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INDEX OF VOCABULARY TERMS

Note: The vocabulary terms are underlined in the text on the pages listed

below to help you locate them quickly.

absorption, 81

active solar, 64

air pollution, 28

average solar energy in NM, 39
batch collector, 64

biodiesel, 97

black-body spectrum, 123

box cookers, 82

catalyst, 114

centralized renewable energy, 93
cliff-dwellings, 77

closed loop, 64

clothesline, 46

coal, 24

coherent reflection, 120
concentrating linear fresnel
reflector CSP, 59
concentrating PV, 60
concentrating solar power, 58
conduct, 108

csp, 58

diffuse reflection, 120

direct gain, 76

distributed renewable energy, 93
drain back system, 64
electrolysis, 137

electron holes, 103

energy storage technologies, 97
entropy, 98

ethanol, 97

farming, 46

flat plate collector, 63

forms of energy, 23

fossil fuels, 24

fuel cell, 111

fuel cell stack, 111

global warming feedback effects, 32

greenhouse effect, 81

greenhouse gas, 30

heat exchanger, 63

hybrid automotive technology, 113

hydrogen economy, 98
hydrogen hybrid, 113

index of refraction, 123
indirect gain, 76

insulation, 81
kilowatt-hours, 39

law of reflection, 120
medium scale wind power, 87
molten salt thermal storage, 60
mono-crystalline PV Cells, 101
natural gas, 24
net-metering, 105
n-material, 103
non-renewable energy, 24
nuclear fission, 20

nuclear fusion:, 20

off-grid pv system, 50

oil, 24

one sun, 135

optical spectrum, 122
panel cookers, 83

parabolic cookers, 83
passive solar, 64

passive solar house, 72
photo, 48

photosynthesis, 20
photovoltaic, 48
photovoltaic systems, 48
pizza box solar oven, 125
p-material, 103

polar tower, 58
polycrystalline pv cells, 102
pre-heater, 65

proton exchange membrane, 114
PV, 48

pv array, 48

PV cells, 48

pv module, 48

PV panels, 48

pv system, 48

radiant floor heating, 65
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thermal mass, 71
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ABOUT THIS PRIMER

This Primer provides a comprehensive introduction to renewable energy
resources and technologies, including the characteristics of each resource,
advantages of both non-renewable and renewable energy technologies, global
warming and other environmental impacts of non-renewable energy. It also
includes several thorough descriptions of the underlying science behind
renewable energy technologies.

The Primer has been designed with a New Mexico focus to the greatest extent
possible. Many of the pictures of renewable energy systems are of systems in
the state. Information is included about New Mexico Native American use and
symbolism of solar, solar research at New Mexico’s national laboratories, and
possible New Mexico field trip sites. Information is also included about New
Mexico renewable energy resources and policies.

New Mexico has a rich solar energy history, and is moving forward with
renewable energy development. We hope this Primer will help educate
students about the possibilities and technologies involved, and inspire them to
contribute to our state’s rapidly increasing involvement in this area.

The primary authors of this Primer, on behalf of the New Mexico Solar Energy
Association, were Ben Luce, Barbara Menicucci, and Joe Griffin.

USING THIS PRIMER

The information in this Primer is arranged in a logical sequence, and can be
read straight through. We do encourage instructors to read the entire Primer,
front to back, to gain a thorough underlying knowledge.

Renewable energy is a very broad topic, however, so the Primer is also
designed, to the greatest extent possible, to be used in a “pick and choose”
manner: The various sections are fairly self-contained, and are easy to locate
in the Table of Contents. Important vocabulary words are also underlined in the
text where they are introduced, and these introductions are listed in a
separate index.

Lists of questions, and also visual “energy pathway” exercises are dispersed
throughout the text. The answers are provided following each question. One
way to use the Primer is to have students read the text of each section, and
then go over the questions in class, or as homework.



NEW MEXICO CONTENT STANDARDS & BENCHMARKS

New Mexico Science Standards and Benchmarks

Strand |I: Scientific Thinking and Practice

Standard I: Understand the processes of scientific investigations and use
inquiry and scientific ways of observing, experimenting, predicting, and
validating to think critically.

e K-4 Benchmark I: Use scientific methods to observe, collect, record,
analyze, predict, interpret, and determine reasonableness of data.

e K-4 Benchmark Il: Use scientific thinking and knowledge and communicate
findings.

e K-4 Benchmark lll: Use mathematical skills and vocabulary to analyze data,
understand patterns and relationships, and communicate findings.

e 5-8 Benchmark I: Use scientific methods to develop questions, design and
conduct experiments using appropriate technologies, analyze and evaluate
results, make predictions, and communicate findings.

e 9-12 Benchmark I: Use accepted scientific methods to collect, analyze, and
interpret data and observations and to design and conduct scientific
investigations and communicate results.

Strand II: Content of Science

Standard I: (Physical Science): Understand the structure and properties of

matter, the characteristics of energy, and the interactions between matter and

energy.

e K-4 Benchmark II: Know that energy is needed to get things done and that

energy has different forms.

K-4 Benchmark IllI: Identify forces and describe the motion of objects.

5-8 Benchmark Il: Explain the physical processes involved in the transfer,

change and conservation of energy.

e 9-12 Benchmark I: Understand the properties, underlying structure, and
reactions of matter.

e 9-12 Benchmark II: Understand the transformation and transmission of
energy and how energy and matter interact.

e 9-12 Benchmark lll: Understand the motion of objects and waves, and the
forces that cause them.

Standard 1l: (Life Science): Understand the properties, structures, and

processes of living things and the interdependence of living things and their

environments.

e K-4 Benchmark I: Know that living things have diverse forms, structures,
functions, and habitats.



e 9-12 Benchmark I: Understand how the survival of species depends on
biodiversity and on complex interactions, including the cycling of matter and
the flow of energy.

Standard Ill: (Earth and Space Science): Understand the structure of Earth,

the solar system, and the universe, the interconnections among them, and the

processes and interactions of Earth’s systems.

e 5-8 Benchmark Il: Describe the structure of Earth and its atmosphere and
explain how energy, matter, and forces shape Earth’s systems.

e 9-12 Benchmark Il: Examine the scientific theories of origin, structure,
energy, and evolution of Earth and its atmosphere, and their
interconnections.

Strand lll: Science and Society

Standard I: Understand how scientific discoveries, inventions, practices, and

knowledge, influence, and are influenced by, individuals and societies.

e K-4 Benchmark I: Describe how science influences decisions made by
individuals and societies.

e 5-8 Benchmark I: Explain how scientific discoveries and inventions have
changed individuals and societies.

e 9-12 Benchmark I: Examine and analyze how scientific discoveries and their
applications affect the world, and explain how societies influence scientific
investigations and applications.



New Mexico Social Studies Standards and Benchmarks

K-4 Benchmark II-B: Distinguish between natural and human characteristics of
places and use this knowledge to define regions, their relationships with other
regions, and patterns of change.

e Gr. 2—Describe how climate, natural resources, and natural hazards affect
activities and settlement patterns. Explain how people depend on the
environment and its resources to satisfy their basic needs.

e Gr. 3—Describe how human and natural processes can sometimes work
together to shape the appearance of places. Explore example of
environment and social changes in various regions.

5-8 Benchmark 11-B: Explain the physical and human characteristics of places
and use this knowledge to define regions, their relationships with other
regions, and their patterns of change.

e Gr. 6—Explain how places change due to human activity.

e Gr. 6—Explain how and why regions change using global examples.

9-12 Benchmark II-B: Analyze natural and man-made characteristics of

worldwide locales; describe regions, their interrelationships, and patterns of

change.

e Gr. 9-12—Analyze and evaluate changes in regions and recognize the
patterns and causes of those changes (e.g. mining, tourism).

K-4 Benchmark II-C: Be familiar with aspects of human behavior and man-

made and natural environments in order to recognize their impact on the past

and present.

e Gr. 1-4—lIdentify ways in which people depend on natural and man-made
environments including natural resources to meet basic needs. Describe the
consequences of human modification of the natural environment.

5-8 Benchmark 1I-C: Understand how human behavior impacts man-made and
natural environments, recognize past and present results, and predict potential
changes.

K-4 Benchmark II-F: Describe how natural and man-made changes affect the
meaning, use, distribution, and value of resources.

5-8 Benchmark II-F: Understand the effects of interactions between human
and natural systems in terms of changes in meaning, use, distribution, and
relative importance of resources.

9-12 Benchmark lI-F: Analyze and evaluate the effects of human and natural
interactions in terms of changes in the meaning, use, distribution, and
importance of resources in order to predict our global capacity to support
human activity.



5-12 Benchmark IV-A: Explain, describe, and analyze how individuals,
households, businesses, governments, and societies make decisions, are
influenced by incentives (economic as well as intrinsic) and the availability and
use of scarce resources, and that their choices involve costs and varying ways
of allocating.

5-12 Benchmark IV-B: Understand, explain, and analyze how economic

systems impact the way individuals, households, businesses, governments, and
societies make decisions about goods and services.

New Mexico Mathematics Standards and Benchmarks

Strand: Measurement Standard: Students will understand measurement
systems and applications.

5-8 Benchmark: Apply appropriate techniques, tools, and formulas to
determine measurements.

Strand: Data Analysis and Probability
Standard: Students will understand how to formulate questions, analyze data,
and determine probabilities.

5-8 Benchmark: Formulate questions that can be addressed with data and
collect, organize, and display relevant data to answer them.

5-8 Benchmark: Develop and evaluate inferences and predictions that are
based on data.
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ONLINE RESOURCES

Teacher Resources:

New Mexico Solar Energy Association: http://www.NMSEA.org. Includes this
Primer and other pages about solar energy in New Mexico.

New Mexico Energy Department’s Guide to Energy Education Curricula
and Programs:
http://www.emnrd.state.nm.us/EMNRD/ecmd/Teachers/teachers.htm If you

have trouble downloading this, contact the Energy Department directly at 476-3312 to
obtain a copy by email or regular mail.

Dept. of Energy’s Energy Efficiency & Renewable Energy Education

Program
o]
o]
(o}
(o}

Rebuild

. Includes links to K-12 activities and educational resources:
http://www.eere.enerqgy.gov/
http://wwwl.eere.energy.qgov/education/
http://www.eere.enerqgy.qgov/kids/
http://www.eere.energy.qov/EE/buildings.html Includes information
about how to build or develop an “energy smart" building.

America’s Energy Smart Schools Program:

http://www.eere.enerqgy.gov/buildings/program areas/rebuild.html

Nationa
o
o

O O0OO0Oo

| Renewable Energy Laboratory:
Photo Archive: http://www.nrel.gov/data/pix/
Student Resources:
http://www.nrel.gov/learning/student resources.html
Education Programs: http://www.nrel.gov/education/
Renewable Resource Data Center: http://rredc.nrel.gov/
Kid’s Links: http://rredc.nrel.gov/kidzlinks.html
Junior Solar Sprint: http://www.nrel.gov/education/jss hfc.html

Sandia National Labs (Albuquerque, NM):

(0]

http://www.sandia.gov/

Click on “Energy and Infrastructure Assurance” link. Then scroll down to the
bottom of the page for a link on “Renewable Energy Technologies”. There are
additional links to outside sites.

Good Photos:

http://www.energylan.sandia.gov/sunlab/photos.htm.

User tips: Try to just search the database. If that does not work then try a login
(just your name is required). A cookie is then set on your machine to allow you
to access the collection of photographs on solar power. More pictures on wind
energy and others are being posted all the time. Once you login, the URL in the
window at the top of your browser changes a bit, and you will have to type in
the original URL as listed here to get back in. Once you log in you can select
pictures in several areas of interest by completing the first part of the Query
provided. The small photos can then be downloaded in larger sizes using the
links at the bottom of the page.

California Energy Commission’s Energy Quest:
http://www.energyguest.ca.gov/ A good tutorial for students on all sorts of energy

topics.
Florida

Solar Energy Center. Includes grade 6-8 Primer:

http://www.fsec.ucf.edu/en/

http://www.fsec.ucf.edu/en/education/k-12/curriculaZindex.htm

11


http://www.nmsea.org/
http://www.emnrd.state.nm.us/EMNRD/ecmd/Teachers/teachers.htm
http://www.eere.energy.gov/
http://www1.eere.energy.gov/education/
http://www.eere.energy.gov/kids/
http://www.eere.energy.gov/EE/buildings.html
http://www.energysmartschools.gov/
http://www.nrel.gov/data/pix/
http://www.nrel.gov/learning/student_resources.html
http://www.nrel.gov/education/
http://rredc.nrel.gov/
http://rredc.nrel.gov/kidzlinks.html
http://www.nrel.gov/education/jss_hfc.html
http://www.sandia.gov/
http://www.energylan.sandia.gov/sunlab/photos.htm
http://www.energyquest.ca.gov/
http://www.fsec.ucf.edu/en/
http://www.fsec.ucf.edu/en/education/k-12/curricula/index.htm

Solar Cooking Archive: www.solarcooking.org Fantastic site for solar cooking
info. Includes plans, photos, cooking instructions, etc. It also has much information about
the importance of providing easy ways to boil water and cook food in parts of the world
with little firewood, extreme poverty, and little sanitation.

e Texas Solar Energy Society Lesson Plans and Renewable Energy Info:
http://www.infinitepower.org/lessonplans.htm.

Geothermal Energy Info:

o0 http://geothermal.marin.org/edmatl.html Includes a nice slide show
about geothermal energy and an e-mail exchange called "Ask Arthur" for
guestions about geothermal energy from the Geothermal Education Office.
Also a movie available to purchase.

0 http://geothermal.id.doe.gov/ Includes information, maps, and links
about geothermal energy in general and specifically in Idaho.
Energy Information Administration:
o0 http://www.eia.doe.gov/kids/ Includes useful and factual information

about energy, and a cute set of pages for students with facts about energy
resources.

0 http://www.eia.doe.gov: Includes a tremendous amount of factual
information about energy use in the United States.
Center for Renewable Energy & Sustainable Technology:

http://www.crest.org/ Good factual Information on renewable energy and the impact
of fossil fuels on the environment.

College Training Programs In New Mexico:

e San Juan College Renewable Energy Program:
http://sanjuancollege.edu/pages/533.asp

e UNM offers some evening courses, and is planning new day solar courses.

e Crownpoint Institute Renewable Energy Program: http://www.cit.cc.nm.us/

Resource Maps:
e All Sources:
0 Renewable Energy Atlas of the West: http://www.energyatlas.org
e Solar Energy:
o National Renewable Energy Laboratory GIS Solar Maps:
http://www.nrel.gov/gis/solar.html
o National Renewable Energy Laboratory Solar Redbook:
http://rredc.nrel.gov/solar/old data/nsrdb/redbook/atlas/
e Wind Power:
0 Wind Energy Resource Atlas of the United State:
http://rredc.nrel.gov/wind/pubs/atlas/

Global Warming:

e National Climate Data Center. Includes lots of information about climate &
global warming from the National Oceanic and Atmospheric Administration
including graphs of temperature changes and CO, emissions:

o http://www.ncdc.noaa.gov/oa/climate/globalwarming.htmi#01
o http://www.ncdc.noaa.gov/oa/climate/gases.html
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e Intergovernmental Panel on Climate Change: www.ipcc.ch Especially see the
“Summaries for Policy Makers”. These are relatively concise, clearly written summaries with
good graphics.

Renewable Energy Nonprofit Organizations in New Mexico:

e New Mexico Solar Energy Association: www.NMSEA.org

e New Mexico Coalition for Clean Affordable Energy: www.NMCCAE.org

UNM Students for Clean Energy: http://www.unm.edu/~cleannrg/
Renewable Energy Industries Association of New Mexico: http://www.reia-
nm.org/

Renewable Energy Partners: http://www.renewableenergypartners.org/

e Rails (Mass Transit Group): http://www.nmrails.org/

National and International Nonprofit Solar Organizations:

e American Solar Energy Association: http://www.ases.org/

e International Solar Energy Society: http://www.ises.org/

e American Wind Energy Association: http://www.awea.org/

e National Wind Coordinating Committee: http://www.nationalwind.org/

e Apollo Alliance: http://www.apollopac.com/

e New American Dream: http://www.newdream.org/

e American Council for an Energy Efficient Economy: http://www.aceee.org/

General Policy Sites:
e Database of State Incentives for Renewable Energy:

http://www.dsireusa.org/ Great site for seeing what types of incentives each state
has.

e Renewable Energy Policy Project: http://www.repp.org/

e Worldwide Information System for Renewable Energy:
http://wire0.ises.org/

e State Environmental Resource Center:
http://serconline.org/RenewableEnergylncentives/

Hydrogen Organizations:

e American Hydrogen Association http://www.clean-air.org/index.html
e National Hydrogen Association: http://www.hydrogenassociation.org/
e Fuel Cell Information Center: http://www.fuelcells.org/

e Fuel Cell Today: http://www.fuelcelltoday.com/

Energy Subsides Info
e Earth Track: http://www.earthtrack.net/earthtrack/index.asp

Renewable Energy News Services:
e Solar Access: http://www.solaraccess.com/rea/home
e Solar Buzz: http://www.solarbuzz.com/

Renewable Energy Periodicals:
e Home Power: http://www.homepower.com/
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e Solar Today: http://www.solartoday.org/

Renewable Energy Research:

e National Renewable Energy Laboratory: http://www.nrel.gov/

e Sandia Labs Solar Program: http://www.sandia.gov/pv/

e Southwest Technology Development Institute:
http://www.nmsu.edu/%7Etdi/Photovoltaics/PV-Energy.html

e http://www.renewableenergypartners.org/

e Stanford Solar Center: http://solar-center.stanford.edu/

Renewable Energy Certification Programs:

e Green Power Certification: http://www.green-e.org/
e Solar Panel Certification: www.solar-rating.org

e Solar Installer Certification: http://www.nabcep.org/

Renewable Energy Business Listings

Disclaimer: The following list of renewable energy businesses in New Mexico. are not meant to
imply endorsement of these businesses, but are simply provided for educational purposes so

that students can see what is happening in the real world, particularly in New Mexico.

Renewable Energy Business Directories:

e NMSEA Solar Professionals Directory:
http://www.nmsea.org/Professionals Directory Listing.htm

e Find Solar: www.findsolar.com

Passive Solar Business Sites:
e Earthship Biotechture: http://www.earthship.org/
e Syncronos Design: http://www.buildingwithawareness.com/

e Desert Sky Designs: http://www.desert-sky-designs.com/DSD_SOLAR.htm

e New Village Homes: http://www.newvillage.com/about.html
e Dennis Holloway, Architect:

http://www.dennisrhollowayarchitect.com/html/SolarArchitecture.html

e Passive Solar Greenhouses: http://www.passivesolargreenhouse.com/
e Environmental Design Group: http://laplaza.org/~edge/

e Entrado Builders: http://www.entradaco.com/

e Strawbale Central: http://www.strawbalecentral.com/

e Adobe International: http://www.adobe-block.com/

e West Sun Homes: http://www.westsunhomes.com/

Business Sites for PV, Thermal, etc

e Conergy: http://www.conergy.us/

e Positive Energy Inc.: http://www.positivenergy.com/
e Zomeworks: http://www.zomeworks.com/

e AAA Solar: http://www.aaasolar.com/

e Direct Power and Water: http://www.aaasolar.com/
e Solatube: http://www.solatube.com/
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http://www.zomeworks.com/
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e Taos Solar Music Festival: http://solarmusicfest.com/index.shtml

e Southwest Wind Power (Flagstaff, Arizona): http://www.windenergy.com/
e Cedar Mountain Solar: http://www.cedarmountainsolar.com/

e Sacred Power Corporation: http://www.sacredpowercorp.com/

e Valverde Energy: http://www.valverdeenergy.com/

e Affordable Solar: http://www.affordable-solar.com/

e All Star Electric: http://www.allstarelec.com/

e Empower: http://www.empower-your-living-space.com/

e Matrix Solar: http://www.matrixsolar.com/

e Advent Solar: http://www.adventsolar.com/

e Paradise Power: http://www.paradisepower.net/

e Positive Resources: http://www.positiveresources.net/

e Solar Biz: http://www.thesolar.biz/

e Solar Ray: http://www.solarray.com/

e Sun Volt Solar: http://www.sunvoltsolar.com/

e Solar Energy Alternative: http://www.solarenergyalternative.com/

Interesting Solar Powered Businesses:
e KTAO Solar Powered Radio Station: http://www.ktao.com/
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FIELD TRIP SITES IN NEW MEXICO

There are several publicly accessible renewable energy sites in New Mexico
appropriate for School Field Trips, some of which are described below, and
most of which offer much more than renewable energy. There are also many
solar homes, and some businesses: The New Mexico Solar Energy Association
may be able to suggest some of these local sites and provide contact
information: You can contact the NMSEA by sending email to info@nmsea.org.

Albuquerque Area:

Indian Pueblo Cultural Center:

This Center has a 10 kilowatt grid-tied
(net-metered) photovoltaic system that

supplies part of the Center’s electricity.

This beautifully designed system, which

was designed and installed by a Native

American owned New Mexico Company,

includes Zia Symbols in its design, and is

located in the rear parking lot of the

building. The Center provides education
information about Pueblo Indian Culture, including museum exhibits, dances,
and presentations.

Contact Information: 505-843-7270 or 1-800-766-4405.
Address: 2401 12th Street NW (1 block North of 1-40)
Albuquerque, New Mexico 87104

Website: www.indianpueblo.org

Rio Grande Botanic Garden

Conservatory:

Designed by internationally acclaimed

passive solar architect Ed Mazria and

associates (Mazria is the author of “The

Passive  Solar Energy Book™), this

spectacular building is comprised of two

large pavilions: one features a Sonoran

desert climate and the other a

Mediterranean climate. Computer modeling determined the necessary solar and
thermal properties of glazing for each side of the building to provide the
proper balance of heat and light to the plants inside, so that the building needs
very little additional energy to maintain these environments. The Conservatory
has many fantastic botanical exhibits both inside and outside of the building.
Contact Information: (505) 764-6200

Address: 2601 Central Ave. NW (intersection of Central and New York Avenues)
Website: http://www.cabg.gov/biopark/garden/index.htmi
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Sandia Mountain Natural History

Center: This Facility is year-round

environmental education Center for New

Mexico students and teachers located on the

east side of the Sandia Mountains near Cedar

Crest, New Mexico. The Center has a grid-

tied photovoltaic system, and a solar oven,

and will soon have a solar hot water system

as well. The Center also includes 128 acres

of forested land with hiking trails, and has

five classrooms and a multi-purpose room, a hands-on natural history discovery
room, an environmental building and conservation discovery room, and a
resource library.

Phone: 505-281-5259

Web Info: See http://www.nmmnh-abg.mus.nm.us/nmmnh/SMNHC/About%20Us. pdf

Santa Fe Area

Genoveva Chavez Recreation

Center: Also designed by internationally
acclaimed passive solar architect Ed Mazria
and his associates, the Center is a public
recreation center with an indoor swimming
pool, and ice arena and a gymnasium that
incorporate  daylighting, passive solar
heating, passive cooling, water conservation
and water harvesting strategies. Nearby, on

a street running behind the Center, is a fire
station that features a passive solar trombe wall.
Phone: 505-955-4000

Address: 3221 Rodeo Road, Santa Fe, NM 87505
Website: http://www.gccommunitycenter.com/
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PART I: BROAD OVERVIEW OF ENERGY RESOURCES
(All Grades)

In this part of the Primer we primarily study energy resources (renewable and
non-renewable), and their characteristics, as opposed to energy technologies.
Some contact is made with fossil fuel technologies because these are not
covered elsewhere. Renewable energy technologies are covered in detail in
Parts Il and I11.

