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Inspiration
"I'd put my money on the sun and solar
energy. What a source of power! I hope
we don't have to wait until oil and coal run
out before we tackle that. I wish I had
more years left."
-Thomas Edison
(ca. 1910-1915)
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Introduction
Modern solar panels now appearing on many homes and places of
business and schools are made of many solar cells, first invented at
Bell Labs in 1954. Cells, connected together, can form solar panels to
provide electrical energy for many terrestrial as well as space
applications. The photos shown below are very early solar panels built
around the pioneering work of Bell Labs. The photo on the right can be
considered the first real application of a solar panel to power a rural
telephone line in Americus, Georgia.

Solar cell technology belongs to the branch of solar applications known
as photovoltaic generation [def: able to generate a current or voltage
when exposed to visible light or other electromagnetic radiation]. The
term photovoltaic is often abbreviated as “PV”.
In the late 1960s and 70s, PV technology gained popularity, and was
considered for use as residential and commercial grade power
systems. This gained momentum as part of the country’s struggle to
free itself from foreign oil supplies. Thus, the alternate energy
movement had begun, later to be termed the green energy revolution.
Vigorous experimentation across the nation and world began to show
these systems, when designed properly, could supply about 50-80% of
the yearly electrical energy needs of a typical home or commercial

structure. It was a matter of cost now to make these systems viable
on a large scale.
Since the 1980s, great effort worldwide has focused on bringing the
costs of these systems down dramatically. Remember, the better the
conversion efficiency of the PV panels, the smaller the size and cost of
the installation—and the better the economics. In the recent past,
solar panels were about 10% efficient, with newer panels in the 1520% region.
Here is some perspective on the solar family of applications:
--Solar Heating and Cooling of Buildings-the use of thermal panels
to absorb the heat energy of the sun for heating water, providing
space heating, and air conditioning.
--Photovoltaic Energy Conversion-the conversion of light energy
directly to electricity, which is the subject of this volume.
--Solar Thermal Power Conversion-the large-scale use of mirrors to
create high temperature steam to run conventional turbo-generating
equipment.
--Wind Energy Conversion-the unequal heating of the earth’s
surfaces by the sun is chief effect that drives the winds.
--Ocean Thermal Energy Conversion-capturing the energy between
the surface of the ocean and deep currents to create electrical energy.
--Solar Ponds-capturing the thermal energy in large ponds to
generate electricity.
With this clarification, let’s explore photovoltaic energy conversion,
especially on the roofs of buildings!

About Our Sun
The Basics

The sun is the source of all life on earth, powering our giant weather
machine and fueling the temperature differences that drive the winds.
All plant life, and hence all animal life, is dependent upon its beneficial
light and heat. Because of the tilt our earth makes with the sun, we
have seasonal changes, and variations in our light, temperature, and
weather.
All of our fossil fuels and the current biomass of the earth are also
solar derived, having descended from the radiant power of the sun,
long ago, trapped in ancient plant growth processes. One could get a
bit poetic about it all and say that the fossil fuels are nothing more
than “frozen” sunshine, a bank account of past eons of the sun’s
energy that has been captured for later use—stored solar energy in
chemical form.
The amount of incoming energy from the sun is quite enormous by
earthly standards, but rather puny by astronomical measures. Our sun
is basically a mediocre star, but even this common class star is
capable of converting 4 million tons of hydrogen to helium every
second. The sun is a thermonuclear furnace. Like all other stars, it is
nuclear powered. We the creatures of earth have learned to adapt to
living in the energy shine of a nuclear furnace.
About 1% of the sun’s radiant energy actually intercepts the earth. In
scientific terms, this energy input to our world can be expressed as
5,400,000 quads of energy. You may not be familiar with the unit of
energy known as a “quad”. It is 1,000,000,000,000,000 Btu [1 X 10 to
the 15th power-a quadrillion]; and is often used as a measure to
express the entire energy use of nations. For instance, the U.S. uses
about 100 quads of energy per year, while the entire world uses about
600+ quads.
As you can see, our current energy consumption appears quite small
compared to what our world is capable of intercepting from the sun;
but you must keep in mind that this enormous amount of solar energy

is spread over a large surface area, so it is relatively diffuse and must
be collected using large collection structures like panels formed into
solar arrays. Solar energy does not come fully ready to use. We must
meet the challenges of building systems that can economically collect,
store and distribute this free energy resource.

