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I n t rod u ct io n 

Famil ia r i ty  breeds  . . . indifference.  F rom worshipping 
t h e  sun as a de i ty  of f ea r fu l  power and divine beauty ,  humans 
have  c o m e  to regard  it proprietar i ly  as " t h a t  lucky 01' sun" 
who "has nothin' to do." Once  f ea red  by t h e  Arabs as a 
mighty hammer  poised above  t h e  "Sun's Anvil," o n c e  p laca ted  
by t h e  Az tecs  wi th  human sacr i f ice ,  once  regarded  as t h e  
t r u e  ances to r  of Japan 's  empero r ,  t h e  sun is now mere ly  a n  
inc identa l  f i x tu re  in t h e  universe. W e  s imula t e  i t  w i th  
sunlamps,  and then  c i r cumven t  i t  wi th  sunscreening lotion; 
w e  work in windowless cubicles  a l l  day under a r t i f ic ia l  lights; 
w e  air-condition our  summer  and then  run to Flor ida in t h e  
winter .  

What a d is tance  w e  have  come ,  in our  wondering 
adulat ion of our  own accompl ishments ,  f r o m  ea r ly  humans  
who turned  to t h e  sun as life-giver and comfor t e r .  For  t h e  
anc ien t  Stonehenge,  e r e c t e d  as a c i rcu lar  solar  t e m p l e  and  
observa tory ,  w e  now have  c i t i e s  e r e c t e d  on a gridiron plan, 
where  e a c h  s t ruc ture ' s  sunlight is blocked o u t  by t h e  next .  
Turning our  backs on t h e  sun's warmth ,  w e  glory in a r t i f ic ia l  
" c l ima te  control"  in our  "planned environments." 

Perhaps  our  expe r imen t s  wi th  fusion, and  our  probes of 
t h e  moon and p lane ts ,  have  made  us f e e l  t h a t  t h e  sun too is 
within our  grasp. Y e t  t r y  as w e  may,  w e  canno t  do for  
ourselves  wha t  t h e  sun does, and has  done, and will d o  for  us 
fo r  billions of yea r s  to come.  Maybe in t h e s e  anxious t i m e s  
w e  will aga in  learn  to mark  i t s  coming and going, and to  
measu re  our  l ives  by i t s  rising and se t t ing .  

Tha t  is why th i s  book was  wr i t ten :  to p romote  a new 
awareness  of t h e  sun. The  book's s ec t ions  cove r  top ics  
ranging f r o m  t h e  sun's composi t ion and  i m p a c t  on t h e  e a r t h  
as a whole, to spec i f i c  sys t ems  f o r  using so lar  energy ,  and  
finally to speculat ions abou t  legal ,  economic ,  and  soc ia l  
effects of solar  development .  Originally designed for  t each -  
ers, th i s  m a t e r i a l  has  been expanded to be  useful  to s tuden t s  
and o t h e r  m e m b e r s  of t h e  public who w a n t  in format ion  abou t  
solar  energy.  

The  goal  of this  book, t hen ,  is to m a k e  you m o r e  a w a r e  
of how t h e  sun pervades  your l i fe ,  and  to show you s y s t e m s  
for  tapping this  g r e a t  fountain of l i fe  t h a t  showers  us wi th  
rad ian t  energy  eve ry  day. 
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To the Teacher 1 

This t e x t  developed organically,  s t a r t e d  by one  t e a c h e r ,  finished by ano the r ,  and 
reviewed and cr i t iqued by many. T h e  book was  intended to provide t e a c h e r s  with a quick 
inservice cour se  on solar energy and r e l a t ed  renewable energy sources.  I t  was  w r i t t e n  
then ,  f o r  you t h e  t eache r .  

Accompanying t h e  t e x t  a r e  f ive  booklets of ac t iv i t i e s  for  junior and senior high 
sc i ence  students.  N o  a t t e m p t  was m a d e  to coord ina te  c h a p t e r s  of t h e  book with spec i f i c  
ac t iv i t i e s  f r o m  t h e  Renewable Energy Ac t iv i t i e s  booklets. In fact, e a c h  ac t iv i ty  is  a 
small  t e x t  in i tself ,  containing wha teve r  information is needed to t e a c h  it. 

Activities 

I Junior High/Middle School Science 1 General Science 

n 

. 

n 



However,  i t  s e e m e d  to us t h a t  p a r t s  of t h e  t e x t  migh t  c o m e  in handy f o r  use in 
conjunction with c e r t a i n  act ivi t ies .  Especially fo r  advanced s tudents ,  t h e r e  a r e  informa- 
t i on  and d i ag rams  h e r e  t h a t  you might  l ike to use in your teaching.  H e n c e  t h e  ma t r ix  on 
t h e s e  pages. 

The  Solar Energy P r o j e c t  staff would l ike you to n o t e  t h a t  

THERE ARE NO RESTRICTIONS ON THE DUPLICATION OF THIS 
TEXT O R  OF THE ACTIVITY BOOKLETS, AS LONG AS DUPLICATION 
OF THE MATERIAL IS DONE BY TEACHERS, F O R  NONPROFIT, 
CLASSROOM USE. 

Activities 

Earth Science I Biology I ChernistrdPhvsics I 
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Chapter I 

Making Friends with the Sun 

n 

There  a r e  many things t h a t  w e  don't understand. Some  
things e lude  our  gaze because  they  a r e  too f a r  a w a y  o r  too 
t iny,  l ike t h e  ou te r  r eaches  of t h e  universe,  o r  t h e  s t r u c t u r e  
of t h e  a tom.  O t h e r  things a r e  too a b s t r a c t  fo r  us to 
visual ize ,  l ike t h e  concep t  of infinity. 

The re  a r e  s t i l l  o t h e r  things,  though,  t h a t  many of us 
don't understand because  we've never  given t h e m  much 
thought .  They ' re  "too close,'' too famil iar .  The  sun is l ike  
tha t .  Because  i t  i s  t h e  nea res t  s t a r ,  sc ien t i s t s  have  found o u t  
qu i t e  a l o t  abou t  i t ,  but s ince  m o s t  of us don't  g ive  it much 
a t t e n t i o n  i t  remains  a s t ranger .  

c 
8 



Suppose you hear ,  for  example ,  t h a t  t h e  sun is 1,382,000 
k i lometers  (864,000 miles) in d i ame te r ,  t h a t  i t s  volume is 
1,300,000 t imes  t h a t  of t h e  e a r t h ,  and t h a t  i t s  mass  is equal  
t o  t h a t  of 330,000 ear ths .  Those a r e  just  numbers;  t hey  have  
no rea l  impact .  But if you look at a p ic ture  l ike t h e  one  on 
t h e  fac ing  page, you s t a r t  to understand what  those  numbers  
mean.  When you then  rea l ize  t h a t  t h e  sun is just an  ave rage  
s t a r ,  you gain m o r e  respec t  for  s o m e  of those  l i t t l e ,  twinkling 
specks  o u t  t h e r e  t h a t  a r e  ac tua l ly  gigant ic  suns in the i r  own 
d is tan t  solar  systems.  

Here  is a basic prof i le  of our sun. 

Description : 

Size: 

Age: 

Corn position : 

Personality: 

Distinguishing 

Sun Data 
"Yellow dwarf" (midway be tween t h e  hot- 
test blue s t a r s  and t h e  cooles t  red ones) 

Medium (tiny compared  to red super  gi- 
a n t s  l ike Antares )  

Middle-aged (about 5 billion years  old 
with probably 5 billion t o  go) 

Hydrogen and helium gas  (and smal l  
amounts  of oxygen, carbon and o the r  e le-  
ments )  

Hot and under e x t r e m e  pressure.  A t  i t s  
c o r e  theo sun is probably about  
16,000,000 C and has  a pressure 100 bil- 
lion t imes  g r e a t e r  t han  our  a tmosphe r i c  
pressure.  

features : Sunspots, prominences,  and  
f l a r e s  

Power Output: Enormous! (3.86 x W) 

These d a t a  may gene ra t e  a f e w  quest ions in your mind. 
For example:  

I s  the sun the same from its center to its 
surface? 

Not at all. I t  consis ts  of seve ra l  layers ,  each  one  
having a d i f f e ren t  t e m p e r a t u r e  and densi ty  and performing 
d i f f e ren t  processes.  Of course,  t h e  boundaries be tween t h e s e  
layers  aren ' t  sharply defined, as they  s e e m  to be in t h e  
diagram. Remember  t h a t  t h e  sun is gas ,  so i t s  l ayers  blur 
i n to  one  another .  

9 

The scale of the sun to other stars 

C (Celsius): the  temperature scale in 
which 0" is the freezing point and 100' 
the  boiling point of water; (formerly 
called "centigrade"). 

power: the  ra te  at which work is per- 
formed, measured as units of energy 
per unit of time. (See glossary.) 

W (watt): a unit of power; one joule/sec- 
o n d . e  glossary.) 



1 I I I I I  
Let 's  s t a r t  at t h e  core.  With t e m p e r a t u r e s  of 

16,000,0OO0C and pressures  100 billion t i m e s  g r e a t e r  t h a n  ou r  
a tmosphe r i c  pressure,  t h e  c o r e  is an  enormous the rmonuc lea r  
r e a c t o r ,  a lways  working full blast  and releasing t remendous  
energy. (The meaning of t h a t  thermonuclear  r eac t ion  will b e  
explained in Chap te r  2.) 

energy: the ability to do work or make 
things move; it exists  in many forms 
(electrical, kinetic or motion, gravita- 
tional, light, atomic,  chemical,  heat) 
and can be converted from one to anoth- 
er. (See glossary.) 

Around t h e  c o r e  is t h e  radiation zone. In this  region 
energy  is being t r a n s m i t t e d  f rom t h e  c o r e  by radiation, at t h e  
speed  of l ight,  l ike  h e a t  f rom a f i re .  core 

radiation, the process of: the emission 
of waves or particles that transmit energ 
through space or through some medium. 

speed of light: the speed at which radi- 
ation travels in a vacuum; almost 300,000 

(See glossary.) 

kilometers/second. 

radiation zone / 
Next comes  t h e  convect ive zone, a very turbulent ,  

unstable  a rea .  Much less dense than  t h e  inner areas, th i s  
zone  t r ansmi t s  energy  by convec t ion  of masses  of gas,  e a c h  
a t o m  of g a s  carrying energy  toward  t h e  surface.  

convective zone 

convection: transfer of heat by the move- 
ment of a parcel of heated fluid. (See 
glossary.) 

at t h e  o u t e r  layers  of 
sun. This thin layer ,  abou t  500 k i lome te r s  thick,  makes  t h e  
brightly glowing s u r f a c e  t h a t  def ines  t h e  visible ball  of t h e  
sun and hides t h e  inner layers.  Energy h e r e  is t r a n s m i t t e d  
mostly by radiation again,  as in t h e  radiat ion zone. 

chromosphere 

Beyond t h e  photosphere is t h e  chromosphere ,  a reddish 
layer  (chromosphere  means  "colored sphere"). I t  c a n  b e  seen 
for a f e w  seconds before  and a f t e r  t h e  darkest  point of a 
t o t a l  eclipse.  The upper chromosphere  is h o t t e r  t h a n  t h e  
photosphere  and is ionized (electr ical ly  charged).  

transition region 

corona At  t h e  edge  of t h e  chromosphere  is t h e  t ransi t ion 
region, so-called because  in this  thin layer  t h e  t e m p e r a t u r e  
rises sharply and t h e  pressure falls. The t ransi t ion region 
somet imes  pushes out f rom t h e  chromosphere  in spec tacu la r  
spikes,  jets, and fountains of gas. 

Finally we r each  t h e  corona. The  gases  h e r e  a r e  
ex t r eme ly  hot ,  and under so l i t t l e  pressure t h a t  t h e y  sp read  
outward  in to  t h e  solar  system. On e a r t h  an  a r e a  of g a s  with 
th i s  low a density would b e  considered to b e  a par t ia l  
vacuum. 

lThe layers of the sun I 10 
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A total solar eclipse reveals the structure of the sun's corona. 

The hairs  of t h e  corona,  s t r eaming  o u t  f rom t h e  sun, 
can  be  seen  during a t o t a l  eclipse. Some sc ien t i s t s  s ay  t h a t ,  
in a sense,  t h e  whole solar  sys t em is within t h e  sun's corona  
and t h a t  t h e  "solar wind" (high speed  par t ic les  t h a t  reach  o u t  
beyond t h e  p lane ts )  is simply a n  extension of t h e  corona.  

Is the sun stationary? 
No, i t  r o t a t e s  on an  axis  just as t h e  e a r t h  does. But 

because  i t  is gaseous, i t  doesn't a l l  r o t a t e  uniformly l ike a 
solid. The  par t  of t h e  sun around i t s  equa to r  makes  one  
ro ta t ion  in abou t  25 e a r t h  days. The  p a r t s  near  t h e  poles a r e  
s lower ,  t ak ing  abou t  33 days  to m a k e  a c o m p l e t e  rotat ion.  

The  sun also apparent ly  revolves  around t h e  c e n t e r  of 
our  galaxy in a c i rcu lar  orb i t ,  at about  200 miles  per  second,  
car ry ing  i t s  solar  sys tem wi th  i t .  I t  t a k e s  abou t  200 million 
yea r s  for  o n e  c i rcu lar  trip. 7 

What are all the solar phenomena we hear of: 
sunspots, flares, prominences, plages, filaments, 
etc? 