Both non-renewable and renewable resources are defined. The sources of the
energy are then described. The remainder of Part | includes information about
resource size and distribution, advantages and disadvantages, and
environmental impacts.

The basic data related to global warming is given in some detail, including the
definition of a greenhouse gas from a scientific point of view, and the basic
data on carbon dioxide and temperature levels. These data are presented in
graphs covering the past 1000 years, and also hundreds of thousands of years,
to give a full picture of the significance of recent increases in carbon dioxide
and global temperatures.

Several lists of questions are included which review the material, and there are
two “energy pathway” diagrams to encourage students to think about the
whole energy cycle of fossil fuels (a similar graphic for solar energy in given in
Part II).

Part | concludes with a special topics section on Native American Sun Symbols.
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What are "Renewable Energy Resources”?

Definition: Renewable energy resources are natural sources of energy that
are continually renewed, or replenished by nature, and hence will never run
out. Be careful to distinguish renewable energy resources from the renewable
energy technologies that are used to capture, convert, store, and transport
energy from these resources. For every renewable energy resources, there are
usually at least several renewable energy technologies.

The Renewable Energy Resources (not technologies) are:

A

PO
J 3

A4

Solar Energy Wind Energy

Geothermal Energy

Hydro Energy Wave Energy
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How is Solar Energy Created?

Nuclear Fusion: Solar energy is created
when hydrogen atoms in the center of the
Sun (atoms that have only one proton and
one electron), combine, or “fuse” into
helium atoms (which have two protons and
two electrons). This process is called
nuclear fusion. This is distinct from nuclear
fission, which is the splitting apart of heavy
nuclei (such as uranium) into lighter nuclei.

The nuclear fusion processes in the Sun
release a great deal of energy, which
makes the Sun incredibly hot. This energy
is then radiated out into space in the form

of light. The Sun

The Sun’s light must travel 93 million miles to reach Earth. About 70% of the
light reaching Earth penetrates the atmosphere and reaches the surface,
keeping our planet warm, and providing the energy that plants need to grow.

Amazing Fact! The Sun produces more energy in one second than
the Human Race has used for the last 10,000 years!

Solar Energy is considered renewable because the nuclear fusion reactions that
power the Sun are expected to keep generating sunlight for billions of years to
come (scientists estimate about 8 billion years more).

Indirect Forms of Solar Energy

Biomass, wind, waves, and hydro are all indirect forms of solar energy: Biomass
is a form of solar energy because plants capture sunlight and use it to combine
carbon dioxide and water into sugar, thereby storing the solar energy in
chemical form, in a process called photosynthesis. When a plant is burned, or
digested, that solar energy is released. As long as the Sun shines and plants
grow, there will be biomass energy.

Wind energy is an indirect form of solar energy because it’s created by the
uneven heating of the Earth by the Sun.

Hydropower is an indirect form of solar energy because it’s created by the
evaporation of water with solar heat.

Geothermal energy is not an indirect form of solar energy, because its based on

nuclear fission (radioactive decay) processes in the Earth. Without these, the
Earth would have already cooled billions of years ago!
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What can renewable energy resources provide

energy for?
Answer: Just about everything we use energy for today!

Solar Energy can be used for: Growing our food, cooking our food, drying
our clothes, generating electricity to power appliances, heating our homes and
other buildings (using solar directly or indirectly with solar electricity). It can
also be used for heating hot water for showers and dishwashing (again using
solar directly or indirectly), distilling/purifying water, and generating hydrogen
for transportation fuel and for generating electricity with fuel cells.

wWind Energy can be used for: Drying our clothes, generating electricity to
power appliances, heating our homes and other buildings with electricity,
heating hot water for showers and dishwashing (with electricity), and
generating hydrogen for transportation fuel and for generating electricity with
fuel cells.

Geothermal Energy can be used for: Generating electricity for
appliances and heating: This can be done with high temperature geothermal
resources, which exist in some special places.

Heating buildings directly with geothermal heat: This can be done with lower
temperature geothermal resources to provide hot air for heating.

Heating or cooling our homes and buildings indirectly with the geothermal
energy associated with the ground at its regular temperature: This can be done
with geothermal heat pumps that take advantage of the constant temperature
of the ground (and not a hot geothermal source per se) to either extract heat
for heating, or to “dump” heat for cooling.

Biomass Energy can be used for: Generating electricity to power our
appliances, or heating our homes and buildings using electricity. These things
can be done by combusting biomass, such as wood chips, or manure from cows,
to make steam to turn generators, or by gasifying biomass to make a gas that
can be combusted in a gas turbine.

Heating our homes and buildings directly: This can be done by burning wood or
other biomass in a stove, or by burning biomass to generate steam to heat a
building or even a whole neighborhood. This is perhaps the oldest use of
biomass, besides powering our bodies by eating plants and animals.

Producing fuel for transportation: This can be done, for example, by producing
alcohols such as ethanol from corn or other plants, or biodiesel from vegetable
oils, or even by producing hydrogen from biomass in a chemical process.

Hyd ropower, Wave Power, (ocean Current, Tidal Surges, etc.) can all
be used for: Generating electricity to power our appliances, and to heat our
homes and buildings with electricity.
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Questions about the types and causes of renewable
energy resources

Question: What is the difference between energy resources and energy
technologies?

Answer: Resources are the actual sources of the energy, whereas technologies
are the devices that capture, convert, store, and transport the energy.

Question: What are the basic renewable energy resources?
Answer: Solar energy, wind energy, geothermal energy, biomass, hydro energy,
and wave energy.

Question: Which renewable energy resources are based on solar energy, and
are therefore indirect forms of solar energy? Which are not?

Answer: Wind, hydro, and biomass are all indirect forms of solar energy: Wind
energy is created by the uneven heating of the Earth’s surface by the Sun.
Hydropower is created by water being evaporated first from the Earth’s surface
with heat from solar energy, and then raining down and flowing into rivers.
Wave energy comes from the wind energy, which originally came from solar
energy. Geothermal is not an indirect form of solar energy.

Question: What is the ultimate source of solar energy?

Answer: Nuclear fusion processes in the Sun. Nuclear fusion involves the
combining, or “fusing” together of hydrogen nuclei into helium nuclei, which
releases a great deal of energy.

Question: Where does geothermal energy come from?

Answer: Geothermal energy is heat created by the radioactive decay, or
nuclear fission of certain elements in the Earth’s surface such as uranium.
Nuclear fission involves the splitting apart of atomic nuclei, such that the
atomic number of the nuclei (the number of protons) is lowered. Like fission,
this process also releases a great deal of energy.

Question: Where does wave energy ultimately come from?

Answer: Wave energy comes from a complex combination of wind energy, the
kinetic energy of the Earth’s rotational energy and the gravitational pull of the
Moon.

Question: What energy source does life depend on?
Answer: All life on planet Earth depends on solar energy, except perhaps
certain kinds of microbes around geothermal vents.

Question: Which renewable energy resource ultimately powers you?

Answer: Solar energy, because the food we eat comes from plants that
captured and stored solar energy using photosynthesis. You and | are solar
powered!
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Question: Which renewable energy resources can be used for generating
electricity?
Answer: All of them! (In one way or another)

Question: What forms of energy do the various renewable energy resources
come in?

Answer:

Solar: Light energy, or electromagnetic energy

Wind: Kinetic energy (the energy of moving air)

Geothermal: Thermal energy (heat)

Biomass Energy: Chemical energy

Hydropower (as in a hydropower dam): Potential energy (the energy of water
that can fall in the Earth’s gravitational field)

Wave Power: Kinetic & potential energy (the energy of water moving up and
down).
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Overview of non-renewable energy resources

Definition: Non-renewable energy resources are natural sources of energy
that are finite, and are not continually renewed, or replenished by nature, at
least on a time scale that matters to the Human Race.

The Non-renewable Energy Resources (not technologies) are:

e Fossil Fuels: Coal, Oil, and Natural Gas
e Nuclear Energy (based on uranium mined on Earth)

What are Fossil Fuels? Fossil fuels are the leftover carbon (plus some other
elements such as hydrogen and sulfur in smaller amounts) from ancient plants
and animals that lived million years ago. Coal is the solid form of fossil fuel, oil
is the liquid form, and natural gas is the gaseous form.

Why are Fossil Fuels Non-renewable? Fossil fuels are really a form of solar
energy, because they are based on plants, and hence on photosynthesis, but
it’s ancient solar energy. Fossil fuels are non-renewable because they take
millions of years to form, and so cannot be replenished on a human time scale.

Why is Nuclear Energy Non-renewable? Nuclear energy that is based on
uranium mined on Earth depends on finite uranium ore resources.

What are Non-renewable Energy Resources used for?
Coal: Heating, cooking, and generating electricity.
Oil: Heating, cooking, and fueling vehicles (oil refined into gasoline).

Natural Gas: Heating, cooking, fuel for some vehicles, and generating
electricity.

Nuclear Power: Generating electricity.

Exercise: Trace the coal and oil “Energy Pathways” on the next two pages
to explore the steps in the conversion of coal into electricity and oil into
gasoline later in this Primer.

How long will non-renewable energy resources last, if we

continue to use them at the rate we are today?
Coal: 100+ years
Oil: <50 years
Natural Gas: < 50 years
Nuclear Power: Not known: High-grade uranium ores (those that are
relatively high in U-235) are relatively scarce, but breeder reactors that
can transform U-238 into plutonium, instead of U-235, could greatly
extend the resource. Plutonium, unfortunately, is a key ingredient in
nuclear weapons, and very toxic to living things.
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Coal Energy Pathway (Visual Exercise)

This diagram shows the “energy pathway” for coal, starting with (ancient) solar
energy, all the way to electricity.

Exercise: Talk through the steps on the pathway one by one. Observe that
there are many steps in this process, spanning many millions of years.




Oil Energy Pathway (Visual Exercise)

This diagram shows the entire “energy pathway” for oil, starting with (ancient)
solar energy, all the way to gasoline.

Exercise: Talk through the steps on the pathway one by one. Observe that, like
the coal pathway, there are many steps in this process, spanning many millions
of years.
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Advantages of non-renewable energy resources

The technology for using non-renewable energy resources is already highly
developed, and widely deployed in the World.

Nonrenewable resources have been very plentiful up to now, and some still
are.

Nonrenewable energy sources such as coal, oil, and uranium have a lot of
energy for their size and weight.

Nonrenewable energy sources are easy to store and use.
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Disadvantages of non-renewable energy resources

Non-renewable energy resources are finite: They will run out someday.
Oil and natural gas will likely run out in less than 50 years, which could
cause major problems for societies that are still dependent on them. There
is enough coal for 100 years or more, but only some nations have a lot of it.

Greenhouse Gas Emissions: Burning fossil fuels
produces carbon dioxide (CO,), which is thought
to be the primary cause of global warming by
many scientists. There are enough fossil fuels left
to cause very strong global warming if we
continue to burn them.

Air Pollution: Besides greenhouse gasses, burning
fossil fuels also produces other kinds of air
pollution, including sulfur dioxide, which causes
acid rain, and also nitrous oxides, mercury
pollution, and uranium pollution. Here is a basic

list of all the major air pollutants from coal-fired power plants and other
burning of fossil fuels:

o
(o}

Carbon Dioxide (CO;): The biggest human caused greenhouse gas.
Carbon Monoxide (CO): CO is emitted when carbon based fuels
are burned inefficiently, is very poisonous, and contributes to the
air pollution in cities (through vehicle exhaust). A malfunctioning
furnace can also produce carbon monoxide.

Sulfur dioxide (SOg4): SO4 is emitted mostly by the burning of coal,
and is the principle cause of acid rain, which kills trees and fish.
Nitrous Oxide (NO;): NO,, or "NOX", is created when fossil fuels
are combusted in the presence of air (which is 80% nitrogen). NOX
is also a greenhouse gas, and a principle contributor to smog via
vehicle exhaust.

Particulates: Particles of ash are emitted from the smokestacks
of coal-fired power plants. These particulates are a serious threat
to human respiratory health in many parts of the US.

Mercury: Coal contains significant amounts of mercury, a highly
toxic element, which is emitted when coal is burned. Mercury
from coal plants is thought to be a major pollutant of land and
water in the US. The Environmental Protection Agency is
beginning to regulate mercury emissions more stringently. Many of
the lakes and streams have significant mercury levels and
warnings and restrictions on the number of fish one can eat from
them. Coal-fired generation is thought by some scientists to be a
significant contributor to these levels.

Radioactive Uranium: Both coal and nuclear power plants can
emit uranium (coal deposits often contain significant amounts of
uranium), which can cause cancer in humans.
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Toxic Wastes: Processing and using nuclear fuel (uranium) creates many
radioactive by-products, which are very dangerous to living things. Disposing
of these by-products and the spent (used) nuclear fuel is therefore difficult
to do. New Mexico has many toxic uranium mining waste piles and
radioactive waste disposal sites.

Nuclear Weapons Proliferation: Nuclear fuel (uranium or plutonium) can
also be used to make nuclear weapons. Controlling the spread of nuclear
weapons is a difficult international problem.

Extraction Impacts: Coal mining, uranium mining, and drilling for oil and
gas can have very strong impacts on the landscape and on water supplies. In
West Virginia, for example, entire mountain ranges are being torn apart to
get at the coal underneath them (called “mountaintop removal’). Mining
underground can lead to the poisoning of streams because water seeps into
coal mines and becomes acidic from the sulfur associated with coal
seams. Coal seams are often only a meter thick, so vast areas must be either
tunneled into or strip-mined to obtain the coal.

Nuclear power plants use enormous amounts of water to:
0 Refine uranium ore into nuclear fuel rods.
0 To absorb and carry away heat in the form of steam to complete
the thermodynamic cycle of power generation.

Coal-fired power plants use large amounts of water to:

o Transport the coal (in some cases).

o Wash the coal.

o Cool the coal (to prevent spontaneous combustion).

o To absorb and carry away heat in the form of steam to complete
the thermodynamic cycle of power generation. Each megawatt of
coal generation uses about 5 acre feet of water per year, just for
cooling.

Dependence on foreign sources - Dependence of foreign energy resources
can make a nation vulnerable to energy supply disruption, corrupt a
nation's good intentions towards its neighbors, and also make a nation
more susceptible to foreign exploitation.
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Global Warming
Definition: The warming of the atmosphere, and associated climate change,
due to the build up of “greenhouse gasses” associated with human activity.

Sources: A very scientifically authoritative source for information on global
warming is the United Nation’s Intergovernmental Panel on Climate Change:
www.ipcc.ch, which is composed of several thousand scientists and climate
experts from around the world.

Greenhouse gases
Cause of global warming: Greenhouse gases in the atmosphere act like a heat
blanket, trapping heat that would otherwise escape to outer space quickly.

What is a Greenhouse Gas? A greenhouse gas is a gas that can easily block
radiation from escaping the Earth’s atmosphere by absorbing and then re-
radiating that radiation in all directions. Three Atom Rule: Any gas with
molecules that have three atoms or more tends to be a greenhouse gas,
because molecules with more than two atoms can vibrate internally. The
ability to vibrate internally allows these atoms to absorb radiation (which
becomes energy of internal vibration), and then re-radiate it in all directions in
the form of infrared heat.

This picture demonstrates how the carbon dioxide molecule CO; can vibrate:

Using the three-atom rule, we can understand why carbon dioxide (CO,),
methane (CH,), nitrous oxide (N20), and many other gasses are all greenhouse
gases. Even water (H,0) is a greenhouse gas! Notice that the two most common

molecules in the atmosphere (oxygen-O,, and nitrogen-N;), are not greenhouse
gases, however, because they only have two atoms per molecule.

Water is the greenhouse gas with the biggest effect in the atmosphere. But
unlike CO, (the next biggest, because oxygen and nitrogen aren’t greenhouse
gases), the amount of atmospheric water can change rapidly through
evaporation and precipitation, whereas the amount of carbon dioxide tends to
change only very slowly (over hundreds of years). So the amount of water
tends to adjust itself quickly in response to the amount of carbon dioxide and
other factors, but not the other way around. The amount of CO, therefore
controls the temperature of the atmosphere.

This is the reason why relatively small emissions of CO, from burning fossil fuels
can have such a large effect, even though total amount of CO, in the
atmosphere is very small, and the total amount emitted by human activities is
small compared to the amount of other gases in the atmosphere. Scientists say
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that the climate is therefore unstable with respect to small changes in the CO,
level, which may turn out to be very unfortunate for life on Earth.

Global warming impacts

Many scientists say that global warming impacts are already occurring, and
include, or will likely include:

e Melting of the polar icecaps, the Greenland Ice sheet, glaciers, and the
permafrosts.

Hotter average temperatures almost everywhere.

Increased drought in many places.

Increased flooding in many places.

Increased numbers and strengths of tornados and hurricanes.

Migration and/or extinction of many species, many of which are already
under pressure from human encroachment or other invasive species.

e Large sea level rise, causing coastlines, islands, and coastal wetlands (like
the Everglades) to disappear.

e The increase in the atmosphere’s carbon dioxide level also causes the

oceans to become more acidic (through the formation of carbonic acid),
which is thought to harm the growth of coral.
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Basic greenhouse gas data

Carbon Dioxide Levels During
the Past Millennium: The
graph at right shows the
dramatic increase in CO; levels
over the past 200 vyears,
following 800 years of
relatively steady levels. This
increase is thought to come
primarily from the burning of
fossil fuels, but the level may
be accelerating now due to
global  warming  feedback
effects, such as forest fires,
desertification, and other
effects. Such effects are
called positive  feedback
mechanisms (positive in the
sense that global warming
leads to even more global
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warming, not in the sense that their effect is good). Many scientists think that
the climate may spin out of control unless emissions are reduced soon.

Carbon Dioxide Levels
Over the Previous
Four Ice Ages: The
graph at right shows
the CO; levels obtained
from ice cores for the
past 425,000 years. The
low points, at roughly
350,000, 260,000,
150,000, and 20,000
years ago, correspond
to the coldest parts of
the past four ice ages.

The high points correspond to the relatively short warm periods in between.
Note the sharp increase at the end of the graph. This is the same recent
increase in CO; levels shown in the first graph above. This demonstrates that
the CO; levels are higher now than for many hundreds of thousands of years (in
fact they are higher now than for several millions of years). So the recent
increase is clearly not just a usual part of recent geological cycles.

Exercise: Compare the time scales on the two graphs shown on this page. Mark
the range of the first graph on the second graph. Hint: The range of the first
graph is just a tiny sliver on the second graph.
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sulfur dioxide emissions from
coal-fired power plants. The sulfur dioxide particles (and the compounds
formed by the them) are thought to have reflected enough sunlight to actually
stop global warming for a while. But sulfur dioxide emissions cause acid rain, so
global warming resumed again after sulfur dioxide was removed from most coal
plant emissions by “scrubbing” technology.

So ironically, solving one environmental problem in this case simply aggravated

another. This is why developing completely clean energy sources such as solar
and wind power is such an important idea.
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Questions about non-renewable energy resources

Question: What are the two basic types of non-renewable energy resources?
Answer: Fossil fuels and nuclear energy (uranium).

Question: What are the three basic types of fossil fuels, and what form do they
come in (solid, liquid, or gas)?

Answer: Coal, oil, and natural gas. Coal is a solid, oil is a liquid, and natural
gas is a gas.

Question: What non-renewable energy resources will we likely run out of first,
and how soon?
Answer: Oil and natural gas, probably in 50 years or less.

Question: Where do coal, oil, and gas come from?
Answer: From underground.

Question: What created coal, oil, and gas?
Answer: The breakdown of plants and animals that died millions of years ago
and became buried.

Question: What element are fossil fuels mostly made of?
Answer: Carbon.

Question: What type of pollution is created when any fossil fuel is burned?
Answer: Carbon Dioxide.

Question: What environmental impact does carbon dioxide pollution cause?
Answer: Global warming.

Question: What other types of environmental impacts are there from non-
renewable energy resources?

Answer: Mining and drilling impacts, other types of air pollution, and toxic
and/or radioactive wastes.

Question: What fossil fuel energy resource do we have the most of?
Answer: Coal.

Special Questions on Oil Depletion:

Question: If we run out of oil, can we make gasoline out of coal?
Answer: Yes. Gasoline can be made from coal using a special chemical process.

Question: Would making gasoline out of coal solve all of our problems?
Answer: No, because combusting the gasoline would still create greenhouse
gas (carbon dioxide) emissions. And many of the environmental impacts of coal
mining would actually get worse.
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Special Questions on “Sequestering” Carbon Emissions:

Question: How could we still use fossil fuels but not cause global warming?
Answer: We would have to put the carbon dioxide back underground, or
dispose of it in some other way.

Question: Is that possible?
Answer: Yes, but no one knows yet whether it will cost too much, or stay

underground long enough.
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What are the advantages of renewable energy
resources?

They will never run out.

They are extremely large - much larger than is needed to supply the Human
Race for the foreseeable future.

Using renewable energy resources produces little or no pollution.
Producing renewable energy has relatively small and relatively
impermanent impacts to land and water resources, compared to mining and

drilling.

They are widely available around the world. In fact, many homes have lots
of renewable energy available right on the roof.

Because they are widely available, using renewable energy instead of non-
renewable energy will create less competition and more democratic
autonomy for human beings.

They can be used for many different things, as we shall see. In fact, they
can supply all of our many energy needs.

They are difficult to use directly for destructive purposes.

What are the disadvantages or barriers for
renewable energy resources?

Many renewable energy technologies are relatively new, and although fairly

well developed, are still not as well developed as conventional energy
technologies, and produced in quantities large enough to make them
competitive.

The Sun does not shine all the time, and the wind does not blow all the
time. Renewable energy resources therefore need to be combined with
energy storage technologies like batteries, hydrogen production, etc. These
storage technologies are also not as developed as conventional energy
technologies.

Strong wind and solar resources are not strong everywhere, so that

transmission lines or energy storage technologies must be used to transmit or
store and transport renewable energy to some places.
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How large are renewable energy resources?

Renewable energy resources, especially solar energy, are simply vast.

e Solar: US solar energy resources are hundreds of times larger than US
energy needs: Just using our rooftop areas could provide a significant
fraction of our energy needs.

Fact: All the energy used in the entire United States, including all the
oil, natural gas, coal, wind power, hydropower, solar power, and
nuclear power together, are roughly equivalent to the solar energy
falling on about .3% of US land area, or a square of only about 100 miles
by 100 miles. Such an area is indicated by the small white square on the
image below, which is much smaller than even just New Mexico!

Indeed, Earth’s solar energy resources are much larger than all the
fossil fuel resources combined (oil, coal, and natural gas). Fossil
resources, which are also based on solar energy (via photosynthesis in
ancient plants) are really just tiny remnants of the solar energy that fell
on the Earth in the past.

Today, much of our oil comes from Saudi Arabia:
New Mexico could be a Solar Saudi Arabia!