Solar Facts
This large amount of incoming solar energy gets distributed in the
following manner:
27% is reflected back into space by the atmosphere and the clouds
10% is absorbed by the clouds
9%
is reflected from the earth’s surface
9%
is absorbed in the atmosphere
45% is absorbed by the earth itself
Of the energy penetrating our atmosphere, 45% is visible to us as
light; another 45% we perceive as heat; and the remaining 10% is
high energy radiation that we cannot detect with our senses,
representing ultra-violet and other high energy forms.
The visible energy is further broken into two major components: direct
sunlight or beam radiation, and diffuse or scattered radiation. Diffuse
or scattered radiation is that component of sunlight reflected off clouds
and other natural objects. Diffuse radiation is what we see on hazy,
overcast days---the sun’s direct rays being obscured by the clouds.
Direct solar radiation, often associated with the clear and cloudless
southwestern part of the country, is best suited for concentrating solar
panel installations…..where lenses and other light concentration
techniques may be used to significantly enhance solar panel
performance. Such systems would not function well in cloud-filled, or
overcast skies, so often encountered here in New Jersey.
The sun does not shine with equal intensity over the face of the planet.
Some places are gifted with greater amounts and more cloudless days,
which make it more economic to use the sun than those places where
cloud cover is common. For instance, in the United States, the
southwestern part of the country receives about 1.7 times as much
solar energy as the northeast where cloud cover is prevalent about
50% of the daytime period. The table below shows how sunlight varies
[average daily sunlight] across a variety of American cities.

Variation of Sunlight----United States Cities
City
Seattle
Boston
New York City
Chicago
Washington, DC
Nashville
Miami
Bismarck
Fort Worth
Honolulu
Denver
Phoenix

Solar Radiation (kWh/square meter/day)
3.32
3.60
3.90
4.16
4.16
4.43
4.71
4.71
4.99
5.32
5.82
6.64

Sunlight normally can vary quite a bit with season and year. In fact, a
swing of 15-30% either way is not unusual. One good volcanic blast
like Mt. St. Helens in 1980, or Mt. Pinatubo in the Philippines in the
mid-90s did in fact all by themselves, reduce ambient annual world
solar radiation by 15%.

Some Activities to Consider
-Find the solar radiation level-the ambient solar radiation- for your
local city/town.
-What local concerns might there be when installing a solar system in
your city/town?
-What is the local cloud cover in the vicinity of your city/town?
-Construct a chart or graph to show how the use of photovoltaic
systems has grown over the years/decades, and what will future
projections be?

-Create a brief timeline of the major developments in photovoltaic
technology/ systems.
-Are there solar systems on home roofs in your neighborhood/area?
What is your impression of these systems and their visual experience?
-Does your school have a solar system on its roof, or is there one on a
nearby school? How does the presence of the solar system affect the
learning at that school?
-Discuss how having a weather collection system or a small weather
station near a solar system can help us better understand the
performance of the solar system.
-Survey students to develop a “pro” / “con” table of using solar
systems.
-Identify companies that provide photovoltaic systems for sale and
installation in your community