All of these  a r e  r e l a t ed  to a c t i v e  regions on t h e  sun's 
su r f ace ,  most ly  grouped near  t h e  equator .  

Sunspots a r e  dark  regions on t h e  photosphere.  They 
o f t e n  appear  in pairs, wi th  dark lines or f i l amen t s  spreading  
f r o m  the i r  cen te r s ,  and  they  s e e m  to follow a n  11-year cycle .  
Sc ien t i s t s  now think t h a t  t hey  a r e  a r e a s  of very high magnet -  
ism which block hea ted  gas  rising to t h e  sur face .  

P lages  (French for  "beaches") a r e  especial ly  br ight ,  
high-energy a r e a s  in t h e  chromosphere  t h a t  cover  sunspot 
a r e a s  in t h e  photosphere. A f l a r e  is a sudden br ightening in 
a n  a r e a  of plages. I t  ind ica tes  a sudden burst  of radiat ion and 
energ ized  par t ic les  t h a t  can  somet imes  be  f e l t  in t h e  ea r th ' s  
upper a tmosphe re  and magne t i c  field. 

11 
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Prominences  a r e  perhaps  t h e  mos t  beaut i fu l  so la r  phe- 
nomena. They a r e  s t r e a m e r s  of cooler  chromosphere,  ex-  
tending  in to  t h e  ho t t e r  corona.  Some look like erupt ions,  
s o m e  l ike  f lames ,  and  s o m e  l ike g r e a t  founta ins  of m a t t e r  
t h a t  l eap  and then  fa l l  back in to  t h e  chromosphere.  

Rising from chromosphere is a delicate, non-erupting prominence, 
about 50,000 kilometers high. 

12 
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What i s  the earth's place in this picture? 
The ear th ' s  pa th  around t h e  sun is a n  ellipse, so i t  is 

some t imes  slightly c loser  to t h e  sun than  at o t h e r  t imes .  But 
t h e  ave rage  d is tance  is 149,600,000 k i lome te r s  (93 million 
miles). N o  rea l i s t ic  p i c tu re  of t h a t  c a n  be  shown because  if 
t h e  e a r t h  and t h e  sun were  shown at t h e  s a m e  sca l e  and s i z e  
as on t h e  f i r s t  page  of this  chap te r ,  t h e y  would have  to be  15 
m e t e r s  a p a r t  '(almost 50 feet). 

How do we know so much about the sun? 
W e  don't. T h a t  is to say ,  t h e r e  a r e  s o m e  things t h a t  w e  

know through observat ions and ca lcu la t ions ,  s o m e  things t h a t  
w e  c a n  hypothesize based on knowledge of gases, energy ,  and  
motion,  and s o m e  things abou t  which w e  a r e  s t i l l  seeking  
answers .  Although w e  can ' t  bore  in to  t h e  sun's co re ,  w e  c a n  
do  wha t  one  sc ien t i s t  ca l led  " intel lectual  boring.'' 
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The McMath solar telescope in Arizona is one of the more recent 
instruments designed to probe the sun. 

3 

How long does it take the sun's energy to 
reach the earth? 

This  quest ion isn't as s imple as i t  sounds. W e  know t h a t  
t h e  sun's energy  t r ave l s  at t h e  "speed of light.'' W e  also know 
t h a t  t h e  speed  of light i s  ex t r eme ly  high -- 300,000 kilo- 
m e t e r d s e c o n d  -- but  t h a t  means  energy  t rave l ing  in a 
s t r a igh t ,  unobs t ruc ted  line. The  sun's c o r e  is so dense  t h a t  
when energy  is produced i t  doesn't g e t  f a r  be fo re  it is 
absorbed by t h e  densely packed  par t ic les .  I t  is t hen  e m i t t e d  
and absorbed again,  over  and over ,  wi th  s o m e  energy  loss in 
t h e  process. I t  ac tua l ly  t akes  thousands, perhaps  millions, of 
yea r s  for  energy  to g e t  f rom t h e  c o r e  to t h e  s u r f a c e  of t h e  
sun. Then, as light energy ,  i t  cove r s  t h e  much g r e a t e r  
d i s t ance  to e a r t h  in abou t  8 minutes!  

13 



How much of the sun's energy reaches the 
earth? 

Less than  one billionth touches  our  t iny sphere.  Still,  
that ' s  abou t  1.7 x lOI7  w a t t s ,  f a r  m o r e  power t h a n  a l l  t h e  
ear th 's  power plants  gene ra t e .  In fact, in a couple  of weeks 
t h e  sun gives us as much h e a t  and  l ight as w e  could produce 
by burning all t h e  oil, coal ,  and wood on ea r th .  

It would be dishonest to imply t h a t  a l l  of t h a t  ene rgy  is 
r ight  o u t  t h e r e  for  us to t r a p  and use. Much of i t  is  r e f l e c t e d  
in to  space ,  is absorbed by t h e  a tmosphe re ,  o r  canno t  b e  used 
fo r  various reasons. The  r e s t  of this  book, however ,  will t e l l  
you what  real is t ic  po ten t i a l  t h e  sun's energy has for  us. 

. 

n 
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Chapter 2 

A Potent Ally 
If w e  perce ive  carelessly,  w e  may  descr ibe  incorrect ly .  

How many t i m e s  have you heard  t h e  sun ca l led  "a f i e ry  ball" 
o r  "a hot  ball of burning gases"? Descr ipt ions l ike  t h e s e  show 
a misunderstanding of e i t h e r  t h e  sun o r  burning o r  both,  
because  t h e  sun is not  "burning" in t h e  normal  sense  at all. 

Burning is a chemica l  reac t ion ;  t h a t  is, i t  rear ranges  
t h e  groupings of a t o m s  wi thout  des t roying  or  changing t h e  
a toms .  When a thing burns i t  combines  wi th  a n  oxidizing 
a g e n t ,  giving off h e a t  and l ight  in t h e  process. E lements  
a ren ' t  c r e a t e d  or  des t royed  in burning, simply rearranged.  I t  
is th i s  kind of r eac t ion  t h a t  gives  us t h e  energy  w e  g e t  f rom 
coal ,  oil,  and gas. 

Solar energy ,  by con t r a s t ,  c o m e s  f r o m  t h e  cont inuous 
nuc lear  reac t ions  going on at t h e  c o r e  of t h e  sun. A nuclear  
r eac t ion  involves t h e  basic  s t r u c t u r e  of t h e  a t o m s  them-  
selves .  One  e l e m e n t  is ac tua l ly  t r ans fo rmed  in to  ano the r ,  
and  t remendous  amounts  of energy  a r e  re leased  in t h e  fo rm 
of e l ec t romagne t i c  radiation. The  d i f f e rence  be tween  burn- 
ing and this  kind of reac t ion ,  then ,  is l i t e ra l ly  t h e  d i f f e rence  
be tween  a candle  and t h e  sun. 

electromagnetic radiation: the broad 
range of radiant energy in the universe. 

15 



atom: the smallest unit of a chemical 
element. 
- 

electric charge: a property of matter 
that causes electric phenomena. Like 
charges repel one another; unlike charges 
attract. 

Atoms and Atomic Particles I 

To move toward  an  understanding of solar energy,  you 
have to understand nuclear  react ions.  Firs t ,  le t ' s  review 
s o m e  of t h e  p a r t s  of t h e  a t o m  t h a t  have been ident i f ied and 
named. 

Proton- a pa r t i c l e  in t h e  nucleus ( cen te r )  of t h e  a t o m  
having posit ive e l e c t r i c  charge.  The  number 
of protons in t h e  nucleus gives a n  e l e m e n t  i t s  
a t o m i c  number.  

Neutron- an  uncharged pa r t i c l e  in t h e  nucleus. The, 
combined number of neutrons and protons in 
t h e  nucleus gives an  e l e m e n t  i t s  mass number.  

Nucleon- general  n a m e  for par t i c l e s  in t h e  nucleus (pro- 
tons and neutrons).  

Electron- a par t i c l e  outs ide t h e  nucleus with a nega t ive  
e l e c t r i c  c h a r g e  and a much smaller  mass  t h a n  
protons and neutrons.  

The  atom's  s t r u c t u r e  is something like this: t h e  protons 
and neutrons a r e  grouped in a very small ,  t ight ly  packed, 
dense c e n t e r ,  t h e  nucleus. The protons and neutrons,  al-  
though constant ly  moving, a r r a n g e  themse lves  in a stable 
s t ruc tu re .  The  e l ec t rons  a r e  much l ighter  and move in an  
organized p a t t e r n  s o m e t i m e s  visualized as o rb i t s  at g r e a t  
d i s t ance  f r o m  t h e  nucleus. This means  t h a t  most  of t h e  a r e a  
occupied by a n  a t o m  is ac tua l ly  e m p t y  space.  

n 

16 



,' \ 

If t h e r e  were  only e l ec t r i ca l  f o r c e s  a c t i n g  on nuclei, 
t h e n  protons would repel  one ano the r  (because  l ike cha rges  
repel). But in addition to e l ec t r i ca l  f o r c e  t h e r e  is a s t rong,  
a t t r a c t i v e  nuclear  f o r c e  which acts at very sho r t  dis tances .  
I t  o p e r a t e s  be tween any t w o  protons,  t w o  neutrons,  o r  a 
proton and a neutron. 

When protons and neutrons a r e  joining and m a k e  a 
nucleus,  t hey  a t t r a c t  one ano the r  by th i s  nuclear  force.  
Thus, when united,  t h e y  have less energy t h a n  ,when sepa- 
r a t ed .  To break t h e m  a p a r t  w e  would have to supply energy. 
This quan t i ty  of energy,  cal led binding energy,  is t h e  key to 
nuclear  reactions.  I t  is t h e  energy t h a t  is re leased when t w o  
unstable  a t o m s  combine and f o r m  one m o r e  s t ab le  a t o m  (or 
one  unstable  a t o m  spli ts  and fo rms  t w o  m o r e  s t ab le  ones). 

But what  makes  an  a t o m  s t ab le  or  unstable? 

Big nuclei  t end  to have l a rge r  binding ene rg ie s  t h a n  
small  nuclei ,  just because t h e y  a r e  bigger. If you divide t h e  
t o t a l  a m o u n t  of binding energy of a nucleus by t h e  number of 
nucleons,  you g e t  t h e  binding ene rgy  per  nucleon. This 
number is impor t an t  because i t  gives us information abou t  
t h e  r e l a t ive  s tabi l i ty  of various nuclei. 

If you s tudy t h e  c h a r t  below you will no t i ce  t h a t  as t h e  
mass  number increases ,  so does t h e  binding ene rgy  pe r  
nucleon - up to a point. But pas t  t h a t  point t h e  nuclei 
become so l a rge  t h a t  even  though they  h a v e  a high level  of 
binding energy,  t he i r  binding energy per  nucleon decreases .  
This means  they  a r e  less  s table .  General ly  speaking, t h e  
"medium" e l e m e n t s  l ike iron have t h e  most  binding energy 
pe r  nucleon and t h e r e f o r e  t h e  most  s tabi l i ty .  So i t  would 
s e e m  t h a t  t h e  t r ans fo rma t ions  of unstable  e l e m e n t s  to m o r e  
s t ab le  e l e m e n t s  will move  f rom t h e  ends of t h e  sca l e  toward  
t h e  middle. 

T h a t  is exac t ly  wha t  nuc lear  r eac t ions  a r e  a l l  about .  

I I I 1 I 
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Nuclear Reactions: Three Kinds 
There  a r e  severa l  kinds of nuclear  reac t ions ,  s o m e  

na tu ra l  and s o m e  humanly induced. 

Radioactive Decay 

An e l e m e n t  t h a t  t ends  to r e a c t  by i tself  is ca l led  
"radioactive." The re  a r e  a number of rad ioac t ive  e l e m e n t s  
found in na ture ;  uranium and thorium a r e  t w o  examples .  

These  a r e  "heavy elements ,"  t h a t  is, t h e y  have  a l a rge  
number  of neut rons  and protons in the i r  nuclei. 

Because protons have  t h e  s a m e  charge ,  t h e y  repe l  e a c h  
o ther .  Where t h e r e  has  been suf f ic ien t  binding ene rgy  i t  will 
o v e r c o m e  this  repulsion. But wi th  a very  la rge ,  heavy 
nucleus wi th  many protons,  t h e  binding energy  may  no t  b e  
s t r o n g  enough to ove rcome  t h e  e l ec t r i ca l  repulsion. Ele- 
men t s  with th i s  t y p e  of nucleus are unstable  and  t e n d  to 
break  down, giving off e i t h e r  a lpha par t ic les  (composed of 2 
pro tons  and  2 neutrons)  o r  b e t a  pa r t i c l e s  (electrons). As a 
r e su l t  of this  " rad ioac t ive  decay," t h e  original e l e m e n t  be- 
c o m e s  a new e l emen t .  The  new e l e m e n t  may  have  a lower 
a t o m i c  number and mass number,  d u e  to lost  p ro tons  and 
neutrons,  o r  t h e  s a m e  mass  number  but  a higher a t o m i c  
number ,  d u e  to t h e  loss of e l ec t rons  which then  increases  t h e  
posi t ive cha rge  of t h e  nuclei. Eventual ly ,  th rough a se r i e s  of 
t h e s e  t ransmuta t ions ,  t h e  unstable ,  r ad ioac t ive  a t o m s  be- 
c o m e  s tab le ,  nonradioact ive a t o m s  wi th  lower a t o m i c  num- 
be r s  and mass numbers. 

