for trained operators, engineers, designers, and architects
able to incorporate these technologies into their daily activity. Additionally, we receive daily del-
uges of flyers, e-mails, and texts on various short courses available for parties interested in solar,
wind, geothermal, biomass, and other types of energy. These are under the umbrella of retooling
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an individual’s career and providing the trained resources needed to interact with financial, govern-
mental, and industrial organizations.

In all my interactions in this field throughout the years, I have conducted significant searches for
integrated textbooks that explain alternative energy resources in a suitable manner that would com-
plement a syllabus for a potential course to be taught at the university and provide good reference
material for parties getting involved in this field. I have been able to locate a number of books on
the subject matter related to energy; energy systems; and resources such as fossil nuclear, renewable
energy, and energy conversion, as well as specific books on the subjects of natural resource avail-
ability, use, and impact as related to energy and environment. However, books that are correlated
and present the various subjects in detail are few and far between.

We have therefore started a series in which each text addresses specific technology fields in the
renewable energy arena. As a part of this series, there are textbooks on wind, solar, geothermal,
biomass, hydro, and other energy forms yet to be developed. Our texts are intended for upper level
undergraduate and graduate students and informed readers who have a solid fundamental under-
standing of science and mathematics. Individuals and organizations that are involved with design
development of the renewable energy field entities and interested in having reference material avail-
able to their scientists and engineers, consulting organizations, and reference libraries will also
be interested in these texts. Each book presents fundamentals as well as a series of numerical and
conceptual problems designed to stimulate creative thinking and problem solving.

I wish to express my deep gratitude to my wife, Maryam, who has served as a motivator and
intellectual companion and too often has been the victim of this effort. Her support, encouragement,
patience, and involvement have been essential to the completion of this series.

Abbas Ghassemi, PhD
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Preface

The twenty-first century is rapidly becoming the “perfect energy storm”; modern society is faced
with volatile energy prices and growing environmental concerns, as well as energy supply and
security issues. Today’s society was founded on hydrocarbon fuel—a finite resource that already
is one of the main catalysts for international conflicts, which is likely to intensify in the future.
The global energy appetite is enormous, representing over $6 trillion per year, or about 13% of
global gross domestic product (GDP). Unfortunately, the vast majority of this energy is not effi-
ciently utilized for buildings, vehicles, or industry. This is especially true in the United States,
which has about double the per-capita and GDP energy usage rates as compared to the European
Union and Japan. The inefficient use of energy strongly exacerbates the global energy crisis. It
is time to shed the outdated “burn, baby, burn” hydrocarbon energy thinking with a new energy
vision; the time for clean energy solutions is here. Only through energy efficiency and renewable
energy technologies can modern civilization extricate itself from the gathering perfect energy
storm.

The United States is addicted to the consumption of fossil fuels. The country obtains about two-
fifths of its energy from petroleum, about one-fourth from coal, and another quarter from natural
gas. Two-thirds of oil in the United States is imported; if business continues as usual, by 2020,
the country will import three-fourths of its oil. In 2006, the United States spent $384 billion on
imported oil. By 2030, carbon fuels will still account for 86% of U.S. energy use with a business-as-
usual approach. The United States uses about 100 quadrillion BTUs (29,000 TWh) annually. From
this, 39% is energy for buildings, 33% for industry, and 28% for transportation. On average, the
country uses 1.4 times more energy than the European Union and Japan in industry, 2.5 times more
energy in buildings, and 1.8 times more in transportation. Like the United States, these countries
are very much dependent on oil imports. However, in comparison to the United States, Japan uses
only 53% energy per capita and 52% energy per GDP, while the European Union uses only 48% and
64%, respectively.

The new global energy realities have brought the highest energy prices in history. Sustained
price volatility will continue, with large spikes and drops of energy prices tracking global eco-
nomic trends. Peak oil is predicted by many within the next decade. The North American energy
infrastructure and workforce are aging. China and India are now new global energy customers
causing major impacts on primary fuel prices. By 2030, China is projected to import as much oil as
the United States does now. Trigger events such as blackouts, hurricanes, floods, and fires further
increase volatility due to tight supplies. Food, metal, and transportation prices are rising as a result
of increased energy demand.

In addition to costs and availability of fossil fuels, a worse panorama results from counting the
increase of the millions of tons per year of carbon dioxide emissions—the main gas precursor of the
greenhouse effect. Future CO, emission increments will be originated mainly in developing coun-
tries as population and industry grow. The current CO, average concentration in the atmosphere
is about 400 parts per million (ppm)—the highest ever experienced by the Earth. Maintaining as
much reliance on fossil fuels as today, by 2050, such concentration may exceed 700 or 800 ppm.

At higher concentration, the few degrees gained in Earth’s average temperature exert several
grave impacts on food safety, water, the ecosystem, and the environment. Currently, only half a
Celsius degree increase has been enough for catastrophic natural disasters to occur. To limit sea
level rise to only 1 m and species loss to 20% by the end of this century, additional warming must be
limited to 1°C. This means stabilizing atmospheric CO, at about 450-500 ppm. The United States is
the second largest emitter of CO, emissions after China. The United States currently emits 23% of
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global CO, and needs to reduce CO, by 60 to 80% by midcentury. If the Greenland ice sheet melted,
global sea level would rise 7 m; if East and West Antarctica ice sheets melt, sea levels would rise an
additional 70 m. Through the widespread burning of fossil fuels, humanity is creating the largest
ecological disaster since the disappearance of the dinosaurs.

However, all is not bad news. There are options to slow the detriment of the natural media;
appropriate use of resources is the key. During the last decade, a great level of consciousness of
climate change and energy was achieved around the world and, most importantly, among govern-
ments. Countries need a safe, clean, secure, and affordable energy future. Reduced reliance on oil
and a switchover to clean technologies will create new local jobs. Millions of under- or unemployed
people in Africa, Asia, the Middle East, etc., could find gainful employment in this new sector. To
start switching, policies must be created to move toward clean and sustainable energy solutions.
Requiring significant energy production from renewable energy sources and increasing energy effi-
ciency are two basic steps toward a more secure and clean energy future that we can take now.

The United States can increase energy production from clean energy sources like the Sun and
wind. States such as California, New Mexico, and Texas have already begun to lead the way with
renewable energy portfolio standards. The Obama administration has proceeded to set national
standards that require an increasing amount of electricity to come from renewable energy resources
like solar, wind, and geothermal energy. Execution of the president’s plan of 10% renewable energy
generation by 2012 and 25% by 2025 is greatly needed. Wind energy development is already boom-
ing in the United States due to state portfolio requirements and the federal production tax credit.
The United States now has over 25,000 MW of wind power, producing 1% of the nation’s electricity,
with another 8,500 MW under construction. The goals of the Department of Energy are that 20%
of the nation’s electricity must be generated from wind power; this requires about 300,000 MW of
wind, which is an achievable goal with plenty of wind availability in the Midwest.

Despite three decades of heavy investment in electrification projects by less developed nations—
often at huge environmental and social costs—about 2 billion people in developing regions still lack
electricity for basic needs and economic growth. Hundreds of millions of households around the
globe rely solely on kerosene lamps for lighting, disposable batteries for radios, and, in some cases,
car batteries recharged weekly for television. These people have no access to good health care, edu-
cation, or reliable income. For most of them, there is little likelihood of receiving electricity from
conventional grid sources in the foreseeable future. Renewable energy sources can provide local
jobs while improving their standard of living.

The cost of bringing utility power via transmission and distribution lines to nonelectrified villages
is high, especially considering the typically small household electrical loads and the fact that many
villages are located at great distances, over difficult terrain, from the existing grid. Stand-alone solar
and wind energy systems can cost-effectively provide modest levels of power for lighting, commu-
nication, fans, refrigerators, water pumping, etc. Using a least-cost model, some governments and
national utilities, such as in Brazil, China, Central America, South Africa, Mexico, and elsewhere,
have used photovoltaic (PV) and wind systems, in an integrated development tool for electrification
planning, as either centralized or distributed solutions.

Solar and wind energy are now providing the lowest cost options for economic and community
development in rural regions around the globe, while supplying electricity, creating local jobs, and
promoting economic development with clean energy resources. Rural regions in the Americas will
greatly benefit from solar and wind electrification in the coming years. PV technology provides
power for remote water pumping and for disinfection of community water supplies. For larger load
requirements, the combination of PV and wind technologies, with a diesel generator and battery
storage, into hybrid configurations provides higher system reliability at a more reasonable cost than
with any one technology alone.

Large-scale wind systems are becoming economically attractive at $0.06—0.08 kWh for bulk
utility electric power generation—Ilarge-scale solar thermal systems cost is approximately double
this value. Although not as economically attractive as wind and solar thermal power for bulk power
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generation, PV has an even more important role to play in rural regions as a power source for remote
and distributed applications due to its reliability and inherent modularity. PV energy costs have
declined from about $60/kWh in 1970 to $1/kWh in 1980 to under $0.25/kWh for grid-tied instal-
lations today. Module efficiencies have increased with commercially available modules that are
15-22% efficient, and research laboratory cells demonstrate efficiencies above 40%. Commercial
PV module reliability has improved to last 30 years or longer.

This book intends to provide field engineers and engineering students with detailed knowledge
for converting solar radiation into a suitable energy supply. Within this book, solar energy technical
fundamentals are presented to give a clear understanding on how solar energy can be captured for
later use. Such energy can be collected by two types of devices: thermosolar collectors, which trans-
form solar energy into heat, and PV modules, which directly convert the energy intrinsic within
light into electricity. Other important types of solar receivers use mirrors or lenses to redirect solar
radiation toward a solar collector; the purpose is to focus as much energy as possible into a particu-
lar point or volume.