Note that the image above also shows where the most sunlight falls in
the United State (the darker regions in the southwest indicate the most).
Arizona has the most, and New Mexico has the second most.

e Wind: Wind power resources are much smaller than solar resources,
but are still roughly equal to, or are several times larger than US
energy needs, and wind power can be harvested very cheaply today.

e Geothermal: Geothermal resources are a significant contributor in
some states, and may eventually become much more accessible, and
therefore much larger from a practical standpoint, as drilling
techniques improve. But until that occurs, all the best geothermal
sites in the US are only large enough to provide several percent of US
energy needs.
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Biomass: Biomass resources can also be a significant contributor.
Biomass is limited by the relatively low solar conversion efficiency of
photosynthesis (generally less than a few percent of the solar energy
is captured), and also by the need to irrigate and fertilize.
Nevertheless, biomass probably has the potential to provide at least
10% of US energy needs.

Hydropower: Hydropower resources today account for roughly 7% of
US electricity generation today, and capacity could increase by
another 50% or so. lronically, although hydropower was one of the
first renewable resources to become highly developed, it is the most
limited in terms of future expansion because it depends on having
rivers with special geographic conditions.

New Mexico Renewable Energy Resource Examples:

A solar farm about 3 miles by 5 miles in size could provide enough
electricity for New Mexico. Imagine what a 30-mile by 50-mile farm
could do!

Wind power resources in New Mexico could easily provide more than
five times the amount of electrical power consumed by New Mexico,
and probably closer to 20 times as much.
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How do renewable energy resources vary from place
to place?

US Solar Energy Resources: The strength and size of renewable energy
resources varies from state to state. Solar power resources are strongest in the
southwest part of the United States, mainly because it’s almost always sunny
there. Here is a map from a Department of Energy website!, showing the
annual solar radiation available across the United States:

The different colors in the map show the different amounts of solar energy on
average, in terms of kilowatt-hours? per day, that fall on a 1 meter square
surface pointed at the Sun all day long (that follows the Sun).

Average Solar Energy in New Mexico: From the map one can see that New
Mexico gets at least 6 kilowatt-hours of solar energy per day, on average,
almost everywhere in the state. This is the maximum amount of solar energy
that could be captured each day on average, in principle. Note: Actual solar
collectors capture much less than this, because they lose much of the energy to
heat in the conversion process. Conversion efficiencies are covered when
renewable energy technologies are covered in detail later.

Advanced note on kilowatt-hours and solar measurements: The “One-Sun”
Rule: A kilowatt-hour is a convenient unit of energy to use for solar energy
resource maps such as this, not just because they are used for electrical power
measurements, but because by a sheer coincidence it turns out that one
kilowatt-hour is almost exactly the same amount of solar energy that falls on
a 1 meter square surface pointed at the sun on a clear day, around noon, in
one hour. This means that the numbers of kilowatt-hours per square meter per

! http://www.nrel.gov/gis/solar.html. Also see http:/rredc.nrel.gov/solar/old_data/nsrdb/redbook/atlas/.

2 One kilowatt-hour is the amount of energy one consumes when running a 1000 watt (one
“kilowatt™) hairdryer for one hour: 1 kilowatt x 1 hour = 1 kilowatt-hour. Typical homes use 10
to 30 kilowatt-hours per day on average.
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day in the map like above can be interpreted to be roughly the number of
hours the sun shines strongly each day, on average.

From this then, and the example above, we see that New Mexico gets the
equivalent about 6 hours of strong sunlight every day on average.

US Wind Energy Resources: The map below, from the Wind Energy Resource
Atlas of the United States®, shows the areas where wind energy resources are
strongest across the United States (the blue and black areas have the most).

From this one can see the wind energy resources are much more varied than
solar resources. And yet there are very large regions that have good wind
resources. The middle region from North Dakota down to northern Texas is
particularly good, partly because the wind resource is good, but also because
that region is relatively flat, and largely agricultural. Farmers and ranchers
tend to want wind farms on their land, because they can make more money
while still work the land as before.

New Mexico Wind Resources: The map at
right shows a more detailed, and more
recent, wind power map for New Mexico
from the Renewable Energy Atlas of the
West*. The darker colored areas indicate the
windiest areas.

From this map one can see clearly the New
Mexico’s wind resources are primarily
located on the Eastern Plains of the State.
There are now several large wind farms in
these areas, providing much wind power to
New Mexico.

% http://rredc.nrel.gov/wind/pubs/atlas/.
* http://www.energyatlas.org.

40


http://rredc.nrel.gov/wind/pubs/atlas/
http://www.energyatlas.org/

Other New Mexico Renewable Energy Resources: Maps such as this for other
renewable energy resources, and (conservative) estimates of how much
potential exists for these sources in total, can also be found online in the
Renewable Energy Atlas of the West. The Atlas also features a very nice “zoom
in”” mechanism with which to explore resources distributions in detail.
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Questions about the size and variability of renewable
energy resources

Question: Where are renewable energy resources located?
Answer: Almost everywhere has some significant renewable energy source, be
it wind, sun, water, plants, or geothermal.

Question: Are renewable energy resources the same everywhere?
Answer: No. The strength of each renewable energy resource varies
from place to place.

Question: What is the most evenly spread out renewable energy
resource?
Answer: Solar energy.

Question: What are the most geographically specialized renewable
energy resources?
Answer: Hydropower and geothermal resources.

Question: Will renewable energy resources run out?
Answer: No, not for many billions of years.

Question: Does using renewable energy resources cause pollution?
Answer: Not very much, except maybe some created when making
renewable energy collecting equipment. But even this pollution can be
made very small if we use renewable energy to make the equipment in
the first place!

Question: Which renewable energy resource is the largest?
Answer: Solar energy, by far.

Question: Guess which state has the biggest solar energy resource?
Answer: Arizona.

Question: Guess which state has the second biggest solar energy
resource?
Answer: New Mexico.

Question: How many square miles of solar energy collection would it take to
power New Mexico?
Answer: About 15 square miles (an area 3-miles by 5-miles)

Question: Where does New Mexico have a strong wind power resource?
Answer: In the eastern plains area of New Mexico.
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Advanced Exercise: Calculate how much land area it would take to power the
entire United States with actual solar collectors (with conversion efficiencies
included). See the exercise “Explore the Solar Resource” in this Primer.

Question: Is there enough renewable energy resources for the whole human
race?
Answer: Many times more than enough.

Question: Does the fact that the sun doesn’t shine all the time, or that the
wind doesn’t blow all the time, present a problem?

Answer: Yes, to fully utilize renewable energy resources, we must also use
energy storage technology to store renewable energy.

Question: Do we have to have energy storage technologies today to make it
worthwhile to develop renewable energy resources?

Answer: No, because we can integrate a lot of renewable energy into our
current energy system, and use the existing non-renewable energy generation
facilities and resources to back up renewable energy when renewable energy is
not available.

Question: What are the advantages of integrating renewable energy with
existing non-renewable energy sources?

Answer: It will save money and reduce pollution from the non-renewable
energy sources.

Question: Where are the best wind power resources in the US?
Answer: In the Midwest.

Question: Why are the wind power resources in the Midwest very good?
Answer: Both because they are large and because they are largely in
agricultural areas, which go well with wind power development.
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Special Topic: Native American sun symbols

Zia Pueblo Sun Symbol Ancient Pueblo Style Sun
(Appears on the Symbol (Also the logo of the
New Mexico Flag ) New Mexico Solar Energy

Association)

Not surprisingly, given New Mexico’s abundant sunshine, the Sun has deep
spiritual significance for New Mexico’s Native American Peoples.

The two symbols above, created by Native Americans in New Mexico,
demonstrate this.

The sun symbol on left was created by Zia Pueblo, and appears on the New
Mexico State Flag.

Sun symbols similar to the one on the right can often be found at many ancient
pueblo ruins, and are often prominently displayed as above the dwellings.
These are often interpreted to be “Sun-shields”, which invoke the power of the
Sun to protect the people inside. The symbol on the right, in particular,
corresponds to actual shields made with concentric hoops of wood, which
would have been covered with animal hide. The Sun’s rays, represented in the
symbol by the spokes on the outermost hoop, were mimicked on the shields
with turkey feathers.

As a source of clean energy, the Sun can be considered today to be a source of
protection for our society.

An excellent source of beautiful photos on ancient pueblo sun and warrior

symbols is “Warrior, Shield, and Star: Imagery and ldeology of Pueblo
Warfare” by Polly Schaafsma.
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Part II: RENEWABLE ENERGY TECHNOLOGIES (All
Grades)

In this section we introduce several important renewable energy technologies.
The detailed science behind some of these technologies is not covered in Part
.

The societal context of these technologies is covered. Many photographs are
also provided, to provide a glimpse of real world applications.

Some cost information is given in each section, and one section discusses the
costs of all the primary renewables generally, and covers concepts such as
“simple payback time”.

Finally, subsections are included on Native American use of passive solar
design, and the research on passive solar design at Los Alamos.
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Solar Energy

What can solar energy be used for and with what
technologies? (Overview)

Note: The technologies mentioned in quotes here are described in the coming
pages.

Growing our food: Farming: The most basic and ancient use of solar energy!

Cooking our food: This can be done with “solar ovens” or “solar cookers”
which use mirrors to concentrate solar energy to make heat.

e Drying our clothes: It takes a lot of energy to dry clothes with clothes
dryers. A clothesline works just as well, and uses only solar energy!

e Generating Electricity to power appliances, and for many other things:
Solar energy can be used to generate electricity with “photovoltaic solar
collectors”. This can also been done by using very large mirrors to
concentrate solar energy to first make heat to make steam or hot air to
drive a turbine (generator). This is called “concentrating solar power™.

e Heating our homes and other buildings (directly): This can be done using
“solar heating panels”, which use solar energy to heat air or water, or by
just designing a building in the right way to let lots of sun come through the
windows in the winter. This is called “passive solar design”. Solar electricity
can also be used for heating, although this would currently be very
expensive.

e Heating hot water for showers and dishwashing (directly): This can be
done using solar heating panels, which use solar energy to heat water (the
same type which can be used to heat a house).

e Distilling/Purifying water: This can be done by using solar heat to
evaporate water, leaving impurities behind.

e Generating hydrogen for transportation fuel and for generating
electricity with fuel cells: This can be done with solar generated electricity
via the process of “electrolysis”, or directly with “photocatalytic” processes.

e Solar Energy, as discussed in the section on renewable energy resources,
is also the ultimate source of wind power and biomass power.
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What can solar electricity be used for?

Solar electricity can be used to power our lights, televisions, and other

appliances:
Incandescent (conventional)  Compact fluorescent Television
Ilg_ht bqlk? light bulb
(very inefficient) (very efficient)

Exercise: Make a list of things that electricity powers in your home.

Exercise: Which of the light bulbs pictured above uses less energy? Obtain a
“watt-meter>” to measure the actual power usage of these types of bulbs.
Then measure the power and energy usage of other appliances. See the
exercise in Part IV on light bulb efficiency.

Here are a few things powered by electricity:
e Light bulbs

e Computer

e Television

e Cell phone re-charger
e Stereo System

e Alarm clock

e Radio

e Electric heater

e Electric stove

e Toaster

e Microwave Oven

e Refrigerator

Today some people have new types of

things that can be powered with electricity

such as:

e Electric cars Electric BicyC|e

e Electric bicycles

This means you can even get around town using solar power! An electric bike
can go about 20 miles on only 5 cents worth of electricity!

> These can be purchased at stores such as Radio Shack, or from many online suppliers. One currently
popular brand is the “kill-a-watt” meter.



Photovoltaics

One way that solar energy can be used to generate electricity is with

Photovoltaic Systems, or PV Systems for short:

“Photo” means “light’; “Voltaic” means “electricity”

“Photovoltaic” therefore means “light-electricity”

Remember: “PV”” means “photovoltaic”

PV Cells: PV systems convert solar energy directly
into electricity using “PV cells”, one of which is
shown at right. The white lines on the cell are the
wires which collect the solar electricity.

PV cells use a “semiconductor” based process, using
the properties of the element silicon (and other
“semiconductors™).  Electricity is generated
instantly when sunlight falls on the cells. About 15%
of the solar energy is converted into electrical
power (the remaining solar energy is converted into
heat, and is lost to the environment).

Note: There are different kinds of PV cells: These are covered in the section on

exploring PV technology in depth in Part III.

Project: For a project to gain experience with PV
cells, see the project on building a simple PV
demonstration in Part IV.

Because the electricity is generated instantly, it
must be used right away, or stored in batteries, or
with some other kind of energy storage.

Each individual PV cell is about 1/2 inch to 4 inches
in size, and can produce from 1 to 2 watts of
power. This isn’t very much, so, to produce more
power, many cells are electricity wired together
into a larger, weather-tight “PV_modules”, which
are also called “PV Panels”. The panels are then
further connected to form a PV array. In the area
of photovoltaics, the term “array” refers to the
entire set of modules an installation uses, whether
it is made up of just one or even several thousand
modules!

PV Cell

PV Module
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At right is a photo of what a typical
PV array on a roof looks like. This PV
system is located on a house in Santa
Fe, New Mexico, and generates
enough electricity for all the home’s
needs.

Cost: PV electricity currently costs
about three times as much as the
retail cost of power from the grid in
NM - about 26 cents per kilowatt-
hour. But has been coming down in
price steadily over the years, and is
expected to become very competitive
around 2016. A typical home PV
systems costs between $10,000 to $30,000. PV Array

Purchase prices for PV systems are not usually given in terms of cost per
kilowatt-hour (like the electric utility does for the power its sells), but rather
in terms of “dollars per peak watt”, that is, in terms of dollars per peak watt
of output from the PV array under ideal conditions (perfect sun and cool
temperatures!).

Cost Rule of Thumb for PV: PV generally costs about $10/watt (peak):
Large ““grid-connected” PV systems can cost as little as $6 per watt, while
small ““off-grid” PV systems can cost $12/watt or more.

Average Output of a PV System in NM: A PV system with a PV array that can
put out 1000 watts (1 kilowatt) of power at peak output, and which is located
in sunny New Mexico, produces about 4.5 kilowatt-hours of usable electrical
energy per day on average. A typical energy efficient home uses 10-15
kilowatt-hours per day on average, so such a home will need a 2-3 kilowatt
system.

Environmental Benefits: It takes about 1 Ib of coal to produce 1 kilowatt-hour
of electricity, and about 2.3 Ibs of carbon dioxide is produced by burning 1 Ib
of coal. A PV system that produces 15 kilowatt-hours a day will therefore avoid
the burning of 15 Ibs of coal per day, and the emission of about 2.3 x 15 = 34.5
Ibs of carbon dioxide. Over one year this is equal to 5475 Ibs of coal (2.73
tons), and 12,593 Ibs of carbon dioxide (6.3 tons!).

The production of 1 kilowatt-hour of electricity using coal as a fuel consumes
about %2 gallon of water for cooling. A PV system that produces 15 kilowatt-
hours a day will therefore save about 7.5 gallons of water per day, or 2738
gallons per year. This doesn’t count water used for washing coal, transporting
it, etc, so the number of gallons saved is generally even higher than this.
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Project (Advanced): Calculate the cost of power per kilowatt-hour from a PV
system given the purchase price (upfront cost), and the information given
above about how many kilowatt-hours per day a system produces. See the
project “Calculate the Per-Kilowatt-hour Cost of PV” in Part IV.

There are two basic kinds of PV systems for powering buildings:

Off-grid PV Systems: If the home or building being powered is far from the
electric power grid, the electrical energy generated by a PV system can be
stored in batteries for use at night-time or when its cloudy. This kind of PV
system is called an off-grid PV System. Off-grid systems also power many other
things besides buildings: Remote radio transmitters, highway signs, agricultural
water pumps, etc.

Grid-connected PV Systems: If the home being powered can be connected
directly to the electrical power grid, then the PV System can also be connected
to the grid, so that the PV system uses the power grid like a battery: It powers
the home and feeds any extra power back into the grid when the home is using
less power than it’s generating, and the home draws power from the grid when
the building is using more power than the PV is producing. This arrangement
has the advantage of not needing batteries, which saves money. But it’s also a
good thing because all the solar power gets used by somebody: Off-grid systems
usually waste any solar power generated when the batteries are fully charged.

Advantages of PV:

e PV does not use any water to generate electricity.

PV is silent.

PV is very reliable.

PV panels last a long time: Most PV panels today will last 30 or more years.

PV panels are durable: PV panels can withstand the bright sun, cold nights,

and even hail.

e PV can usually be used right where the power is needed (so transmission
lines are not necessarily needed, unless it’s a grid connected system).

e PV can be integrated into the architecture so it looks nice.

e PV systems can be very small or very large - they are flexible as to
application!

e Some types of PV cells are actually flexible in the sense that they can bend,

and can used on the surface of vehicles, clothing, etc.

PV can be (and is) used in outer space to power satellites.

PV don’t use very much material - just a thin layer of photovoltaic material,

plus the materials used to mount and frame the photovoltaic material.

PV panels “pay back” the energy used to make them after 3 to 5 years.

PV’s Bright Outlook

The worldwide market for PV is growing extremely fast (30-40% per year), and
many countries now view PV as an important and major source of energy for
the future. Many new types of PV cells are being developed, including cells
made with organic materials (polymers), and PV technologies that concentrate
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light to save on the amount of silicon needed. Some of these are likely to
decrease the cost dramatically in the future. The future of PV therefore looks
very bright!

How Many PV Modules (panels) for a Typical House?

Typical commercially available PV panels have a solar conversion efficiency of
13-15%, which means that they can deliver about 130-150 watts of power per
square meter (direct sunlight provides about 1000 watts per square meter).

Typical panels today are a little less than a square meter in size, and have a
power of around 100 watts. As mentioned above, a typical energy efficient
home needs about 2-3 kilowatts (2000-3000 watts) of peak PV power, so a
typical home needs about 20-30 PV modules. This may seem like a lot, but this
usually takes less than 300 square feet of PV modules.

Components of an Off-grid PV System for Home

The basic components of an off-grid PV system are:

e PV array (20-30 PV panels).

e Batteries: Typically about 12 deep-cycle lead acid batteries.

e Charge controller: To regulate the charging of the batteries.

e Inverter: 2000-4000 watts. Converts the low voltage DC (direct current)
power from the batteries into 110 volt alternating current for use by
appliances.

Typical DC to AC
“Inverter”
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The following diagram shows how the components are connected together:

Compeonenis of a PV System

PV panel array

First, the Sun shines on the panels to produce electrical power. That power is
routed through the *“charge controller” to the batteries. The charge controller
regulates the charging of the batteries - the voltage on the batteries needs to
be increased slowly, because charging them too fast or routinely overcharging
the batteries quickly degrades them. Next, the “inverter” converts the DC
(direct current) electrical power from the batteries into AC (alternating
current) electrical power at 110 volts. This can then be fed to household
appliances via a wall socket.

Interesting Facts About PV:

Here are some interesting facts about PV from the US Department of Energy

Photovoltaics Program:

e PV modules covering 0.3% of the land in the United States, one-fourth the
land occupied by roadways, could supply all the electricity consumed here.

e PV is cost effective for residential customers located farther than a quarter
of a mile from the nearest utility line.

More Info

e The science of PV: How it works, different kinds of cells: See the section
on exploring PV Technology in depth in Part Ill.
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Photovoltaic Energy Pathway, Off-grid (Visual Exercise)
This diagram shows the entire “energy pathway” for photovoltaic (PV) power
from solar energy to electricity. Talk through the process by which solar energy
is converted into usable electric power.

Observe: There are fewer steps in this process compared to the coal and oil
pathways, and that the process only involves recent solar energy.
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PV systems in New Mexico

There are thousands of PV systems in New Mexico, most of them off-grid
systems. Many provide power for homes, but many also power radio relay
systems, road signs, oil well equipment, etc. In the last five years about 60 grid
connected (net-metered) systems have been installed, and that number is
increasing quickly due to new solar energy financial incentives. Here are some
photos of grid-connected PV systems in New Mexico:

Note that the
system shown
at right also
provides shade
for cars! This
is an ideal way
to integrate
PV into
society.
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Questions about Photovoltaic Technology

Question: What does “PV” stand for?
Answer: PV stands for photo-voltaic: Photo means “light”, and voltaic means
“electricity”.

Question: What element are most PV cells made with today?
Answer: Silicon.

Question: What type of technology is a PV cell?
Answer: “semiconductor” based. Silicon is a “semiconductor”.

Question: What kind of energy does a PV cell make from solar energy?
Answer: Electricity.

Question: What can the solar electricity be used for?
Answer: Powering our appliances and many other devices, including
calculators, remote radio transmitters, road signs, and even electric vehicles.

Question: How fast does a PV cell make electricity when the Sun shines on it?
Answer: Instantly.

Question: How efficient are PV cells at converting solar energy into electricity?
Answer: About 15%.

Question: Does a PV cell store energy?
Answer: No. All the solar electricity must be used right away or stored in
batteries for later use.

Question: Does a PV cell make any noise?
Answer: No.

Question: Does a PV panel use any water to generate electricity?
Answer: No.

Question: Does a PV panel make any pollution when it generates electricity?
Answer: No.

Question: What are PV cells grouped together into?
Answer: A “PV panel”, or “PV module”.

Question: How long do today’s PV panels last?
Answer: 30 years or more.

Question: Can PV panels withstand regular hail?
Answer: Yes.
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Question: What are all the PV panels together in a system called?
Answer: A “PV array”.

Question: How many PV panels are used in a typical home system?
Answer: 20-30.

Question: How many kilowatt-hours (kWh) of energy does a typical efficient
home use?
Answer: 10-15 kWh per day.

Question (Advanced): How many kilowatt-hours does a 1 kilowatt PV array
produce in NM each day on average?
Answer: About 4.5 kWh per day.

Question (Advanced): How powerful does a PV system have to be to power a
typical efficient home then?

Answer: 2000-3000 watts (2 to 3 kilowatts). This follows by combining the
answers from the previous two questions (~1000 watts/4.5 kWh x 10-15
kwh/day).

Question: How much carbon dioxide emissions from coal-fired electricity does
a PV system that produces 15 kilowatt-hours a day prevent over one year?
Answer: About 6 tons.

Question: What are the basic parts of an off-grid PV system?
Answer: PV array, charge controller, batteries, and dc-to-ac inverter.

Question: What does the charge controller do?
Answer: It prevents the batteries from over-charging.

Question: What does the inverter do?

Answer: It converts the dc (direct current) electricity from the PV array and
the batteries into ac (alternating current) electricity, which is the kind of
electricity that most appliances today use.

Question: What are the basic parts of a grid-connected PV system?
Answer: PV array and inverter, only.

Question: What functions as a battery for a grid-connected system?
Answer: The power grid.

Question: What happens when a grid-connected PV system is making more
power than the system owner can use?

Answer: The extra solar power is fed back into the power grid, making the
power meter run backwards.

Question: What are the economic advantages of a grid-connected PV system
compared to an off-grid system?
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Answer: They are cheaper and easier to use because they don’t require
batteries. They also lower the system owner’s electric bill because the system
can run the meter backwards, and literally undo the electric bill.

Question: What are the environmental advantages of a grid-connected PV
system compared to an off-grid system?

Answer: Power from grid-connected PV systems directly replaces power
generation at a power plant. Also, batteries take a lot of energy to make, and
use dangerous chemicals and metals like lead, so not having batteries is good
environmentally. Finally, compared to an off-grid PV system, all the solar
power gets used by someone because the excess electricity is fed directly back
into the power grid. In an off-grid system, electricity generated after the
batteries are charged is often wasted.