I 
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Fission 

The reac t ion  t h a t  w e  cal l  nuclear  fission has  been  
brought  abou t  during th i s  cen tu ry  through human e f fo r t .  In a 
sense ,  i t  is a spec tacular ly  speeded-up f o r m  of rad ioac t ive  
decay ,  using par t icular ly  unstable  e l emen t s  like one  form of 
uranium, U235. When an  a t o m  of uranium 235 is s t ruck  by a 
low-energy neutron f rom ano the r  a t o m  i t  spl i ts  i n to  t w o  
smal le r  nuclei and gives  off o the r  neut rons  which s t r ike  and 
spl i t  o the r  a toms ,  s e t t i n g  up a chain react ion.  The  sp l i t t ing  
causes  movemen t  and  collision, gene ra t ing  a t remendous  
amoun t  of hea t  f rom a relat ively sma l l  amoun t  of m a t t e r .  
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To keep  t h e  cha in  reac t ion  going a f t e r  t h e  original 
neut ron  s t r ikes  t h e  original a t o m  you have  to have  a la rge  
enough amoun t  of t h e  rad ioac t ive  ma te r i a l  to m a k e  cont inued 
collisions probable. This amoun t  is ca l led  t h e  "cr i t ical  mass." 
When t w o  smal le r  masses  of rad ioac t ive  ma te r i a l  a r e  brought  
t oge the r  to m a k e  a la rge  enough mass, you have  t h e  basis fo r  
a nuc lear  explosion. 

Fusion 
The  fusion reac t ion  is someth ing  t h a t  humans a r e  now 

struggl ing to produce, cont ro l ,  and channel .  The  explosive 
energy  of th i s  reac t ion  is t h e  s a m e  t y p e  of energy  t h a t  fue ls  
t h e  sun. 

A fusion reac t ion  requires  t remendous  hea t ,  and  thus  is 
called a thermonuclear  react ion.  One  way t h a t  humans so f a r  
have  been ab le  to g e n e r a t e  t h e  h e a t  necessary  to s t a r t  t h e  
reac t ion  is through a prel iminary fission reac t ion  which is 
t h e n  followed by a fusion reac t ion ;  w e  know it as t h e  
hydrogen bomb. Lasers  a r e  a lso being used to t r igger  fusion 
react ions.  But t h e  sun has  t h e  necessary  t e m p e r a t u r e  in i t s  
c o r e  all t h e  t i m e ,  as wel l  as t h e  necessary  e l e m e n t  -- 
hydrogen. 

laser: a device that emits a very intense, 
d irectedbeamofl ight  Of just One wave- 
length. 

Scient i s t s  now think t h a t  t h e  sun and its p lane ts  fo rmed  
out of a large, con t r ac t ing  cloud of gas and dust .  As t h e  sun 
g rew,  i t s  g rav i ta t iona l  f o r c e  increased,  i t  a t t r a c t e d  more  
m a t t e r ,  and g rew even  larger .  Finally t h e  t e m p e r a t u r e  and  
pressure  of t h e  c o r e  reached  t h e  leve ls  necessary  to sus ta in  a 
fusion react ion.  

Hydrogen, t h e  sun's most  abundant  e l e m e n t ,  is t h e  basis 
of t h e  react ion.  If you look aga in  at t h e  binding ene rgy  
c h a r t ,  you'll no t ice  t h a t  hydrogen, wi th  a mass number of 
one,  has  no binding energy. Hel ium, wi th  a mass  number of 
four ,  has  a considerable  a m o u n t  of binding energy. If 
hydrogen a t o m s  could b e  fused to f o r m  helium a toms ,  t r e -  
mendous energy  could be released.  The  sun, wi th  i t s  c o r e  
t e m p e r a t u r e  of 1 6,000,0OO0C, does  precisely t h a t .  
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In a se r i e s  of reactions$ hydrogen (,H1) becomes  deuter -  
ium, a hydrogen isotope ( lH ), t h e n  a hel ium isotope (2He3), 
and then  helium (,He4). Through th is  s e r i e s  of reac t ions ,  four  
hydrogen a toms ,  e a c h  wi th  a n  a t o m i c  mass  of 1.008 a t o m i c  
mass units, have  b e c o m e  one  helium a t o m  wi th  a n  a t o m i c  
mass  of 4.003 amu's. The  remaining 0.029 mass  uni ts ,  a b o u t  
0.7% of t h e  mass involved in t h e  r eac t ion ,  conve r t s  to 
energy.  

4 x 1.008 = 4.032 
4.032 - 4.003 = 0.029 = mass  conve r t ed  to ene rgy  

This fusion of hydrogen is t h e  sou rce  of t h e  sun's 
energy.  Every second t h e  sun conve r t s  millions of tons  of 
hydrogen in i t s  c o r e  to helium. Its power ou tpu t  is roughly 4 
x wat t s .  

Solar Radiation 
The energy  re leased  by t h e  fusion of hydrogen in t h e  

sun's c o r e  begins as g a m m a  rays,  which a r e  very  high-energy, 
high f requency ,  sho r t  wavelength  radiat ion.  The  ru le  for  t h e  
energy  c o n t e n t  of rad ia t ion  is: t h e  sho r t e r  t h e  wavelength  
and  t h e  higher i t s  f requency ,  t h e  higher t h e  ene rgy  conten t .  
(E = hf where  E is energy,  h is Planck's cons t an t ,  and f is 
frequency.) 

Since al l  e l ec t romagne t i c  radiat ion t r ave l s  at t h e  speed  
of l ight ,  we'd e x p e c t  t h e  g a m m a  radiat ion f r o m  t h e  c o r e  to 
g e t  to t h e  s u r f a c e  a lmost  instantaneously.  You'll reca l l  f rom 
C h a p t e r  1, however ,  t h a t  th i s  can ' t  happen because  of t h e  
dens i ty  of t h e  sun's co re ,  which causes  t h e  g a m m a  rays  to 
col l ide wi th  closely packed par t ic les .  In t h e  process  of being 
absorbed and r e rad ia t ed  by t h e s e  par t ic les ,  t h e  wavelength  
and f requency  of t h e  radiat ion changes.  By t h e  t i m e  i t  
r eaches  t h e  sun's su r f ace ,  abou t  9% is s t i l l  high-energy 
rad ia t ion  (ul t raviolet  o r  x-ray), 41% is visible l ight ,  and 50% 
is of longer  wavelengths  than  visible l ight  (infrared). 

In s p i t e  of th i s  loss of in tens i ty ,  t h e  ene rgy  re leased  
f r o m  t h e  sun's s u r f a c e  is s t i l l  t remendous.  A squa re  cent i -  
m e t e r  of t h e  sun's su r f ace ,  a s p a c e  abou t  t h i s  s i z e  ( 1, gives 
off as much visible l ight  as thousands of l ight  bulbs. 

Earth's Solar Constant 
The  sun's energy  r ad ia t e s  ou tward  in a l l  d i rec t ions ,  and  

t h e  e a r t h  occupies  only a minu te  f r ac t ion  of t h a t  surrounding 
space .  So only a smal l  proport ion of t h e  sun's total rad ia t ion  
sweeps  across  th i s  t iny  t a rge t .  A t  t h e  t o p  of our  a tmosphe re ,  
a s u r f a c e  perpendicular  to t h e  sun's rays  r ece ives  1.94 
ca lor ies  per  squa re  c e n t i m e t e r  per  minute .  (A ca lo r i e  p e r  
squa re  c e n t i m e t e r  is ca l led  a langley.) 

atomic mass unit (amu): a standard mass 
unit equal to 1/12 of the mass of a carbon 
atom. 

frequency: the number of cycles  com- 
pleted by s periodic wave in a unit of 
time. 
wavelength: the distance between two 
similar, consecutive points on a periodic 
wave. 

wavelength 

calorie: a metric unit of heat energy. 
(See glossary.) 
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This value, 1.94 langleys/minute ,  is t h e  "solar con- 
s tan t , "  = solar  cons t an t ,  which only var ies  about  3% f rom 
t h e  mean  wi th  changes  in solar  ac t iv i ty  and in t h e  ea r th ' s  
orbi t .  Using d i f f e ren t  units, w e  c a n  say  t h a t  at t h e  s u r f a c e  
of our  a tmosphe re  fac ing  t h e  sun w e  a r e  receiving energy  a t  
a r a t e  of abou t  1350 w a t t s  per  square  me te r .  

1 

Our ear th-a tmosphere  sys t em t empers  th i s  t remendous  
power,  co l lec ts  i t ,  t r ans fo rms  i t ,  c i r cu la t e s  i t ,  and  s to re s  it.  
As our  a t t e n t i o n  sh i f t s  f rom t h e  sun to t h e  e a r t h ,  w e  will see 
how solar  energy r eaches  us, in wha t  quan t i t i e s  and wha t  
forms ,  and how much of t h e  energy  w e  have  been  s t ruggl ing 
to obta in  is a l ready  ours  for  t h e  taking. 
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Chapter 3 

The Endless Flow 

For understanding to grow i t  mus t  b e  well grounded. To 
see how t h e  sun c a n  s e r v e  us, w e  have  to understand t h e  link 
b e t w e e n  t h e  sun's energy and heat .  When w e  understand how 
t h e  sun's energy produces t h e r m a l  ene rgy  on e a r t h  and how 
t h a t  t h e r m a l  ene rgy  is t r ans fe r r ed  and t r ans fo rmed ,  w e  c a n  
comprehend and e v e n  improve on t h e  many methods  humans 
h a v e  devised for  harnessing solar  energy.  

Thermal Energy, Heat, and Temperature 
Thermal  energy,  h e a t ,  and t e m p e r a t u r e  a r e  not t h e  

s a m e  thing. Thermal  ene rgy  is t h e  k ine t i c  ene rgy  of t h e  
cons t an t ly  moving pa r t i c l e s  making up a substance.  T h e  
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Heat capacities in cal/g-'C 

Water  
Ice  
Aluminum 
Gold 
Brick 
C e m e n t  
Rocks 
Wood 
Glass  
Air 

1.0 
0.5 
0.22 
0.03 1 
0.2 
0.16 
0.2 
0.3 - 0.6 
0.1 - 0.2 
0.1 7 

m o r e  t h e r m a l  energy ,  t h e  f a s t e r  t h e  movement .  Tempera-  
t u r e  is s imply a measure  of t h e  a v e r a g e  k ine t ic  energy  of a l l  
t hose  par t ic les  in t h e  substance.  What w e  ca l l  "heat" is 
t h e r m a l  ene rgy  f lowing f r o m  a r e a s  of higher t e m p e r a t u r e  to 
a r e a s  of lower t empera tu re .  

Heat Flow 
To speak  simply, h e a t  flow is "bumping." Fast-moving 

par t ic les  of t h e  h igher - tempera ture  subs t ance  "bump" t h e  
slower-moving par t ic les  of t h e  ad jacen t  l ower - t empera tu re  
subs t ance  and get t h e m  moving f a s t e r .  When w e  look at h e a t  
flow this  way it's easy  to understand why t h e  amoun t  of 
t h e r m a l  energy  t r ans fe r r ed  depends on m o r e  t h a n  just t e m -  
pera ture .  I t  also depends on t h e  mass of t h e  subs t ance  giving 
up t h e  energy.  A dense  mass  of many fast-moving pa r t i c l e s  
would natural ly  do  more  bumping than  just a f e w  widely- 
spaced  fast-moving par t ic les .  

R e m e m b e r  t h a t  w e  said in C h a p t e r  1 t h a t  t h e  gases  of 
t h e  sun's corona  a r e  very  thin,  reaching o u t  f r o m  t h e  sun in to  
space .  So t h e  corona,  a l though ex t r eme ly  ''hot,'' would not  
h e a t  a n  objec t  placed within i t .  This is because  al though t h e  
pa r t i c l e s  of g a s  in t h e  corona  a r e  very a c t i v e  and high in 
t h e r m a l  energy ,  t hey  are so widely spaced  as to b e  wha t  w e  
would cal l  a vacuum. Obviously t h e  corona  has  very  low mass  
and,  t he re fo re ,  l i t t l e  ab i l i ty  to t r ans fe r  hea t .  

The  o the r  f a c t o r  a f f e c t i n g  h e a t  f low is t h e  d i f f e ren t  
"specif ic  h e a t  capac i t ies"  of d i f f e ren t  substances.  It t a k e s  1 
ca lo r i e  (hea t )  to ra i se  t h e  t e m p e r a t u r e  of I g r a m  of w a t e r  1 
d e g r e e  Celsius. But wi th  glass ,  only 0.1 to 0.2 ca lor ies  is 
requi red  to produce t h e  s a m e  inc rease  in t empera tu re .  And a 
g r a m  of gold will r i se  IoC in t e m p e r a t u r e  wi th  t h e  appl ica-  
t ion of only 0.03 calor ies .  

specific heat capacity: t he  quantity 
of heat required to raise a unit mass 

(will hereafter be referred to as "heat 
capacity"). 

of a material one degree in temperature 

calorie: a metric unit of heat energy. 
(See glossary.) 

Calculating Heat Flow 
&delta): a symbol for "difference." 
AT means "temperature change," or We've seen  t h a t  t h e  quan t i ty  of h e a t  which c a n  f low 

be tween  t w o  subs tances  depends on t h e  s t a r t i ng  t e m p e r a t u r e ,  
t h e  mass,  and t h e  h e a t  capac i ty  of e a c h  subs tance .  The  
equat ion  fo r  t h i s  is: 

"temperature difference." 