The authors have a century of solar energy experience among them and have conducted
extensive solar research and project implementation around the globe, much of which is cited in
this book. Although great technical advances in solar technology have been made, many solar
energy system installations have failed—often due to simple causes; the lessons learned are also
discussed in this book. For this reason, special emphasis has been placed on the practical aspects
of solar technology implementation. Economics, politics, capacity building, technical capabili-
ties, market building, and replication are the main supporting actors to develop a solar energy
future that provides local jobs in troubled regions, supplies clean energy, and reduces global
warming emissions. As the worldwide perfect energy storm approaches, solar energy will be
one of the keys to lessening its potentially harmful impacts. The authors hope that the students
and readers who use this book will be inspired to pursue a clean energy future and will choose
the solar path.
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’I Introduction to Solar Energy

1.1 THE TWENTY-FIRST CENTURY’S PERFECT ENERGY STORM

The twenty-first century is forming into the perfect energy storm. Rising energy prices, diminish-
ing energy availability and security, and growing environmental concerns are quickly changing the
global energy panorama. Energy and water are the keys to modern life and provide the basis neces-
sary for sustained economic development. Industrialized societies have become increasingly depen-
dent on fossil fuels for myriad uses. Modern conveniences, mechanized agriculture, and global
population growth have only been made possible through the exploitation of inexpensive fossil
fuels. Securing sustainable and future energy supplies will be the greatest challenge faced by all
societies in this century.

Due to a growing world population and increasing modernization, global energy demand is pro-
jected to more than double during the first half of the twenty-first century and to more than triple
by the end of the century. Presently, the world’s population is nearly 7 billion, and projections are
for a global population approaching 10 billion by midcentury. Future energy demands can only
be met by introducing an increasing percentage of alternative fuels. Incremental improvements in
existing energy networks will be inadequate to meet this growing energy demand. Due to dwin-
dling reserves and ever-growing concerns over the impact of burning carbon fuels on global climate
change, fossil fuel sources cannot be exploited as in the past.

Finding sufficient supplies of clean and sustainable energy for the future is the global society’s
most daunting challenge for the twenty-first century. The future will be a mix of energy technolo-
gies with renewable sources such as solar, wind, and biomass playing an increasingly important
role in the new global energy economy. The key question is: How long it will take for this sustain-
able energy changeover to occur? And how much environmental, political, and economic damage
is acceptable in the meantime? If the twenty-first century sustainable energy challenge is not met
quickly, many less-developed countries will suffer major famines and social instability from rising
energy prices. Ultimately, the world’s economic order is at stake.

Approximately one-third of the world’s population lives in rural regions without access to the
electric grid, and about half of these same people live without access to safe and clean water. Solar
energy is unique in that it can easily provide electricity and purified water for these people today
with minimal infrastructure requirements by using local energy resources that promote local eco-
nomic development.

Unfortunately, traditional fossil fuel energy use has had serious and growing negative envi-
ronmental impacts, such as CO, emissions, global warming, air pollution, deforestation, and
overall global environmental degradation. Additionally, fossil fuel reserves are not infinite or
renewable; the supply is limited. Without a doubt, there will be significant changes in our soci-
ety’s modern energy infrastructure by the end of the twenty-first century. A future mix that
includes sustainable energy sources will contribute to our prosperity and health. Our future
energy needs must be met by a mix of sustainable technologies that have minimal environ-
mental impacts. Potentially, many of these technologies will use solar energy in all its forms,
permitting gradual evolution into a hydrogen-based economy. A renewable energy revolution
is our hope for a sustainable future. Clearly, the future belongs to clean energy sources and to
those who prepare for it now.
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1.2 RENEWABLE ENERGY FOR RURAL DEVELOPMENT

Given that the need for power grows much faster for less developed nations than for those that are
already industrialized, this changing energy panorama will significantly impact how power is sup-
plied to developing regions. Industrialized countries need to clean up their own energy production
acts, while encouraging developing countries not to follow in their footsteps, but rather to leapfrog
to clean energy technologies directly.

Despite three decades of major investments by less developed nations and multilaterals on elec-
trification projects (often at huge environmental and social costs), nearly 2 billion people in develop-
ing regions around the globe still lack electricity. Over 1 billion people are also without access to
safe drinking water. Millions of households rely solely on kerosene lamps for lighting and dispos-
able batteries for radios. For most of these people, there is little likelihood of ever receiving electric-
ity from conventional grid sources. However, there is growing momentum in supplying electricity
to developing regions using solar and wind energy sources. Both solar and wind energy technolo-
gies offer energy independence and sustainable development by using indigenous renewable energy
resources and by creating long-term local jobs and industries.

The cost of bringing utility power via transmission and distribution lines to nonelectrified vil-
lages is great. This is largely due to small household electrical loads and the fact that many villages
are located at great distances over difficult terrain from the existing grid. Stand-alone solar and wind
energy systems can provide cost-effective, modest levels of power for lighting, communication,
fans, refrigerators, water pumping, etc. Using a least-cost model, some governments and national
utilities, such as those in Brazil, India, Central America, South Africa, Mexico and elsewhere, have
used PV and wind systems as an integrated development tool for electrification planning as either
centralized or distributed solutions.

Two decades ago, PV technology was relatively unknown. The Dominican Republic was one of
the early proving grounds for developing rural PV electrification efforts. The nonprofit group Enersol
Associates began work in 1984, offering technical assistance and training to Dominican businesses.
Nonprofit organizations also worked to develop a market for rural PV technology. Enersol began
to work closely with the Peace Corps using seed funding from the U.S. Agency for International
Development (USAID) to help set up a revolving fund offering rural farmers low-interest loans to
purchase small PV systems.

The work of this nongovernment organization (NGO) later evolved into private enterprise as
companies such as Soluz formed in the Dominican Republic and Honduras. Gradually through-
out the developing world, small solar companies began to form as PV module manufacturers
began to establish distributor networks to serve remote, nonelectrified areas. The model of rural
off-grid PV systems (Figure 1.1) has spread globally with over 5 million systems installed. More
total kiloWatts of grid-tie PV systems are installed each year; however, numerically more small,
off-gird systems are installed annually.

Over time, the focus of PV projects has changed. Installation of PV systems solely for remote
sites has expanded to include the promotion of rural economic development through PV. PV provide
power for remote water pumping, refrigeration, and water treatment of community water supplies.
Solar distillation can meet individual household potable water needs from even the most contami-
nated and brackish water sources. For larger load requirements, the combination of PV and wind
technologies with diesel generators and battery storage has proved that hybrid configurations pro-
vide higher system reliability at a more reasonable cost than with any one technology alone.

Solar thermal energy represents the most competitive but often overlooked solar technology
option. Domestic solar hot water heating systems typically have cost paybacks from 5 to 7 years—
much better than grid-tied PV systems, where payback may take decades, if ever. Additionally,
large-scale solar thermal concentrating solar power (CSP) plants have better economies of scale
than PV for utility power generation at almost half the kiloWatt-hour cost.
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FIGURE 1.1 Remote PV-powered school for satellite-assisted education in the Lempira Province of
Honduras.

Solar and wind energy often provide least-cost options for economic and community develop-
ment in rural regions around the globe, while supplying electricity, creating local jobs, and promot-
ing economic development with clean energy resources. PV projects in developing nations have
provided positive change in the lives of the rural people. Yet there is still much to do to educate,
institutionalize, and integrate renewable technologies for maximum benefit for all. One of the great-
est challenges is to work on reforming energy policies and legal frameworks to create a context that
permits the sustainable development of renewable energy technologies.

1.3 RENEWABLE ENERGY SOLUTIONS

There are many different types of energy. Kinetic energy is energy available in the motion of
particles—wind energy is one example of this. Potential energy is the energy available because of
the position between particles—for example, water stored in a dam, the energy in a coiled spring,
and energy stored in molecules (gasoline). There are many examples of energy: mechanical, elec-
trical, thermal, chemical, magnetic, nuclear, biological, tidal, geothermal, and so on. Renewable
energy denotes a clean, nontoxic energy source that cannot be exhausted.

The primary renewable energy sources are the Sun, wind, biomass, tides, waves, and the Earth’s
heat (geothermal). 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 to 5 billion years. 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 evapora-
tion and rain. In this sense, rivers and dams for hydroenergy are stored solar energy. Another aspect
of solar energy is the conversion of sunlight into biomass by photosynthesis. Animal products such
as whale oil and biogas from manure are derived from this form of solar energy. Tidal energy is
primarily due to the gravitational interaction of the Earth and the moon. Another renewable energy
is geothermal, due to heat from the Earth generated by decay of radioactive particles from when the
solar system formed. Volcanoes are fiery examples of geothermal energy reaching the surface of the
Earth from the hot and molten interior.
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Overall, about 14% of the world’s energy comes from biomass—primarily wood and charcoal,
but also crop residue and even animal dung for cooking and some heating. This contributes to defor-
estation and the loss of topsoil in developing countries.

Fossil fuels are stored solar energy from past geological ages (i.e., ancient sunlight). Even though
the quantities of oil, natural gas, and coal are large, they are finite and resources are sufficient to
power the industrialized world anywhere from a few more decades to a few more centuries, depend-
ing on the resource. There are also large environmental costs associated with fossil fuel exploita-
tion—from habitat loss and destruction due to strip mining and oil spills to global warming of the
atmosphere largely caused by the combustion by-product of carbon dioxide.

The advantages of renewable energy are many: sustainability (cannot be depleted), ubiquity
(found everywhere across the world in contrast to fossil fuels and minerals), and essentially non-
polluting and carbon free. The disadvantages of renewable energy are: variability, low density, and
generally higher initial cost for conversion hardware. For different forms of renewable energy, other
disadvantages or perceived problems are: visual pollution, odor from biomass, perceived avian issues
with wind plants, large land requirements for solar conversion, and brine from many geothermal
sources.