Solar Math
If you want to “do solar”, it is going to require the use of math. No
way to avoid this. Math is very important to appreciating how much
solar energy can contribute to our energy economy. It requires an
understanding of the motion of the sun through the southern sky,
seasonal variations of this path, and an appreciation of geometry and
trigonometry. Math gives a wonderful perspective on just how much
solar energy can contribute tour electric energy needs,
We shall start with simple “first principles” math to think about what
this previous discussion means? We shall do the math around New
York City whose solar radiation hitting a solar panel directly is 3.9
kWh/sq. meter/day--–pretty much the same for New Jersey (although
the southern half of NJ tends to get a bit more ambient sunlight). Let’s
assume a mythical solar panel area of 30 square meters (about 325
square feet), is mounted flush on a residential home’s roof. This is a
very typical mounting of solar panels.
3.9 kWh/sq. meter/day X 30 sq. meters = 117 kWh/day of potential
energy coming down from the sun. Experience this for 365 days and
the total potential available energy from sunlight would be……117
kWh/day X 365 days/yr. = 42,705 kWh /yr. This is actually a huge
number compared to what a typical home in the NJ/NY area might use,
which is about 8,900 kWh; however, our calculation is not yet
complete. How much of all this potential energy raining down can
actually be converted to electricity for use?
Today, solar systems can convert about 15-20% of the incoming
sunlight (42,705 kWh/yr.) into useful electrical energy. Assuming an
18% panel conversion efficiency, this means 7,687 kWh of D.C. energy
can be collected…but one must convert this DC solar produced
electricity to AC for use in the home; and there is an efficiency of
conversion here of about 80%, so we are now at 6,150 kWh of useful
AC energy per year.
This means our mythical solar system could produce about 69% of our
home’s annual electric energy needs [6,150 divided by 8,900].
A similar analysis for other cities also can be done, as long as you
know the typical electric loads in the homes of those cities. These
calculations show how important it is to increase the conversion

efficiency of solar systems. Look at this table below showing the effect
of panel efficiency.
Panel efficiency
10%

Annual energy produced
3,416 kWh (AC)

% solar
38

15%

5,125

58

18%

6,150

69

[Do you see that increasing the size of the solar panel area on the roof
can also accomplish a bigger percentage of the solar contribution?
Perhaps you and your students can try constructing a table showing
that?]
At times when a solar system is able to produce more than a home
needs, like when on a very sunny afternoon when no real heavy
electric load is being used in the home, this excess electricity can be
sold back to the local utility company, establishing an energy credit
with the company. Some solar systems are over-designed in size to
maximize the ability to sell back to the utility. This is a design choice
by the owner and solar system builder, based on the specific
economics that exist at the site, and with the local utility company and
their rates.
***************************
Here is another interesting way to look at solar panel array production.
PVWATTS is a solar calculation program available on the Internet. The
solar calculator was developed by the National Renewable Research
Laboratory, one of the nation’s great national labs and a super
resource for great information about solar, wind and other renewable
energy sources. I use this automated program often. All the necessary
solar system parameters are built into this useful program, which is
much more detailed than the calculations we have done above. It even
provides the user with a month-by-month breakdown of the energy
produced by the solar system.
Be aware that most of the solar energy collected during the year
comes down from the sun during the months of March thru
September. The fall and winter months do not result in much ambient
energy as the sun sits low in the sky. [This would be a great activity
for the class to examine how the sun varies in height through its

transit through the southern sky, not only for your specific latitude,
but for a range of latitudes. How would solar energy vary by month in
southern latitudes?]
You can ask PVWATTS to calculate how much energy can be obtained
from a specific sized solar system. If you do a simple solar panel
installation, say for a 5 kW system, DC rated, you will learn that the
system annually will generate 6,547 kWh of AC energy. Using our
numbers from the last section where a home uses 8900 kWh per year,
this calculation shows a 74% solar fraction. PVWATTS projects, based
on ahistorical weather date for this location, this 5 kW system output
may range from 6,296 to 6,857 kWh per year. Here below is the
monthly breakdown of energy available for use.