Quan t i ty  of H e a t  = H e a t  capac i ty  x Mass x T e m p e r a t u r e  
change  

Q = C x M X A T  

Suppose w e  took 100 grams  of w a t e r  wi th  a n  ini t ia l  
t e m p e r a t u r e  of 5OoC and dropped a cold glass marb le  in to  it. 
W e  t h e n  found t h a t ,  a minu te  l a t e r ,  t h e  t e m p e r a t u r e  of t h e  
w a t e r  had dropped t w o  degrees  to 48OC. What would t h a t  
show us abou t  t h e  quant i ty  of h e a t  t h a t  had f lowed f r o m  t h e  
w a t e r  to t h e  marble?  

Q 

n 
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W e  would know, t h a t  in a minute 's  t i m e ,  200 ca lor ies  of 
h e a t  had flowed f r o m  t h e  wa te r  to t h e  marble .  If w e  know 
t h a t  t h e  marble  weighs 50 g rams  and,  being glass, has  a h e a t  
capac i ty  of 0.2, how much has  i t s  t e m p e r a t u r e  changed in a 
minute?  

AT = Q / C m  

- -  - 2oo 2O0C 0.2 cal/g" C x 50g - 10 - 

AT = 200 cal. 

So t h e  marble 's  t e m p e r a t u r e  has  gone up 2OoC. 

Flow and Equilibrium I 1 

Suppose t h a t  a f t e r  a t r ans fe r  of 20%calor ies ,  both t h e  
w a t e r  and t h e  marble  a r e  now at 48 C. The  r ise  in 
t e m p e r a t u r e  of t h e  marble  will now stop.  Why? 

Think of t h e  bumping par t ic les .  The  fast-moving par t i -  
cles of t h e  hot w a t e r  bump t h e  slow-moving par t ic les  of t h e  
cold marble .  The  marble's par t ic les  speed up, and t h e  water ' s  
pa r t i c l e s  slow down f rom t h e  bumping. Eventual ly  all t h e  
par t ic les  reach  t h e  s a m e  speed  ( indicated by equal  t empera -  
tu re) .  Then ne i ther  c a n  have  any  f u r t h e r  effect on t h e  o the r ,  
s ince  they ' re  at t h e  s a m e  t e m p e r a t u r e ,  wi th  equal  bumping in 
e i t h e r  direct ion.  

Another  way of saying i t  is t h a t  h e a t  acts l ike a fluid 
seeking  i t s  level. I t  will flow f rom one  subs t ance  to ano the r  
until equilibrium is reached ,  and  then  t h e  f low will s top.  So 
t h e  marb le  can ' t  become  h o t t e r  t han  t h e  subs t ance  t h a t  is 
hea t ing  i t .  

The Transmission of Thermal Energy 
Now t h a t  w e  have some  understanding of t h e  theo ry  of 

h e a t  and h e a t  flow it's t i m e  to examine  t h e  ways in na tu re  
t h a t  t h e r m a l  energy  g e t s  around. They a r e  a l l  q u i t e  fami l ia r  
to us, and  only need  review. 

Con d u ct io n 

Conduct ion is t h e  d i r e c t  t r ans fe r  of k ine t ic  energy  f rom 
a t o m  to a t o m  o r  molecule  to molecule .  This is t h e  "bumping" 
descr ibed in our  discussion of h e a t  flow. Some  subs tances  a r e  
b e t t e r  conductors  t han  o thers .  If you wan t  to cool your c u p  
of co f fee ,  l eave  a s i lver  spoon in i t  for  a couple  of minutes .  
Silver is a good conductor ;  h e a t  will t r a v e l  up t h e  handle  and  
b e  t r ans fe r r ed  to t h e  surrounding air .  
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In conduct ion,  t h e  amoun t  of h e a t  t r ans fe r r ed  depends 
on t h e  na tu re  of t h e  subs tance  doing t h e  conduct ing,  t h e  s i ze  
of t h e  a r e a s  t h a t  a r e  in c o n t a c t ,  t h e  t e m p e r a t u r e  d i f f e rence  
be tween  t h e  two,  and t h e  length  of t i m e  they  a r e  in con tac t .  
But in eve ry  case, fast-moving par t ic les  a r e  t r ansmi t t i ng  
energy  to slower-moving par t ic les ,  and  h e a t  is flowing f rom 
a r e a s  of m o r e  hea t  to a r e a s  of less hea t .  

? 

Convect ion 
H e a t  has  o the r  ways of ge t t i ng  around besides t h e  

d i r ec t  f low of conduct ion,  and one  of those  ways is convec-  
tion. Convect ion  is t h e  movement  of a mass of hea ted  fluid 
(liquid or  gas). It g e t s  i t s  s t a r t  f rom conduction. 

When an  amount  of a fluid c o m e s  in to  c o n t a c t  wi th  a 
h igher - tempera ture  su r face ,  i t  t a k e s  on h e a t  d i rec t ly ,  by 
conduct ion,  and i t s  par t ic les  become  more  ac t ive .  But 
because  i t  is a fluid, t hose  faster-moving par t ic les  col l ide 
more ,  spread  o u t  neighboring par t ic les  m o r e  in these  colli- 
sions, and thus  expand in to  a la rger  a rea .  This makes  t h e  
hea ted  fluid less dense  than  t h e  rest .  If t h e  hea ted ,  less 
dense  fluid is below t h e  res t  of t h e  fluid, g rav i ty  will cause  
t h e  m o r e  dense  fluid to flow downward, displacing t h e  less 
dense  fluid and buoying i t  upward. 

You set up th i s  p a t t e r n  of c i rcu la t ion  when you h e a t  a 
pot  of w a t e r  on t h e  s tove.  Because convec t ion  t a k e s  p lace ,  
a l l  t h e  w a t e r  in t h e  pot  will eventua l ly  h e a t  up, e i t h e r  by 
c o n t a c t  wi th  t h e  bo t tom of t h e  pot  or  wi th  t h e  hea ted  w a t e r  
around it. 

Radiation 
Radiat ion is s t i l l  ano the r  way t h a t  h e a t  moves. In th i s  

case, t h e  energy  f rom a hea ted  subs t ance  is t r ansmi t t ed  to 
ano the r  subs tance  wi thout  t h e  t w o  e v e r  coming in to  physical 
c o n t a c t ,  and wi thout  any  conduct ion or  convec t ion  be tween  
them.  Though th i s  m a y  sound myster ious i t ' s  a very  fami l ia r  
phenomenon,  because  i t  is t h e  method by which t h e  sun's 
energy  r eaches  e a r t h  across  millions of k i lome te r s  of e m p t y  
space .  

Radiat ion involves t h e  t r ans fe r  of energy  by e lec t ro-  
magne t i c  waves. These  waves have  e l e c t r i c  and magne t i c  
proper t ies ,  and do  not  need a ma te r i a l  medium for  t ransmis-  
sion. C h a p t e r  2 discussed th i s  radiat ion,  which has  a va r i e ty  
of wavelengths ,  f rom long radio waves to ex t r eme ly  shor t  
g a m m a  rays. Regardless  of wavelength ,  a l l  e l ec t romagne t i c  
radiat ion t r ave l s  at t h e  s a m e  speed; 300,000 k i lometers /  
second,  t h e  "speed of light." One  unit used to measu re  
radiat ion wavelengths  is t h e  mic romete r .  A mic romete r  is 

m e t e r s ,  and i t s  symbol  is p m .  

Any ob jec t  t h a t  has  the rma l  energy  gives  off s o m e  
e l ec t romagne t i c  radiation. What leve l  of radiat ion i t  g ives  
off depends on how much the rma l  ene rgy  i t  has. You and I 
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L give off radiat ion t h a t  is most ly  in t h e  inf ra red  region. The  
sun  gives  off radiat ion t h a t  is most ly  in t h e  visible wave- 
lengths ,  so i t  "shines." But w e  shine too (on infrared-  
sens i t ive  film). 

When e l ec t romagne t i c  radiat ion encoun te r s  m a t t e r ,  i t  
g ives  up s o m e  of i t s  energy  in passing through t h e  m a t t e r .  
The  energ ized  par t ic les  of this  m a t t e r  move  f a s t e r ,  and  t h e  
t e m p e r a t u r e  of t h e  m a t t e r  increases .  

(d 
The amount  of the rma l  ene rgy  in t h e  sou rce  de t e rmines  

t h e  wavelengths  of radiat ion coming f r o m  t h e  source ,  and 
those  wavelengths  then  de te rmine  how forcibly t h e  radiat ion 
will ene rg ize  t h e  receiver 's  par t ic les .  Do you see why 
u l t rav io le t  l ight  c a n  give you a t an ,  but  visible l ight  can ' t?  
And why x-rays and g a m m a  rays c a n  ac tua l ly  h a r m  you? The 
shor t e r  t h e  wavelength,  t h e  m o r e  in t ense  t h e  ene rgy  of t h e  
radiat ion.  
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The Laws of Radiation 

Kelvin (absolute temperature scale): 
a temperature scale in which 0' (approx- 
imately -273OC) represents the point 
at which the internal energy of objects 
is  at a minimum (absolute zero). 

- : a symbol meaning "varies as," used 
to indicate proportions. 

x(1 mbda): a symbol meaning "wave- &+- 

If we ' re  going to understand solar  energy ,  w e  have  to 
understand t h e  laws t h a t  govern radiation. The re  a r e  t h r e e  
t h a t  a r e  impor tan t .  Actual ly ,  t h e s e  a r e  ideal ized laws  t h a t  
only apply to "black bodies," hypothe t ica l  ma te r i a l s  t h a t  a r e  
p e r f e c t  absorbers  and e m i t t e r s  of radiat ion.  Still,  t h e s e  laws  
give good approximations for  rea l  s i tua t ions  involving r ea l  
objects .  

F i r s t  is t h e  Stefan-Boltzmann Law: Tota l  energy  emi t -  
t e d  by a source  is d i rec t ly  proport ional  to t h e  fou r th  power of 
t h e  absolu te  (Kelvin) t e m p e r a t u r e  of t h e  source.  

4 0  E o c T  ( K )  
Obviously, as t e m p e r a t u r e  increases ,  t h e  energy  emi t -  

ted increases  rapidly. 

The  second is a law w e  will discuss in g r e a t e r  de t a i l  in 
C h a p t e r  4. It is Wien's Law, which states tha t :  The  wave-  
length  of radiat ion e m i t t e d  most  intensely by a body i s  
invGrsely proport ional  to t h e  absolu te  t e m p e r a t u r e  of t h e  
body. 

Xmaxoc  I/T (OK> 

, 

W e  c a n  see f rom this  t h a t  t h e  higher t h e  t e m p e r a t u r e  
of a body is, t h e  sho r t e r  will be  t h e  wavelength  of t h e  
rad ia t ion  i t  e m i t s  most  intensely.  

The  th i rd  law is t h e  most  genera l  radiat ion law,  
Planck's Law, (which ac tua l ly  includes both of t h e  previous 
t w o  laws.) Since i t  is r a t h e r  complex ,  i t  is bes t  shown on a 
graph  like t h e  one  below, which shows t h e  amoun t  and t h e  

0.5 0.8 1.0 2.0 3.0 5.0 7.0 9.0 2c 

Wavelength in microns 

D 

n 



. wavelengths  of t h e  radiat ion given off by black bodies of 
var ious t empera tu res .  Each cu rve  on t h e  graph  r ep resen t s  a 
b lack  body of a d i f f e ren t  t empera tu re .  As you c a n  see, t h e  
sun is a lso cha r t ed ,  as if i t  w e r e  a black body of 5800'K. 
This graph shows t w o  things t h a t  can  be  de t e rmined  f r o m  
Planck's Law. 

6 

Firs t  of al l  you c a n  see t h a t ,  t h e  higher t h e  t empera -  
t u r e  of t h e  body, t h e  m o r e  radiat ion i t  emi t s .  Second, t h e  
h o t t e r  t h e  body, t h e  more  i t s  radiat ion is c o n c e n t r a t e d  at t h e  
sho r t e r  wavelengths .  

Any black body, wha teve r  i t s  t e m p e r a t u r e ,  e m i t s  radi- 
a t ion  wi th  a broad range  of wavelengths .  The  high point on  
t h e  cu rve  shows t h e  wavelength fo r  which t h e  in tens i ty  is 
g r e a t e s t  at t h e  par t icu lar  t empera tu re .  This wavelength  
var ies  inversely wi th  t h e  t e m p e r a t u r e  of t h e  black body 
(Wien's Law). 

For  ins tance ,  a l ight  bulb f i l amen t  (T 2: 2900' K) e m i t s  
radiat ion wi th  a peak  in tens i ty  in t h e  inf ra red ,  wi th  wave-  
lengths  around 1 micromete r .  The  sun (T = 5800' K) e m i t s  
radiat ion mos t  intensely at around 0.5 micrometers .  By 
doubling t h e  t e m p e r a t u r e  w e  ha lve  t h e  wavelength.  

i 

T h e  ideas  discussed in t h e  l a s t  f e w  pages  a r e  t h e  basis  
fo r  all t h a t  follows. The  na tu re  of t h e r m a l  ene rgy  and h e a t  
flow, and t h e  d i f f e ren t  means  by which t h e r m a l  energy  is 
t r ans fe r r ed  (conduction, convec t ion ,  and  radiat ion)  must  be 
c lear ly  understood. These  ideas ,  o n c e  in our  grasp,  provide 
t h e  basis fo r  any  p rac t i ca l  use of solar  energy.  