1.4 GLOBAL SOLAR RESOURCE

Solar energy is the energy force that sustains life on Earth for all plants, animals, and people. It
provides a compelling solution for all societies to meet their needs for clean, abundant sources of
energy in the future. The source of solar energy is the nuclear interactions at the core of the Sun,
where the energy comes from the conversion of hydrogen into helium. Sunlight is readily available,
secure from geopolitical tensions, and poses no threat to our environment and our global climate
systems from pollution emissions.

Solar energy is primarily transmitted to the Earth by electromagnetic waves, which can also be
represented by particles (photons). The Earth is essentially a huge solar energy collector receiving
large quantities of solar energy that manifest in various forms, such as direct sunlight used for plant
photosynthesis, heated air masses causing wind, and evaporation of the oceans resulting as rain,
which forms rivers and provides hydropower.

Solar energy can be tapped directly (e.g., PV); indirectly as with wind, biomass, and hydropower;
or as fossil biomass fuels such as coal, natural gas, and oil. Sunlight is by far the largest carbon-free
energy source on the planet. More energy from sunlight strikes the Earth in 1 hour (4.3 x 10%° J)
than all the energy consumed on the planet in a year (4.1 X 10%°J). Although the Earth receives about
10 times as much energy from sunlight each year as that contained in all the known reserves of coal,
oil, natural gas, and uranium combined, renewable energy has been given a dismally low priority by
most political and business leaders.

We are now witnessing the beginning of a global paradigm shift toward clean energy in
response to the twenty-first century perfect energy storm that is forming. As conventional
energy prices rise, new and cleaner alternatives will begin to emerge and become economically
more competitive. Energy solutions for the future depend on local, national, and world policies.
Solutions also depend on individual choices and the policies that we implement as a society. This
does not mean that we have to live in caves to negate our energy inputs, but we do have to make
wise energy choices and conserve by methods such as driving fuel-efficient vehicles and insulat-
ing our homes, to name a few. To overcome the twenty-first century perfect energy storm, we will
all have to work together cooperatively while doing our individual parts.
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PROBLEMS
1.1.  Describe how the global economy depends on fossil fuels today.
1.2.  What do you think will be the key energy solutions to meeting the twenty-first century’s global
energy challenge?
1.3. Do you believe that it is a greater priority for wealthier, industrialized countries to install grid-tie PV
systems or for poorer, less developed countries to adopt off-grid PV systems?
1.4.  Describe three things that you can do practically in your life today to reduce your energy footprint.






2 Solar Resource

2.1 INTRODUCTION

Our planet faces significant challenges in the twenty-first century because energy consumption is
expected to double globally during the first half of this century. Faced with increasingly constrained
oil supplies, humanity must look to other sources of energy, such as solar, to help us meet the grow-
ing energy demand. A useful measure of the level of a country’s development is through its energy
consumption and efficiency. Excessive fossil fuel energy use not only has caused severe and grow-
ing damage to the environment from greenhouse gas emissions and oil spills, but also has brought
political crises to countries in the form of global resource conflicts and food shortages. Solar and
other forms of renewable energy offer a practical, clean, and viable solution to meet our planet’s
growing environmental and energy challenges.

Solar radiation is the most important natural energy resource because it drives all environmental
processes acting at the surface of the Earth. The Sun provides the Earth with an enormous amount
of energy. The energy stored by the oceans helps maintain the temperature of the Earth at an equi-
librium level that allows for stability for a broad diversity of life.

Naturally, the Sun has always held the attention of humanity and been the subject of worship by
many cultures over the millennia, such as the Egyptians, Incans, Greeks, and Mayans, among many
others. The potential of solar energy to produce heat and electricity to be supplied for our modern
economies in a variety of productive activities has been widely demonstrated but not yet widely
adopted around the globe due to relatively cheap fossil fuels. Although the solar energy source is
inexhaustible and free, it is not the most convenient energy source because it is not constant during
the day and not readily dispatched. In contrast, modern lifestyles demand a continuous and reliable
supply of energy. However, there are ways to overcome these shortfalls.

In order to understand solar energy, this chapter discusses the resources, including energy irradi-
ated from the Sun, the geometrical relationship between the Sun and the Earth, and orientation of
energy receivers, as well as the importance of acquiring reliable solar information for engineering
design, operation, and management of solar technologies.

2.2 SUN-EARTH GEOMETRIC RELATIONSHIP

The amount and intensity of solar radiation reaching the Earth’s surface depends on the geometric
relationship of the Earth with respect to the Sun. Figure 2.1 shows this geometric relationship and
its effects for different seasons in both hemispheres. The position of the Sun, at any moment at any
place on Earth, can be estimated by two types of calculations: first, by simple equations where the
inputs are the day of the year, time, latitude, and longitude, and, secondly, by calculations through
complex algorithms providing the exact position of the Sun. Mostly, such algorithms are valid for a
limited period varying from 15 to 100 years; the best uncertainties achieved are greater than +0.01
(Blanco-Muriel et al. 2001; Michalsky 1988). Ibrahim and Afshin (2004) summarized a step-by-
step procedure for implementing an algorithm developed by Meeus (1998) to calculate the solar
angles in the period from the years 2000 B.C. to 6000 A.D. for which uncertainties of £0.0003 were
accomplished. This chapter includes only calculations from geometry in order to understand the
nature of the variant incoming solar radiation.
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FIGURE 2.1 Earth—Sun geometric relationships.

2.2.1 EARTH-SUN DISTANCE

The Earth has a diameter of 12.7 X 10° km, which is approximately 110 times less than the Sun’s.
The Earth orbits approximately once around the Sun every 365 days. The Earth’s orbit’s eccentric-
ity is very small, about 0.0167, which causes the elliptical path to be nearly circular. The elliptical
path of the Earth varies from 14.7 x 107 km in early January—the closest distance to the Sun, called
perihelion—to 15.2 x 107 km in early July—the farthest distance, called aphelion. The average
Earth—Sun distance of 14.9 x 107 km is defined as the astronomical unit (AU), which is used for
calculating distances within the solar system. However, the Earth is about 4% closer to the Sun at
the perihelion than the aphelion. The Sun subtends an angle of 32" on the Earth at a 1 AU distance.
Equation 2.1 (derived by Spencer, 1971, in terms of Fourier series) gives the Earth—Sun distance
(E,) in astronomical units with a maximum error of £0.0001.

2
E, = [rTO] =1.000110+ 0.03422cosI" + 0.00128sinI" +

2.1
+0.000719cos2I" + 0.000077sin2I"
where 7, is equal to 1 AU, r is the Earth—Sun distance, I is the daily angle in radians given as
r=ox=t 2.2)
365

and n is the day of the year (1 <n <365) and can be calculated from Table 2.1. A less complex
expression for E, was proposed by Duffie and Beckman (1991). Slight differences are found
between both equations; for simplicity, calculations within this text use Equation 2.3.
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TABLE 2.1
Declination and Earth—Sun Distance of the Representative Averaged Days for Months
ith day of the Month n for ith day of Julian Day of Declination & Earth-Sun
month the month the year n in degrees distance E, in AU
17 January i 17 -20.92 1.03
16 February 31+ 47 -12.95 1.02
16 March 59+i 75 —2.42 1.01
15 April 90 +1i 105 9.41 0.99
15 May 120+ 135 18.79 0.98
11 June 151 +1i 162 23.09 0.97
17 July 181 +1i 198 21.18 0.97
16 August 212+ 228 13.45 0.98
15 September 243 +1i 258 2.22 0.99
15 October 273 +1i 288 -9.60 1.01
14 November 304 +1i 318 —-18.91 1.02
10 December 334 +1i 344 -23.05 1.03

Source: Adapted from Dulffie, J. A., and W. A. Beckman. 1991. Solar Engineering of Thermal Processes, 2nd ed., 919.
New York: John Wiley & Sons.

360n] 03

=1+0.033cos| ——
Eo * [ 365

2.2.2  ApPARENT PATH OF THE SUN

The Earth rotates at an approximately constant rate on its axis once in about 24 hours. Such rota-
tion in the eastward direction gives the sense that the Sun moves in the opposite direction. The
so-called ecliptic is the apparent path that the Sun traces out in the sky while it goes from east to
west during the day. The plane of the ecliptic is the geometric plane containing the mean orbit of the
Earth around the Sun. Due to the overall interacting forces among the planets, the Sun is not always
exactly in such a plane, but rather, may be some arc seconds out of it.

The rotation axis of the Earth is tilted 23.45° from being perpendicular to the ecliptic plane and
remains constant as the Earth orbits the Sun as pointed out in Figure 2.1. As a result, the angle
between the Sun and a point on the surface of the Earth varies throughout the year and, with this,
the length of day also changes. The length of a solar day for a specific location may differ by as
much as 15 minutes throughout the year, with an average of 24 hours. Seasons are also caused
by the constant tilt of Earth with respect to the ecliptic plane; when the northern axis is pointing
to the direction of the Sun, it is summer in the Northern Hemisphere and winter in the Southern
Hemisphere. Both hemispheres receive the same amount of light, but the Southern receives it at a
more glancing angle; hence, it is less concentrated and does not warm up as much as the Northern
Hemisphere. The reverse holds true when the Earth’s southern axis is pointing toward the Sun. The
Earth is also about 4% further from the Sun during the Southern Hemisphere winter as compared to
the Northern Hemisphere winter; thus, Southern winters are colder than Northern.

Day length is determined by the length of time when the Sun is above the horizon and varies
throughout the year as the Earth—Sun geometric relationships change. Such geometrical changes are
clearly perceived by the apparent movement of the Sun in the sky during the year. Again, the Earth’s
tilt has a great effect on what an observer sees, depending on whether he or she is in the Northern
or Southern Hemisphere, as shown in Figure 2.2.
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FIGURE 2.2 Apparent daily path of the Sun in the sky throughout the year for an observer in the Northern
(left) and Southern Hemispheres (right).