Month

Annual

AC Energy
( kWh )

January

392

February

475

March

596

April

615

May

665

June

679

July

712

August

643

September

572

October

483

November

380

December

335

6,547

Roughly speaking, for every 1 kW rated DC capacity of solar panels on
a roof in NJ, over a year’s time, that set of panels will generate about
1,309 kWh AC [6,547 kWh AC divided by 5 kW DC= 1,309 kWh AC per
1 kW of DC capacity]. This is a very useful rule-of-thumb to estimate
how much energy a solar system in NJ can generate in a year’s time!
It should be obvious from these calculations thus far that kW and kWh
are different. kW is rated power output, while kWh is energy
generated. How long one uses the rated capacity of something, is what
determines the energy produced or consumed. In other words, if you
have a graph of the power used over time, then the area under that
power curve is the total energy produced or consumed.

Some Activities to Consider
-Try duplicating this math analysis for several other cities shown in the
solar insolation table in the previous chapter. Try Phoenix and Miami.
-What types of materials are commonly used as the active surface
area of a solar panel; and how are they different in efficiency and
other concerns?
-What is the lifetime of a roof-mounted solar system and why is this
important when installing a solar system on an existing roof?
-What are the “pros” and “cons” of a roof-mounted solar system
versus a ground-mounted system?
-What kinds of concerns may come into play when installing roofmounted or ground-mounted solar systems in crowded urban areas.

A Working Solar System
Solar Panel Installation

Most solar installations will be on the roofs of homes, with the slope of
the collectors essentially determined by the actual slope of the roof. It
is possible to angle the collectors up off the roof, but this tends to
catch high winter winds like a sail; and such a condition can lift the
roof and damage the entire roof structure. Generally, most roofs slope
at 20-35 degrees, and that is a good enough position to get decent
solar energy collection.
When installing solar collectors on existing homes, many site-specific
factors come into play. In general, a rough rule of thumb for solar
collectors is to face them as due south as possible and slope them at
the latitude, plus or minus 5-10 degrees. If orienting the collector due
south is not possible because of the way the roof is aligned, a 10-20
degree variation east or west is probably OK. It simply means your
solar collection will peak earlier or later in the day than around the
mid-day period.
If neither of these roof orientation or sloping possibilities fits your
home, you can locate the solar collectors on the ground, elevated off
the actual ground surface by about 1-2 feet. With a ground location, a
solar design engineer can more completely optimize the orientation
and slope of the collectors.

The Photovoltaic System
There are 4 important sub-systems comprising a photovoltaic system:
1) Solar panels
2) Interconnection wiring
3) Inverter
4) Interface to the utility grid
1) Solar panels
The heart of the system is the solar panels. A number of panels may
be connected together to form a solar array. Usually, the panels are
connected in a series-parallel arrangement to obtain a desired voltage
and current delivery capability for the specific application in question.
The panels can be selected from a variety of different panel
technologies commercially offered. The panels come in a variety of sizes.

Typically, the more traditional types of panels are encased in a tough

glass, metal, or plastic frame with a glass or plastic protective coating.
Built to last for 30 years or longer, these panels are the most visible
component of a solar installation.
2) Interconnection wiring
Not to be minimized in value, interconnection wiring can be quite
troublesome if not correctly installed. It is the link that connects all the
panels together into a uniform array. Over the years, this component
of the system has been vastly improved and made quite modular to
facilitate ease of installation-literally allowing an installer to snapconnect the panels together in a weatherproof connection. Likewise, if
panels must be replaced, quick connect-disconnects make it easy to
remove bad panels and replace them with new ones.
3) Inverter
Here is the brain of the system, turning the system on when sunlight is
sufficient and turning it off when not. This electronic mastermind also
performs another very important function. It takes the direct current
(DC) out put of the solar panels and turns it into alternating current
(AC) so you can run your household appliances. This DC to AC
transition is called “inversion” and hence the name of this
device…..inverter. Being the most delicate part of the system, it is the
one most likely to produce problems over its lifetime.
4) Interface to the utility grid
How the inverter is connected to the existing electrical system of the
home is very important. Electrical codes govern this connection and
must be obeyed by any solar system installer. Here the inverter gets
involved again. It must always turn the solar system off if the electric
utility power serving the house goes out. This is a special safety
feature so the solar system cannot feed electric power back to the
utility line when the line is out of service. This would be a serious
electric hazard to linemen working on the utility line.
Here is a very simplified block diagram of a solar system. Note that
the ability to store unused energy on-site in a battery system is not
shown on this diagram. Where do you think that capability would fit
into the diagram? Investigate this further.