29 



! Chapter 4 

A Solar Collector in Space 

The Western Hemisphere, viewed from the Apollo 8 spacecraft. 

Most people, see ing  e a r t h  f r o m  ou te r  s p a c e  fo r  t h e  f i r s t  
t i m e ,  would be  s t ruck  by how beaut i fu l  i t  is, how gen t l e  and  
hospi table  its appearance ,  especial ly  compared  to t h e  s ta rk-  
ness of t h e  moon. But how many would consider  t h e  fact t h a t  
th i s  planet  is a hospi table  p lace  pr imari ly  because  of its 
abi l i ty  to col lec t ,  t ranspor t ,  and t ransform t h e  energy  f rom 
i t s  s t a r ,  t h e  sun? 

When you examine  al l  t h e  f ac to r s ,  e a r t h  is revea led  as a 
remarkably  good co l lec tor  of solar  energy ,  and t h e r e f o r e  a 
remarkably  hospi table  envi ronment  for  life. In fact, e a r t h  
has  been  t h e  model  for  humans in the i r  a t t e m p t s  to devise  
successful  ways  of co l lec t ing  t h e  sun's energy.  

n 

n 
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To understand t h e  ear th ' s  success  as a co l l ec to r ,  w e  
mus t  f i r s t  ask: What a r e  t h e  components  of any  workable  
solar  co l lec tor?  solar collector: a device used to collect 

the sun's radiation. 

The Parts of a Solar Collector 
Briefly, a solar  co l lec tor  consis ts  of: 

a g laz ing  - a t r anspa ren t  cover ,  which t r ansmi t s  light 
bu t  blocks h e a t  

a n  absorber  p l a t e  - a dark s u r f a c e  which absorbs l ight  
and becomes  hea ted  

a t ranspor t  sys t em - a fluid which passes  over  t h e  
absorber  p l a t e  through tubes  or  duc t s  and ca r r i e s  off 
t h e  h e a t  

a s t o r a g e  sys t em - a mass in which t h e  h e a t  ca r r i ed  by 
t h e  t ranspor t  fluid can  be  s to red  for  l a t e r  use 

a conta iner  - a t r a p  to prevent  or  minimize  loss of 
co l l ec t ed  energy  

T h e  co l lec tor  descr ibed h e r e  is a s imple  "flat-plate" 
t y p e  of co l lec tor ,  and of course  t h e r e  a r e  many o t h e r  ways  to  
co l l ec t  solar  energy.  The  f la t -p la te  co l lec tor  will be  used in  
t h i s  chap te r  because  i t  makes  a good analogy wi th  t h e  way 
t h e  e a r t h  co l lec ts  solar  energy.  As ment ioned  before ,  t h e  
e a r t h  is a n  exce l len t  co l lec tor .  L e t  us see why th is  is so. 
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The Glazing > 

Working f rom t h e  outs ide  in, a co l lec tor  s t a r t s  wi th  a 
glazing, or  t r anspa ren t  cover .  Glass, f iberglass ,  or  c e r t a i n  
types  of p las t ics  a r e  usually used on a manufac tu red  col lec-  
to r ;  t h e  impor t an t  th ing  is t h a t  t h e  ma te r i a l  a d m i t  visible 
light. 

The  ear th ' s  a tmosphe re  is an  exce l len t  glazing. Not  
only does i t  admi t  visible light bu t ,  as a bonus, i t  removes  
most  of t h e  very high-energy radiat ion which, if not  s topped ,  
could des t roy  al l  l i fe  on ear th .  

------- 
A glazing has  another  funct ion,  however .  Not only 

must  i t  admi t  incoming radiat ion;  i t  must  a lso t r a p  outgoing 
radiat ion.  How is th i s  possible? 

To understand t h e  dual  func t ion  of t h e  glazing, le t ' s  see 
wha t  happens when t h e  incoming energy  passes  through t h e  
glazing and s t r ikes  t h e  next  component  of t h e  co l lec tor ,  t h e  
absorber  plate .  

The Absorber Plate 
An ,absorber  p l a t e  is usually me ta l ,  painted black -- 

black to absorb  t h e  mos t  l ight ,  and m e t a l  to withstand high 
t e m p e r a t u r e s  and  provide good the rma l  conduct ion.  (Some 
plast ics  can  be used also, for  lower t e m p e r a t u r e  collectors.) 

For t h e  ea r th ' s  absorber  p la te ,  think of t h e  land, t h e  
sea, and t h e  lower a tmosphere .  All t h r e e  sha re  in t h e  
co l lec t ion  of t h e  sun's energy ,  as well as i t s  t ranspor t  and 
s torage .  

T o  see how t h e  co l lec tor  works, r emember  t h a t  visible 
(medium-wavelength)  light is passing through t h e  glazing and  
s t r ik ing  t h e  plate .  When i t  does  so, s o m e  is immedia te ly  
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r e f l ec t ed ,  but  much is absorbed. This ene rgy  h e a t s  t h e  
absorber  plate .  The  absorber  p l a t e  s t a r t s  to g ive  off h e a t  bu t  
because  i t s  t e m p e r a t u r e  is much lower t h a n  t h e  sun's, i t  
r ad ia t e s  much longer wavelengths  than  t h e  visible l ight  
wavelengths  t h a t  i t  absorbed. These  longer ,  lower-energy 
wavelengths  don't pass through t h e  glazing as readi ly  as t h e  
visible light did, so they  a r e  t r apped  inside. This well-known 
"greenhouse effect" happens to c a r s  left s i t t i ng  in t h e  sun, 
and i t  happens to t h e  ear th .  

6 

Wavelengths and Wien's Law 
You c a n  g e t  a b e t t e r  understanding of t h e  greenhouse 

e f f e c t  by going back  to Wien's Law, ment ioned  in C h a p t e r  3: 
The  wavelength  of t h e  radiat ion e m i t t e d  most  intensely 

by a n  ob jec t  var ies  inversely wi th  its absolu te  t empera tu re .  
(This wavelength  will b e  r e fe r r ed  to as X max). 

X m a x  = a cons tan t  (0.29cm0 K) 
t h e  object ' s  absolu te  t e m p e r a t u r e  

The  t e m p e r a t u r e  of t h e  sun's s u r f a c e  is abou t  5800°K 
so, 

- 5  
X m a x  = 0.29cm OK = 5 x 10 c m  o r  0.5,um 

5800" K 

which is t h e  wavelength of visible light. 

X r ep resen t s  wavelength;  p m  means  mic romete r ,  a uni t  
of t e n  used fo r  e l ec t romagne t i c  wavelengths  and equal  to 

me te r s .  Based on our  equat ion ,  w e  c a n  now say  t h a t  t h e  
radiat ion e m i t t e d  mos t  intensely by t h e  sun's s u r f a c e  has  a 
wavelength  of 0.5 p m ,  which is in t h e  visible region. 

Suppose, though, t h a t  t h e  ob jec t  t h a t  absorbs t h e  sun's 
ene rgy  has  a much lower t e m p e r a t u r e ,  so t h a t  even  a f t e r  
absorbing t h e  ene rgy  i t  only r eaches  a temperaAure ofo288OK. 
T h a t  t e m p e r a t u r e ,  as a m a t t e r  of fact, is 15 C (59  F), t h e  
approx ima te  mean t e m p e r a t u r e  of ea r th .  

When t h e  e a r t h  r e rad ia t e s  energy ,  then ,  w h a t  wave- 
length  is i t  giving off most intensely? 

0 X m a x  = 0.22cm K = c m  o r  10 p m  
288°K 

A wave  10 micromete r s  long is in t h e  middle  of t h e  
in f r a red  region. The  ear th ' s  a tmosphe re ,  l ike  a n y  good 
glazing,  t r a p s  wavelengths  in t h a t  r ange  q u i t e  , e f fec t ive ly .  
The  e f f e c t  is to smoo th  o u t  t h e  t e m p e r a t u r e  f luc tua t ions ,  
which would o therwise  occur  be tween  day  and  night. 

A properly or ien ted  co l lec tor  is t i l t ed  so t h a t  t h e  sun's 
rays  s t r i k e  i t  perpendicularly. In t h e  s a m e  way, t h e  regions 
of t h e  e a r t h  t h a t  a r e  a long t h e  equa to r  a r e  mos t  near ly  
perpendicular  to t h e  sun and t h e r e f o r e  a r e  t h e  most  e f f e c t i v e  
a r e a  for  co l lec t ing  t h e  sun's energy.  
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greenhouse e f fect :  the phenomenon 
whereby the atmosphere admits visible 
radiation from the sun but blocks infrared 
radiation emitted by the  earth. (See 
glossary.) 
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phase change (change of state): the change 
of a material from one phase to another, 
i.e., gas to liquid or liquid to solid. (See 
glossary.) 

The  quest ion t h a t  c o m e s  to mind is: Why doesn't t h e  
absorber  p l a t e  keep  ge t t i ng  h o t t e r  and ho t t e r  until i t  m e l t s  
down or  achieves  such a high t e m p e r a t u r e  t h a t  i t  s t a r t s  to 
r e rad ia t e  as much as i t  co l lec ts?  Why doesn't t h e  ear th ' s  
equator ia l  region g e t  h o t t e r  and h o t t e r  as compared  wi th  t h e  
res t  of t h e  e a r t h ?  The  answer lies in t h e  energy  t r anspor t  
sys tem.  

> 

The Energy Transport System 
Over ,  under ,  in, o r  a t t a c h e d  to t h e  absorber  p l a t e  a r e  

tubes  or  duc t s  through which a fluid is c i rcu la ted .  The  fluid 
could be  a i r ,  w a t e r ,  o r  ano the r  fluid t r e a t e d  to prevent  
f r eez ing  or  corrosion. I t  e n t e r s  one  end  of t h e  co l lec tor ,  
c i r cu la t e s  through t h e  tubes  or  duc ts ,  and  goes  o u t  t h e  o t h e r  
end ,  tak ing  a lot  of the rma l  energy  f rom t h e  absorber  p l a t e  
wi th  i t .  Thus t h e  absorber  p l a t e  is cont inual ly  ready  to  
absorb  solar  energy.  

The  e a r t h  uses  both a i r  and w a t e r  as fluids in i t s  ene rgy  
t ranspor t  system. The  convec t ion  of hea ted  a i r  which causes  
our  winds and wea the r  f ronts ,  and t h e  convec t ion  of hea ted  
w a t e r  which causes  our  ocean  cu r ren t s ,  power t h e  ear th ' s  
na tu ra l  c i rcu la t ion  sys tem.  

W i t h  a manufac tu red  solar  co l lec tor ,  a f a n  or  pump m a y  
b e  necessary  to c i r cu la t e  t h e  fluid. The  user has  to guard 
aga ins t  t h e  fluid f r eez ing  o r  corroding t h e  sys tem.  When 
t h e s e  complexi t ies  a r e  considered,  w e  have  to a d m i r e  t h e  
rel iabi l i ty  of t h e  ear th ' s  energy  t r anspor t  sys t em and a r e  less  
a p t  to wonder at t h e  occasional  to rnado,  hurr icane,  o r  h e a t  
wave.  They a r e  all p a r t  of t h e  big p i c tu re  of energy  
t ranspor t  on e a r t h ,  moving h e a t  f rom t h e  equa to r  to t h e  polar  
regions. 

Another  f a c t o r  in this  big p i c tu re  of e a r t h  as a solar  
co l lec tor  is t h e  ea r th ' s  rotat ion.  Dealing wi th  t h e  dark hours  
of eve ry  day  is one  of t h e  major  cha l lenges  of a solar  
co l lec tor  sys t em,  and th i s  problem makes  t h e  need for  energy  
s t o r a g e  obvious. 

The Energy Storage Medium 
The hea ted  fluid t h a t  l eaves  t h e  co l lec tor  has  to go 

somep lace  -- but  where?  I t  c an ,  of course,  go d i rec t ly  to 
where  i t  will be  used: t h e  living space ,  t h e  grain dryer ,  t h e  
domes t i c  hot w a t e r  t ank ,  o r  wherever .  In t h e  process ,  t h e  
energy  m a y  be  t r ans fe r r ed  f r o m  one  fluid to ano the r  through 
t h e  use of a h e a t  exchanger  (which will be descr ibed in m o r e  
de t a i l  in l a t e r  chapters) .  

A fully e f f e c t i v e  sys t em will a l so  allow s o m e  of t h e  
energy  to be s to red  during t h e  sunniest  hours and t apped  
during t h e  coldest  hours of night. H e a t  c a n  be s to red  in a 
well-insulated w a t e r  t ank ,  a bin of rocks, pebbles, o r  sand,  a 
wall of c o n c r e t e  blocks, o r  even  in "phase change' '  subs tances  
like paraf f in ,  e u t e c t i c  salts, and salt hydra t e s  which me l t  or 
evapora t e  when hea ted  and then  r e l ease  t h e  h e a t  l a t e r  when 
they  re turn  to the i r  original state. 
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These  methods  for  s tor ing  energy  should give us s o m e  
ideas  as to how t h e  e a r t h  s to re s  i t s  solar  energy.  The  land, of 
cour se  -- mountains ,  dese r t s ,  plains -- absorbs much energy  
during t h e  dayt ime,  but  i t  a lso t ends  to lose its h e a t  r a t h e r  
rapidly a f t e r  dark.  If t h e  land w e r e  a l l  w e  had to re ly  on, t h e  
e a r t h  at night  would become  much colder .  