In wintertime, for the Northern Hemisphere, days are short and the Sun is at a low angle in
the sky, rising not exactly in the east, but instead just south of east and setting south of west. The
shortest day of the year occurs on December 21, the winter solstice, when the Sun is the lowest in
the southern sky. Each day after the winter solstice, the Sun begins to rise closer to the east and set
closer to the west until it rises exactly in the east and sets exactly in the west. This day, about March
21, is called the vernal or spring equinox and it lasts for 12 hours.

After the spring equinox, the Sun still continues to follow a higher path through the sky, with the
days growing longer, until it reaches the highest point in the northern sky on the summer solstice; this
occurs on June 21. This day is the longest because the Sun traces the highest path through the sky and
is directly over the Tropic of Cancer when the Northern Hemisphere is tilted toward the Sun at its
maximum extent. Because this day is so long, the Sun does not rise exactly from the east, but rather to
the north of east and sets to the north of west, allowing it to be above the horizon longer than 12 hours.
After the summer solstice, the Sun follows a lower path through the sky each day until it reaches the
point where it is again in the sky for exactly 12 hours. This is the fall equinox. Just like the spring equi-
nox, the Sun will rise exactly east and set exactly west. After the fall equinox, the Sun will continue to
follow a lower path through the sky and the days will grow shorter until it reaches its lowest path at the
winter solstice.

The same cycle occurs for the Southern Hemisphere during the year. The shortest day occurs
about June 21, the winter solstice. The Sun continues to increase its altitude in the sky and on about
September 21 the Southern Hemisphere spring equinox is reached. Every place on Earth experi-
ences a 12-hour day twice a year on the spring and fall equinoxes. Then, around December 21, the
highest point in the sky occurs, the longest day of the year for the Southern Hemisphere when the
Sun lies directly over the Tropic of Capricorn. Later, the 12-hour day occurs again around March
21. After this, the Sun continues to follow a lower path through the sky until it closes the cycle for
the Southern winter solstice.

2.2.3 EARTH AND CELESTIAL COORDINATE SYSTEMS

Any location on Earth is described by two angles, latitude (¢) and longitude ()). Figure 2.3 sketches
the Earth coordinate system indicating the latitude and longitude constant lines. The latitude cor-
responds to the elevation angle between a hypothetical line from the center of Earth to any point
on the surface and its projection on the equator plane. Latitude values fall between 90° < ¢ < -90°;
latitude is zero at the equator, 90° at the northern pole, and —90° at the southern pole. As for the
longitude angle, imaginary lines extended from pole to pole are called meridians; these lines are at
constant longitude. For each meridian crossing the equator’s circle, there is an angle assigned. The
meridian passing through the old Royal Astronomical Observatory in Greenwich, England, is the
one chosen as zero longitude and known as the Prime Meridian. Longitudes are measured from O to
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North Pole
¢ = 90°
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Lines of constant

latitude Lines of constant

longitude

FIGURE 2.3 Earth coordinate system.

180° east of the Prime Meridian and 180° west (or —180°). For a particular location, the imaginary
line that divides the sky in two and passes directly overhead is then the location’s meridian. The
abbreviations a.m. and p.m. come from the terms ante meridian and post meridian, respectively.

To determine the amount of solar energy received on any point of the Earth’s surface, more than
latitude and longitude angles are needed. When the Earth coordinate system is extended to the
celestial sphere, as in Figure 2.4, it is possible to calculate the exact position of the Sun with respect
to a horizontal surface at any point on Earth.

The celestial sphere is a hypothetical sphere of infinite radius whose center is the Earth and
on which the stars are projected. This concept is used to measure the position of stars in terms of
angles, independently of their distances. The north and south celestial poles of the celestial sphere
are aligned with the northern and southern poles of the Earth. The celestial equator lies in the
same plane as the Earth’s equator does. Analogous to the longitude on Earth, the right ascension
angle (y) of an object on the celestial sphere is measured eastward along the celestial equator; lines
of constant right ascension run from one celestial pole to the other, defining y = 0° for the March
equinox—the place where the Sun is positioned directly over Earth’s equator.

Similarly to the latitude concept on Earth, the declination d on the celestial sphere is measured
northward or southward from the celestial equator plane. Lines of constant declination run parallel
to the celestial equator and run in numerical values from +90° to —90°. Because of the Earth’s yearly
orbital motion, the Sun appears to circle the ecliptic up to an inclination of 23.45° to the celestial
equator, —23.45° < § < 23.45° with & = 0° at the equator for the equinoxes, —23.45° on the December
solstice, and +23.45° on the June solstice.

Several expressions to calculate declination in degrees have been reported. One of the most
cited is Equation 2.4, which was derived by Spencer (1971) as function of the daily angle given by
Equation 2.2. Some other simpler equations used in solar applications are Equation 2.5 by Perrin
de Brichambaut (1975) and Equation 2.6 by Cooper (1969). Although slight differences exist among
them, for great accuracy Spencer’s equation is the best with a maximum error of 0.0006 radian
(Igbal 1983). However, for simplicity, Cooper’s equation is used throughout this text:
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North celestial pole

December solstice
8 =-23.45°

, March equinox
/ 5§=0°
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South celestial pole

FIGURE 2.4 Celestial coordinate system.

6=0.006918—0.399912 cosI" +0.070257sinT"
—0.006758 cos2I"+0.000907sin2I"
—0.002697 cos3I" +0.00148sn 3

6arcsjn{0.4sin

2}22@—80)]}

360

=23. in|—— 2
§ = 23.45sin 365(n+ 84)]

where 7 is the day of the year.

2.2.4 PosiTioN oF THE SUN WITH ResPECT TO A HORIZONTAL SURFACE

Q.4

(2.5)

(2.6)

In addition to the fixed celestial coordinate systems on the sky, to describe the Sun’s position with
respect to a horizontal surface on Earth at any time, other angles based on the Earth’s coordi-
nates need to be understood: solar altitude (o), zenith (0,), solar azimuth (y,), and hour (®) angles.
Figure 2.5 presents the geometric relationships among these angles to determine the position of the
Sun in the sky at any time. The solar altitude is measured in degrees from the horizon of the projec-
tion of the radiation beam to the position of the Sun. When the Sun is over the horizon, o, = 0° and
when it is directly overhead, o, = 90°. In most latitudes, the Sun will never be directly overhead;
that only happens within the tropics. Because the zenith is the point directly overhead and 90° away



Solar Resource 13

Path of the Sun
on the equinoxes

FIGURE 2.5 Position of the Sun in the sky relative to the solar angles.

from the horizon, the angle of the Sun relative to a line perpendicular to the Earth’s surface is called
the zenith angle, 0,, so that

05+, = 90° 2.7)

and the zenith angle is given by

€0s0, = sin$ Sind+ cosd COSH COS® (2.8)

Also, there is a strong relationship between the solar azimuth and hour angles. The solar azi-
muth is the angle on the horizontal plane between the projection of the beam radiation and the
north—south direction line. Positive values of 7, indicate the Sun is west of south and negative
values indicate when the Sun is east of south. The hour angle  is the angular distance between
the Sun’s position at a particular time and its highest position for that day when crossing the local
meridian at the solar noon. Because the Earth rotates approximately once every 24 hours, the hour
angle changes by 15° per hour and moves through 360° over the course of the day. The hour angle
is defined to be zero at solar noon, a negative value before crossing the meridian, and a positive
after crossing.

As mentioned before, the length of the day varies for all latitudes during the year and, with this,
the solar altitude o, also changes hourly and daily. This angle can be calculated in terms of declina-
tion 9, latitude ¢, and hour ® angles by using the next equation:

sinos = SN Sind+ cos¢ CoSd Cos®m 2.9)

To make certain that Equation 2.9 does not fail at any point because the arcsine of a negative
number does not exist, it is better to implement Equations 2.10 through 2.12:

sin“ol, = (sinos)(sinos) (2.10)
Because sin? o, + cos? o, = 1, then,

cosor, = (L-sinos) @.11)
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Sinas
COSas

2.12)

Qs =

Example 2.1

Calculate the zenith and solar altitude angles for a latitude of 32.34° north at (a) 10:30 a.m. and
(b) 3:15 p.m. solar time on April 17.

Solution:

(@  On April 17, n = 107 calculated from Table 2.1; then, the declination gives

6= 23455 n[%(107+ 284)] =10.14°

Daily, the Sun moves through the sky 15° each hour; at solar noon (local meridian), the value of
the hour angle is zero and takes negative values during mornings and positive values in after-
noons. At 10:30 a.m., ® = -22.5°. From Equation 2.8,

cosh, = sin(32.34°)sin(10.14°)+ cos(10.14°)cos(32.34°) cos(—22.5°)

8, =30.4°

and, from Equation 2.9,

SN0 = SiN$ SiNJ+ COS$ COSS COS®

o =59.6°

(b)  At3:15 p.m., @ = 48.75°, 8, = 50°, and o, = 40°.

Figure 2.6 shows the direction of the solar radiation beam for three particular declinations. When & =
0°, during the equinoxes, the equators of the Sun and the Earth fall in the same plane (i.e., both rotation
axes are parallel); for 8 = —23.45°, on the December solstice, the North Pole of the Earth points 23.45°
away from being parallel to the Sun’s rotation axis, making the South Pole more exposed to the solar
radiation. When & = +23.45°, on the June solstice, the North Pole is closer 23.45° to the Sun and the South
Pole is farther by the same angular distance. When d = 0°, the behavior of the solar altitude o, as a func-
tion of the hour angle or solar time, according to Equation 2.9, is symmetrical for both hemispheres.