Some Activities to Consider
-Do some research to discover how much energy it takes to
manufacture a solar panel. How soon does the panel collect enough
energy to re-cover the manufacturing energy investment?
-Research what neighbors have said about being close to a large solar
installation or on a neighbor’s home?
-Does a solar system owner have the right to make a neighbor with a
large tree that is shading their system trim the tree?
-How would one go about designing a solar system for use on a:
- School
- Convenience store
- Electric vehicle charging station?

How Much Energy Can Solar
Provide to our Energy
Economy?
It will take time for solar energy to make significant inroads to the
national energy economy. There is great momentum in America’s
existing energy economy, now largely powered by oil and natural gas
sources.
Here below is a projection by the U.S. Energy Information
Administration in their Annual Energy Outlook for 2022. Solar energy
is included in the “non-hydro renewable” category on the graph.

Check this chart out below for what sources are used to generate
electricity alone within our energy economy. Notice that solar
contributes or produces about 2.8% of the electricity in our national
energy economy—with photovoltaics as discussed in this volume
specifically contributing probably half of that 2.8%. Hydro and wind
are the major contributors in the renewables category. Wind will be
the heavyweight puncher in renewables energy resources, especially

as more utility companies are moving to oceanic installation of very
large wind turbines. Notice how little oil is used to generate electricity.

Some experts predict solar generation will make up 14% of the U.S.
total electricity needs in 2035, and 20% in 2050. We shall see; but I
can say with great certainty that energy projections can be quite
volatile and surprising….so we must continually review the situation. It
took decades to arrive at the energy situation we now have, and it will
take decades to change the course of new energy sources into the
economy. Be patient.

Timeline of Early Photovoltaic
Discoveries
Today's photovoltaic systems are used to generate electricity for a
variety of uses in the residential, commercial and industrial sectors.
Their early history is shown below, up to 1954, when the cells were
first successfully demonstrated at Bell Labs, New Jersey. Since then,
the use of solar photovoltaic systems has been increasing with many
new types of cells and panels sold commercially. Today photovoltaic
systems are being considered the bridge to a future with less
dependence on fossil fuels for the generation of electrical power.
1839:
Nineteen-year-old Edmund Becquerel, a French experimental physicist,
discovered the photovoltaic effect while experimenting with an
electrolytic cell made up of two metal electrodes. 1873: Willoughby
Smith discovered the photoconductivity of selenium.
1876:
Adams and Day observed the photovoltaic effect in solid selenium.
1883:
Charles Fritts, an American inventor, described the first solar cells
made from selenium wafers.
1887:
Heinrich Hertz discovered that ultraviolet light altered the lowest
voltage capable of causing a spark to jump between two metal
electrodes.
1904:
Hallwachs discovered that a combination of copper and cuprous oxide
was photosensitive. Einstein published his paper on the photoelectric
effect.
1905:
Albert Einstein published a landmark series of technical papers, one of
which attempts to explain the physics behind the photovoltaic effect.
1914:
The existence of a barrier layer in PV devices was reported.

1916:
Millikan provided experimental proof of the photoelectric effect.
1918:
Polish scientist Czochralski developed a way to grow single-crystal
silicon.
1923:
Albert Einstein received the Nobel Prize for his theories explaining the
photoelectric effect.
1951:
A grown p-n junction enabled the production of a single-crystal cell of
germanium.
1954:
Bell Labs researchers Pearson, Chapin, and Fuller reported their
discovery and demonstration of 4.5% efficient solar cells.
The first practical use of solar cells integrated into panels soon
followed with a demonstration of a telephone line repeater installation
in rural Americus, Georgia. The panels would be radically improved
and used in the American satellite and space program of the late
1950s-1960s.
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