Question: Why do some people still use an off-grid PV system?

Answer: Because they live in a place far away from the electrical power grid,
and an off-grid PV system is a lot cheaper than extending a power line (and
more environmentally friendly than either the power line or the power from
the power plant).

Question: How much does a PV system cost in terms of peak output of the PV
array?

Answer: In terms of peak output, a PV system cost about $10 per watt. A grid-
connected system costs a little bit less, as low as $6/watt, while an off-grid
system can costs $12/watt or more.

Question: How much does a typical home PV system cost?
Answer: $20,000 to $30,000.
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Concentrating Solar Power Technology

Another way that solar energy can be used to generate electricity is with
concentrating solar power technology, or CSP for short. CSP Power Plants are
usually very large, or “centralized”, power plants. CSP technology uses large
mirrors to first concentrate solar energy to create very intense heat, which is
then used to generate electricity. Some CSP technologies do this by using the
concentrated light to create steam or hot air, which is then used to drive a
generator (turbine):

SOLAR ENERGY |:> HEAT |::>STEAM/HOT AIR |:> TURBINE |:> ELECTRICITY

Solar Troughs

The photo at right shows what one type
of CSP Power Plant looks like. This kind
of CSP technology is called a *“Solar
Trough” (pronounced “trof”), because
the (cylindrical parabolic) shape of the
mirrors is trough shaped. The light is
focused into the narrow pipes at the
focus of the troughs, which contains
synthetic oil, or water, that is used to
carry the heat away to make steam.

This CSP Plant is located in California,

and provides enough peak power for

340,000 homes! It has operated well for over 15 years. Another plant like this is
now being built in Nevada.

Power Towers

The photo at right shows

another type of CSP

Technology. This type of CSP

Power Plant is called a

“Power Tower” because many

separate mirrors are used to

reflect light into a central

receiver that is located at the

top of a tall tower. This (test)

CSP  Power Plant, called

“Solar 1I” was tested in California, but its technology was first invented and
tested in New Mexico, at a National Laboratory in Albuquerque (Sandia National
Labs). Solar Il could actually store the solar heat using “molten salt”, which
was used to smooth out the output of the plant, and keep it going when clouds
passed by. The tanks of molten salt can be seen in the photo on either side of
the base of the tower.
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Solar Dishes

The photo at right shows
another type of CSP
technology, called a
“Solar Dish” because the
(circular parabolic shape)
mirrors resemble a giant
dish.

Solar dishes focus light
into a small receiver to
create very hot air, which
then drives a special hot
air turbine called a
“Stirling Engine”. These
engines require no water
to operate.

Some very large power
development in California.

Concentrating
Linear Fresnel
Reflector CSP

The image at right shows
a newer type of CSP
technology,  which is
called Concentrating
Linear Fresnel Reflector
CSP, or *“CLFR” CSP.
These systems have many
long mirrors near the
ground, each with a
slightly different tilt, so
that they make what
people call a giant

plants using solar dishes are currently under

“fresnel lens” (pronounced “frnel’”), named after the German scientist who
first invented lens that use glass with many small grooves to concentrate light,
instead of a curved lens. These mirrors reflect light into a single long narrow
receiver about 30 feet above the ground. This type of CSP is under
development in Australia and Spain. This CSP technology may prove to be quite
cheap, because the mirrors are only curved slightly (they are easy to make by
just bending regular flat mirrors a little bit). The receiver tube is also simpler
than that typically used on a solar trough system (it does not require a vacuum,

unlike a trough system).
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One can think of CLFR CSP as roughly intermediate between solar troughs and
power towers: Imagine starting with a solar trough, and moving the receiver
tube away from the curved mirror gradually, while slowly flattening out the
mirror. Then add more mirrors (each with its own correct tilt). This gives you a
CLFR system! If one were now to further collapse the receiver tube along the
long axis into a small central receiver, and break up the mirrors into many
small mirrors, one would get a power tower! We can see that it may be the
case that the cheapest system is one that lies in the middle between solar
troughs and power towers.

Concentrating PV Technology

A final type of CSP technology are the *““concentrating PV CSP technologies.
Concentrating PV uses mirrors to concentrate sunlight on PV cells, so that not
as many PV cells are needed to produce the same amount of power. There is a
price to pay, because the PV cells get very hot, so they have to be specially
engineered either to withstand the heat, or to have the heat removed rapidly.

Because very little PV is used, however, this type of CSP technology may be a
strong competitor for the other CSP technologies above. A new version of
concentrating PV CSP, called “micro-concentrating” PV, gets around the heat
problem by simply using thousands of very small mirrors and extremely tiny PV
cells, which dissipate the heat quickly because they are so small. This
technology may be able to lower the cost of PV technologies dramatically.

Towers, Troughs, and CLFR Systems can store energy

A major advantage of CSP technologies that produce solar heat over both solar
dishes and photovoltaics is that they can store energy for cloudy times, or
nighttime, by simply storing heat. The heat that they generate can be stored in
various ways, for example, by melting a special kind of salt, in a technique
called “molten salt thermal storage™” (mentioned in the power tower example
above), or by just storing steam in very large underground chambers. Because
they can store energy, power towers and solar troughs are better able to
maintain their electricity output even while clouds pass by, and to provide
electricity into the evening, when people still need it.

Solar Dishes and PV use no water and are very efficient
On the other hand, solar dishes are extremely efficient (up to 29%, which is
almost twice what troughs and towers have achieved so far). And because solar
dishes create hot air instead of steam, this type of CSP technology, along with
concentrating PV, does not use water. Troughs, towers, and CLFR CSP can avoid
using large amounts of water, but only if they use special “dry cooling”
technology, which this makes them more expensive and less efficient.

Observe: Different kinds of CSP technologies have different advantages. Which
one is best for a given place depends on things such as whether water is
available, cost, whether energy storage is needed, and other factors. We also
don’t know yet which ones will work best in the long run!
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Questions about Concentrating Solar Power

Question: How do CSP technologies work?
Answer: CSP technologies use mirrors to concentrate sunlight to make
electricity.

Question: What are the five basic types of CSP technologies?
Answer: Solar troughs, power towers, solar dishes, CLFR (concentrating linear
fresnel reflector) CSP, and concentrating PV.

Question: Which of these generate steam first?
Answer: Power Tower, solar troughs, and CLFR CSP.

Question: What is done with this steam?
Answer: The steam is used to run a turbine to generate electricity.

Question: Which of these CSP technologies generate hot air first?
Answer: Solar dishes.

Question: What is done with the hot air?
Answer: The hot air is used to generate electricity in a special engine called a
“stirling” engine.

Question: How does concentrating PV CSP work?
Answer: It uses mirrors to concentrate light on PV cells.

Question: What is the shape of a solar trough mirror?
Answer: Cylindrical parabolic.

Question: What is the shape of a solar dish mirror?
Answer: Circular parabolic.

Question: What is the shape of a CLFR CSP mirror?
Answer: Long and thin, with just a slight curve to help focus light on the
receiver tube.

Question: What advantages do solar troughs, power towers, and CLFR CSP
systems have over other solar technologies when a cloud passes by?

Answer: Heat storage can be added, so that the plant can still produce even if
there are clouds (or they can produce into the evening).

Question: Why not store the electricity in batteries?

Answer: It’s more efficient and cheaper to store solar heat, which is relatively
easy to store, before its converted into electricity, than it is to store electricity
after its been generated.

Question: How can the solar heat be stored?
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Answer: Either by storing the steam directly, or with “molten salt” (by melting
salt, and then getting the heat back later when the salt is allowed to harden
again).

Question: What advantage do solar dishes and concentrating PV have over the
troughs, towers, and CLFR systems?
Answer: Solar dishes and concentrating PV use no water.

Question: Can troughs, towers, and CLFR systems function without using lots of
water?

Answer: Yes, but only if they use “dry cooling” technology. This makes them
more expensive and a little less efficient.

Question: Which CSP technology is the most efficient at converting sunlight
into electricity?
Answer: Solar dishes - up to 29%!

Question: Why not just use solar dishes then?

Answer: It’s not known yet which CSP technologies will actually be the best
and cheapest. Solar dishes are fairly complex devices, and may prove to be
more expensive than the other CSP technologies. CLFR CSP, on the other, looks
like it may become very cheap, even with dry cooling, but its still very new.

Question: What is an advantage of concentrating PV CSP over regular PV?
Answer: Concentrating PV systems use much less silicon to produce the same
amount of power.

Question: What price is paid for using less silicon?
Answer: The PV cells can get very hot, unless the heat is removed rapidly in
some way.

Question: Where are there already some large solar trough plants?
Answer: California.

Question: When were they built?
Answer: In the late 1980’s.

Question: How many houses can those plants power?
Answer: 340,000! (three hundred forty thousand)
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Solar Hot Water

Today, most homes use natural gas or electricity to heat water for showers and
other things. But we can also use the Sun!

Exercise: Make a list of all the things you can use hot water for at home.

How it works: The basic idea behind the most common type of a solar hot
water system is shown below. Here, water is circulated through a solar hot
water collector. This kind of collector is often called a “flat plate collector”. In
this system, some water goes around and around in “closed loop” fashion to
collect the solar heat. The collector itself is just a glass-covered box, which is
insulated around the sides and on the back. Inside are black colored water
pipes with black metal fins. Sunlight is absorbed by the black pipes and fins and
makes the water in the pipes hot. The heated water is then circulated through
a “heat exchanger” inside a hot water storage tank. The heat exchanger allows
the heat to be transferred to the water in the tank without mixing the water in
the “solar loop” together with the water in the tank that’s used by people.

Active, Closed Loop, Solar Hot Water System

Hot Water
Flat Plate to House
Collector *— Cold Water
_ from House
Anti-freeze ——+
in collector 4 Hot Water
loop only | Tank
T
| Heat
Pump ' Exchanger

Freeze Protection: Because the water that circulates through the solar loop
does not mix with the water in the tank, anti-freeze (glycol) can be added to
the water in the solar loop to keep the water in the collector from freezing on
cold nights, which would otherwise destroy the collector. Because the water in
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the *“solar loop” just goes around and around, this type of system is called a
“closed loop” system. It is the most common in the US today.

There are other types of designs that don’t use antifreeze or a heat exchanger.
In one type, the hot water from the solar loop goes directly into the water tank
and is used by people. If there is any possibility of freezing, then these systems
must allow the water in the panel to drain back into the tank when there’s no
Sun. These systems are called “drain back systems”. They are somewhat tricky
to install correctly, because the water in the collector must always drain out
correctly.

Active versus Passive Solar: Solar Systems like the one shown above are called
“active solar” because they use a pump to move the water around. Passive
solar energy systems doesn’t use any pumps. Some solar hot water systems are
passive: They use the “thermosiphoning effect”, where hot water tends to rise.
Others function as water “pre-heaters” (see below). Homes that just use
windows to let solar heat in are also called “passive”. Passive systems can’t
break down there is no pump!

Example System: A solar hot
water panel (a flat plate
collector) is shown at right.
Notice that there is a small PV
panel mounted to the upper
right hand corner of this panel.
This PV panel powers the pump
for the hot water panel. That
way the pump only runs when
solar energy is available, and the
electricity used also doesn’t
create pollution. Also, if the
power grid goes down, the solar
hot water system still works!

One solar hot water panel like

this provides enough solar heat

to heat up one 80-gallon water tank each day in New Mexico - about enough for
the average family to take showers and wash the dishes once.

Example System: Another type |
of solar hot water collector is
shown at right. In this case, the
collector is just a black painted
water tank that sits in a |
brightly lit window. The tank
has insulation behind it to help
keep the tank hot. This kind of
solar hot water collector is
called a “batch collector”,




because it has a big “batch” of water in its tank. This kind of system is often
used as a simple “pre-heater”, in which case the cold water pipe that normally
goes first to a regular hot water tank is simply re-directed to first go through
the batch collector, thereby pre-heating the water, before it flows into the
regular hot water tank. This decreases the need to use other energy to heat
the water in the regular water tank.

Heating a Whole House with

Solar Hot Water: Many flat plate

collectors can be used together

to heat an entire house, as

shown at right. In this case, the

solar hot water can be stored in

a very large tank for nighttime,

or run through pipes underneath

the floor to make the floor

warm. Heating the floor in this

way is called “radiant floor

heating”, and it creates a very

comfortable home, and also uses

the solar heat very efficiently. If

the pipes are embedded in cement, then the “thermal mass” of the cement
provides “thermal storage”, so that a separate hot water storage tank is not
needed, which decreases cost. Thermal mass and thermal storage are also
important concepts for “passive solar design”, which is studied in the next
section.

It takes at least six solar hot water panels like that shown above to heat a 2000
square foot house.

Rule of Thumb: In general, the panels need to have a total area equal to about
10% of the floor area, unless the house also has lots of “passive solar gain”
from large south-facing windows.

Other components: There are many other components besides the hot water
panel. These include various types of valves, piping, pipe insulation, a rack to
hold the panels, pumps, thermostats, electronic controls, special pressure
control tanks (to keep the pressure in the system at a constant value), etc.

Cost: A single flat plate collector (by itself, uninstalled), costs around $800. All
the components together for a single panel system typically costs $2000 or
more, especially if a new hot water tank is included. Today, one can buy tanks
that are designed specially for solar hot water systems that cost more than a
regular tank, but are much more durable and better insulated. Much of the cost
of a solar hot water system is also for labor: It takes some work to install
panels on the roof, and solder all the piping together. A single panel system
that heats a standard 80-gallon water tank may cost anywhere from $4000 to
$8000. A big system that heats a whole house may cost anywhere from $10,000
to $40,000, depending on the size of the house and the system, whether it has
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a large storage tank (or a radiant floor heating system instead). Cost also
depends on how sophisticated the system is: Some systems are very elaborate,
with lots of controls and integration with a back up boiler, etc, while others
are very simple.

Solar Hot Water Cost and Savings Example:

Background: Since 1999, the cost of natural gas has been increasing steadily,
and has roughly doubled, putting a huge burden on home owners and
businesses. The following graph, from the Dept. of Energy’s Energy Information
Administration (www.eia.doe.gov) shows this cost increase in 2001-2005:
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Mcf = Thousand cubic feet. Source: Energy Information Administration, Natural Gas Monthly, September 2005. *Energy
Information Administration projections: Short Term Energ Outlook (October 2005).

As the graph shows, most of this was from the cost of the natural gas itself, not
the cost to transmit and distribute it. The reasons for these increasing prices
are many: The US is slowly running out of large natural reservoirs of natural
gas: We are using more and more of it to generate electric power and to heat
our homes and buildings. Many energy experts feel that we are actually in a
“natural gas crises” now.

Solar Hot Water to the Rescue!

Solar hot water is one technology that can help shield us from high natural gas
or electricity costs, and help the environment. Let’s calculate how the cost of
solar hot water compares to heating water with natural gas or electricity.

Assumptions for our example: Assume that we want to make our comparison

for a solar hot water system, which 1) consists of a single flat plate collector,
2) which heats a 60-gallon water tank, and 3) which costs $4000 to install.
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e The Dept. of Energy estimates that the annual water heating costs with
conventional gas water heater, assuming natural gas at $1/therm®, 60%
efficiency, and 60 gallons of usage per day is $275/year.

e The Dept. of Energy estimates that the annual water heating costs with
conventional electric water heater, assuming electricity cost of $.08/kWh’,
90% efficiency, and 60 gallons of usage per day is $430/year.

To show how financial incentives offered by the Government can factor in,
let’s also assume also that there is a tax incentive worth 30% of the system cost
(New Mexico has such an incentive). We’ll do the calculation both with and
without this included:

e Value of incentive = 30% of $4,000 = $1,200.

Comparison of Solar Heating Costs with Conventional Energy over 25 years:
Total cost of solar system without incentive: $4,000.

Total cost of solar system with incentive: $4000-$1200 = $2,800.

Total cost of heating with natural gas: 25 yrs x $275 = $6,875.

Total cost of heating with electricity: 25 yrs x $430 = $10,750.

Conclusion: We see that heating with solar does cost less!

We now calculate the “simple payback time” for solar hot water, which tells us
how fast a system takes to pay for itself relatively to the cost of conventional
energy:

Simple Payback Time of Solar Hot Water without Incentive:
e Compared to Heating with Natural Gas: $4000/$6,875 x 25 yrs = 15 yrs
e Compared to Heating with Electricity: $4000/$10,750 x 25 yrs = 9.3 yrs

Simple Payback Time of Solar Hot Water with a 30% incentive:
e Compared to Heating with Natural Gas: $2,800/$6,875 x 25 yrs = 10 yrs
e Compared to Heating with Electricity: $2,800/$10,750 x 25 yrs = 6.5 yrs

Conclusion: We see that solar hot water pays for itself in 10 to 15 years,
roughly, and does so in 7 to 10 ten years with a 30% incentive.

Observe: If the prices of conventional energy are higher than assumed here,
which is likely, then the simple payback time of solar hot water systems will be
even less.

® $1/therm corresponds roughly to a cost of about $10/Mcf, which the graph shows was the heating season
price in 2003-2004, which is lower than at the time this primer was written.

"PNM’s cost of electricity in 2006. PNM provides power to Santa Fe, Albuquerque, and other parts of New
Mexico.
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Questions about Solar Hot Water

Question: What color is a solar hot water panel, and why?
Answer: Black, to absorb the sunlight.

Question: What is another name for a flat shaped solar hot water collector?
Answer: A “flat plate collector”.

Question: What is the top surface of a flat plate collector made of, and why?
Answer: Glass, to let the sunlight inside and trap the (long-wavelength) heat.

Question: What’s inside a flat plat collector?
Answer: Water pipes, with metal fins.

Question: What color are the pipes and metal fins, and why?
Answer: Black, to absorb the sunlight.

Question: What do the walls of a flat plate collector have in them?
Answer: Insulation, to keep the water hot.

Question: Do people use the same water that goes through the solar panel and
gets heated up?

Answer: Not in a “closed loop” system, but they do use the same water if the
system is a “drain back™ or a “pre-heater” type of system.

Question: What is the device called that transfers heat out of the *“solar loop”
into the water tank in a “closed loop” system?
Answer: A “heat exchanger”.

Question (Advanced): What does a heat exchanger consist of?

Answer: Just a coil of pipe inside the hot water tank, which the water from the
solar loop flows through. The coil has a large surface area to allow the heat to
transfer from the solar loop into the tank easily.

Question: Why is a heat exchanger used? Why not just arrange to have the
solar hot water flow directly into a hot water tank?

Answer: With a heat exchanger, anti-freeze can be added to the water in the
solar loop to protect the collector from freezing.

Question: What can be used to power the pump for the solar loop to make sure
that the pump runs when there is sunshine, and only when there is sunshine,
and even if the power grid goes down?

Answer: A small PV panel.

Question: What other advantages are there to using a PV powered pump?
Answer: There is then no pollution created by making the electricity for the

pump.
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Question: What are systems called that don’t use a pump?
Answer: Systems that don’t use pumps are called *“passive” systems.

Question: What are systems called that do use a pump?
Answer: Active.

Question: Where is the water tank in a “batch” solar water heater?
Answer: Right in the solar collector!

Question: Does a batch solar water heater use a regular water tank too?
Answer: Some systems only use the water tank in the batch collector, while
others are designed to have the water from the batch collector tank flow into a
regular hot water tank. In this case the batch collector functions as a “pre-
heater”.

Question: Why would a system have the solar heated water from the batch
collector tank flow into a regular water tank?

Answer: That way the regular water tank can add heat using conventional
energy if there is not enough Sun, or if there is too much demand for hot
water.

Question: How much does a solar hot water system cost that has a single flat
plate collector to provide hot water for cleaning and showers?
Answer: $4000 to $8000.

Question: What is the “simple payback time” of such a system?
Answer: About 10 to 15 years, given the gas and electricity prices in 2003 and
2004, and less if prices are higher.

Question: What is the “simple payback time” if there is a 30% incentive from
the government?
Answer: About 7 to 10 years.

Question: Are the simple payback times less or more than they were five years
ago? Why?
Answer: The times are less because the cost of natural gas has doubled.

Question: Why has the cost of natural gas increased a lot?

Answer: Because natural reservoirs of natural gas in the US are slowly running
out, and we are using more natural gas than ever for many things, including
electricity generation and heating.

Question: Can solar hot water panels also be used to heat a whole house? How?
Answer: Yes. The solar hot water can be used to heat up the floors of the
house (the best way to heat a house!), if the house has “radiant floor heating”,
that is, has water pipes running underneath the floor. Or, the solar hot water
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can be stored in a large tank, and used to make hot air using a “water-to-air”
heat exchanger, or baseboard radiators.

Question: What are the advantages of using a “radiant floor” made with
cement or another thermally massive material?

Answer: With such a radiant floor, the thermally massive material stores the
solar heat for a long time, so that a large hot water storage tank is not needed.
Radiant floors are also very comfortable, and use the solar heat very
efficiently.

Question: How many solar panels are needed to heat a house?
Answer: A good “rule of thumb” is that the square footage of the solar panels
should equal, in total, about 10% of the square footage of the house.

Question: What are the two biggest advantages of solar hot water?
Answer: It saves money and reduces emissions from conventional energy
sources.

Question: If conventional energy sources are used to heat water, where does
the pollution come out (get emitted)?

Answer: If natural gas is used, the emissions occur right in the water heater,
where the gas is burned. If electricity is used, the emissions occur at the power
plant.

Question: From an environmental perspective, list what are the best sources of
energy to use to heat water, from best to worst.
Answer: Using solar is best, natural gas is second, and electricity is worst.

Question: Why is electricity worse than using natural gas?

Answer: If the electricity is generated from coal, then much more emissions
are created than from natural gas to heat the same water because coal plants
are not very efficient at creating electricity, whereas natural gas can be
burned quite efficiently.

Question: But what if renewable energy, such as wind, solar, biomass, or
geothermal energy is used to generate the electricity?
Answer: Then this can be as clean as using solar directly.

Question: Where might it make a lot of sense to heat water with electricity
generated from renewable sources, instead of with a solar hot water panel?
Answer: In places where there isn’t a lot of solar energy, but a lot of wind
power, or other renewable resources.
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Passive Solar Design

Northern New Mexico is sunny, but can be quite cold in the winter. Normally,
we use natural gas, wood, oil, and electricity to heat homes. But we can also
use the Sun, and we can do it in a very clever way!

Basic Ideas of Passive Solar Design:
The three basic ideas of passive solar design are:

1) Solar Gain: Let the sun shine in through south-facing windows in the
winter, and only in the winter, to heat up the house;

2) Thermal Mass: Arrange for “thermally massive” materials in the floor
and walls to absorb some of the solar energy to keep the house warm at
night time or on cloudy days, and;

3) Insulation: Insulate the walls, roof, and floor, really well to keep the
heat inside in winter, and to keep it cool in summer.

These ideas are illustrated in the following diagram:
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How it works: The south-facing window lets lots of sunshine in during winter
months, and only in winter months because of the Sun’s differing paths in
different seasons (more on this below), and also because of the overhang.
There are also very few, and only very small, windows on the other sides of the
house, which keeps out the Sun during the summer.