Figures 2.7, 2.8, and 2.9 plot solar altitude along the day for several latitudes. When & = 0°, it can
be seen that all latitudes on Earth experience a 12-hour solar day. The maximum solar altitude of
90° is achieved on the equator; at noon the Sun is right on the zenith and high o, are experienced
by locations near the equator. The farther from the equator a location is, the less solar altitude is
observed. At the poles, the path of the Sun has almost zero values for o, just as if the whole day
were sunset. For & # 0°, the behavior of the solar altitude during the day is no longer symmetrical.
When 8 = -23.45° (Figure 2.8), the Northern Hemisphere locations with ¢ = 70...90° are not illumi-
nated at all during the day and only negative values from Equation 2.12 are obtained; in contrast, the
South Pole is fully illuminated. For ¢ =-90°, the solar altitude remains constant at 23.45° during the
24 hours. The locations with ¢ = —40...0° experience the greatest solar altitude during the day.

The opposite occurs during the June solstice, & = +23.45°. The Southern Hemisphere locations
with ¢ =-70...-90° are not illuminated at all during the day and the North Pole is fully illuminated
(Figure 2.9). The locations with ¢ = 0...40° experience the greatest solar altitude; for ¢ = +90°, the
solar altitude remains constant at 23.45° during the 24 hours.
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FIGURE 2.6 Direction of incoming solar radiation beam into Earth during the equinoxes with 8 = 0°, on the
June solstice at & = +23.45°, and on the December solstice at 6 = —23.45°,
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FIGURE 2.7 Solar altitude during the day for different latitudes during the equinoxes when & = 0°.

The solar azimuth angle, vy, can be calculated in terms of declination &, latitude ¢, and hour ®
angles following Braun and Mitchell’s (1983) formulation. Equation 2.13 for azimuth angle depends
on a pseudo solar azimuth angle, ¥, and three constants, C,, C,, and C;, which are used to find out
which quadrant the Sun is in at any moment, for any day, and at any location:

1-C,C
Ne=CiCorl 1 C [%

]180
(2.13)

where Y/, is a pseudo solar azimuth angle, v, for the first or fourth quadrant

_ sinwcosd

snv sino,
2.14)
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FIGURE 2.8 Solar altitude during the day for different latitudes during the December solstice when & =
—23.45°.

The calculation of C, determines whether or not the Sun is within the first or fourth quadrants
and above the horizon:

if ‘w‘ < WwE
C,=1 jor , -1 otherwise
if :‘ﬂ >1
an
(2.15)
where oy is the hour angle when the Sun is due east or west and can be obtained as
tand
COSMwg =—
tano (2.16)

The constant C, includes the variables of latitude and declination. C, will take the value of 1
when ¢ = 0°, ¢ =9, or I¢pl > 18] and will become —1 when ¢ = 0° and 1ol < I3,

Co=1if ¢(¢-8)>0, -1 otherwise 2.17)

Calculation of C; defines whether or not the Sun has passed the local meridian (i.e., identifies
whether it is morning or afternoon):

C;=1 if >0, -1 otherwise (218)
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FIGURE 2.9 Solar altitude during the day for different latitudes during the June solstice when & = +23.45°.

Example 2.2
Determine the solar azimuth angle on May 1 for a latitude of 45° at 11:15 a.m.
Solution:

On May 1, from Table 2.1, n = 121, from Equation 2.6, 8 = 14.9° and at 11:15 a.m., ® = —-11.25°
To solve Equation 2.13 for v, ¥, C,, C,, and C,, must be calculated. From Equation 2.8,

c0sf, =sin (450 ) sin (14.9° ) +cos(45) cos(14.9° ) cos(—11.25° )

0,=316°

Substituting ¢, 3, and 6, into Equation 2.14,

dnnl sin(4§°)oos(14.9°)
sn(31.6°)
NE=-211°
For the constants,
tan(14.9°)
coswyg =———7~
tan(45°)

Owg = 74.6°
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According to Equations 2.15, 2.17, and 2.18, C, = 1, C, = 1, and C, = —1; then,

Ne=nh=—2L1

To locate the position of the Sun in the sky at any time, for any day, and for any location, a plot of
the solar altitude o, versus azimuth v, at different times throughout the year is commonly used. This
diagram is called a sun chart and it is built for any particular latitude. A sun chart consists of sev-
eral curves, each of which represents the Sun’s path for a particular day of each month; each curve
works for 2 days of the year. Also, equivalent times for the specific day-plotted paths are also shown
in sun charts by the lines connecting the curves. A sun chart for the 45° latitude in the Northern
Hemisphere is presented in Figure 2.10. This exhibits the longest day of the year during the summer
solstice, with a 23.45° declination, reaching the maximum ¢ value of 68.45° at solar noon.

The shortest path or shortest day in such a sun chart occurs on December 21, with a maximum o,
of 21.5° During the equinoxes (March 21 and September 21), the Sun rises exactly in the east and
sets exactly in the west. This agrees with the sun chart because the Sun rises at an azimuth angle
of —90° at 6 a.m. and sets at 90° at 6 p.m., predicting the 12-hour days (as also seen in Figure 2.7,
where ., is plotted along the day at different latitudes). Figure 2.11 shows sun charts for several lati-
tudes for the representative days of each month. Each plot works for negative and positive latitudes;
however, the order of the representative day curves change according to the table included in the
same figure.

When the solar incident radiation on a horizontal-solar collector is calculated, two new angles
should be defined. The slope-surface angle (B) indicates how inclined the collector is from the
horizontal; on a horizontal collector, B = 0° The allowed range for B goes from 0 to 180°. The
other relevant angle for calculations corresponds to the surface-azimuth angle (y), which indicates
how far the solar collector deviates from the north—south axis. This angle is measured between the
horizontal projection of the surface normal and the north—south direction line, with O due south and
negative values to the east of such an axis; —180° <y < —180°.

20 T T T T
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FIGURE 2.10 Sun chart for latitude 45° north.
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FIGURE 2.11A  Sun charts at latitudes 0° and +10°.
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2.2.5 PosiTioN oF THE SUN WITH RESPECT TO A TILTED SURFACE

The maximum solar energy collection is achieved when the Sun’s rays are perpendicular to the collect-
ing area (i.e., parallel to the surface normal). This can be achieved only when solar tracking systems
are used to modify the slope or the surface azimuth or both angles during the collector’s operation.
However, these systems are more expensive than the fixed ones due to their moving components.

The fixed-P collectors are the most practical receivers and the most widely installed throughout
the world. In order that the fixed-3 collectors capture most of the annual incoming solar radiation,
the surfaces must always be tilted facing the equator. As demonstrated in Figure 2.11, the maximum
solar altitude for each day is reached around noon when the solar azimuth angle is around zero
(i.e., around the north—south line). For dates when the Sun is at low maximum solar altitudes, it
is convenient to install the collectors with greater B to minimize the angle between the Sun’s rays
and the surface normal. For periods when the Sun follows higher paths through the sky, B must be
small. Several criteria might be used to select B, such as maximum collection for the greatest energy
demand period or optimization during the whole year. Another option could be having several posi-
tions in the systems so that the collector could be manually fixed at several B values over the year.

The last angle to be defined, which completely relates the solar radiation to a surface, is the
solar incidence angle (0). This is the angle between the solar radiation beam incident on a surface
and the imaginary line normal to such a surface. At 6 = 0°, the Sun’s rays are perpendicular to the
surface and, when 0 = 90°, the Sun’s rays are parallel to the surface. Maximum solar gain for any
solar intensity is achieved when the incidence angle is zero because the cross section of light is not
spread out and also because surfaces reflect more light when the light rays are not perpendicular to
the surface. Figure 2.12 presents the geometric relationship between the solar angles in a horizontal
surface and in one tilted by a [ slope. The angle of incidence can be calculated by any of the fol-
lowing equations:

cos 6 =sin § sin ¢ cos B
—sindcos¢ sin B cosy
+€0s d cos ¢ cos 3 cos @
+c0sd Sin ¢ sin § cosy cos @
+cosdsnfsnysne (2.19)

cos 6 = cos §, cos B+ sin 6, sin B cos (7.-7) (2.20)

For horizontal surfaces 3 = 0°, the angle of incidence becomes the zenith angle 6 = 6,. For this
particular case, Equation 2.19 is reduced to Equation 2.8; then, the sunset hour angle (®,s.) can
be derived when 6, = 90°:

COSW,, =—tangtand 2.21)

Because 1 hour equals 15° of the Sun traveling through the sky, the number of daylight hours (V) can
be determined by solving Equation 2.21 for ® and converting the resultant degrees into hours:

sunset

N = -2 cos™ (—tangtand)
15 (2.22)
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FIGURE 2.12 Solar angles for a horizontal solar surface facing south (left) and for a tilted surface facing
south with an arbitrary surface azimuth angle.

For vertical surfaces with § = 90°, Equation 2.19 becomes

cos @ =—sin d cos ¢ cosy
+C0sd Sin ¢ cosy cos @
+cosdsnysnw (2.23)

Equation 2.22 could be useful in the calculation of energy gain in building through windows. For
tilted surfaces, other than f = 0° or 3 = 90°, toward exactly south or north with y= 0° or y = 180°,
respectively, the last term of Equation 2.19 is zero.

cos@ =s€n d sin ¢ cos B
—sndcos¢ snf
+€os § cos ¢ cos B cos ®
+cosd sin ¢ sin B cos (2.24)

When a solar collector is installed, if there is not a physical obstruction, such as buildings or any
other object that cannot be removed, the collector must be aligned on the true north—south axis in
order to capture effectively the solar energy during the day. The south- or north-pointing direction
of the surface will depend on the difference between latitude and declination.

if(9—06)>0,y=0°

if (9—3)<0,y=180° (2.25)

The amount of solar energy incoming in collectors depends strongly on the B values. The dif-
ferent declinations, experienced during the year, affect the optimum slope for surfaces. Figure 2.13
shows the geometrical analysis to select the best surface slope along the year for both hemispheres.
For collectors with such slopes, the solar incidence angle 0 is zero at solar noon because the Sun’s
rays are normal to the surface. The slopes for maximizing energy capture for Northern Hemisphere
latitudes when (¢ — &) > 0 are as follows:
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FIGURE 2.13 Geometric relationship for solar collectors perpendicular to the solar radiation beam at solar
noon when & = +23.45° (upper left), 0° (upper right), and —23.45°.