For tuna te ly ,  w e  also have  energy  s t o r a g e  by wa te r ,  
wi th  t h e  lakes ,  seas, and oceans  holding t h e  h e a t  of t h e  day  
longer than  t h e  land and releasing i t  m o r e  slowly. W e  also 
have  "phase change" s to rage  in t h e  fo rm of evapora t ion ;  l a rge  
amoun t s  of solar  energy  a r e  s to red  in t h e  lower  a tmosphe re  
in t h e  fo rm of w a t e r  vapor. 

The Container 
For  a manufac tu red  co l lec tor  to o p e r a t e  e f f ic ien t ly ,  it 

mus t  be  enclosed (except  on t h e  g lazed  s ide)  in a n  insulated 
con ta ine r  to c u t  ene rgy  losses to a minimum. T h e  conta iner ,  
m a d e  of me ta l ,  f iberglass ,  o r  wood, mus t  be  res i s tan t  to 
u l t rav io le t  degrada t ion  and to t e m p e r a t u r e s  of over  20OoC. 

This is where  t h e  e a r t h  as a co l l ec to r  is d i f f e ren t  f rom 
t h e  manufac tu red  solar  col lector .  Af t e r  a l l ,  t h e  manufac-  
t u r e d  co l lec tor  is a t t e m p t i n g  to produce t e m p e r a t u r e s  c lose  
to 100°C -- t h e  boiling point of wa te r .  If e a r t h  b e c a m e  t h a t  
e f f i c i en t  as a col lec tor ,  t h e r e  a r e  f e w  living things t h a t  
would cont inue  to find i t  a hospi table  dwelling place. 

The  ear th ' s  spherical  shape ,  ro ta t ion  and t i l t ,  d i s t ance  
f r o m  t h e  sun, a tmosphe re  and magne t i c  f ie ld ,  and  c i rcu la t ion  
p a t t e r n s  of wind and wa te r  a l l  p revent  i t  f r o m  becoming a n  
unpro tec t ed  gr iddle  on which l i f e  would b e  f r ied  o u t  of 
ex i s t ence  in an  ins tan t .  Unlike a co l lec tor  which uses  a 
con ta ine r  to achieve  high t empera tu res ,  t h e  e a r t h  sys t em 
requires  much more  m o d e r a t e  t e m p e r a t u r e  levels. 

Earth: a Controlled Collector 
If we  t a k e  a look at the ea r th ' s  co l l ec to r  sys t em f rom 

t h e  outs ide ,  w e  i ind t h a t  solar  ene rgy  is ar r iv ing  at t h e  s ide  
of t h e  e a r t h  fac ing  t h e  sun at a n  a v e r a g e  r a t e  of 1350 
w a t t s / m e t e r 2  , t h e  solar  cons tan t .  A number  of f a c t o r s  
impinge  on t h a t  cons t an t ,  however ,  and  help to main ta in  t h e  
sys t em 's m o d e  r a  t e t e m p e  r a t u res. 

In t h e  f i r s t  place,  1350 w a t t s / m 2  is t h e  r a t e  at which 
ene rgy  s t r ikes  a n  a r e a  perpendicular  to t h e  sun. But because  
of t h e  spher ica l  shape  of t h e  e a r t h ,  l i t t l e  of i t  is perpendicu-  
l a r  to t h e  sun's rays. Most of t h e  radiat ion s t r ikes  at a n  
angle ,  spreading and reducing t h e  ene rgy ' r ece ived  at a given 
point. 

Moreover ,  t h e  point on t h e  e a r t h  t h a t  is perpendicular  
- -  - 

to t h e  sun is cons tan t ly  changing, due  to t h e  ear th ' s  rotat ion.  
In a sense ,  t h e  sun is always rising for  someone  and  s e t t i n g  
fo r  someone  else. N o  one  rece ives- the  sun's fu l les t  in tens i ty  
for  m o r e  than  a shor t  t ime .  
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The  t i l t  of t h e  e a r t h  on i t s  axis  a l so  helps to spread  t h e  * radiation around. The  fact t h a t  t he  Nor th  Pole leans toward  

t h e  sun in J u n e  and away  f r o m  i t  in December  means  t h a t  t h e  
sun is perpendicular  to d i f f e ren t  "bands" of t h e  ea r th ' s  
s u r f a c e  a t  d i f f e ren t  t i m e s  of year .  

- .  

The d is tance  of t h e  sun f r o m  t h e  ear th ' s  p a t h  around i t  
is impor t an t  too. Who knows wha t  l i fe  on e a r t h  would b e  l ike 
if t h e  globe swung much closer  to t h e  sun o r  much f a r t h e r  
away  in i t s  annual  orb i t?  But t h a t  d i s t ance  var ies  only 3% 
th roughout  t h e  year ,  no t  enough to change  very  s ignif icant ly  
t h e  radiat ion received.  

Next ,  t h e  e a r t h  has  a kind of double  shield to t e m p e r  
radiat ion and pa r t i c l e  bombardment  f r o m  t h e  sun. 2 
a tmosphere ' s  ro le  in reducing t h e  in tens i ty  of t h e  solar  beam 
has  a l ready  been  ment ioned ,  and will be  discussed in de t a i l  in 
t h e  next  chapter .  (P rac t i ces  t h a t  t h r e a t e n  to a l t e r  t h e  
a tmosphe re  m a y  also jeopardize t h e  ear th ' s  d e l i c a t e  equilibri- 
um as a collector.) The  o the r  layer  of t h e  shield is the 
ea r th ' s  magne t i c  f ie ld ,  which ac tua l ly  de f l ec t s  t h e  high-speed 
pa r t i c l e s  of t h e  solar  wind, t h a t  ex tens ion  in to  s p a c e  of t h e  
sun's corona  which bu f fe t s  t h e  upper a tmosphere .  

Finally, t h e  winds and wa te r  cu r ren t s  of t h e  e a r t h  help 
to c i r cu la t e  energy  f rom t h e  ear th ' s  e f f i c i en t  equator ia l  
co l lec t ion  zones to t h e  polar zones  t h a t  co l lec t  t h e  l ea s t  
radiat ion.  

Earth: a Solar Laboratory 
n Over  t h e  centur ies ,  humans  have  learned  many pract i -  

cal and  ingenious ways of taking advan tage  of so la r  energy.  
Usually, t he i r  inspiration has  c o m e  f r o m  observing t h e  world 
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around t h e m  and seeing how t h e  e a r t h  i tself  co l lec ts ,  t rans-  
por t s ,  and s t o r e s  t h a t  essent ia l  energy.  I t  makes  sense,  then ,  
to begin t h e  s tudy of solar  energy  wi th  a n  examinat ion  of t h e  
complex  and beaut i fu l  s t eady- s t a t e  solar  co l lec tor  sys t em 
t h a t  is our  planet .  The  next  f ew c h a p t e r s  will explore  t h a t  
sys t em in g r e a t e r  de ta i l ,  showing how t h e  e a r t h  obta ins  t h e  
energy  and main ta ins  t h e  equilibrium t h a t  m a k e  i t  such a 
hospi table  envi ronment  for  life. 

Southern Africa and Antarctica, photographed by the Apollo 17 crew. 
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Chapter 5 

The Tented Sky 

Children somet imes  think of t h e  sky as a roof;  our  ea r ly  
ances tors  spoke of i t  as a dome  or  t en t .  Sc ience  has  t augh t  
us t h a t  such percept ions a r e  mis taken ,  t h a t  when w e  look up 
w e  a r e  ac tua l ly  looking o u t  in to  space ,  th rough cont inuous 
layers  of colorless gas. In a sense,  though, t h e  childhood 
metaphor  is a c o r r e c t  one.  The sky, o r  m o r e  scient i f ical ly ,  
t h e  a tmosphere ,  does funct ion pro tec t ive ly ,  l ike a roof. 
Because of i t s  composi t ion i t  a d m i t s  wha t  is  needed,  t r a p s  
wha t  is beneficial ,  and  excludes wha t  is dangerous.  Thus i t  
makes  an  e f f ec t ive  glazing for  our  solar  co l lec tor  -- ea r th .  
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The Structure of the Atmosphere 
A brief survey  of t h e  s t r u c t u r e  of t h e  ear th ' s  atmos- 

phe re  is necessary  be fo re  w e  c a n  understand just how t h e  
glazing works. Let ' s  begin at t h e  edges  of t h e  ear th ' s  
a tmosphe re  where  solar  radiat ion s t r ikes ,  at t h e  full f o r c e  of 
t h e  solar  cons t an t ,  on i t s  way toward  ea r th .  

The  Exosphere, t h e  ou te rmos t  layer ,  is com-  
posed most ly  of t h e  l igh tes t  gases ,  helium and  
hydrogen. This very  low-density l aye r  ex tends  
in to  o u t e r  space.  

The  Thermosphere  o r  Ionosphere s t a r t s  at  
abou t  500 k i lometers  f rom e a r t h  and descends  to 
within 80 k i lometers  of ea r th .  Like t h e  sun's 
corona  th i s  a r e a  is "hot" because  of in tense  par t i -  
c l e  ac t iv i ty .  H e r e  molecules  of g a s  a r e  being 
continuously bombarded by high-energy solar  radi- 
a t ion ,  which resul ts  in ionized gases. During a 
solar  f l a r e ,  t h e  t e m p e r a t u r e  m a y  r i se  to ove r  
17OO0C. But as w e  descend through t h e  ionos- 
phe re  t h e  t e m p e r a t u r e  drops to nea r  100°C. 

atom gains electrons and acquires a nega- 
t ive charge. 

The Mesophere o r  middle  layer ,  ex tending  
f rom abou t  80 to abou t  45 k i lometers  f rom e a r t h ,  
has  gradual ly  increasing pressure and t empera -  
t u re .  H e r e  t h e  t w o  gases  assoc ia ted  wi th  l i fe ,  
oxygen and ni t rogen,  a r e  t h e  most  plentiful. 

The  S t ra tosphere ,  at i t s  o u t e r  edges  45 kilo- 
m e t e r s  f rom e a r t h ,  h a s  a densi ty  1/1000 of t h a t  
found at sea level. W e  have  descended  m o r e  t h a n  
90% of the  distance through our atmosphere to- 
ward ea r th .  Y e t  in t e r m s  of densi ty ,  m o r e  t h a n  
99% of t h e  mass of t h e  a tmosphe re  r ema ins  
be tween  us and  t h e  ground. W e  mow encoun te r  
ozone ,  carbon dioxide, argon,  and  o t h e r  gases (as 
well as t h e  gases ment ioned  above), bu t  t h e r e  is 
s t i l l  very  little w a t e r  vapor and  no  clouds. 

The  Troposphere, s t a r t i ng  15 k i lome te r s  
above  sea level ,  is t h e  denses t  l ayer  of t h e - e a r t h ' s  
a tmosphere .  Seventy-f ive p e r c e n t  of t h e  a tmos -  
phere's mass  is here ,  pulled from'  below by gravi- 
ty .  This is a l so  t h e  region -of t h e  greatest 
appa ren t  a tmosphe r i c  ac t iv i ty :  convec t ion ,  evap-' 
o ra t ion  and condensat ion,  clouds, thunder  and  
lightning, and  al l  fo rms  of "weather." In t h e  
highest  levels  of t h e  a tmosphe re  t h e  gases t end  t o  
c o n c e n t r a t e  in layers ,  depending on the i r  weights. 
But in t h e  t roposphere,  because  of all t h e  ac t iv i ty  
t h e r e ,  gases  a r e  mixed. 

, 
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Now t h a t  we're aware of t h e  basic s t r u c t u r e  of t h e  
a tmosphe re ,  let 's  consider i t s  p ro t ec t ive  function. You'll 
no t i ce  f rom the graph below t h a t  t h e  t e m p e r a t u r e  of t h e  
a tmosphe re  does not change  consistently.  In fact, t h e  
t e m p e r a t u r e  s e e m s  to rise and  fa l l  r a t h e r  arbi t rar i ly ,  defining 
various regions, as shown on t h e  graph. 
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T h e r e  is a good reason for t h e s e  swings in t empera tu re .  
Wherever  t h e y  occur  t h e y  ind ica te  a r eac t ion  be tween solar  
radiat ion and  t h e  gases which are absorbing i t .  The  h e a t  
g e n e r a t e d  by t h e s e  reac t ions  is wha t  w e  see on t h e  graph. 

Incoming Radiation 
Before  it r eaches  t h e  a tmosphe re  t h e r e  is very l i t t l e  

loss in t h e  amount of radiation e m i t t e d  by t h e  sun. The full  
spec t rum of e l e c t r o m a g n e t i c  radiation s t r ikes  t h e  exosphere: 
radio, infrared,  visible, ul t raviolet ,  x-ray, and gamma radi- 
ation. Of t h e s e  var ie t ies  of radiat ion s o m e  wavelengths a r e  
beneficial  and necessary to living organisms, and  some  a r e  
ac tua l ly  harmful.  Fortunately,  our a tmosphe re  is composed 
of e l e m e n t s  t h a t  can select ively absorb mos t  of t h e  danger- 
ous  radiation without  in te r fe r ing  with t h e  beneficial  radi- 
a t ion.  
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To begin with, as radiat ion passes  through t h e  a tmos-  
phe re  it begins to encoun te r  widely spaced  oxygen molecules  
(0,). The shor t e s t ,  highest-energy wavelengths  (0.18 micro-  
m e t e r s  o r  sho r t e r )  col l ide wi th  t h e  oxygen molecules  and  are 
absorbed.  This absorpt ion causes  t h e  oxygen molecules  (0,) 
to break  up producing a t o m i c  oxygen (0). Some of t h e  
a t o m i c  oxygen combines  wi th  0, molecules  to fo rm ozone  
(03 1. Ozone  has  a weak enough bond so t h a t  i t  is t h e n  broken 
in to  0, and a t o m i c  oxygen again by wavelengths  up to 0.32 
micromete r s ,  t he reby  absorbing those  wavelengths  in t h e  
u l t rav io le t  r ange  t h a t  a r e  considered ha rmfu l  to life. 