Thermal Mass Effect: Notice how, in the diagram, that when the sunlight hits
the floor, some of the light is absorbed into the material of the floor (shown by
the arrows). This material has lots of “thermal mass”: Thermal mass is any
material like tiles, bricks, cement, or adobe, which can absorb and therefore
store a lot of heat.
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Note that some of the incoming energy is reflected away from the floor (as
shown by the small “square dotted” arrow), or radiated away by the floor
because the floor is warm (as shown by the “circle dotted” arrow). This energy
can be re-absorbed into the thermally massive wall on the right hand side, as
shown by the big red arrow on the right. So the thermal mass does not have to
be only exactly where the sun shines. Additional thermal mass needs to be in
line-of-sight of other sunlit thermal mass to work efficiently.

What happens at night?

At night, the outside air gets colder, and the house starts to cool. The diagram
above shows some of these heat flows. You can see why it’s so important to
have good insulation and good windows! Note that the heat flow out the
windows is one of the biggest: Even windows that have two panes of glass
(called “thermapane windows™) let a lot of heat out, but they are still much
better than single pane windows!

So why does the house stay fairly warm? At night the heat energy that is stored
in the thermal mass materials comes back out as the house starts to cool,
which helps keep the house warm. Can you find those heat flows in the diagram
above?

Why the term “passive solar”? A passive solar house does not have any solar
collectors on the roof, or pumps to move air and water. The house itself is the
solar collector! Because it has no moving parts, it is a “passive” solar system.
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Utilizing the Sun’s path in passive solar design

As mentioned above, an important idea is to let the Sun in just during the
winter, and keep in out during the summer. We do this by placing most of the
windows on the south side of the house. Why does this work? This works
because of the different paths that the Sun takes through the sky in winter
than in summer. The best way to understand this is to study how the Earth’s
axis is tilted with respect to the orbital plane of the Earth around the Sun, as
the following diagram shows:

Winter

Summer

Note that the Earth’s axis keeps pointing in the same direction as the Earth
moves around the Sun. The Earth’s tilt, besides causing the different seasons,
causes the Sun, from our point of view here on the Earth, to take different
“sun_paths” through the sky in winter compared to summer, as the diagram
below shows. In the summertime the Sun appears to pass almost straight
overhead as it goes from east to west. In the winter, however, it rises in the
southeast, and remains low in the southern part of the sky all day long.

Exercise: Use a globe and a yellow ball (for the Sun) to explore the concept of
the Earth’s tilt and the different sun paths in different seasons.

Therefore, as the diagram below shows, if we build a house with large south-
facing windows, and only a few small windows facing the other directions, then
the Sun will shine into the house only in winter, and not in the summer. The
house, therefore, stays warm in winter and cool in summer.
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Passive solar homes in New Mexico
There are many passive solar homes in New Mexico today, with many different
styles and shapes. Here are a few interesting and/or classic solar homes:

Classic New Mexico Style Passive Solar
Home, in Eldorado, New Mexico. Note
the overhangs over the windows.

The famous “Balcomb’ passive solar home in
Santa Fe, one of the most scientifically
studied homes in the world (studied by Dr.
Doug Balcomb, a Los Alamos scientist). The
area behind the big windows is actually an
“integrated greenhouse”, not a living room.
The living room, and all the other rooms, are
actually located behind the greenhouse, in
an “L” shaped arrangement, as shown below:

Passive Solar Home in Los Alamos, New
Mexico. The black looking areas on each
side of the windows are “trombe walls™.

“Santa Fe Style” Passive Solar Home in
Santa Fe, New Mexico.

The home above is an “Earthship”, located
in Taos, New Mexico, which gets all 5,
of its energy from the Sun and Wind.



Trombe Walls

Trombe walls, pronounced “trom walls”, were invented by frenchman Felix
Trombe to provide a convenient way to store solar energy for use at night.
From the outside, a trombe wall just looks like a black window, as shown at
right. From inside, it just looks like an ordinary wall. You can’t tell it’s there!

From the Outside: Two trombe walls, on either From the Inside: The trombe walls look
side of two windows. They just look like black just like normal walls. If you touch them in
windows. the evening though, they feel very warm.

How trombe walls are constructed

A trombe wall is just an air tight sheet of window glass covering a black
colored, solid wall made of some kind of thermally massive material, such as
cement or adobe. There is no insulation, just an air space between the glass
and the black surface. The construction is shown below. The black surface
sometimes consists of a “selective surface”, which is especially good at
absorbing sunlight (it absorbs the whole “solar spectrum” very well), but not
radiating heat back out.

“Selective Surface”: This has two layers, a
black layer on the outside (the glass side),
which absorbs solar energy very well, and an
inner layer, which does not radiate heat very
well. The surface is therefore *““selective” to
Sealed glass cover mummp the solar wavelengths. This surface is actually
very thin - just a two layer foil.

Air gap: ﬂ
3 in%:h%s or less < Thermally massive material (cement, adobe).

This wall is usually 8 inches to 24 inches thick.
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How it works: Sun shines on the trombe wall during the day, and is absorbed
by the black surface. The surface and the air in the air gap get very hot
(remember that the air gap is sealed), which helps drive the heat into the
thermal mass of the trombe wall very efficiently. The heat gradually conducts
through the wall, and then radiates into the house during the evening.

Daytime Operation:
A A
’ [ ]
pOs
N\ )
Ve

v

Nightime Operation:

Combining a Trombe Wall with “Direct Gain: The south-facing windows in a
passive solar house are called “direct gain” because they let the solar energy
directly into the house, whereas a trombe wall is called “indirect gain”
because the trombe wall first has to absorb the solar energy, and then re-
radiate it into the house later. Combining direct and indirect gain (windows
and trombe walls) works well, because the indirect gain only heats the home in
the evening, after the Sun has gone down. It therefore doesn’t make the home
too warm during the day. The home in the photos above show how easily direct
and indirect gain can be combined.
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Special Topic: Native American use of passive solar

The idea of taking advantage of the Sun’s differing paths in the sky during
different seasons is not new: It was well known to the Native American Peoples
of the Southwest. These peoples often built their cliff-dwellings in south-facing

niches in the cliff walls where the Sun would naturally shine in during the
winter, and not in the Summer. The massive adobe or rock walls would absorb
the solar energy during the day, and radiate it back out at night, keeping their
buildings relatively warm.

These photos show winter and summer views of “Cliff Palace” at Mesa Verde National
Monument in Colorado:

Summer Winter

Other cultures that utilized passive solar design in such a clearly obvious way
include the Greeks, who designed entire cities to face the south, and the
Romans, who used passive solar to heat their bathes, especially when firewood
supplies ran low in Rome.
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Special Topic: Passive solar science at Los Alamos

National Laboratory

Long after the Native Americans, in the 1970°s and 1980’s, scientists at Los
Alamos National Laboratory in Los Alamos, New Mexico, studied passive solar
design, and gave the World much of what we know scientifically today about
passive solar design. Here are some pictures of the special test buildings they
built, and some of their data:

Guidelines for Passive Solar Design: Making the windows just the right size,
and putting the thermal mass in the right place is very important. Special
guidelines for this for Northern New Mexico can be studied in the section on
Passive Solar Design Guidelines in Part Ill. These guidelines were developed by
scientists and architects, such as those at Los Alamos National Laboratory, and
especially by New Mexico architects, following the energy crises of the 1970’s.
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Questions about Passive Solar Design

Question: What sources of energy are usually used to heat homes?
Answer: Natural gas, wood, or electricity (from coal or other sources).

Question: What are the three basic ideas (or ingredients) of good passive solar
design?
Answer: Solar gain, thermal mass, and insulation.

Question: Why is it called “passive” solar?
Answer: Because there are no moving parts or pumps: The home itself is the
solar collector!

Question: Who were the first people in the United States to use passive solar?
Answer: Native Americans who built their homes under south-facing rock
overhangs.

Question: Who were other peoples who used passive solar design?
Answer: The Greeks and the Romans.

Question: When should a passive solar house have strong solar gain?
Answer: Only in the winter.

Question: How do we get the solar gain to happen only in the winter?
Answer: Put large windows on the south side, and very few, and only very
small, windows on the other sides.

Question: Why does putting the windows on the south side let the Sun in only
during the winter?

Answer: Because the Sun’s path in the winter is to the south, and overhead in
the summer.

Question: Why?
Answer: Beside the Earth’s axis is tilted, relative to its orbital plane around
the Sun.

Question: What does adding an overhang do for a passive solar home?
Answer: Helps keep the Sun out during the summer.

Question: What was the equivalent of the overhang for Native American cliff
dwellings?
Answer: The rock arch above the cliff dwellings.

Question: What helps keeps the heat inside the home at night?
Answer: Insulation.

Question: What part of the home has the worst insulation?
Answer: The windows.

79



Question: How many panes of glass should windows have?
Answer: At least two.

Question: Why do windows with two panes of glass have better insulation?
Answer: Because its hard for heat to conduct quickly through the air that’s
trapped between the two panes.

Question: What is thermal mass for?
Answer: To store solar heat for nighttime.

Question: What are some good materials for thermal mass?
Answer: Cement, adobe.

Question: Does the thermal mass have to be directly lit by the Sun?
Answer: No. It should be directly lit by the Sun, or in line-of-sight of other
thermal mass that is directly lit by the Sun to be very effective.

Question: How much energy can a well designed passive solar home in New
Mexico save compared to one that needs to use a furnace for most of its heat?
Answer: About 80%!
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Solar Cooking

Benefits, Applications, and Science of Solar Cooking
Information: The website www.solarcooking.org is a great resource for
information about solar cooking, and shouldn’t be missed. It includes many
solar oven plans, cooking instructions, and lots of pictures of many different
types of solar cookers, many of them very unique and interesting.

Solar Cooking has Unique Benefits: Natural gas, wood, and cow dung are
generally used as cooking fuel across the world. Solar cooking can be used as an
alternative to these fuels, especially in very sunny parts of the world. Many of
the sunniest parts of the world are also arid, and so have the least available
firewood. Gathering scarce firewood can be a time consuming and even
dangerous task (for example, if women have to walk far to find it). Moreover,
burning wood or cow dung in small indoor kitchens can harm lungs. So solar
cooking has many unique benefits, including:

e Saving fuel.

e Lowering pollution from burning of fuels.

e Saving the world’s forests.

e Saving money.

e Eliminating the need to roam far for firewood.

e Improving indoor air quality.

Applications: Solar cooking can be used to bake, steam, boil, or fry food.
There is almost no cooking, in fact, that can’t be at least assisted with solar
energy using the right kind of solar cooker.

Scientific Aspects of Solar Cooking: A solar oven is an excellent means to
explore the three basic ways that light interacts with materials, including:

e Reflection: Light reflects off the mirrors on a solar oven. Verify that the
reflectors don’t get hot, because they don’t absorb light!

e Transmission/Transparency: Light travels through the glass cover on a solar
cooker, but the air underneath is trapped.

e Absorption: Light is absorbed, and thereby transformed into heat, by the
black interior surfaces of a solar oven.

Solar cooking can also be used to discuss the concept of the greenhouse effect
and insulation:

e Greenhouse Effect: The transmission of light into a solar oven, the
transformation of the light into heat, and the trapping of the heat by the
oven, are all together a dramatic example of the greenhouse effect.

e Insulation: The walls of the solar oven are insulated to trap heat. They do
this by simply not allowing the air in the walls to move. Air is, surprisingly, a
very good thermal insulator, but only if its prevented from moving.
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Types of Solar Cookers:
There are three basic types of solar cookers in common use today:

Box Cookers: These are the classic “solar ovens”, and are used for baking,
boiling, or steaming food inside containers. These are the most common and
useful type of solar cooker. They are relatively easy to make and use. There is
also at least one commercial version that can be purchased easily.

“Minimum? style (single Four reflector box cooker, using the
reflector) box cooker. This “Sunstar” design. Plans can be found at:
one has a collapsible design.  http://www.backwoodshome.com/article
Plans can be found at: s/radabaugh30.html, or from the book

http://vyww.solarcookinq-Orq “Heaven’s Flame by Joseph Radabaugh.
/collapsible-box.htm.

The “minimum box cooker” shown on the left above, is the simplest. An even
simpler version of this can be made with pizza boxes (See the “Build a Pizza
Box Solar Cooker” in Part IV, which is appropriate for elementary school class
projects). The design for the “Sunstar” oven (above right) is more intricate,
but it works extremely well. The book “Heaven’s Flame”,

by J. Radabaugh, which describes this design, also has lots

of good solar cooking advice.

Commercial Box Cookers

One commercial box cooker that is widely used and quite
useful for practical cooking and educational purposes is the
“global sun oven” by Sun Oven International
(www.sunoven.com). This oven generally costs around
$200. The reflectors fold nicely for portability and storage.
Sun Oven International also makes a giant solar cooker
called the “Villager”. This impressive oven is capable of
cooking up to six turkeys at a time!

“Global Sun Oven”
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Panel Cookers

Many early attempts to introduce solar cooking with box cookers into third
world countries failed because people ended up disassembling the ovens to use
the valuable glass and metal for other purposes. Panel cookers were invented
to overcome this problem: They use simple, everyday materials: cardboard,
foil, a black painted cooking container, and an oven bag or a glass bowl for a
cover. They work quite well, and can also be transported very compactly.

Below are photos of two widely used styles of panel cookers: The “cookit™ style
panel cooker on the left utilizes a cleverly cut piece of cardboard, and this one
is shown using an oven bag to contain the hot air around the black cooking pot.
The “Bernard” panel cooker on the right (the first panel cooker design,
historically speaking), uses the cardboard from a single cardboard box in a very
simple arrangement. This one uses a glass bowl instead of an oven bag to trap
the hot air. One can see that many variations are possible.

“Cookit” style panel cooker. The original ““Bernard Panel Cooker”.
Plans can be found at: Plans can be found at:
http://www.solarcooking.org/ http://www.solarcooking.org/spc.htm.
cookit.htm.

Parabolic Cookers

As shown at right, parabolic cookers use a parabolic shaped
mirror to concentrate sunlight. A highly focused parabolic
oven can achieve very high temperatures - enough to fry
food. For this reason they can be dangerous, both to
hands and eyes, and should used with extreme caution!
They are not recommended for classroom projects, at least
large ones. And they are also not as useful as the box and
panel cookers for general purpose solar cooking.

One version of a parabolic cooker that is more appropriate for
classroom projects is the (cylindrical) parabolic hot dog cookers,
diagrammed at right. These can be made out of cardboard, foil,
and posterboard. Plans for these can be found at:
http://www.energyquest.ca.gov/projects/solardogs.html.



http://www.energyquest.ca.gov/projects/solardogs.html

Solar Cooking Vessels

It is best to use black colored, metal cooking vessels to cook food in. Other
colors will still work, but black is definitely best. You can paint jars and pots on
the outside (non-food surfaces) only with high temperature black spray paint,
but make sure the paint is well dried and cured in the hot sun first before
using.

Hint: If you paint a jar black, put a narrow vertical strip of tape on the outside
first, and peel the tape off after the paint is dry so that an unpainted strip will
remain, allowing you to see the food inside easily.

WARNING! Do not put a sealed jar in a solar cooker! Make sure that jar lids
have a small hole poked in them to relieve pressure.

Solar Cooking Techniques

Solar cooking is easy! Baking is quite trivial: just put a pan of cookie dough,
cornbread, or what have you, inside the oven, point the oven towards the Sun,
and let it cook. Vegetables can be cooked easily in a closed (but not sealed!)
container with a little water: Just let them steam in their own juices. Most
foods should be covered (not exposed to sunlight), except for baked goods.
Unshucked corn can also be cooked easily (best to cover them in some way). A
jar or small pot one third full of beans, and two-thirds full of water, is a great
way to cook beans (this takes some time and generally requires the oven to be
re-aimed one or more times). Cooking beans generally takes a lot of energy,
and this is an ideal use for a solar oven.

Cooking Time: A good rule of thumb is that it takes about twice as long to cook
food in a solar oven (on a sunny day) compared to using a conventional stove.
So don’t worry about cooking things too long, especially because it’s hard to
burn things in a solar oven. You’ll notice that solar cooked food tends to taste
better, because slow-cooking food retains both flavor and nutrients. One can
“aim” the oven ahead of the Sun’s position to lengthen cooking time. Note that
the movement of the Sun will automatically *“shut off”” the oven.

WARNING! When demonstrating solar cooking at school, be sure to pre-cook

any meat, to make sure it’s adequately cooked. Solar ovens are a great way
to simply re-heat food.
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Questions about Solar Cooking

Question: What types of fuel are saved through solar cooking?
Answer: Wood, dung, natural gas, and any fuel used to make electricity that’s
used for cooking.

Question: What bad environmental effects are caused by using those fuels?
Answer: Burning fossil fuels produces greenhouse gases (mainly carbon dioxide)
and other pollution. But using wood can also cause the destruction of forests.

Question: What other health benefits are there to solar cooking?
Answer: No harmful fumes to breathe, and people don’t have to go far to find
firewood.

Question: What are the three basic types of solar cookers?
Answer: Box cookers, panel cookers, and parabolic cookers.

Question: What are box cookers generally used for?
Answer: Baking, and cooking many things inside pots or jars, such as
vegetables, beans, etc.

Question: What are the three basic scientific principles demonstrated by box
cookers?
Answer: Reflection, transmission, and absorption.

Question: Why don’t the mirrors of a box cooker get hot?
Answer: Because the light that reflects off the mirrors doesn’t get absorbed by
the mirrors.

Question: What color is a box cooker inside? Why?
Answer: Black, to absorb the heat.

Question: Can you cook something inside a jar inside a box cooker?
Answer: Yes, but there MUST be a small hole in the jar to keep the pressure
from building up to dangerous levels.

Question: What are the basic materials you need to make a box cooker?
Answer: Some cardboard boxes, some sheets of cardboard, some foil, some
glass, some glue, and some black paint.

Question: Why were panel cookers developed?

Answer: Because people would take box cookers apart for the glass and other
valuable parts.

Question: What are the basic parts of a panel cooker?
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Answer: A reflector made with cardboard and foil, some kind of clear
container to trap the hot air around the food (like a glass bowl or an oven bag),
and a black colored jar or pot to cook in.

Question: What can parabolic cookers be used for?
Answer: For frying or boiling things.

Question: What is a disadvantage of parabolic cookers?
Answer: They generate very intense heat, and are easy to get burned with.

Question: Why does food tend to taste better when cooked with solar energy?
Answer: The cookers tend to cook food more slowly, which retains more of the
nutrients and flavor.

Question: How long does it take to cook with a solar cooker?
Answer: About twice as long.

Question: Should vegetables be exposed directly to sunlight when being cooked

in a solar cooker?
Answer: No. They should be covered.
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Wind Power
Types of Wind Power

There are three basic scales (sizes) of wind power technology: Large-scale wind
turbines (often called “utility scale wind” turbines), which are used for both
large wind farms and to provide power for large facilities such as schools and
factories; “small scale wind power” which are used to power homes, small
boats, etc, and; “medium scale wind power” which provide remote power at
installations such as radio transmitters. The ranges of power output for these
turbines are roughly (here, kw means “kilowatts”, MW means “megawatts’):

e Utility Scale Wind Power: 660 kw - 4000 kw (4 MW). Typical size is 1.5 MW.
e Medium Scale Wind Power: 10 kw - 200 kw.
e Small Scale Wind Power: 400 watts - 10 kw

How it works: Wind turbines work by using blades, called “rotors” (not
propellers!) which are pushed around by moving air to convert the wind’s
kinetic energy into mechanical torque, which is then used to turn a generator.

Large-Scale New Mexico Wind Power Example: Below is a picture of wind
farm in New Mexico using large-scale wind turbines. This wind farm is located
20 miles northeast of Fort Sumner, New Mexico. It has 137 wind turbines, each
of which has a maximum output of 1.5 million watts, and produces enough
power each year for about 98,000 homes. It cost about $200 million, and
offsets (avoids) about half a million tons of carbon dioxide emissions per year.
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Utility-scale Wind Turbines are Incredibly Large and Powerful: A utility scale
wind turbine is an amazing machine. Typical turbines are over 200 feet tall,
and have rotor blades longer than 100 feet (see photo below). A utility-scale
wind turbine is like *“a 747 on a stick!”

Environmental Benefits: A single utility-scale turbine can prevent 500 or more
tons of coal from being burned each year, which prevents 2000 to 3000 tons of
carbon dioxide emissions per year! They also save several acre-feet of water
per year.

Rural/Agricultural Siting of Wind Power: Note that the wind farm pictured on
the previous page is on rangeland in New Mexico. This land is also used for
ranching. In general, wind farms mix very well with agriculture: The farmers or
ranchers can still work the land, but make money from the wind. They can
make several thousand dollars per year per turbine! Below is a photograph of
some happy ranchers (the two men wearing cowboy hats and not white
helmets!) showing visitors around a new wind farm in the making. Note the
incredible size of the wind turbine “rotor” in the background:
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Smaller Scale Wind Power Example: At
right is a photo of a small wind turbine
attached to a home. This house also has
a PV system, which can be seen to the
lower right.

This is a typical kind of arrangement:
Small wind power and PV go together
very well, because the wind often blows
when the Sun doesn’t shine very much.
This shows how different kinds of
renewable energy technology can
complement each other.

Where the Good Wind is in New Mexico
As the map at right shows, the good wind
power sites in New Mexico are located in the
Eastern Plains area of New Mexico (the
darker areas of the map), where the land is
fairly flat and the wind is relatively
unobstructed. The map also shows that good
wind sites are also located in many
mountainous regions. Although this is true,
such regions are often valued for their
scenery as well, and so may not be as
appropriate for wind development.

How much wind resource is there: The
practical (developable) wind power resource
of the United States is at least several times
larger than the electrical energy needs of
the US. New Mexico has enough to power
our state five or more times over.

Cost of Wind Power

The wholesale cost of large-scale wind power today is roughly competitive with
new coal-fired power generation - about 4 cents per kilowatt-hour (without
federal subsidies included), and definitely less than natural gas-fired
generation. For this reason many utilities are now adding wind farms to their
power generation assets, and many states are requiring that utilities obtain a
significant fraction of their power from wind generation (New Mexico requires
that utilities provide 10% of their power from renewable sources by 2011, and
most of this is wind power).

Smaller scale wind power is roughly competitive with retail electricity costs,
and will likely become much cheaper soon. Because smaller scale wind power is
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generally used on-site to offset or replace retail electricity supply, it is also
competitive.

Intermittency/Energy Storage Issues

The wind doesn’t blow all the time, even at very good wind power sites. This
means that wind power must either be used instantly when its generated, or
stored (like power from a PV panel!). Right now there is not a lot of energy
storage potential for the big electric power grids, so wind power is generally
used instantly. This creates some limitations, because it’s not easy to change
the output of large power plants very quickly when the wind power output
changes quickly or unpredictably.

Many power utilities, however, have a relatively large amount of smaller
natural-gas fired power generation, and these plants can change their output
relatively quickly, and so these utilities are adding lots of wind power today as
result.

Smaller wind turbines are generally used to charge batteries, and so are
completely associated with energy storage.

In the future, wind power may become a major source of energy for
transportation. For example, wind power is an ideal potential source of cheap
clean electricity for making hydrogen, which can be used to power hydrogen
cars.

Problems with Birds

Some claim that wind turbines kill many birds. It has been found that this is
only true if a wind farm is improperly located, for example on a migratory
pathway. Only one or two wind farms were not carefully located in the US (for
example, a wind farm at Altamont Pass in California, which was the first big US
wind farm). Nowadays, new wind farms are usually sited very carefully, and
usually with the involvement of the Audubon Association and other bird groups.
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Questions about Wind Power

Question: What are the “blades” on a wind turbine called?
Answer: The “rotors”.