¢—06 for6>0
B(y=0°)=1{¢  for6=0
o+|6| fors<0

(2.26)

For the Southern Hemisphere latitudes, when (¢ — 8) < 0, the surface must be oriented toward the
north and the best slope is the following:
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|p|+6 fors>0
By, =180°)=1g| ~ for6=0
|¢] 6] fors<0

2.27)

Figure 2.14 demonstrates the same angular relationship between the incidence angle 6 of the
radiation beam incoming on a B-fixed surface, regardless of whether it is facing south or north, at
an arbitrary latitude ¢, and the incidence angle to a horizontal surface at a latitude ¢* = ¢ — . For
the Northern Hemisphere, Equation 2.19 can be simplified as

cosf=sin(¢— fB)sind+cos(¢— B) cosdcosw

(2.28)
and for the Southern Hemisphere as
cosf=sin(¢+ f3)sind+cos(¢+ B) cosdcosw (2.29)
At solar noon, for the south-facing tilted surfaces in the Northern Hemisphere,
On =[0=0-H) (2.30)
and for the Southern Hemisphere,
e =[-0+5-P) 2.31)
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FIGURE 2.14 Angular relationship between the incidence angle 6 of the radiation beam incoming in a
B-fixed surface at any latitude ¢ and the incidence angle to a horizontal surface at a latitude ¢* = ¢ — 3.
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When 3 = 0, the angle of incidence is the zenith angle, and Equations 2.30 and 2.31 for the
Northern and Southern Hemispheres, respectively, become Equations 2.32 and 2.33:

ez.noon = |¢_6| (232)

ez,noon = |_¢ + 5' (233)

Example 2.3

Calculate the solar incidence and zenith angles on a solar collector located at El Paso, Texas (31.8°
north; 106.4° west), at 11:30 a.m. on March 3, if the surface is (a) 30° tilted from the horizontal and
pointed 10° west south, (b) B = 40° and y = 10°, (c) B = 30° and y=0° (d) B = 40° and y= 0°, (e)
B=¢-|8 and y=0° and (f) B = ¢ — |[§] and v = 0° at solar noon.

Solution:
(@  On March 3, n =62 and, from Equation 2.6, 8 = -7.5°. At 11:30 a.m., ® = —7.5°. More known
data are ¢ = 31.8°, y=10°, and B = 30°:
cos 6 =sin (-7.5%)sin (31.8°) cos (30°)
-sin (-7.5°) cos (31.8°) sin (30°) cos (10°)
+ cos (-7.5%) cos (31.8°) cos (30°) cos (-7.5°)
+cos (-7.5°) sin (31.8°) sin (30°) cos (10°) cos (-7.5°)
+cos (-7.5°) sin (30°) sin (10°) sin (-7.5°)

6=15.7°
(b)  y=10°and B = 40° gives 6 = 13.8° and 6, = 39.9°.
(0 y=0°and P =30°gives 6 = 11.9° and 6, = 39.9°.
(d)  y=0°and B =40° gives 8 = 7.46° and 6, = 39.9°.
()  y=0°and the optimal B=¢ - |§] =31.8 - 7.5 = 24.3° gives 6 = 16.8° and 6, = 39.9°.
®  y=0°PB=0-8 =24.3° and ® = 0° gives 6 = 15.1° and 6, = 39.3°.

From this exercise, it can be demonstrated that surfaces facing south gain the most possible solar
energy incoming because the incidence angle is minimized. On the other side, by modifying the B
slope and getting closer to its optimal value of B = ¢ — 18l for north latitudes when experiencing a
negative declination (as shown in Figure 2.13 and Equation 2.26), the solar incidence angle takes the
zero value—the best possible for a B-fixed surface for that specific day.

2.3 EQUATION OF TIME

All points at constant longitude experience noon and any other hour at the same time. Local
time (LT), also known as solar time, is a measure of the position of the Sun relative to a locality.
At noon local time, the Sun goes through its highest position in the sky. Figure 2.16 graphically
shows the equation of time as a function of the Julian day and declination. The universal time
(UT) can be defined as the local time at the zero meridian. To avoid confusion due to infinite
local times, time zones were introduced under the concept of standard time. Standard time (SDT)
was proposed by Sandford Fleming in 1879; this consisted of dividing the world into 24 time
zones, each one covering exactly 15° because the Earth rotates 15° per hour. Political consider-
ations have now increased the number of standard time zones to 39 (shown in Figure 2.15). Local
standard time (LST) is the same time in the entire time zone. In addition, the clock is generally
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FIGURE 2.16 Equation of time as a function of the day of the year and declination.

shifted 1 hour forward between April and October to make better use of sunlight, purportedly
to save energy.

The relationship between solar time and standard time must be known to describe the position
of the Sun. For most places where standard zones advance by hour, the adjustment of solar time
for longitude can be done by the subtraction of the observer’s longitude (A,,.,) from the standard
meridian longitude (Agp) for the observer’s time zone and multiplying it by the 4 minutes the Sun
takes to move 1° through the sky. Equation 2.34 estimates the time difference in minutes between
solar time and standard time plus a correction due to the irregularity of the natural length of a day.
Such irregularity is caused by the noncircular orbit of the Earth spinning around the Sun and the
inclination of the north—south axis relative to the Sun:

LT —SDT = 4(Agrp — hoea )+ E, 234

where E, is known as the equation of time as function of the daily angle I" given by Equation 2.2:

E, =(0.000075+0.001868 cosI"—0.032077sin"—
~0.014615cos2T" - 0.04089sin 2I")(229.18) (2.35)

Example 2.4

What is the solar time in El Paso, Texas (31.8° north; 106.4° west), at 11 a.m. mountain time on March
32

Solution:

On March 3, n = 62:

62-1

I'=2r =1.05rad
365
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From Equation 2.33,

LT =STD+4(105° ~106.4°) + E,

and, from Equation 2.34, the time equation gives

E, =(0.000075+0.001868 005(1.05) —0.032077sin (1.05) -
—0.014615003(2><1.05) - 0.040895in(2><1.05))(229.18)
=-12.54min

The solar time or local time is

LT =11 h+(4(105°~106.4°)-12.54)min
=10:43 h

2.4 STRUCTURE OF THE SUN

The Sun is a typical middle-aged star with a diameter of 1.39 x 10° km, a mass of 2 x 10°° kg, and a
luminosity of 4 x 10?6 W (Tayler 1997). The Sun is a plasma, primarily composed of 70% hydrogen
and 28% helium. This changes over time as hydrogen is converted to helium in its core by thermo-
nuclear reactions. Every second, 700 million tons of hydrogen is converted into helium.

The Sun is composed of the core, the radiation and the convection zones, and its atmosphere. The
conditions of the Sun vary greatly along its radius. The core, with a radius of 0.2R, is the source of
all the Sun’s energy and it contains half of the Sun’s mass. The temperature and pressure in this zone
are extreme: 1.5 X 107 K and 250 x 10° atm, with a density of 150 g/cm3—13 times greater than that
of solid lead. The combination of high temperature and high density creates the correct environment
for the thermonuclear reaction to take place; two atoms of hydrogen come together to produce one
heavier atom of helium, releasing a great amount of energy.

Once energy is produced in the core, it travels from the center to the outer regions. The region
immediate to the core is identified as the radiation zone because energy is transported by radiation
and it extends to 0.7R. It takes thousands of years for the energy released by the core to exit this
zone. The temperature in the radiation zone is about 5 x 10 K. Once the energy has left this zone
and its temperature has dropped down to 2 x 10°¢ K, rolling turbulent motions of gases arise; this is
known as the convection zone. It takes around a week for the hot material to bring its energy to the
top of the convection zone. This layer extends from 0.7R to R.

The solar atmosphere, the exterior of the Sun, is composed of the photosphere, chromosphere,
and the corona. The photosphere corresponds to the lowest and densest part of the atmosphere; in
the interior of the Sun, the gas becomes much denser so that is not possible to see through it. Because
the Sun is completely made of gas and there is no hard surface, the photosphere is usually referred
to as the Sun’s surface. The photosphere’s temperature is about 5 x 10* K. Above the photosphere
is a layer of gas, approximately 2 X 10 km thick, known as the chromosphere. In this layer, energy
continues to be transported by radiation but it also presents convective patterns, with the presence
of reddish flames extending several thousands of kilometers and then falling again. The outermost
layer is called the corona. The shape of this is mostly determined by the magnetic field of the Sun,
forming dynamic loops and arches. The corona emits energy of many different wavelengths that
emerge from the interior of the Sun, from long wavelength radio waves to short wavelength x-rays.

The outermost layers of the Sun exhibit differential rotation—that is, each latitude rotates at
slightly different speeds due to the fact that the Sun is not a solid body like the Earth. The surface
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rotates faster at the equator than at the areas by the poles. It rotates once every 25 days at the equator
and 36 days near the poles.

2.5 ELECTROMAGNETIC RADIATION

Electromagnetic radiation is self-propagated in wave form through space with electric and magnetic
components as seen in Figure 2.17. These components oscillate at right angles to each other and to
the direction of propagation and are in phase with each other. An electromagnetic wave is charac-
terized by its wavelength (A) and frequency (f). Because a wave consists of successive troughs or
crests, the wavelength is the distance between two identical adjacent points in the repeating cycles
of the propagating wave, and the frequency is defined as the number of cycles per unit of time. The
electromagnetic wave spectrum covers energy having wavelengths from thousands of meters, such
as the very long radio waves, to fractions of the size of an atom, such as the very short gamma ray
waves. The units for wavelength vary from picometers (pm) to megameters (Mm); for the frequency,
the most common unit is the hertz (Hz), which is the inverse of time (1/seconds). Frequency is
inversely proportional to wavelength according to

f=Y
A (2.36)

where V is the speed of the wave; in vacuum v = ¢ = 299,792,458 m/s—the speed of the light is less
in other media.