A t  around 20-50 km above  e a r t h ,  t hen ,  t h e r e  is a layer  
of 0, 0,, and O3 which continuously d issoc ia tes  and  re-  
combines,  absorbing a lmos t  all of t h e  very  high-energy wave- 
lengths  of solar  radiat ion in t h e  process. This absorpt ion 
t r ans fo rms  high-energy radiat ion to hea t ,  which causes  t h e  
r i se  in t e m p e r a t u r e  noted  on t h e  graph. So e f f e c t i v e  a r e  t h e  
r eac t ions  just descr ibed t h a t  very  l i t t l e  sho r t  wavelength,  
high-energy radiat ion r eaches  t h e  ea r th ' s  sur face .  

Remember ,  though, t h a t  t h e  a tmosphere ' s  gases r e a c t  
se lec t ive ly  wi th  c e r t a i n  wavelengths  of so lar  radiation. If 
t h e  a tmosphe re  is l ike a p ro tec t ive  wall, t h e n  t h e r e  is a 
window in t h a t  wall. T h a t  "window" al lows mos t  of t h e  
visible l ight  wavelengths  t h a t  a r e  essent ia l  to l i fe  and growth  
to e n t e r  wi thout  in te r fe rence .  The re  is s o m e  s c a t t e r i n g  of 
t h e  visible wavelengths ,  especial ly  t h e  sho r t e r  wavelengths  
(blue), c r e a t i n g  our  fami l ia r  blue sky. 

With t h e  longer  ( infrared)  wavelengths ,  t h e r e  is aga in  
s o m e  useful  in te r fe rence .  Water  vapor and  carbon dioxide in 
t h e  lower a tmosphe re  absorb  and s t o r e  a l a rge  amoun t  of 
incoming infrared.  

As solar  radiat ion passes  through t h e  t roposphere  o t h e r  
f a c t o r s  s t a r t  to impinge: c louds of var ious kinds, dus t  par t i -  
c les ,  smog and pollutants.  The "bot tom line" is t h a t  only 
abou t  t w o  th i rds  of t h e  original solar radiation is ava i lab le  
for absorpt ion and use at t h e  ea r th ' s  su r f ace .  R e c e n t  s tud ies  
g ive  a f igure  of 1 k i lowat t  pe r  squa re  m e t e r  at sea level  when 
t h e r e  is d i r e c t  sunlight and  t h e  sun is d i r ec t ly  overhead.  
(Remember  t h a t  t h e  solar cons t an t  ou ts ide  t h e  a tmosphe re  is 
1.35 k i lowat t s /m2 .) 

K e e p  in mind t h a t  only half of t h e  ea r th ' s  s u r f a c e  is 
receiving solar  radiat ion at any  given t i m e ,  however .  In f a c t  
even  less t han  half is e f f ec t ive ly  exposed to co l l ec t ab le  
rad ia t ion  at one  t ime .  This. ra i ses  t h e  complex  quest ion of 
re f lec t ion  and radiat ion of l ight  and  h e a t  f rom t h e  ea r th ,  
fol lowed by re ref lec t ion  and  re rad ia t ion  f r o m  cloud cover ,  
water v a p o r , a n d  carbon dioxide. The  ea r th ' s  equilibrium is 
not  a s imple  m a t t e r  of in-and-out. If i t  were ,  we'd get 
awful ly  cold when t h e  sun d isappears  below t h e  horizon. 
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The lunar surface, shown in this unusual view of an ffearthrise,ft 
experiences extremes of heat and cold because of its lack of atmos- 
phere. 

n 

Out goi ng Rad iat i on 
So f a r  w e  have  discussed t h e  a tmosphe re  only in t e r m s  

of incoming radiat ion,  but  t h i s  is only half t h e  s tory .  Re-  
member  t h a t  t h e  e a r t h  rece ives  radiat ion on only p a r t  of i t s  
su r f ace ,  bu t  gives up radiat ion cont inuously ove r  t h e  whole 
sur face .  As a t e n t  to t r a p  outgoing radiat ion,  t h e  a tmosphe re  
main ta ins  a life-sustaining t e m p e r a t u r e  on e a r t h ,  day  and  
night. 

Much of t h e  radiat ion f rom t h e  sun is at wavelengths  of 
less t h a n  4 mic romete r s ,  because  of t h e  t remendous  h e a t  of 
its source.  Af t e r  t h e  visible radiat ion t h a t  r eaches  e a r t h  is 
absorbed by t h e  lower- tempera ture  e a r t h ,  i t  is r e r ad ia t ed  at 
longer  wavelengths ,  f r o m  4 to 70 micrometers .  Most of t h e s e  
longer wavelengths  a r e  easi ly  absorbed by t h e  w a t e r  vapor  
and carbon dioxide t h a t  a r e  abundant  in t h e  t roposphere.  
This  keeps  t h e  longer wavelength energy  c lose  to t h e  ear th ' s  
s u r f a c e  as hea t ,  which is s to red  during t h e  day  and given off 
as t h e  t e m p e r a t u r e  drops at night. 
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Evaporat ion iS also a n  e x t r e m e l y  impor t an t  f a c t o r  in 
maintaining and modera t ing  t h e  ear th ' s  t e m p e r a t u r e ,  and will 
b e  discussed at g r e a t e r  length  in C h a p t e r  6. 

evaporation: the change of a liquid to 
a gas with the addition Of latent heat- 
(See glossary.) 

The e a r t h  does  not  lie in s p a c e  naked and  unpro tec ted ;  
i t  is t e n t e d  and wrapped in t h e  e f f e c t i v e  layers  of i t s  
a tmosphere .  The  a tmosphe re  cons is t s  of just  t h e  r igh t  
e l e m e n t s  in t h e  r ight  locations: oxygen in i t s  various fo rms  to 
absorb  dangerous high-energy radiat ion f a r  above  t h e  e a r t h ,  
and  w a t e r  vapor and carbon dioxide to absorb  life-sustaining 
energy  as hea t  and t r a p  i t  close to t h e  ear th ' s  sur face .  

This has  been  a brief and somewha t  oversimplif ied 
explana t ion  of how t h e  a tmosphe re  works as a glazing. T h e  
following chap te r s  will look m o r e  closely at wha t  happens to 
t h e  energy  co l l ec t ed  by e a r t h ,  and how equilibrium is main-  
t a ined  and l i f e  is sustained under  t h e  t e n t e d  sky. 
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Chapter 6 
. 

Q 
A Complex 
Equilibrium 

In t h e  s implest  s i tua t ions  t h e r e  may be  unseen complex-  
i t ies .  You l ie  on your towel  on t h e  beach ,  wai t ing  fo r  t h e  sun 
to break  through t h e  clouds. Your body main ta ins  i t s  normal  
t e m p e r a t u r e ,  gives off i t s  own normal  radiat ion.  In a 
moment  t h e  sun bursts  f r o m  behind t h e  clouds, warming your 
back. A b reeze  cools you br ief ly ,  t h e n  t h e  h e a t  builds up. 
The  w a t e r  f rom your last dip in t h e  l ake  evapora t e s  quickly, 
car ry ing  s o m e  of t h e  h e a t  of  your skin in to  t h e  air. You roll 
over ,  your hea ted  skin now in shadow, warming t h e  towel  and  
sand  benea th  you. 

r .  

Who can say ,  f r o m  t h e  s imple  s c e n e  just descr ibed,  
w h a t  energy  exchanges  w e r e  t ak ing  p lace?  Could you ca l -  
c u l a t e  how much of t h e  sun's ene rgy  your body absorbed and  
how much wen t  to t h e  b reeze ,  t h e  evapora t ing  w a t e r ,  and t h e  
sand  under you? The  answers  to t h e s e  quest ions would be  
hard to ca lcu la te .  

n 

Imagine then  t h e  complexi ty  of t h e  e a r t h  as a col lec tor ,  
wi th  its a tmosphe re ,  bodies of wa te r ,  moving cu r ren t s  of sea 
and  a i r ,  dai ly  ro ta t ions  and year ly  revolutions. Still,  w e  have  
o n e  fact on which to base  our  calculat ions.  W e  know t h a t ,  at 
least in r e c e n t  history, t h e  e a r t h  has  main ta ined  a genera l  
t e m p e r a t u r e  equilibrium, ne i ther  losing nor gaining much 
f r o m  its a v e r a g e  annual  t e m p e r a t u r e  of 15 C. 0 
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Earth-Atmosphere Heat Balance 
Given t h a t  t h e  e a r t h  maintains  a cons t an t  a v e r a g e  

annual t e m p e r a t u r e ,  w e  can  a s sume  t h a t  on  t h e  ave rage ,  t h e  
amoun t  of energy  going o u t  is equal  to t h e  amoun t  coming in. 
Of course,  t h a t  doesn't mean  t h a t  a l l  incoming solar  radiat ion 
is immedia te ly  reradiated.  A given amoun t  of solar  energy  
m a y  f eed  a leaf which eventual ly  dies,  fa l ls  to t h e  ground, 
decays,  and  thousands of yea r s  l a t e r  becomes  coa l  which is 
burned, giving off h e a t  which e scapes  into t h e  a tmosphe re  
and then  in to  space.  The  pa th  may  b e  a long one, but  t h e  
equilibrium is maintained. 

Let 's  look at this  equilibrium in g r e a t e r  detai l .  

In and Out and 'Round and 'Round 
Remember  t h a t  we  said,  in C h a p t e r  5 ,  t h a t  t h e  s tory  of 

solar  radiation and t h e  e a r t h  was  not  a s imple case of in-and- 
out .  Because t h e  a tmosphe re  is an  e f f e c t i v e  glazing, a high 
p e r c e n t a g e  of t h e  h e a t  absorbed and  r e rad ia t ed  by t h e  e a r t h  
and  a tmosphe re  is t rapped in t h e  lower a tmosphe re  and 
r e tu rned  to e a r t h ,  which rad ia tes  it to t h e  a tmosphe re  again,  
and t h e  c y c l e  goes on and on, with sma l l  losses to space  e a c h  
t ime .  

A t  any  given t i m e  then,  t h e  e a r t h  i tself  is giving off 
m o r e  energy  in to  t h e  a tmosphe re  t h a n  i t  is g e t t i n g  f rom 
d i r e c t  sunlight. I t  does  this  because  so much of t h e  energy  i t  
is losing is bounced right back to i t  f rom t h e  a tmosphere .  

But if you look at t h e  e a r t h  and t h e  a tmosphe re  as a 
unified system, you find t h a t  t h e  t o t a l  sys t em is giving off 
just  t h e  s a m e  amoun t  of energy  as i t  g e t s  f r o m  t h e  sun. 

The re  a r e  t w o  balancing acts going on, then. One  is t h e  
balance be tween  .the e a r t h  and i t s  a tmosphe re ,  and  t h e  o t h e r  
is t h e  balance be tween t h e  sun and  t h e  ea r th -a tmosphe re  
sys t em as a whole. If you see this  as t w o  s e p a r a t e  equations,  
you can  t h e n  understand how t h e  ea r th -a tmosphe re  sys t em is 
giving off 100% of t h e  energy  i t  r ece ives . f rom t h e  sun at t h e  
s a m e  t i m e  t h a t  t h e  e a r t h  is releasing to t h e  a t m o s p h e r e  156% 
of t h e  radiation t h e  sun is giving to t h e  ea r th -a tmosphe re  
sys t em at any  given moment .  

The Big Picture 
The d iagram on t h e  nex t  pager shows t h e  t w o  complex  

and  inter locking h e a t  balances t h a t  we  have  been  describing: 
t h e  o n e  be tween  t h e  e a r t h  and  its a tmosphe re ,  and  t h e  o t h e r  
be tween  t h e  sun and t h e  t o t a l  ea r th -a tmosphe re  system. 

heat balance: the equilibrium between 
enerev from the  sun received by the 

Y I  

earth-atmosphere system and energy 
emitted by the earth-atmosphere system. 

The numbers  given a r e  approximations,  a n d  may not  
a g r e e  precisely with those  given in o t h e r  sources.  They a r e  
provided to help you see t h e  proportions t h a t  a r e  involved. 
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6% scattered -I/ I \ \  
13% radiated into space 

5% escapes directly 

10% trapped -4 * 
96% reradiated back to earth I 

latent heat: the result of an increase 
in the heat content of a substance without 
an associated temperature change; occurs 
during phase change. (See glossary.) 

evaporation: the change of a liquid to 
a gas with the addition of latent heat. 
(See glossary.) 