Question: How long can the rotors on a utility scale wind turbine be?
Answer: Over 100 feet long!

Question: How tall can a utility scale wind turbine be?
Answer: Over 200 feet tall!

Question: How many tons of coal can a utility scale wind turbine prevent from
being burned?
Answer: 500 or more tons per year!

Question: How many tons of carbon dioxide emissions does that prevent?
Answer: 2000 or more tons per year!

Question: Do wind turbines use water to make electricity?
Answer: No.

Question: Where is the best place to locate a wind farm - on a mountain, on a
farm, or in a town?

Answer: On a farm is often best. A mountain can be good, but there may be
issues with scenery. Putting one very close to a town might also cause problems
with scenery.

Question: What is an example of an environmental factor that should always
be studied before a wind farm is built?

Answer: Care should be taken to make sure the wind farm is not located on a
bird migratory pathway.

Question: Why is it a good idea to have both a PV system and a wind turbine to
provide power to an off-grid home?

Answer: Because the wind is often blowing when the sun is not shining (when
it’s stormy).

Question: For what purpose may wind power be especially valuable in the
future?

Answer: For providing a cheap source of clean electricity for the production of
hydrogen, to power hydrogen cars.

Question: How much does the wind blow at a good site?
Answer: About 30% of the time.

Question: Does the fact that the wind doesn’t blow all the time cause a
problem?
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Answer: Yes. Because of this, it’s harder to integrate wind power with the
existing power grid. This is one of the reasons why making hydrogen with wind
power, which stores the energy, may be so attractive.

Question: Can wind power be easily integrated with coal-fired power
generation?

Answer: Not that easily, because it’s hard to ramp the output of a coal plant
up or down very quickly.

Question: What kind of non-renewable power generation does wind power
integrate well with?

Answer: With natural-gas fired generation, because that kind of power
generation can change its output much faster than a coal plant.

Question: Where are the best wind power resources in New Mexico?
Answer: In the Eastern Plains area.

Question: How many times over could New Mexico power itself with its wind
power (not taking into account energy storage limitations)?
Answer: Five or more times over.

Question: What is the land mostly used for in Eastern New Mexico?
Answer: Mostly for ranching and other forms of agriculture.

Question: How much money do farmers or ranchers get for renting their land
to a wind farm?
Answer: Several thousand dollars each year per turbine.

Question: How much is wind power being used today?

Answer: Many nations, especially in Europe, are developing a great deal of
wind power and now obtain a significant amount of their power from wind
power (10%-30%). The US is also developing a significant amount. New Mexico
has three large wind farms (as of spring 2006), and some of New Mexico’s
utilities obtain 8% or more of their power from wind.
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How much does renewable energy cost?

This is often the first question that people ask about renewable energy, but...

Caution! Compare on-site or ““distributed renewable energy” costs only with
retail conventional energy costs. Also, compare the wholesale costs of
“centralized renewable energy” only with wholesale conventional energy
costs.

On-site renewable energy directly offsets (avoids) the retail conventional
energy costs normally paid by the home or business owner. These retail costs
include the cost to transmit or transport, and distribute that energy, not just
to produce it. The on-site renewable energy costs do not need to include
transmission and distribution because:

The Sun IS the Earth's built-in transmission and distribution system!

Example: Large-scale wind power, or concentrating solar power costs, should
be compared to the wholesale costs of coal-fired, natural gas-fired, hydro, or
nuclear power.

Example: Rooftop photovoltaic (solar electric) costs should be compared to
retail electricity costs.

Comparing the costs of on-site renewables with wholesale conventional sources
will erroneously make renewables seem too expensive. Likewise, comparing the
costs of centralized renewables with the retail costs of conventional energy
will erroneously make conventional energy seem too expensive.

Example: Solar electricity from a typical home photovoltaic system is about 7
times the wholesale cost of utility scale wind power, but only about 2-3 times
the cost of retail electricity.

Wholesale Prices of Centralized Electricity Sources, with
incentives for renewable electricity NOT included?®:

Hydropower: 1-2 cents/kwh .

Coal-Fired Electricity: 2-5 cents/kWh.

Natural Gas-Fired Electricity: 6-10 cents/kWh.
Geothermal: 6-8 cents/kWh

Wind Power (large wind farms): 4-6 cents/kWh.
Concentrating Solar Power: 15-20 cents/kWh.

Observe: Wind power is now competitive with both coal-fired and especially
natural gas-fired power.

¢ Keep in mind that the subsidies for conventional sources are implicitly included in these prices, so this
comparison is still somewhat biased towards conventional energy sources.
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Retail Prices of Distributed Photovoltaics and Grid Power with
incentives for renewable electricity NOT included:

Grid Electrical Power in NM: 8-12 cents/kWh.
Photovoltaics: 19-50 cents/kWh.

Observe: Photovoltaic power is currently 2 to 3 times the retail cost of grid
power, in most applications.

Future Cost of Photovoltaics

The cost of photovoltaics has been decreasing steadily since the early 1980’s,
when it cost more than 6 times the cost of grid power (at least). The following
graph shows the estimated range of costs for photovoltaics (called “Distributed
Solar” in the graph) over the next two decades, as estimated by the National
Renewable Energy Laboratory and the Solar Power Industry:

This graph implies that photovoltaics are going to become very cost effective
and quite soon. This is therefore a very exciting time for solar energy - solar
energy will likely become very common over the next two decades!

Similar cost estimates have been found for concentrating solar power (CSP).
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“Pay Back Time” Approach to Cost Effectiveness

One way to express renewable energy costs is to compute the “simple payback
time”:

The Concept of “Simple Payback Time™: This is the time it takes for a
system to “pay for itself”, relative to the prices of electricity or natural gas
from the utility company. Or in other words, how much time does it take for
the savings achieved by using a renewable energy system to equal to the cost
of the system?

Relative to today’s gas and electricity prices, and with/without the financial
incentives available today in New Mexico (which vary somewhat with location),
the simple payback time for renewables are, very roughly:

Grid-Tied Solar Electricity (photovoltaics): 25 years (with all incentives), 60
years (with no incentives except net-metering)

Off-grid Solar Electricity (photovoltaics): 40 years (with all incentives), 110
years (with none). But if the cost of extending power lines is included in the
cost of grid power, then these payback times may be much shorter - even as
short as a year or two!

Solar Hot Water: 5-10 years (with incentives), 10-15 years (with incentives)
Passive Solar Design: 0-5 years

Utility Scale Wind Electricity: 10-20 years

Cost Effectiveness: Generally speaking, if the payback time is under 25 years,
then the technology can be considered to be cost effective. If its less than 10
years, its very cost effective.

Apples and Oranges: While payback time gives a good feeling for the cost
effectiveness of renewable energy, keep in mind that renewable energy and
conventional energy are not created equal: Renewable energy has very
important environmental benefits (covered below), which are not reflected
directly in the price:

Cost of (just) energy = Total Value to Society

Additional Benefits: The simple payback time estimates do not include the

addition savings that a renewable energy system might provide, such as:

e Avoiding the cost of installing power or gas lines, which can be enormous
for remote sites.

e Unexpected spikes or long term increases in gas and electricity prices.

e Environmental benefits. How much is stopping global warming worth?

e Avoiding fumes and noise by not having to use a generator.
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Questions about the cost of renewable energy

Question: What type of renewable energy “pays back” the fastest in New
Mexico?
Answer: Passive solar design: 0-5 years.

Question: What pays back the second fastest?
Answer: Solar hot water: 5-15 years.

Question: How long does a grid-tied solar electric (photovoltaic) system take
to pay back with all incentives included?
Answer: About 25 years.

Question: 25 years seems like a long time. Is it still worth it?

Answer: Yes, because although it’s a long time, and the system does pay for
itself before the system wears out, and it produces power that is much cleaner
than non-renewable electricity.

Question: What is the most cost effective type of renewable electricity today?
Answer: Wind power.

Question: Is wind power directly competitive with fossil fuels today, or is it
just the cheapest type of renewable electricity?
Answer: It is competitive with fossil fuels.

Question: If wind power is the cheapest, why not just use wind power?
Answer: Wind power is not as evenly spread around as solar power, and
although there is a lot of wind power, it is more variable than solar power,
which is often available when we need it the most. Also, wind power resources
need more power lines to develop, and are ultimately more limited and smaller
than solar resources. So it makes a lot of sense to develop solar energy
resources as well, and help make them cheaper for everyone.

Question: Should the cost of solar electricity (photovoltaics) be compared to
the wholesale or the retail cost of non-renewable power?

Answer: The retail cost, because that is what someone will save who uses solar
electricity right on their own roof.

Question: How much more does PV power cost compared to non-renewable
electricity without incentives taken into account?
Answer: About three times the cost.

Question: When do the PV industry and national labs predict that solar power

will become directly competitive?
Answer: In about ten years.
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Energy Storage, and the Hydrogen Economy Concept

Renewable energy is clean, and there is plenty of it, but there is one problem:
The sun doesn’t shine all the time, and the wind doesn’t blow all the time. It is
therefore essential that we develop ways to store renewable energy.

Types of Energy Storage and Applications

Energy storage technologies that can be used to store energy, and the

renewable energy technologies they can be used with, are:

e Batteries: Can store any form of renewable electricity.

e Production of hydrogen (via electrolysis): Can store any form of renewable
electricity.

e Grow biomass (plants): Plants are a form of stored solar energy.

e Pump water up above a dam: Any form of renewable electricity.

e Compress air in giant underground cavities: Any form of renewable
electricity, but especially promising for wind power.

e Flywheels: Any form of renewable electricity, but especially promising for
PV power, or renewable electricity from the power grid.

e Thermal (heat) storage: Can be done using “molten salt” thermal storage
technology at concentrating solar power plants, or by storing heat in large
underground chambers.

Energy Storage for the electric power grid: Two of the most promising energy
storage technologies are thermal storage (at CSP plants), and compressed air
(for wind farms). Batteries are already widely used for off-grid PV and wind
powered homes. And biomass is increasingly used for heating. Pumped hydro
storage is used where it’s available (not too much potential for New Mexico).
Flywheels are still under development, but are promising.

Biomass Energy Storage for Transportation: Biomass, such as corn, or other
plants, can be used to make fuels. Two of the most popular forms of biofuels
are biodiesel (made from veggie oil), and ethanol (made from corn, but can
also be made from other plants).

Hydrogen Energy Storage: Biomass is based on photosynthesis, which is not
very efficient at converting solar energy into stored energy (well under 5% in
most cases). Hydrogen may be produced from water (via electrolysis) with
renewable electricity, with an overall solar conversion efficiency exceeding
10% (the solar panels, for example, can be 15% efficient, and the solar
electricity obtained from them can be used to split water with an efficiency
exceeding 70%). So hydrogen energy storage may also become very important.

Hydrogen Energy Storage in Detail

Water is perhaps the most important substance to life on Earth. It is a simple
compound made from the two elements hydrogen (H) and oxygen (O), and each
molecule of water consists of two hydrogen atoms and one oxygen atom. Thus
we write the chemical formula for water as "H,0".
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Hydrogen itself is also a very important element in the universe. For example,
it is the fuel for the Sun, which generates power by fusing (combining)
hydrogen atoms into helium in a process call nuclear fusion.

Hydrogen gas (H2) burns, or combusts, with the oxygen to form water and heat,
according to the chemical reaction:

2H, + O, -> 2 H,0 + energy (heat).

Therefore, if you have some hydrogen, you can burn it for fuel to generate
heat!

The chemical energy in hydrogen can also be converted into electricity using a
“fuel cell”, which can then be used to power both vehicles and buildings. Fuel
cells are important because generating heat is not always the best thing to do,
because entropy, which may be thought of as molecular disorder, is created
when heat is generated, and that can limit the efficiency of devices that use
that heat energy to do useful work. Fuel cells create electricity directly from
hydrogen energy with only a little production of heat, and so can have very
high efficiencies. For more information about fuel cells, see the section on
fuels cells in Part Ill.

Hydrogen can also be combusted directly (burned) to make heat to power an
internal combustion engine (for a vehicle), or to provide heat for cooking and
heating.

Hydrogen can be stored safely at very high pressures using carbon fiber
wrapped aluminum tanks. These tanks allow a hydrogen vehicle to drive
hundreds of miles before re-fueling.

Hydrogen Economy Concept

It is possible, in principle, to have an “energy economy”, that is, the entire
energy cycle of our society from energy production to end use, using hydrogen
as the primary means to store energy. Such a society is the concept of a
“hydrogen economy”.

Hydrogen can be produced with non-renewable energy sources, which may
create some pollution in the process. A hydrogen economy based on only
renewable energy sources could be called a “renewable hydrogen economy”. A
beneficial aspect of a renewable hydrogen economy based on renewable energy
would be that it would have no net effect on the atmosphere or water supplies:
For example, all the water that is used to make hydrogen would be returned to
the environment when the hydrogen is used.

Making the transition to a renewable hydrogen economy will not be easy,
because we have built up such a large energy economy based on fossil fuels
already. But it is possible, and many initiatives around the world are well
underway to make it a reality.

98



Is Hydrogen Dangerous?

Some people worry that hydrogen might be too dangerous to use. While it is
true that hydrogen is a very explosive fuel, so is natural gas and gasoline. For
example, gasoline powered automobiles often burn up after crashing, and
explosions involving natural gas are reported in the press from time to time.
Many researchers believe that a hydrogen economy will actually be much safer,
because hydrogen escapes and floats upward when released, instead of flowing
downwards onto the ground.

Some famous disasters involving hydrogen are the explosion of a zeppelin (an
airship) called the Hindenburg (in 1937), and the explosion of the Space Shuttle
Challenger (in 1986). You may want to study these disasters as a class project.

The Hindenburg explosion, although often cited as an example of the danger of
hydrogen, is thought by many to have been caused by flammable paint, and
not hydrogen, that caught fire from an electrical spark, and so might have
caught fire even if the zeppelin had been filled with helium (an inert,
nonflammable gas). Moreover, most of the people that died may have done so
from coming into contact with burning diesel fuel (which powered the
Hindenburg's airplane-type prop-engines) or from jumping off the Zeppelin
before it (crash) landed.
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PART IlI: EXPLORING TECHNOLOGIES IN DETAIL
(Grades 9 and Up)

In this section of the Primer we take a closer look at several technologies, and
the science behind them as well. The material here ranges from grade school
through high school and even college level.

We have strived to provide detailed but clear explanations of how PV cells and
fuel cells work especially clear, for those who really want to understand these

technologies.
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Photovoltaic Technology in Detail

History

In 1840, the French scientist Alexandre Edmond Becquerel discovered that
some materials produce a current (electricity) when light shines on them.

Photovoltaic cells, as we know them now, were first developed in 1954 by Bell
Telephone researchers and first applied to power satellites in space. Over the
past three decades, cost has been decreasing continuously, while efficiencies
have been increasing. PV cells are now widely used to power:

e Homes & Businesses (directly)

The utility grid (homes and businesses indirectly)

Satellites (the first application to use PV panels)

Billboards and Highway signs

Remote transmitters, pumps, and other equipment

Construction equipment lighting

Outdoor lights over doorways and along sidewalks

Calculators

Types of PV Cells and Their Efficiencies

Most PV cells are made from purified silicon, which is “doped” with other
elements to achieve the desired photoelectric properties. There are several
basic kinds of cells:

Mono-crystalline PV Cells: Each cell is a slice of
single silicon crystal: These have pretty high
efficiency (10-20%), and very long lifetimes
because the crystal structure is very stable. The
photo at right shows such a cell. Note the uniform
color, except for the white lines, which are the
small wires that collect the solar electricity.

A cell like this is cut from a solid ingot of
crystallized silicon. Advanced manufacturing
techniques today are cutting PV cells thinner and
thinner, and applying the wires in new ways that
block less sunlight. These techniques are making
the cells more efficient and less costly.
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Polycrystalline PV Cells: Each cell is a collection of
many small silicon crystals, as one can see in the
photo at right. These also have pretty high
efficiency (10-13%), slightly less than single
crystalline cells. and very long lifetimes because the
crystal structure is very stable.

These cells are made using a process called
“epitaxial growth”, whereby the crystals are grown
on a flat substrate, and not cut from a large ingot.

Thin _film or amorphous PV Cells: Here, the PV
material is made from non-crystalline thin films of
silicon atoms, and typically have a uniform gray
appearance. They are also flexible, as the photo at
right shows. Thin film cells tend to have lower
efficiencies (5-10%), and more limited lifetimes
because the silicon atoms have some freedom to
move around over time. On the other hand, thin
film cells can be much cheaper and require much
less energy to produce, and promising efforts are
being made to extend their lifetimes. Some
companies are now mass marketing thin film PV
panels for serious power generation.

How PV Cells Work

Solar cells are mostly made of silicon, with small amounts of other materials
added. Each silicon atom has four electrons in its outermost (valence) shell. To
complete the shell and achieve the most stable configuration, the atom would
“like” to have eight instead (this is due to the quantum mechanical properties
of electron orbitals). To achieve this, each silicon atom shares each of its four
electrons with four other silicon atoms. This sharing of atoms binds the atoms
to each other, and these bonds are called "covalent” bonds. These covalent
bonds cause the silicon atoms to form a very stable silicon crystal.

Because each of these other four atoms also each share one of their electrons
with the original atom, our original atom gets to use eight electrons, and so
achieves the stable configuration it likes. Because all the valence electrons are
involved in the covalent bonds, they can't move from one atom to another, and
therefore a pure silicon crystal is a very bad conductor of electricity.

However, the silicon crystal can be made to conduct electricity with a clever
trick: We add a small number of phosphorous atoms to the silicon crystal. Each
phosphorous atom has five electrons in its valence shell, instead of four. But
only four of these electrons are needed to bond with four nearby silicon atoms,
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so the fifth one is left over. Because it is not involved in a bond, it is can move
much more freely through the silicon.

This process of adding another element is called "doping". As we have seen,
when phosphorous is the dopant, extra electrons are added. Because electrons
have a negative charge, we call the doped material "n-material", where the n
stands for the negative charge of the electrons. Its important to keep in mind
that n-material doesn't have a net negative charge, because the nucleus of the
phosphorous atoms have an extra proton as well (relative to silicon), and this
balances out the extra electrons. What the n-material does have that the
silicon doesn't have is charge carriers that can move, and so can conduct
electricity.

Another way that charge carriers can be added to the silicon is to add an
element such as boron, which has only three instead of four electrons in its
valence shell. The doped silicon crystal that results will then have electron
vacancies in its structure, called "electron holes". These holes can actually
move, because nearby electrons can fill these holes, leaving behind a new hole
nearby. This kind of material is called “p-material”, where p stands for
positive, because we may think of the holes as having a positive charge.

The electron-hole concept may seem a little tricky at first. The simplest way to
think of it is simply that in the p-material, the electrons can't move unless
other electrons move out of their way. A hole is simply the space created by an
electron moving out of the way. In any case, for either p or n type material,
electrons can move, so that electricity can be conducted.

When the two types of material are brought together, say, with the n-material
on the top, a very interesting thing happens. Some of the extra, mobile
electrons in the n-material migrate over into the p-material and fill some of
the holes there. This makes the upper layer of the p-material negatively
charged, while the nearby n-material now lacks electrons and becomes
positively charged. In the diagram below, these charges are symbolized with
minus signs (for the negative charges), and plus signs (for the positive charges).
These charges create an electric field, or voltage, across the junction of the
two wafers, called a p-n junction, balances (stops) further (net) migration. This
electric field remains permanently "built-in".

When there is no sunlight shining on the material, there is no net movement of
electrons in the material, despite the fact that there is an electric field inside
the material. When photons of light strikes the material, however, some
normally non-mobile electrons in the material absorb the photons, and become
mobile by virtue of their increased energy. This creates new holes too - which
are just the vacancies created by the newly created mobile electrons. Because
of the "built in" electric field, the new mobile electrons in the n-material
cannot cross over into the p-material.
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In fact, if they are created near or in the junction where the electric field
exists, they are pushed by the field towards the upper surface of the n-
material (such an event is shown in the diagram below). If a wire is connected
from the n-material to the p-material, however, they can flow through the
wire, and deliver their energy to a load.

On the other hand, the holes created in the n-material, which are positively
charged, are pushed over into the p-material. In fact, what is really happening
here is that an electron from the p-material, which was also made mobile by
the absorption of a photon, is pushed by the electric field across the junction
and into the n-material to fill the newly created hole. This completes the
circuit - we now see that there are electrons flowing all the way around the
circuit, dropping the energy they acquired from photons at a load.

The crucial step in the whole process is that just described - the pushing of
mobile electrons across the p-n junction. This suggests a nice way to think of
the PV process - like a tennis player making an overhead serve: First, an
electron absorbs a photon and become mobile. This is like the first step in a
tennis player’s serve, when they throw the ball upwards into the air. Secondly,
the built-in electric field pushes the electron into the n-material. This is like
the tennis racket crashing into the ball, and accelerating across the net.

Here is a diagram showing the whole process:

How PV Cells Work
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PV System Costs

The costs of typical off-grid PV system range from a

few thousand for a small vacation cabin system, to

about $10,000 for a small home, and upwards of
$30,000 for a large home. Component costs break down
roughly as follows:

e About $4-5 per watt for the PV panels, so for a
typical 2 kilowatt system the panels cost about
$8,000-10,000.

e Several hundred dollars for the charge controller.

e About $1 per watt for the inverter: a typical 2
kilowatt system would therefore need a $2000
inverter

e About $100 per kilowatt-hour of energy storage: a
typical 2 kilowatt system might require 20 kWh of
storage (only 10 kWh in active use to extend battery
life) and therefore about $2000 worth of batteries.

Grid-Tied (Net-Metered) PV Systems

Grid-tied PV systems interconnect with the power grid and use the power grid
like a battery, so these systems don’t need batteries, or a charge controller.
When the PV system is making more power than the system’s owner can use,
the extra power is fed back into the power grid, making the owner’s electric
meter spin backwards! This arrangement is called “net-metering”: The system
owner only pays for the “net” amount of electricity they use. If they use less
than their system makes, then the utility gives the owner a credit on their next
electric bill, or pays the system owner for their solar power.

As discussed in Part Il above, net-metered systems are better environmentally
for two reasons: They don’t need batteries, and all the solar power they
generate is used by someone. The latter is not necessarily true for off-grid
systems, which usually waste any solar powered after the batteries are charged
up. Grid-tied systems are also cheaper than off-grid, and easier to maintain.

System Lifetimes

Today's crystalline PV panels have a very long lifetime, at least 25 years, and
possibly much longer. This is because crystalline silicon is very stable (silicon
crystals can remain intact on geological time scales). The primary cause of
failure is due to degradation of the transparent laminates that protect the cells
from the elements, and from problems such as broken contacts.

Today's batteries typically last 3-10 years before they need to be replaced.
Fortunately, US law requires that the batteries be recycled. Many solar
enthusiasts are hopeful that energy storage systems using hydrogen fuel cells
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will become available in coming decades to replace the need for short-lived
batteries.

Energy Payback

A common myth is that PV panels take more energy to manufacture than they
produce. In fact, according to the US Department of Energy, PV panels typically
pay back their energy in 3 to 5 years, depending on the available sunlight.
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Questions about PV

Question: What does “PV” stand for?
Answer: PV stands for photo-voltaic: Photo means “light”, and voltaic means
“electricity”.