Magnetic component x-z plane

Electric component x-y plane

Direction of
propagation

FIGURE 2.17 Electric and magnetic components of electromagnetic radiation.
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As waves cross boundaries between different media, their speed and wavelength change but their
frequencies remain constant. The high-frequency electromagnetic waves have a short wavelength
and high energy; low-frequency waves have a long wavelength and low energy.

Because the energy of an electromagnetic wave is quantized as well, a wave consists of discrete
packets of energy called photons. Its energy (E) depends on the frequency (f) of the electromagnetic
radiation according to Planck’s equation:

E=hf="Y
A (2.37)

where £ is the constant of Planck (k2 = 6.626069 X 1034 J-s or 4.13527 ueV/GHz).

Electromagnetic radiation is classified by wavelength or frequency ranges into electrical energy,
radio, microwave, infrared, the visible region we perceive as light, ultraviolet, x-rays, and gamma rays;
their limits on wavelength and frequency are listed in Table 2.2. There is no fixed division between
regions; in reality, often some overlap exists between neighboring types of electromagnetic energy.

All objects at temperatures greater than 0 K emit energy as electromagnetic radiation due to the
movement of the electrons. To study the mechanisms of interchange of energy between radiation
and mass, the concept of blackbody was defined. A blackbody is an ideal concept and refers to a
perfect absorbing body of thermal radiation, with no reflection and transmission involved. Because
no light is reflected or transmitted, the object appears black when it is cold. If the blackbody is hot,
these properties make it also an ideal source of thermal radiation. For a blackbody, the spectral
absorption factor (o) is equal to the emissivity (€,); this relation is known as Kirchhoff’s law of
thermal radiation. Then, for all wavelengths, the next equation applies:

% =€, =1 (2.38)

The emissivity of a material, other than a blackbody, is the ratio of the energy radiated by the
material to the energy radiated by a blackbody at the same temperature. It is a measure of a mate-
rial’s ability to absorb and radiate energy. Any real object would have €, < 1.

The spectral radiation intensity emitted by a blackbody at all wavelengths (/,?) at a temperature
T is given by Planck’s law:

G 1
A% exp(yr) -1 (2.39)

b_
;=

where C, = 3.746 x 1071 Wm? and C, = 0.014384 mK are the Planck’s first and second radiation
constants, respectively, and 7 is the absolute temperature in Kelvin.

TABLE 2.2
Limits in the Spectrum of Electromagnetic Radiation

Region Wavelength range (nm) Frequency range (Hz)
Gamma rays 1 %107 -1x 10! 3x102-3x10"
X-rays I x10"-10 3x 108 -3 x 10"
Ultraviolet 10— 400 3% 10 -7.5x 10"
Visible light 400 — 800 7.5% 10" -3.75 x 10"
Infrared 800 — 1x10° 375 x 10" -3 x 10"
Microwave 1x100-1x10° 3x 10" - 3x108

Radio waves 1x10°-1x10" 3x108-3x10*
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The integration of Planck’s law over the whole electromagnetic spectrum gives the total energy
radiated per unit surface area of a blackbody per unit of time—also called irradiance. The Stefan—
Boltzmann law states that the total irradiance is directly proportional to the fourth power of the
blackbody absolute temperature:

- -C 1
°=] 1’dAi=) Z— =  dl=oT"?
Jov=], 21 (2.40)

where G is the constant of Stefan—-Boltzmann (G = 5.67 x 10-8 W/(m? K#)). The hotter an object is,
the shorter is the wavelength range at which it will emit most of its radiation and the higher is the
frequency for maximal radiation power. Wien’s displacement law states that there is an inverse
relationship between the peak wavelength of the blackbody’s emission and its temperature:

_ 6
Apax T =2.897 768 x10° nmK (2.41)

where A, is the wavelength in nanometers at which the maximum radiation emission occurs and T
is the blackbody temperature in Kelvin.

Figure 2.18 shows that as the temperature of a blackbody increases, the spectral distribution
and power of light emission change. The hotter an object is, the greater is energy emission at every
wavelength and the shorter is the wavelength for the maximum emission. In this figure, the black-
body spectral irradiances at four temperatures are compared. At a low temperature of 500 K, a
blackbody emitter has essentially no power emitted in the visible and near infrared portions of the
spectrum; it will emit low-power radiation at wavelengths predominantly greater than 1,000 nm.
When the blackbody is heated to 1,000-2,000 K, it will glow red because the spectrum of emitted
light shifts to higher energies and into the visible spectrum (400-800 nm). If the temperature of

1.E+08

1.E+06

1.E+04

Spectral Intensity (W/m2nm)

1.E+02 A

1.E+00

5000 7500 10000 12500 15000

Wavelength X (nm)

FIGURE 2.18 Spectral intensity distribution of blackbody radiation.
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the blackbody is further increased to 6,000 K, radiation is emitted at wavelengths across the visible
spectrum from red to violet and the light appears white.

Figure 2.19 is a useful representation to compare radiation emission from different bodies at
different temperatures. In this figure, the energy output is normalized and then the wavelengths at
which maximum intensity occurs are found.

Example 2.5

What is the wavelength at which the maximum monochromatic emission occurs for a star behav-
ing as a blackbody at 8,000 K?

Solution:

According to the Wien’s displacement law,

_2.897 768 x10° nmK

A
8000 K

=362 nm

2.6 SOLAR SPECTRAL DISTRIBUTION

The enormous amount of energy radiated from the Sun derives from the extremely high tempera-
tures within its different layers. The Sun radiates throughout the entire electromagnetic spectrum
from the shortest x-rays to long-wavelength radio waves. By far the greatest amount of the radia-
tion falls in the visible range, and the shape of the solar spectrum is quite similar to a blackbody
spectrum for an effective temperature near 5,800 K, peaking near 480 nm. Figure 2.20 illustrates
the solar spectrum from 200 nm in the ultraviolet to 2,000 nm in the near infrared. The integral of
this part of the spectrum accounts for almost 94% of the radiant energy from the Sun. The smooth
curve overlying the solar spectrum corresponds to that of a blackbody with a temperature of 5,800
K. Table 2.3 presents the fraction of the solar irradiance from 200 to 10,000 nm.
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FIGURE 2.19 Normalized spectral intensity distribution of blackbody radiation.
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FIGURE 2.20 Solar spectrum and blackbody radiation at 5,800 K.

Example 2.6

What is the fraction of the power emitted by the Sun in the visible region of the electromagnetic
spectrum solar?

Solution:

The visible ranges from 400 to 800 nm, so the fraction corresponds to

f(A,—A,)= f(800— 400) = 0.54963—0.07858 = 0.47105

2.7 SOLAR CONSTANT

Solar radiation is a general term for the electromagnetic radiation emitted by the Sun. Given the
amount of energy radiated by the Sun and the geometrical relationship between the Earth and the
Sun, the amount of radiation intercepted by the outer limits of the Earth’s atmosphere is nearly
constant. The varying solar energy output should be referred to as the total solar irradiance (TSI),*
whereas the long-term average of TSI is commonly known as the solar constant (/). The solar
constant can be defined as the TSI integrated over the whole electromagnetic spectrum incoming to
a hypothetical surface perpendicular to the Sun’s rays and located outside the atmosphere at 1-AU
distance, per unit of time and per unit of area.

TSI was first monitored from space with the launch of the Nimbus 7 spacecraft in 1978 (Hickey et
al. 1980). Afterward, different space experiments (HF on Nimbus 7, ACRIM I on SMM, ACRIM 11
on UARS, VIRGO on SOHO, and TIM on SORCE) have monitored TSI (Frohlich 2006). According
to the daily irradiance measurements from different instruments (Frohlich 2006; Willson and
Mordvinov 2003; Dewitte et al. 2004), TSI is not constant over time (Figure 2.21). Currently, the
most successful models relate the irradiance variability to the evolution of the solar surface mag-
netic field (Foukal and Lean 1986, 1988; Chapman, Cookson, and Dobias 1996; Fligge and Solanki
1998; Fligge, Solanki, and Unruh 2000; Ermolli, Berrilli, and Florio 2003; Wenzler, Solanki, and

* Irradiance is referred to as an instantaneous amount of power (i.e., radiation per unit time).
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TABLE 2.3
Fraction of Solar Irradiance from the Ultraviolet to the Infrared Region

A (nm) foo A (nm) foo A (nm) foo
200 0.012 1150 0.74963 2100 0.93041
250 0.00149 1200 0.76828 2137 0.93328
300 0.01112 1250 0.78622 2200 093615
350 0.03982 1300 0.802 2250 0.93902
400 0.07854 1350 0.81706 2302 0.94188
450 0.14117 1400 0.82998 2342 0.94332
500 0.2124 1450 0.84217 2402 0.94619
550 0.27962 1500 0.85293 2442 0.94762
600 034511 1550 0.86369 2517 0.95049
650 0.40709 1600 0.87302 3025 0.96269
700 0.46068 1650 0.88163 3575 0.96986
750 0.50659 1700 0.88952 4085 0.97345
800 0.54963 1750 0.89669 5085 0.97704
850 0.58815 1800 0.90315 5925 0.97847
900 0.62259 1850 0.90889 7785 0.9799
950 0.65265 1900 0.91391 10075 0.98062

1000 0.68084 1950 0.91821 o 1.00000

1050 0.7063 2000 0.92323

1100 0.72883 2050 0.92682

Note: Data calculated from Wehrli, C. 1985. Extraterrestrial solar spectrum. Publication no. 615,
Physikalisch-Meteorologisches Observatorium + World Radiation Center (PMO/WRC)
Davos Dorf, Switzerland, July.

Days (Epoch Jan 0, 1980)

4000 6000 8000
1369 T — T
= o Jd
=l = E —» O -
I [ &
1368 Sﬂ) = |
0.1% 1
1367 } 0 n A

1366 |

1365

Solar Irradiance (W/m?)

1364 | Average of minimum: 1365.560 + 0.009 Wm?
Difference between minima: —0.016 + 0.007 Wm?

1363 B Cycle amplitudes: 0.933 + 0.019; 0.897 + 0.020; 0.824 + 0.017 Wm?

i {1 1 1 ¢ & 0 & 8+ 4 9 0 ¥ ¥ f 3 & ¥ 8 4 4 4 ¥ 441

78 80 82 84 86 88 90 92 94 96 98 00 02 04 06 08

Year

FIGURE 2.21 Total solar irradiance monitored from spacecraft experiments (Frélich 2006).
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Krivova 2005; Wenzler et al. 2004, 2006). They reproduce irradiance changes with high accu-
racy on scales from days to solar rotation. The absolute minimum and maximum daily TSI for the
experimental data set obtained from November 1978 to January 2003 (24.2 years) were 1363 and
1368 W/m?, respectively. The processing of these numbers resulted in 1365.0 and 1367.2 W/m?,
respectively, yielding a mean value of 1366.1 W/m? and a half-amplitude of 1.1 W/m? (i.e., +0.08%
of the mean).

This value of the mean TSI confirms the solar constant value, which has been standardized
(ASTM 2000). It is also only 0.9 W/m? less than the value of 1367 W/m? recommended by the World
Meteorological Organization (WMO) in 1981 with an uncertainty of 1%. The difference between
the two values is not significant. Nevertheless, the latest determination of I, (1366.1 W/m?) is used
in this book.

2.8 EXTRATERRESTRIAL SOLAR RADIATION

Some variations in the extraterrestrial radiation above the atmosphere are not due to solar changes
but rather to the Earth—Sun distance throughout the year as stated in Equation 2.3:

L=lg |1+ 0.0330053225”

.42)

where [, is the extraterrestrial radiation, I is the solar constant, and n is the day of the year. The
units are Joules per second per square meter (J/s-m?).

Also of interest is the amount of beam energy received by a horizontal surface outside the
atmosphere at any time. This value corresponds to the maximum possible if there were no
atmosphere:

360 n

H, =g 1+0.033005§ sina,

o S

(2.43)

where H, is the extraterrestrial solar radiation on a horizontal surface and o is the solar altitude in
Equation 2.9. The integration of Equation 2.42 from sunshine to sunrise gives the extraterrestrial
daily insolation on a horizontal surface:

Ho =14 == |1+ 0.033cos

singsinéd + cos¢ COSH COS
- %5 $sind + cosg Wanse

24 360 n J [ MW et
180 (2.44)

Figure 2.22 and Table 2.4 present the monthly average daily extraterrestrial insolation on a hori-
zontal surface for both hemispheres. The calculation was based on I, = 1366.1 W/m?>.

Example 2.7

Determine the monthly average solar radiation on a horizontal surface outside the atmosphere at
latitude 31.8° north on March 3.

Solution:

From Equation 2.21,

COS®, o, =—tangtand
=—tan(31.8°)tan(-7.5°)
Wy =85.3°

sunset
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FIGURE 2.22 Monthly average daily extraterrestrial insolation on a horizontal surface.

Ho =(1366.1)———— |1+ 0.033cos

24 x 3600 360 x 62]
T 365

71'(85.3)

sin(31.8)sin(—7.5) + cos(31.8)cos(—7.5) oos(85.3)]

=281 MJm?

An approximate value can be obtained from interpolation of data presented in Table 2.4 or using
Figure 2.22.

2.9 TERRESTRIAL SOLAR RADIATION

In space, solar radiation is practically constant; on Earth, it varies with the day of the year, time of
the day, the latitude, and the state of the atmosphere. In solar engineering, the surfaces that capture
or redirect solar radiation are known as solar collectors. The amount of solar radiation striking solar
collectors depends also on the position of the surface and on the local landscape.

Solar radiation can be converted into useful forms of energy such as heat and electricity using a
variety of thermal and photovoltaic (PV) technologies, respectively. The thermal systems are used
to generate heat for hot water, cooking, heating, drying, melting, and steam engines, among others.
Photovoltaics are used to generate electricity for grid-tied or stand-alone off-grid systems. There are
also applications where ultraviolet solar energy is used in chemical reactions.

When electromagnetic waves are absorbed by an object, the energy of the waves is typically con-
verted to heat. This is a very familiar effect because sunlight warms surfaces that it irradiates. Often
this phenomenon is associated particularly with infrared radiation, but any kind of electromagnetic
radiation will warm an object that absorbs it. Electromagnetic waves can also be reflected or scat-
tered, in which case their energy is redirected or redistributed as well.

The total solar radiation incident on either a horizontal (H) or tilted plane (/) consists of three
components: beam, diffuse, and reflected radiation. As sunlight passes through the atmosphere,
some of it is absorbed, scattered, and reflected by air molecules, water vapor, clouds, dust, and
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TABLE 2.4
Monthly Average Daily Extraterrestrial Insolation on a Horizontal Surface?

Latitude Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
-90 4331 2782  6.20 0.00 0.00 0.00 0.00 0.00 1.38 2036 3941 4776
-85 4321 2796 735 0.01 0.00 0.00 0.00 0.00 2.51 20.75  39.62 47.64
-80 4263  27.64 9.85 0.67 0.00 0.00 0.00 0.04 5.18 21.09  39.10 4698
=75 41.81  27.82 1286 249 0.00 0.00 0.00 0.80 8.32 2241 3835 46.08
=70 40.74  29.07 1590 5.22 0.42 0.00 0.04 2.76 11.50 2454 37.66 44.83
—65 4043 30.84 18.87 8.23 2.16 0.37 1.10 5.47 14.63 2682 38.02 43.60
-60 4097 32,67 2171 1132 470 2.29 3.34 8.42 17.67  29.06 3893 4359
-55 41.66 3441 2440 1440 754 4.82 6.04 11.47 2058 31.16 3990 43.89
-50 4229 3598 2692 1742 1054  7.66 8.96 1453 2335 33.09 40.78 44.19
—45 4278 3735 2923 2034 1359 1065 1200 17.55 2594 3479 4150 4437
—40 43.07 3848 3133 23.14 1665 1372 1507 2048 2835 3626 42.00 44.38
-35 43.12 3936 3320 2578 19.65 16.81 18.12 2329 30.54 3748 4226 44.16
-30 4292 3997 3481 2824 2256 19.86 21.12 2596 3250 3843 4226 43.71
25 4246 4030 36.17 3050 2536 2284 24.02 2846 3421 39.11 42.00 42.99
—20 4173 4035 3725 3254  28.01 2572 2679 30.77 3567 3949 4146 42.02
-15 40.73  40.11  38.04 3435 3048 2846 2941 3286 36.85 39.59 40.64 40.80
-10 3947 3959 3855 3590 3276 31.03  31.85 3472 37776 39.40 39.56 3931
-5 3795 3878 3877 37.19 3482 3343 3409 3633 3838 3892 3821 3758

36.18  37.69 3870 3820 36.65 3561 36.12 37.69 3871 38.16 36.60 35.61
3418 3633 3833 3894 3824 3758 3791 38777 38775 37.11 3475 3342

10 3195 3472 37.67 3938 39.57 3931 3946 3958 3850 3579 3266 31.03
15 29.53 3285 36.73 39.54 40.63 40.79 40.74 40.10 3795 3421 3037 2845
20 2693  30.76 3551 3940 4142 42.02 41777 4034 37.11 3238 27.88 25.71
25 24.17 2845 3402 3898 4193 4299 4252 4029 3600 30.31 2522 2283
30 2128 2595 3228 3827 4217 4370 43.01 3995 3461 28.03 2241 19.85
35 1829 2328 3029 3729 42.14 4415 4324 3934 3296 25.55 19.49 16.80
40 1524 2046 28.07 36.04 41.85 4437 4322 3846 31.07 2289 1648 13.71
45 12.17 1752  25.65 3453 4132 4436 4296 3733 2894  20.08 13.42  10.64
50 9.14 1450 23.03 3279 40.58 44.17 4251 3596 2659 17.14 1037 7.64
55 6.20 11.44 2025 30.83 39.66 43.87 4191 3439  24.05 14.12  7.38 4.81
60 3.48 8.39 1732 28.69 38.65 43,57 4126 32.65 21.33 11.04 454 2.28
65 1.20 543 1427 2642 3770 4357 40.78 30.82 1846 7.96 2.03 0.36
70 0.06 2.71 11.14 2408 3727 4480 41.19 29.05 1547 498 0.35 0.00
75 0.00 0.73 7.97 21.87 37.87 46.05 4230 27.83 12.41 231 0.00 0.00
80 0.00 0.02 4.86 2043  38.61 4695 43.12 27.60 9.35 0.60 0.00 0.00
85 0.00 0.00 2.29 20.01 39.06 4749 4362 2787 6.73 0.01 0.00 0.00
90 0.00 0.00 1.25 20.07 3921 47.67 43779 2798 5.66 0.00 0.00 0.00
aMJ/m?.

pollutants. The diffuse solar radiation is the portion scattering downward from the atmosphere that
arrives at the Earth’s surface and the energy reflected on the surface from the surroundings. For a
horizontal surface, this is expressed as H, and for a tilted one as /,. The solar radiation that reaches
the Earth’s surface without being modified in the atmosphere is called direct beam solar radiation;
H, for a horizontal and J, for a tilted surface. Atmospheric conditions can reduce direct beam radia-
tion by 10% on clear, dry days and by nearly 100% during dark, cloudy days. Measurements of