Question: What element are most PV cells made with?
Answer: Silicon.

Question: What are the basic types of PV cells?
Answer: Mono-crystalline, Poly-crystalline, and thin film.

Question: What is the most efficient type?
Answer: Mono-crystalline.

Question: What are the most expensive?

Answer: The cost of the energy from the different types is about the same,
because the higher efficiency of the mono and poly crystalline cells is roughly
cancelled out by their higher cost.

Question: How many layers are there in a typical PV cell, and what are they
called?

Answer: Conventional (crystalline or polycrystalline) cells have two layers.
They are called n-material and p-material. Thin film cells can have more.

Question: What are PV cells grouped together into?
Answer: A PV panel, or “PV module™.

Question: What are all the PV panels together in a system called?
Answer: A PV array.

Question: What are the basic parts of an off-grid PV system?
Answer: PV array, charge controller, batteries, and dc-to-ac inverter.

Question: What are the basic parts of a grid-tied PV system?
Answer: PV array and inverter, only.

Question: What are the advantages of a grid-tied PV system over an off-grid
system?

Answer: They are cheaper and easier to maintain (because they don’t have
batteries), and all the solar power gets used.
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Passive Solar Guidelines (Rules of Thumb)

In the 1980s, scientists (some at Los Alamos National Laboratory in New Mexico)
and architects (especially New Mexico architects!), studied passive solar design
very carefully. Out of their work came very powerful knowledge of how to build
a passive solar building. What follows is some of this knowledge.

Solar Gain: The south-facing window lets lots of sunshine in during winter
months, and only in winter months, because of the Sun’s path in different
seasons (as described in Part Il on the section on passive solar design), and
because of an overhang (if a building has one), and also because there are very
few and only small windows on the other sides of the house. The amount of
solar gain is given by the following “rules of thumb™:

Rule of Thumb for Solar Gain: Even if the house doesn’t have extra “thermal
mass” (see below), the windows on the south side of the house should be at
least 7% of the floor area of the house. Such a house is called a “sun tempered
house”, and will get enough solar heat to prevent the furnace from running
during the daytime in the winter. In this case, the “thermal mass” of the
house just consists of the material making up the floors, walls, and ceilings,
and the furnishings inside. The east and north windows should be no more
than 4% of the floor area, and the west windows should be limited to 2% of the
floor area.

Second Rule of Thumb for Solar Gain: If the house does have enough extra
thermal mass (as defined below), then the windows should be at least 12% of
the floor area, and can be up to about 20%. Such a house truly deserves to be
called a “passive solar” house.

Thermal Mass Concept

Thermal mass is any material like tiles, bricks, cement, or adobe, which has
both a high “thermal conductivity” and a high “heat capacity”. Having a high
thermal conductivity means that heat can move through the material rapidly if
there is a difference in temperature across the material. Having a high heat
capacity means it takes a lot of energy to change the temperature of the
material just a little bit. This also means that the material can store a lot of
energy without changing temperature very much. Lots of solar heat can
therefore conduct easily into such materials and be stored for nighttime or
cloudy days.

Key Point: Having enough thermal mass, and having it in the right place, is
very important, and many so-called passive solar homes don’t get this right!

Where to put thermal mass? Looking back at the diagram at the beginning of
the section on passive solar design in Part IlI, note that some of the incoming
energy is reflected away from the floor (as shown by the *“square dotted”
arrow), or radiated away by the floor because the floor is warm (as shown by
the “circle dotted” arrow). This energy can be re-absorbed into the thermally
massive wall on the right hand side, as shown by the big red arrow on the right.
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But also notice that this can only happen if the wall is in line-of-sight of the
sunlit part of the floor. This leads to the following rule of thumb:

Rule of thumb for thermal mass placement: The best place for thermal mass
Is either where incoming sunlight will hit it directly, or in line-of-sight of
other sunlit thermal mass.

How much thermal mass? It takes a lot of thermal mass to store enough
energy to keep the house warm at night. There are two rules of thumb for this:

Rule of thumb for thermal mass thickness: Thermal mass should be at least 4
inches thick. Otherwise, it just can’t store enough heat.

Rule of thumb for thermal mass size (surface area): The surface area of the
thermal mass should be at least 6 times larger than the area of the south-
facing windows.

Example of these Rules of Thumb: Suppose a home has 1000 square feet of
floor. First, assuming it will have lots of thermal mass (so we use the second
rule of thumb for solar gain above) it should have at least 120 square feet of
south-facing windows (12% of 1000 square feet). Then, to store enough solar
energy for nighttime, it should have at least 720 square feet of thermal mass (6
times 120 square feet). This material should also have large thermal
conductivity and heat capacity, be at least 4 inches thick, and be either
directly sunlit or in line-of-sight of sunlit thermal mass.

Combining a Trombe Wall with ““Direct Gain”: Trombe walls were described
in the section on passive solar design above in Part Il. These can be combined
with south-facing windows to make an especially well functioning passive solar
home:

Rule of Thumb for combining windows and trombe walls: A good design for a
passive solar home is to have the direct gain equal to 12% of the floor area,
and the indirect gain 8% of the floor area, yielding a total solar gain of 20% of
the floor area.
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Questions About Passive Design Guidelines

Question: How big should the south-facing windows be to heat the home at
least during the day?
Answer: At least 7% of the floor area.

Question: What is such a house called?
Answer: A “sun-tempered” house.

Question: How big should the south-facing windows be to really have a good
passive solar house?
Answer: At least 12% of the floor area.

Question: What about the windows on the other sides of the house?
Answer: They should be small.

Question: What properties do good thermal mass have to have?
Answer: Large thermal conductivity and large heat capacity.

Question: Where should thermal mass be placed in a home?
Answer: In direct sunlight, or in line-of-sight of direct sunlight.

Question: How thick should the thermal mass be?
Answer: At least 4 inches thick.

Question: How big should the surface area of the thermal mass be?
Answer: At least six times as big as the south-facing windows.

Question: What should the total solar gain be limited to?
Answer: About 20% of the floor area.

Question: Using this rule, how much additional indirect gain using trombe walls
is a good match with south-facing windows having an area of 12% of the floor
area?

Answer: The trombe walls should be about 8% of the floor area in size.
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Fuel Cells

Hydrogen is a clean burning fuel (burning it mainly creates water), and it can
be produced cleanly from water using renewable energy (via electrolysis). If we
have a supply of hydrogen, we could use it directly for cooking, heating, and as
a fuel for vehicles.

Generating heat by combusting hydrogen directly, however, is not always the
best thing to do, because entropy is created when heat is generated, and that
can limit the efficiency of devices that use that heat energy to do useful work.
In particular, we need electricity for many things, and using hydrogen to make
heat first, and then making electricity using that heat, would not be a very
efficient way to use hydrogen.

Fortunately, there exists a device called a fuel cell, which can chemically
combine hydrogen with oxygen to make electricity directly without involving
heat (although some heat is usually generated in practical situations). Here
what a “fuel cell stack” looks like:

The little holes in the edges of the fuel cells are where the hydrogen, and
oxygen enter, and where water comes out. Each fuel cell by itself doesn't
produce very much power, but the voltage provided by each fuel cell
individually adds up, yielding a voltage (and a power) that is large enough for
practical applications.

Fuel cells can be used for electrolysis as well - for splitting water into hydrogen
and oxygen using renewable electricity, so that the hydrogen can be generated
using renewable energy.

What are the advantages of fuel cells?

e No moving parts

e Reliable

o Efficient (about 60%): This is major long-term advantage - fuel cells are
not limited by the thermodynamics constraints that heat-based
combustion type processes are subject to.
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e Heat generated can be captured for other uses
e Operates cleanly (emits only water)
e Quiet

What are the barriers to fuel cells?

e Platinum catalysts are still expensive (but much less so than a decade
ago due to the approach of depositing platinum particles on carbon - see
below).

e The technology is still new.

When will fuel cells become widespread?

Although the principle of fuel cells was discovered in 1839 (by Sir William
Grove, the "Father of the Fuel Cell"), and the first practical cells developed in
the 1930's, fuel cells have not yet found widespread use - yet. They have found
use in applications in closed environments such as space technology and
submarines where cost is not an issue. They will likely make their first
widespread appearance in particular applications such as:

e« Common devices such as laptop computers and vacuum cleaners; mid-
scale applications where a mobile source of electricity is required. Fuel
cell cars may appear sometime after about 2010. Many fuel cell vehicles
have been tested, and have performed well.

e To power facilities such as hospitals that need a source of non-
interruptible power.

Examples

Here is a photo of a prototype fuel
cell powered electric bike. The fuel
cell is mounted on the steering
column, and the hydrogen tank can
be seen jutting out over the rear
wheel.

This graphic provides a see-through
view of a fuel cell car under
development by Ford. The large
square blocks in the front are the
fuel cell stacks. The hydrogen tank
can be seen in the back.
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Fuel Cell History

The principle of the fuel cell was discovered in 1839 by Sir William Grove,
acknowledged as the "Father of the Fuel Cell'. Grove was interested in
reversing the process of electrolysis - precisely what a fuel cell achieves. The
term "fuel cell" was coined in 1889 by Ludwig Mond and Charles Langer, who
attempted to use air and coal gas to generate electricity. In 1932, Francis
Bacon improved on the platinum catalysts of Mond and Langer, and soon Harry
Karl lhrig, of Allis-Chalmers Manufacturing Company demonstrated a 20-
horsepower fuel cell powered tractor. NASA began using fuel cells in the late
1950s and continues to do so today. Some major breakthroughs in making fuel
cells cheaper and more efficient occurred at Los Alamos National Laboratory
and other laboratories in the late 1980’s, greatly increasing the interest in fuel
cells.

Today there are hundreds of companies and laboratories around the world
trying to commercialize fuel cells. Several hundred very large fuel cells have
been tested as power supplies for large buildings. The US Army has also been
funding the development of fuel cells.

Fuel Cell Vehicles versus “Hydrogen Hybrids™

Many, including some large automotive manufacturers, believe that fuel cell
vehicles will eventually become common. But it’s also possible to have a
hydrogen powered car by simply combusting hydrogen in a hydrogen fueled
internal combustion engine (like today’s cars, but specifically engineered for
hydrogen). Using “hybrid automotive technology” can even make a hydrogen
hybrid vehicle as nearly efficient as a fuel cell vehicle. Hybrid technology uses
an internal combustion engine, but achieves a much higher efficiency by
combining the engine with a generator, electric motor, and battery (all
working together in a complicated way).

Ford Company has been developing a hydrogen hybrid car called the H2RV -
Hydrogen Hybrid Research Vehicle, which it believes may represent the future
of hydrogen vehicles. GM, on the other hand, is focusing more on fuel cell
vehicles. Nobody knows for sure yet which approach will work best, or become
popular first!
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How do fuel cells work? (advanced topic)

The process by which the hydrogen is combusted (burned) in the presence of
oxygen is

2H, + O, -> 2 H,0 + energy (heat).

The process for fuels cells is very similar, except that this time we get
electricity instead of heat:

2H, + O, -> 2 H,0 + energy (electricity)

One fuel cell type, called a proton exchange membrane (PEM) fuel cell,
carries out the reaction above in the following way:

PEM Fuel Cell: Electrochemical generation
ol eleciricity Irom hydrogen and oxygen

The hydrogen fuel (Hy) enters one side of the fuel cell, where it encounters a
“catalyst”, for example platinum, which splits the hydrogen atoms into a
proton (H") and electron (7). The proton then travels through a membrane (the
proton exchange membrane) to the other side of the fuel cell. But the
electron cannot permeate easily through the membrane. Instead, it travels
through an electrical wire to get to the other side, and delivers its energy to a
"load" along the way, such as a light bulb. When it gets the other side of the
fuel cell, the electron is recombined with the proton and the electron and an
oxygen molecule from the air to make water.

The membrane in a PEM cell is made from "nafion”, a sulfinate polymer made
by Dupont. This only lets protons through because there are sulfinate (SO,4)
molecules in the polymer, which contain oxygen. The oxygen atoms "hog" the
electrons of the sulfinate molecules, making the oxygen atoms slightly
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negatively charged, such that the positively charged protons can weakly bind to
them. This allows them to permeate the membrane, and jump from one
sulfinate molecule to another across the membrane, with help from thermal
fluctuations and the electric field created across the membrane by the
electron flow.

The platinum catalysts are also interesting. They may consist of very tiny
(about 80 nanometer - several hundred atoms across) pieces of platinum, which
are embedded on tiny (1 micrometer) pieces of carbon (pieces of "carbon
black" to be specific), which themselves are attached to a carbon "cloth". The
carbon is electrically neutral but conductive, and also porous, allowing the
flow of gas and ions through it.
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NEW MEXICO RENEWABLE ENERGY POLICIES

Beginning in 1998, New Mexico has adopted the following series of renewable
energy and energy efficiency policies that place New Mexico among the leaders
in the US in clean energy development.

Source: Good websites for information on State Renewable Energy Policy are
www.emnrd.state.nm.us and www.NMCCAE.org.

1998 Net Metering Rule: Customers of investor-owned utilities or rural electric
cooperatives who own grid-tied renewable energy electricity generation
systems up to 10 kilowatts in size can interconnect with their utility and feed
excess power into the grid. They get retail credit for their energy against the
electricity they consume from the grid.

2004 Production Tax Credits for Large Scale Renewable Energy: This Act
provides utility scale solar, biomass, and wind projects of 10 megawatts or
larger a $ 0.01/kWh credit toward corporate state taxable income.

2004 Renewable Energy Standard: Requires investor owned utilities to provide
at least 10% of the electricity provided to their New Mexico consumers from
renewable energy resources by 2010.

2004 Utility Voluntary Green Power Programs: Requires investor-owned
utilities and electric cooperatives to provide consumers with an option to
purchase power that is produced from renewable sources, at a rate that is
approved by the Public Regulation Commission. An example is PNM’s Sky Blue
program. This green power cannot be counted toward the Renewable Energy
Standard, and so gives consumers a way to increase the amount of renewable
energy generation above and beyond that which is required by the Standard.

2005 Energy Efficiency Act: Requires that investor owned utilities offer PRC
approved energy efficiency programs to reduce the use of energy. Program
costs are capped such they will not raise rates more than 1.5%.

2005 Clean Energy Revenue Bond Act: This act enables schools and other
state agencies to issue up to $20 million in bonds for energy efficiency
upgrades. The net savings can be used for renewable energy projects.

2005 Photovoltaic Credits Buy Back Program: PNM customers with net-
metered photovoltaic systems will be paid $ 0.13 per kWh for the renewable
energy credits produced by their system, which PNM counts toward their
Renewable Energy Standard requirements. This is in addition to offset in
electricity costs these customers enjoy through net-metering.

2006 Solar Tax Credits Act: Homeowners and small businesses that purchase
and install qualifying solar thermal, solar hot water or photovoltaic systems can
receive a state tax credit up to 30% of the installed cost of the system, minus
any applicable federal solar tax credits. More information on how to use these
credits can be found in the How to Go Solar Guide at www.NMCCAE.org.
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PART IV: ACTIVITIES AND EXERCISES FOR STUDENTS

The activities and exercises here are not meant to be a comprehensive
collection of energy related activities: There are many experiments and
projects that can be undertaken to explore renewable energy, and many can
be found on the list of Online Resources. Included here are projects that we
feel are essential to understanding renewable energy, ones that are unique, or
ones that include information that is challenging to find.
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Interactions Between Light and Matter

O
-~
o
Objective

To familiarize students with the reflection, transmission, and absorption of
light by matter.

Vocabulary

Coherent and diffuse reflection, absorption, transparency, law of reflection,
angle of incidence, photons, heat, temperature, refraction, index of
refraction, prism, spectrum, visible spectrum, white light, black-body
spectrum.

Materials
e A sunny day, or a bright tabletop directed light source (preferably a
spotlight, 200 watts or more).
Some items to absorb sunlight in varying amounts:
o Several large smooth rocks, white and black paint, some
aluminum foil, OR,
o0 Several pieces of paper of different colors (white, black, red,
etc), and one or several thermometers, OR,
o0 A safe parking lot full of different colored cars.
A thermometer
A mirror,
A flashlight,
A piece of Plexiglas or safe piece of glass,
A large clear jar full of water,
A straight stick (a ruler will do),
A prism (many stores sell decorative prisms that will do. A laboratory prism
will probably work better).
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Preparation
If using rocks: Cover one rock with foil, shiny side out. Paint one rock white.
Paint one rock black.

Procedures

Learning about solar heating and dependence of absorption on
color:

Place the various rocks, or the colored pieces of paper in the sun. If using
paper, place the thermometer on them, one at a time. Or, if you’re using cars,
go on out to the parking lot if the Sun has been shining on the cars, and place
the thermometer on the car hoods.

After the thermometer has rested on the surfaces of each objects for a few
minutes, read the temperatures. Also feel the objects and describe how hot
they feel. Record the results.

Discuss why the darker rocks, cars, or paper get hotter than the lighter colored
ones. Explain that:

Light is energy; Light is made up of little packets of energy called photons.
Dark colored things look dark because they absorb this energy. Therefore,
things that are darker absorb more energy and therefore become hotter.

Ask the students what kind of energy is responsible for the high temperatures.
Explain that:

The warm feeling or high temperature indicates the presence of heat energy,
and this energy came from the photons of light. Heat energy corresponds to the
microscopic vibrations of molecules in the rocks.

Temperature measures how large these vibrations are. It takes energy to make
these vibrations. Hence, the higher the temperature, the more heat energy an
object has.

Heat energy cannot be seen directly. This may seem trivial, but because of
this, people didn't understand what heat actually is for many centuries. But it

is a very important form of energy, and our bodies have evolved special touch
sensors to detect it.

Learning about Reflection:

If you're using some foil-covered objects, ask the students why the white rock
and the rock with foil feel about the same (Actually, some white paints absorb
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more light than you would expect. It’s possible that your white rock will be
somewhat warmer).

Explain that:

Both white and shiny surfaces are about the same temperature because in both
cases the light is bouncing off of them.

The bouncing of light off objects is called reflection.

Ask the students why the foil and white colored things look so different.
Explain that:

There are two different types of reflection: coherent reflection and diffuse
reflection.

The foil reflects (more or less) coherently, that is, the light rays bouncing off
obey the Law of Reflection because the foil is so smooth:

Law of Reflection: The angle of reflection equals the angle of Incidence

Coherent Reflection:

Angle of Incidence Angle of Reflaction

N

Now turn off the lights, and use the flashlight and mirror to demonstrate the
Law of Reflection by reflecting the light to make a spot on the ceiling.
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Explain that light bouncing off the white rock behaves differently - it is
scattered randomly in all directions. This is called diffuse reflection:

Diffuse Reflection:

You may want to scatter the flashlight beam off the rock with the lights out.
Learning about Transparency

Now place some objects in the Sun again, but this time with some Plexiglas or
glass covering them.

Discuss why it is that the dark objects still get warm. Stress that this implies
that energy, as light, must be able to travel right through some things, and
that these things are called transparent. This again may seem trivial, but it’s
really quite amazing that so much energy can pass through another object with
so little absorption. We take this amazing fact for granted only because it’s so
common.

Now turn the lights out, and demonstrate that not all the light is transmitted
through the Plexiglas - some is reflected. Explain that this is almost always the
case, even if the surface is very smooth.

Learning about Light Spectra

The basic colors that everyone should know are summed up by the phrase
"Roy G Biv": R (red), O (orange), Y (yellow), G (green), B (blue), I (indigo),
V (violet).

Go over these carefully on the board, and make a large chart to refer to.
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Explain that:
The Sun's light is made of up all these colors.

The relative amounts of each color are called the optical spectrum of the
light.

"White light" is an equal mixture of all the visible colors.

The strongest color in the Sun's light corresponds roughly to yellow. This is right
in the middle of the visible spectrum - the colors we can see. Thus we have
evolved to best see the strongest color of sunlight! Of course!

To demonstrate these ideas in an experiment, hold the prism up to the

sunlight, and turn it around slowly until the rainbow spectrum can be seen on
the walls or on a white sheet of paper:

Refraction through a prism

White light

Learning about Refraction

Now place the straight stick partially into the large clear jar of water. Point
out how, when one looks from above, the stick appears to be bent by the
water. Explain that this is because the rays of light traveling from the stick to
your eye are bent at the surface of the water, and that this is called refraction:
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Reflection and Refraction from a planar surface

incidenl RSy e fcotod Ray

Refracted Ray

Explain that:

Refraction happens because the speed of light is actually different in different
materials, for example, it is slower in water than in air, and slower in air than
in a vacuum (outer space).

The speed of light in a given material is quantified with the “index of
refraction’; the higher the index of refraction, the lower the speed. The actual
formula for the speed (you may want to skip this) is:

S.0.L. in material = S.0O.L. in vacuum / Index of Refraction,
where S.O.L. = speed of light.

Not only does the index of refraction (and hence the speed of light depend on
the type of material, it also depends on the color (wavelength) of the light.
Light at shorter wavelengths (blue as opposed to yellow), generally have a
higher index of refraction (lower speed), and therefore tend to bend more.
This is demonstrated in the diagram above.

A great example of refraction is a rainbow: As rays of sunlight pass into and get
turned around by raindrops, they get separated into different colored rays just
like light through a prism, giving rise to the rainbow!

The Black Body Spectrum

Discuss the observation that when an electric stove is really hot, the coils give
off a reddish visible light. This is an example of the black-body spectrum: All
things at finite temperature emit light, and do so with a same spectrum that
depends, roughly, only on the temperature. That is, all bodies at the same
temperature emit the same spectrum.
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Explain that:

The strongest color in the black body spectrum depends on temperature: the
higher the temperature the shorter the wavelength. For really hot objects,
like the stove, the hotter the object, the more towards the violet end of the
visible spectrum it will appear, as opposed to the redder end.

The Sun is a very good example of an object that emits a black-body spectrum.
In this case, the peak color is yellow (as discussed previously).
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Make A Pizza Box Solar Oven

The pizza box solar oven is a great project for kids because it demonstrates
two of the three basic principles of passive solar design working in concert with
each other to accomplish a goal the kids can really relate to: making and
eating something yummy!

An adult should try making a solar pizza box oven first before doing it with
students. Also consider making a “Bernard solar panel cooker”. See the solar
cooking section of this Primer to see a photo of one, and this web link has
instructions. These are very simple to make, and often work better than pizza
box solar ovens. http://www.solarcooking.org/plans/spc.htm

The solar principles demonstrated are:

Solar Gain - Arranging for sunlight to enter a device as a source of energy. In
this case, the gain is accomplished by reflection, transparency, and absorption.

Insulation - Containing heat by trapping air inside and around a device to
contain heat.

Cooking takes time, and the Sun will change position during that time.
Therefore, somebody, probably the cook, may need to align the solar oven now
and then to keep the sunlight entering the oven for a big job. Mechanisms that
track the sun and adjust the device automatically are called "heliostats" (like
thermostat, but with "helio”, which means "Sun", instead).

The simplest pizza box solar oven design, as given below, can get up to two
hundred degrees fahrenheit on a warm sunny day, enough, for example, to
make "s'mores" (graham cracker sandwiches of chocolate chips and
marshmallows).

Several optional features will enable the oven to get even hotter, which may
be desirable in cooler weather, or for more serious cooking. One should allow

125


http://www.solarcooking.org/plans/spc.htm

ample time for cooking - roughly twice as long as would take in a conventional
oven, and for smore's, it works best to leave the sandwiches open while
cooking so that direct sunlight falls on the marshmallows and chocolate chips.
We do not recommend trying to use the oven outside in temperatures below
about 60 degrees Fahrenheit. If it’s cool or breezy outside, try a sunny window
sill.

Note: Many pizza shop owners will be more than willing to donate boxes. In
return, you may want to ask a local reporter to cover the event, and ask the
reporter to specifically mention the pizza shop's donation and sponsorship in
any news article that appears.

Materials needed for a single oven (simplest design)
e 1 large size pizza box

e Several feet of heavy duty aluminum foil

e 1 sheet black construction paper

e 2 1/2 feet of clear plastic wrap

e 4 feet of masking tape

e 2 feet of string

Note: Avoid materials that you think might become toxic when heated

Tools needed

e Scissors (teachers or older students may also want to have an exacto knife
on hand, to be better able to cut cardboard with).

e Ruler

e Marker

Instructions
Assemble the pizza box as if for a pizza, and open it up.

Glue aluminum foil to all inside surfaces of the sides except the top of the box,
with the shiny surface facing in. This will create a "radiation trap" that will
trap, by reflection, invisible (low-frequency) radiation that is radiated by the
food and air inside the box.

On the top flap of the pizza box draw a square with a marker with edges
spaced 1" in from the four sides of the box.

Cut along three of the lines, on the sides and on the front edge of the box,
leaving the fourth line along the box's hinge uncut. Then fold open the flap,
making a crease on the fourth line. Note: Extra supervision make be needed
during this step, because students often cut along the fourth line as well, by
mistake.
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Glue aluminum foil to the inside surface of the top flap, with shiny side
visible! This will form a reflector, to reflect sunlight into the oven. Be careful
to make as few wrinkles as possible, and smooth out whatever wrinkles occur.

Tape the black construction paper to the bottom of the box. This will help to
absorb the incoming sunlight.

Carefully stretch the plastic wrap on the inside of the top of the box, sealing
the edges with tape to seal the air in.

Close the top of the box and check for areas where the top and sides don’t
make a tight fit. Build up these areas so the top fits fairly tightly. Cover any
air leaks around the outside box edges with tape, while still making sure that
the box can be opened in order to place food inside the box and remove it
later.

Go outside in the sunlight and place the oven on a flat, level surface.
Place food on some foil (or a paper plate) and place inside the oven.

Use string and masking tape to tie back and adjust the reflector flap, so that
sunlight is reflected into the oven, and especially onto the food.

Let food cook, and check the reflector angle now and then to make sure
sunlight is getting inside the oven. It works best on a bright, sunny, windless
day.

Enjoy your solar treat!

Optional Features

Add addition reflectors (flaps with foil) to reflect more sunlight into the oven.
This can substantially increase the gain of the oven. This will require some
extra cardboard (from some old boxes for example), and some extra foil, glue,
and string to adjust the flaps.

Crumple up some sheets of newspaper and stuff them around the inside
between the foil and the sides of the box, to provide extra insulation.

Add an additional layer of saran wrap across the box opening, but attached to
the inside surface of the top flap, such that an air space is created between
the layers of wrap (the plastic is bound to stick together in some places: don't
worry about this too much).

Place an oven thermometer inside the oven, as well, to measure the
temperature.

The earliest pizza box solar oven design we are aware of was created in 1976
by Barbara Kerr.
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Simple PV Cell Demonstration Project

Objective: To introduce students to PV cell operation and principles.

Note: There are many possible variations on this project. Our intent here is to
provide you with specifications to make a minimal demonstration at minimal
cost. We especially recommend you consider building solar car kits. These are
really fun!

Materials for a very simple solar fan project

e A sunny day, or a bright light bulb (greater than 40 watts).

e A small array of solar cells: The array should be wired to provide between
1.75 to 3 volts and more than 300 mA (milli-amps). Pitsco Inc., for example,
offers such small PV arrays (www.shop-pitsco.com/ -do a search on "solar’).
Many hobby and science toy stores sell small PV cells too.

e A small dc motor, with an operating range of roughly 1.5-4 volts (Pitsco also
offers such a motor, product #W54428).

e Two pieces of electrical wire: the motor may come with this already. Don't
use very thin wire, as this might offer too much resistance. You may want to
add alligator clips to the wires.

e A small propeller, or something to mount on the motor

Preparation

Mount the motor in some way. For
example, make a small stand for it out
of cardboard, or tape it to a small piece
of wood (as in the photo above).
Connect the motor to the solar array:
connect one wire from one contact of
the motor to one contact on the back of
the solar array, and the other wire from
the other contact of the motor to the
other contact on the solar array.
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Place the unit under direct light, and watch it go!

Explain that sunlight hitting the array causes electrons to get pushed through
the PV cells and the wires to the motor. This is a direct transfer of energy
from the sunlight to the motor.

Some Measurements:
If you have a voltmeter, you can:

Measure the voltage across the solar panel (which should be somewhere
between 1.5 -10 volts depending on the panel you buy). Do this by setting the
voltmeter to measure volts and place the meter probes at the output terminals
of the solar panel with light shining on the panel. Try this with the panel
connected and disconnected to the motor and see if there is a difference.
Record your results.

Then set the voltmeter to measure amps (milliamps), and place the voltmeter
in series with the motor. To do this, connect one probe to one terminal of the
panel. Connect the other probe to one terminal on the motor. Then connect
the remaining terminals of the motor and the panel with a wire. Record your
results.

Now calculate the power the panel was producing and the motor was drawing:
Use the basic formula P = | V (*power equals current times voltage™). If the
current is in milliamps, and the voltage in volts, then the power calculated will
be in milliwatts (thousandths of a watt).

Now calculate the resistance of the motor from Ohm's Law: R = V / |
(“resistance equals voltage divided by current”. This is, simply rearrange of | =
V / R, the form that you might be more familiar with). If V is in volts, and | is in
milliamps, then the calculated value of R will be in kilo-ohms (thousands of
ohms).
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Build a Toy Solar Car

Building a toy solar car is an excellent and fun way to learn the basics about
solar electricity. The basic principles are the same as in the previous exercise
(Simple PV Cell Demonstration Project).

There are many toy solar car products on the market, ranging from simple kits
to radio controlled cars that typically cost $25-$35, up to radio controlled cars
costing $45 and more. Kit types may be classified as follows:

1. A solar panel and a motor only.

2. A solar panel, motor, and wheels.

3. A solar panel, motor, wheels, and chassis.

4. A radio controlled solar car kit.

Kits of types 1. and 2. are used, for example, by students who compete in
“Junior Solar Sprint” competitions. These “solar derby” competitions follow
the JSS event guidelines established by the National Renewable Energy
Laboratory: See http://www.nrel.gov/education/jss _hfc.html for more
information). A listing of these types of kits can be found at
http://www.nrel.gov/education/kits.html. These are simple projects
conceptually, but can be challenging to make work smoothly (especially if the
student doesn’t have a good set of wheels and/or wheel drive mechanism).

An example of kits of type 3. is shown at
right. This particular kit was obtained at
www.hometrainingtools.com. These types
of kits are significantly easier to assemble,
and generally work quite well.

An example of a radio controlled solar
car kit is shown at right. This kit was
developed by the New Mexico Solar
Energy Association to provide New
Mexico teachers with a fairly durable
and cost effective radio controlled solar
car option. These use thin film (flexible)
solar cells for durability, and even the
transmitter is solar powered. For more
information about how to obtain one of
these cars, see the retail items section
at www.NMSEA.org.
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Light Bulb Efficiency Comparison

Compact fluorescent lights, or “CFLs”, are
now widely used and recognized as an
important energy efficiency technology. CFLs
use roughly one quarter of the energy used by
a conventional incandescent light bulb to
produce the same amount of visible light.

It is recommended that students both study
the differences between the two bulbs, and
measure and verify these differences using a
watt-meter.

Measuring the Differences: The photo above right shows a comparison
apparatus built with ordinary parts from a hardware store, and a “kill-a-Watt”
brand watt-meter. When obtaining the light bulbs for these, make sure that the
package that the CFL comes in clearly indicates that the CFL is “equivalent”, in
terms of the visible light produced, to the same wattage as the incandescent
bulb you plan to compare it to (common CFL equivalent wattages are 60 watts,

or 100 watts).

Studying the Differences: The graphic below gives a basic set of comparison
numbers of the two bulbs. The bulb cost information given here can be used for

filling in the numbers on the next page:

INCANDESCENT COMPACT FLUORESCENT
Light Output BRIGHTNESS /Lmn\
1150 lumens < > 1300 lumens
Energy Used Energy Used

75 watts < ENERT UBASE > 20 watts
Life Life
1,000 hours 4 ey an 10,000 hours
Cont PURCHASE PRICE - tost
$0.50 | « > §2.50
e
@5
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The cost of electricity for the exercise below should be calculated as follows
(this calculation assumes a utility price of ten cents per kilowatt-hour):

Cost of Electricity (for one CFL)

= 10,000 hours x $.10/kilowatt-hour x 1 kilowatt/1000 watts x 20 watts
= ? (you calculate!)

Cost of Electricity (for one incandescent)

= 1,000 hours x $.10/kilowatt-hour x 1 kilowatt/1000 watts x 75 watts
= ? (you calculate!)
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Calculate the Per-Kilowatt-hour Cost of PV (Advanced)

In this exercise we calculate the per-kilowatt-hour cost of PV power from the
purchase price of a PV system, and the average energy output of a PV system in
New Mexico.

As mentioned in the section on PV in Part Il, a PV system in New Mexico
produces about 4.5 kilowatt-hours of usable electrical energy per day, on
average.

As also mentioned in the Primer, the purchase cost of PV systems can be
estimated as follows:

Cost Rules of Thumb: PV systems generally cost about $10/watt:
Large grid-connected systems can cost as little as $6 per watt, while small
off-grid systems can cost $12/watt or more.

From these numbers, calculate the average cost per kilowatt-hour for a PV
system that costs $10 per peak watt, and lasts 25 years:

1. For simplicity, assume that the PV array has a peak output of 1000 watts
(the size we pick here does not matter for the final result).

2. From 1., and from our assumptions about the cost of the system, we
calculate that the systems costs:
$10/watt x 1000 watts = $10,000.
Note how the units of watts cancels in this calculation.

3. From 1., and the information given above, we conclude that the system
produces 4.5 kilowatt-hours per day on average.

4. We next calculate how many kilowatt-hours are produced over 25 years:
4.5 kWh/day x 365 days/year x 25 years = 41,063 kWh.

Note how the units of days, and the units of years, also cancel in this
calculation.

5. Now we can calculate the cost per kilowatt-hour:
$10,000/41,063 kWh = $.243/kWh = 24.3 cents/kWh.

This is 2-3 times the cost of power from the grid using nonrenewable
sources (or wind power), depending on where you live.

Note that the cost per kilowatt-hour over 25 years will be larger if the
number of kilowatt-hours per day the system produces is less, say, for
example, if the system was located in a cloudier climate. From this one can
understand why somewhat cloudy countries like Japan and Germany need to
offer larger incentives for PV than sunnier places.
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Explore the Solar Resource (Advanced)

Could solar energy power the United States? To answer this question, compute
how much land area would realistically be required to produce that much
energy from Solar.

For comparison, compare the result to the land area we would need to mine
coal to supply just our electricity (about 1/3 of our total energy usage - the
rest being from oil and natural gas) over a period of, say, 100 years.

Units: Let BTU represent British Thermal Units, m? represent square meters, kw
represent kilowatts, hr represent hours, yr represent years, and kWh
represents kilowatt-hours. It is also handy to know that "kilo" means 1000 or 10°
in exponential notation, one million is 10°, and one billion is 10°.

Fact: The total energy usage of the US, including electricity, oil, natural gas,
nuclear, and renewables, is currently approximately 10' BTUs/year (in energy
policy circles, the unit of “quads” is often used. One quad is equal to 10"
BTUs, so the US uses about 100 quads).

Let's assume that the efficiency of the solar collectors is 20% (a realistic figure
for future solar equipment. Solar dishes already get more than this, and new
PV cells are close to this now). Also assume that the collectors will receive
eight hours of sunlight per day at about 1 kilo-watt per square meter intensity
(bright sunlight gives almost exactly 1000 watts per square meter - a very nice
number that is often referred to as “one sun”).

Using the 20% efficiency, we thus calculate that we capture .2 kilowatts per
square meter for eight hours a day, which means we can collect 8 hours x .2
kilowatts = 1.6 kWh/day-m?.

(Incidentally, an energy efficient home uses about 10 kWh/day or less of
electricity. This implies that we would need only about 6 square meters of
solar collector. This is much less than the roof area of a home, so simply from
this one can see that solar should be sufficient. But lets continue on with the
grand calculation anyways!)

We can then calculate that over a whole year we can capture 365 day/yr x 1.6
kWh/day-m? = 584 kWh/yr-m.

Now, one square kilometer is equal to one million (10°) square meters (1000 x
1000 equals one million). By multiplying the figure above by one million and
adjusting the exponents correctly, we find that over one square kilometer we
capture 584 million kWh/yr-km?.

If we now convert to BTUs from kilowatt-hours, then we can finish our
calculation. One BTU (British Thermal Unit) is equal to 1055 Joules. A Joule is
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the amount of energy delivered by a 1 watt over one second. The term
kilowatt-hour means the energy delivered by 1 kilowatt over 3600 seconds, or
3600 kilo-Joules. Dividing this by the conversion factor 1055 Joules/BTU, we
find that one kilowatt-hour is about 3.41 kilo-BTUs.

So, the yearly energy usage of the US, in kilowatt-hours, must be 10" BTUs
divided by 3.41 kilo-BTUs, or 2.93 x 10* kWh/yr.

Dividing this by 584 million kWh/yr-km?, we find that we need 5.0 x 10* km?.
This is an area of 500 by 100 kilometers.

One square mile is equal to 2.58 square kilometers. Dividing this into 5.0 x 10*
km?, we find that we would need an area of about 2.0 x 10*, or 20,000, square
miles, which is an area only 100 miles by 200 miles, to completely power the
US.

Thus, New Mexico truly is a Solar Saudi Arabia!
How does this compare to coal?

Facts: The average thickness of a coal seam is about 1 meter, the density of
coal is about 1.1 gram per cubic centimeter, and the energy contained in one
gram of coal is about 30 kilo-Joules/gram.

The average thickness of 1 meter means that we have about 1 cubic meter of
coal per square meter of land area. One cubic meter is one million cubic
centimeters. Therefore, the density of 1.1 gram per cubic centimeters implies
that we have about 1.1 10° grams of coal per square meter of land area.

Multiplying this by the energy density of 30 kilo-Joules/gram then implies that
we obtain about 33 billion Joules per square meter of land area from coal.

Because a kilowatt-hour is 3600 kilo-Joules, dividing this into the previous
figure means that coal yields about 9100 kilowatt-hours per square meter, or
about 9100 million kilowatt-hours per square kilometer.

Dividing this into 1/3 of the total US energy usage of 2.93 x 10" kWh/yr (the
1/3 coming from the fact that we just consider electricity here), we find that
we need to mine 1066 square kilometers per year. Dividing this by 2.58, we
find that we must mine 413 square miles per year.

Over 100 years we must therefore mine 41,300 square miles!

In conclusion, we find that over a 100 year time period, to produce just our
electricity from coal, we must mine over twice the land area needed to provide
all the energy needs of the US from solar!
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Electrolysis: Obtaining hydrogen from water

s5e

This project involves a fascinating experiment in electrochemistry that
illustrates several important energy related processes, and provides an ideal
context for discussion of several issues related to electricity generation.

As covered in the Primer on energy storage, it is possible to use hydrogen as a
fuel, that is, a way to store energy, for days when the Sun doesn't shine, or at
night time, or for powered mobile devices such as cars.

The process by which we generate hydrogen (and oxygen) from water is called
electrolysis. The word "lysis" means to dissolve or break apart, so the word
"electrolysis" literally means to break something apart (in this case water) using
electricity.

Electrolysis is very simple - all you have to do is arrange for electricity to pass
through some water between to electrodes placed in the water, as shown in
the diagram above. It’s as simple as that! Michael Faraday first formulated the
principle of electrolysis in 1820.

If the electricity used for electrolysis is generated from fossil fuels, then
carbon dioxide would be emitted in support of our electrolysis process, and the
advantage of using hydrogen as a fuel would be lost. But if the electricity is
produced by solar cells, as we suggest in the diagram above, then there will be
no pollutants released by our process.

Materials you will need

e A battery or solar panel with a voltage greater than 1.5 volts - 9-volt
batteries work well.
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Two pieces of electrical wire about a foot long. It’s convenient, but not
necessary, if the wire has alligator clips at each end.

Two number 2 pencils

A jar full of tap water

small piece of cardboard

electrical or masking tape.

Tools you will need

pencil sharpener (an exacto knife will do if a sharpener is unavailable)
wire strippers or scissors, if the wires are insulated.

Procedure

N

Remove the erasers and their metal sleeves from both pencils, and
sharpen both ends of both pencils.

. Fill the glass with warm water.

Attach wires to the electrodes on the solar cell or battery, and the other
ends to the tips of the pencils, as shown in the diagram above. It is
important to make good contact with the graphite in the pencils. Secure
the wires with tape.

. Punch small holes in the cardboard, and push the pencils through the

holes, as shown in the diagram above.

Place the exposed tips of the pencils in the water, such that the tips are
fully submerged but are not touching the bottom, and adjust the
cardboard to hold the pencils.

Wait for a minute or so: Small bubbles should soon form on the tips of
the pencils. Hydrogen bubbles will form on one tip (associated with the
negative battery terminal - the cathode) and oxygen from the other.

Specific things you can point out:

It is very important to note that electrolysis does not depend
intrinsically on the generation of heat (although some may be produced,
for example, from the turbulence created by the bubbles of gas in the
liquid). Therefore, it is not subject to a fundamental thermodynamic
limitation on efficiency, which would be the case if a fixed fraction of
the energy used was converted into heat (since creating heat creates
entropy). Therefore, electrolysis can be (and is) performed at very high
efficiencies close to 100%.

If you use a battery, then chances are that the battery was charged with
electricity produced by burning fossil fuels, so that the hydrogen you
produce isn't produced cleanly. If you use a solar cell, however, then the
hydrogen will be produced cleanly, except for any pollutants that were
emitted when the cell was made (we say that the solar cell has no
"point-of-use" emissions).
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e If you use a battery or solar panel that generates less than 1.5 volts,
then it will be necessary to add an electrolyte, such as a salt, acid, or
base, that will disassociate into charged ions and increase the flow of
electrical current.

e We use pencils as electrodes because the carbon (in the form of
graphite) that they consist of will not dissolve into the water under the
influence of the electron current - the carbon is electrically neutral.

e If the electrodes are made of metal, and if there is another metal
dissolved into the water, then the metal electrode will become plated
with the dissolved metal. This process is called electroplating, and is
used in industry to produce aluminum and also to plate things with gold
or silver.

Advanced Experimentation

Advanced students may want to study the efficiency of the electrolysis project.
This can be done, under careful supervision (since you will be collecting
hydrogen), in the following way:

1. First make the following measurements carefully and simultaneously:

o Collect the hydrogen produced with a test tube: The test tube
should be initially filled with water (by submerging it) and
positioned over the negative electrode, with the open end
submerged and the closed end pointing upwards (such that the
tube is completely filled with water at the start of the
experiment). Run the experiment until the water level inside the
test tube matches the water surface level. At this point the
pressure of the hydrogen will equal ambient pressure. Stop the
experiment when this level is reached.

o Measure the current | in amps: Do this by placing an ammeter in
the electrolysis circuit - have someone read the meter during the
experiment to get a good idea of the average current. Make sure
you express the result in amps, which may require conversion
from milliamps.

o Time the entire experiment with a stopwatch in seconds. (This
may be a large number).

o Measure the ambient (room) temperature in Celsius degrees.

2. Calculate the volume of hydrogen produced at ambient pressure in
cubic meters: Measure the dimensions of the test tube, and the length
of the tube above water. Make sure you answer is expressed in cubic
meters. For example, if you initially calculate the volume in cubic
centimeters, divide your answer by 1 million.

3. Now calculate the theoretical (maximum) volume of the hydrogen
produced, also in cubic meters, from the other data for the current and
the time, using "Faraday's First Law":

Vtheoretical = (R I'T t) / (F P Z),

138



where R=8.314 Joule/(mol Kelvin), | = current in amps, T is the
temperature in Kelvins (273 + Celsius temperature), t = time in seconds,
F = Faraday's constant = 96485 Coulombs per mol, p = ambient pressure =
about 1 x 10° pascals (one pascal = 1 Joule/meter®), z = number of
"excess" electrons = 2 (for hydrogen, H,), 4 (if you're measuring oxygen
production instead).

4. Finally, calculate the efficiency by comparing the volume produced to
the theoretical maximum volume:

Efficiency (ln %) = 100 X Vproduced / Vtheoretica| -

5. Discuss the possible sources of inefficiencies/errors, such as
o Failure to capture all the hydrogen
o Energy lost to heat
o Various measurement errors

How does electrolysis work chemically?

Electrolysis: Splitting water with
electricity to produce hydrogen and oxygen:

The chemical equation for electrolysis is:
energy (electricity) + 2 H,O0 -> O, + 2 H;.

At the cathode (the negative electrode), there is a negative charge created by
the battery. This means that there is an electrical pressure to push electrons
into the water at this end. At the anode (the positive electrode), there is a
positive charge, so that electrode would like to absorb electrons. But the water
isn't a very good conductor. Instead, in order for there to be a flow of charge
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all the way around the circuit, water molecules near the cathode are split up
into a positively charged hydrogen ion, which is symbolized as H" in the
diagram above (this is just the hydrogen atom without its electron, i.e. the
nucleus of the hydrogen atom, which is just a single proton), and a negatively
charged "hydroxide" ion, symbolized OH':

H,O -> H" + OH"

You might have expected that H,O would break up into an H and an OH (the
same atoms but with neutral charges) instead, but this doesn't happen because
the oxygen atom more strongly attracts the electron from the H - it steals it
(we say the oxygen atom is more "electronegative" than hydrogen). This theft
allows the resulting hydroxide ion to have a completely filled outer shell,
making it more stable.

But the H*, which is just a naked proton, is now free to pick up an electron
(symbolized e") from the cathode, which is trying hard to donate electrons, and
become a regular, neutral hydrogen atom:

H" +e ->H

This hydrogen atom meets another hydrogen atom and forms a hydrogen gas
molecule:

H+ H -> Hy,

and this molecule bubbles to the surface, and, voila! We have hydrogen gas!
Meanwhile, the positive anode has caused the negatively charged hydroxide ion
(OH") to travel across the container to the anode. When it gets to the anode,
the anode removes the extra electron that the hydroxide stole from the
hydrogen atom earlier, and the hydroxide ion then recombines with three other
hydroxide molecules to form 1 molecule of oxygen and 2 molecules of water:

4 OH —> 0Oy + 2H50 + 4e”
The oxygen molecule is very stable, and bubbles to the surface. In this way, a
closed circuit is created, involving negatively charged particles - electrons in

the wire and hydroxide ions in the water. The energy delivered by the battery
is stored by the production of hydrogen.
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