Atmospheric Depletion of the Solar Beam 

S t a r t  by examining t h e  solar  beam as i t  approaches  
ea r th .  Unti l  it r eaches  our  a tmosphe re ,  100% of i t  is 
t r a n s m i t t e d  through space .  When i t  r eaches  our  a tmosphe re ,  
as w e  know, deplet ion of t h e  b e a m  begins. Some  is absorbed 
by oxygen and ozone  react ions.  Some wavelengths  a r e  
sca t t e red .  Some radiat ion is r e f l ec t ed  d i rec t ly  back  in to  
s p a c e  by clouds or  by t h e  s u r f a c e  of t h e  e a r t h  i tself .  
Evaporat ion of w a t e r  f rom clouds, f rom lakes and oceans ,  and  
f r o m  plants  absorbs a l a rge  amoun t  of radiat ion.  

Specif ical ly ,  as w e  see in t h e  d iagram,  abou t  3% of t h e  
solar  b e a m  is absorbed by oxygen and  ozone  reac t ions ,  abou t  
22% by w a t e r  vapor and carbon dioxide. Six pe rcen t ,  mos t ly  
blue wavelengths ,  is s c a t t e r e d  by t h e  a tmosphere ;  19% is 
r e f l ec t ed  by clouds; 3% is r e f l ec t ed  by t h e  ear th ' s  sur face .  
This leaves  abou t  47% of t h e  original beam t h a t  ac tua l ly  
r eaches  and is absorbed by t h e  ea r th .  

But, as ment ioned  before ,  d i r e c t  radiat ion is not  t h e  
only sou rce  of h e a t  fo r  t h e  ea r th .  La rge  amoun t s  of h e a t  
f r o m  absorbed radiat ion and l a t e n t  h e a t  re leased  when w a t e r  
vapor  condenses  a r e  rad ia ted  back  toward  ea r th .  So at any  
given t ime ,  t h e  e a r t h  is ac tua l ly  ge t t i ng  m o r e  radiat ion f rom 
t h e  a tmosphe re  than  i t  is g e t t i n g  f rom d i r e c t  solar  radiation. 

Thus t h e  ear th ' s  s u r f a c e  has  to cons tan t ly  rid itself of 
Evaporat ion,  as w e  c a n  see h e a t  to main ta in  equilibrium. 

f r o m  t h e  d iagram,  r emoves  24%. 
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Evaporation's Role in Heat Balance 
Water  and w a t e r  vapor a r e  such a n  impor t an t  p a r t  of 

our  ea r th ' s  equilibrium t h a t  t hey  dese rve  addi t ional  comment .  
As was  a l ready  mentioned,  w a t e r  vapor absorbs incoming 
radiat ion be fo re  it r eaches  ea r th .  Now w e  find t h a t  w a t e r  
r emoves  a n  even  l a rge r  amoun t  of rad ia t ion  f r o m  t h e  s u r f a c e  
of t h e  e a r t h  itself. How does it d o  a l l  this?  

G3 

From your s tudy  of h e a t  f low you m a y  r emember  t h a t  it 
t a k e s  1 ca lor ie  to ra i se  1 g r a m  of w a t e r  loC. But to 
e v a p o r a t e  t h a t  g r a m  of w a t e r  once  it r eaches  t h e  boiling 
point ,  much m o r e  ene rgy  is required,  abou t  540 ca lor ies  pe r  
g r a m  just to ove rcome  t h e  bonding of liquid w a t e r  and  t u r n  it 
to w a t e r  vapor. Water  t he reby  "uses up" l a rge  amoun t s  of 
rad ia t ion  by evaporat ing.  Of cour se  it doesn't real ly  use  it 
up, but  r a the r  s to re s  i t  in t h e  a tmosphe re  as " la ten t  heat". 
This h e a t  will b e  re leased when t h e  w a t e r  vapor's surround- 
ings fa l l  below t h e  t e m p e r a t u r e  o r  pressure  at which i t  c a n  
s t a y  vaporized. When t h e  vapor becomes  liquid aga in  as 
clouds or  dew,  t h e  h e a t  re leased  will b e  rad ia ted  in a l l  
d i rec t ions ,  s o m e  in to  s p a c e  and  s o m e  back  to t h e  ground. 

In a l a t e r  chap te r  you will read  abou t  hea t  pumps, 
dev ices  which move  h e a t  f rom one  p l ace  to ano the r  by 
evapora t ion  and condensat ion.  H e a t  pumps a r e  model led 
a f t e r  nature 's  w a t e r  cyc le ,  which collects h e a t  f rom t h e  
ear th ' s  s u r f a c e  through evapora t ion ,  moves  i t  (as l a t e n t  h e a t  
in w a t e r  vapor)  by convect ion,  and  then  r e l eases  it at ano the r  
loca t ion  by condensat ion.  

I condensation: the change of a gas to 
a liquid. 

The Earth: Absorber, Conductor, and Radiator 

The  radiat ion t h a t  r eaches  e a r t h  and  is no t  r e f l ec t ed  or 
s t o r e d  by w a t e r  evapora t ion  is absorbed by . t h e  ear th ' s  var ied  
surf ace. 

Some  will be  absorbed by land masses  which will t h e n  
r e r a d i a t e  t h a t  energy. Much of t h e  rad ia t ion  will fa l l  o n  
bodies  of wa te r  which, having a higher h e a t  c a p a c i t y  t h a n  
land,  warm up m o r e  slowly but  a l so  r e l ease  t h e i r  h e a t  m o r e  
slowly. (This is why w a t e r  t e m p e r a t u r e s  lag behind t h e  
seasons;  t h e  sea is s t i l l  cold in late spring, but remains  w a r m  
in to  t h e  autumn.) Both land and w a t e r  will cont inue  to 
re rad ia t e  at  night and on cloudy days,  modera t ing  t h e  t e m -  
p e r a t u r e  of t h e  a tmosphe re  above  them.  

New York State  Department of Commerce 
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The  a i r  over  land and w a t e r  co l l ec t s  energy  f rom t h e  
e a r t h  by conduct ion,  and moves  i t  by convect ion in to  t h e  
upper t roposphere,  where  some  is lost  but  some  is r ad ia t ed  
back  to e a r t h  y e t  again. 

Conduct ion and convect ion of a i r  hea t ed  by t h e  ear th ' s  
s u r f a c e  remove  18%, but  t h e  cyc le  of conduct ion-convect ion 
will eventua l ly  bring 13% back to e a r t h ,  so only 5% ac tua l ly  
escapes.  

photosynthesis: synthesis by plants of 
organic compounds from carbon dioxide 

(See glossary.) 
and hydrogen in the presence of light. Meanwhile, t h e  e a r t h  itself is rad ia t ing  a mass ive  

amoun t  of hea t  d i rec t ly ,  a n  amoun t  equal  to  114% of t h e  
d i r e c t  solar radiat ion a imed toward  ea r th .  But only 5% 
escapes  d i rec t ly ;  109% is t rapped  by w a t e r  vapor and carbon 
dioxide. Thi r teen  pe rcen t  t hen  gradual ly  escapes  in to  space ,  
but  96% is rad ia ted  r ight  back  to e a r t h .  So t h e  cyc le  goes on. 

Photosynthesis and Heat Balance 

Plants  play a small  bu t  very  impor t an t  role  in t h e  hea t  
ba lance  of t h e  e a r t h .  Some of t h e  radiat ion t h a t  r eaches  
e a r t h  fa l l s  on plant  life: fo re s t s  and jungles, plains and 
fa rmland,  and millions of a c r e s  of f loa t ing  seaweed  and  
algae.  Here  another  kind of s t o r a g e  takes p lace ,  through the  
chemis t ry  of photosynthesis ,  t h e  process  by which p lan ts  use 
t h e  energy  of sunlight to manufac tu re  carbohydra tes .  How 
long t h e  energy  will be s to red  depends on wha t  happens to t h e  
plant .  If it is burned or  e a t e n  immedia te ly ,  t h e  energy  i s  
re leased  fa i r ly  soon. If i t  d ies  and decays ,  i t  will give off 
h e a t  slowly. If i t  is buried for  millions of years ,  i t  will slowly 
b e c o m e  coal. The  an imal  l i fe  nourished by p lan ts  r e rad ia t e s  
s o m e  of t h e  energy  while living and  produces na tura l  gas  
when dead.  P lan t  and an imal  remains,  s to red  under  h e a t  and 
pressure  for  10 million years  or  more ,  yield oil. When t h e s e  
slowly produced fuels ,  coal ,  gas, and  oi l ,  a r e  burned,  t h e  l a s t  
of t h e  energy  s to red  by photosynthesis  is given up. 
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Keeping Our Balance 
Every f a c t o r ,  smal l  o r  la rge ,  plays i t s  p a r t  in t h e  h e a t  

ba l ance  w e  have  been  discussing. A hur r icane  plays a p a r t ,  
and  so does  a t r ee .  The  composi t ion of t h e  a tmosphe re ,  t h e  
global  p a t t e r n s  of a i r  and w a t e r  movemen t ,  and  t h e  s i ze  and  
loca t ion  of land and  wa te r  masses  a r e  a l l  c r i t i ca l  fac tors .  

As a sunbather  on t h e  beach ,  main ta in ing  a h e a t  bal- 
a n c e  should be  a m a t t e r  of conce rn  to you. The  consequences  
of imbalance  c a n  be  serious: sunburn o r  sunstroke.  Similarly, 
h e a t  ba lance  be tween  t h e  e a r t h ,  t h e  a tmosphe re ,  and  t h e  sun 
should be of concern  to a l l  of us, because  if w e  lose t h a t  
complex  and c r i t i ca l  equilibrium i t  will b e  m o r e  than  serious; 
i t  will b e  ca tas t rophic .  
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Chapter 7 

Making It Move 

n 

To say  t h a t  a sys t em is in equilibrium is not to say  t h a t  
t h e  sys t em is s t a t i c .  A thousand p a r t s  m a y  b e  moving; a 
thousand changes  may  be  occurr ing.  But if a l l  t h e  move- 
m e n t s  and changes a r e  complementary ,  ba lance  is main- 
ta ined.  So i t  is wi th  t h e  e a r t h ,  a mighty and complex  
machine.  The  sun rad ia tes  energy  and  t h e  turning e a r t h  
rece ives ,  spreads,  and eventua l ly  r e tu rns  t h a t  energy  to 
space .  

This chap te r  will dea l  wi th  a very  impor t an t  phenome- 
non: t h e  way t h e  sun's energy  gets spread  over  t h e  ear th  
be fo re  i t  is re turned  to space .  Without th i s  spreading  of h e a t  
f r o m  high solar  impac t  a r e a s  ( t h e  equa to r )  to low so lar  
i m p a c t  a r e a s  ( the  poles), t h e  e a r t h  could never  support  l i fe  
t h e  way i t  does. 

Hot air balloorls show Archimedes' principle at work--except when the wind blows them over! 
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The key to t h e  whole m a t t e r  was discovered by Archi- 
medes  ove r  2000 yea r s  ago. H e  found t h a t  a body immersed  
in a fluid is buoyed up by a f o r c e  equal  to t h e  weight  of t h e  
fluid displaced. Since much of t h e  ea r th ' s  co l lec t ing  s u r f a c e  
is fluid (air and water ) ,  Archimedes '  pr inciple  proves to be  
very  s ignif icant  in t h e  opera t ion  of t h e  e a r t h  as a so lar  
co l lec tor .  

The Atmosphere: 
Vertical Ci rc u I at i o n 

Although a i r  t r ansmi t s  l ight  compara t ive ly  well, i t  is a 
re la t ive ly  poor conductor  of hea t .  As t h e  s u r f a c e  of t h e  
e a r t h  is hea t ed  by t h e  sun, i t  conducts  h e a t  to t h e  a i r  for  a 
f e w  feet d i rec t ly  above  i t .  This a i r  expands  because  of t h e  
m o r e  rapid motion of i t s  par t ic les ,  becomes  less dense  than  
t h e  surrounding a i r ,  and is buoyed upward by cooler ,  denser  
a i r  sliding down and under t h e  warm air. 

The  pa rce l  of warmed a i r  cont inues  to b e  buoyed 
upward and is "unstable" until d u e  to expansion and reradi-  
a t ion  i t  r eaches  t e m p e r a t u r e  equilibrium wi th  t h e  surrounding 
air .  Then t h e r e  is no unbalanced buoyant  fo rce ,  and  t h e  
pa rce l  s tops  rising. 

A number of things affect t h e  t e m p e r a t u r e  of t h e  
pa rce l  of a i r  as i t  rises. F i r s t ,  as i t  l eaves  t h e  ea r th ' s  
su r f ace ,  i t  loses c o n t a c t  wi th  i t s  sou rce  of hea t .  Then, as i t  
gains  a l t i t ude ,  t h e  a tmosphe r i c  pressure drops. This a l lows 
t h e  parce l  to expand s t i l l  more  by pressing against  and 
working on t h e  surrounding less dense  a tmosphere .  This work 
t h a t  t h e  parce l  does  on i t s  surroundings causes  i t  to lose 
energy  and t h e r e f o r e  i t s  t e m p e r a t u r e  drops. (When a t emper -  
a t u r e  change  is brought  abou t  by a pressure  change  wi thout  
addi t ion or  removal  of h e a t ,  w e  ca l l  t h e  change  "adiabatic.") 

So t h e  hea ted  air loses c o n t a c t  wi th  its h e a t  source ,  t h e  
e a r t h ,  and also loses  energy  adiabat ical ly .  Besides t h e s e  t w o  
f ac to r s ,  t h e r e  is a l so  usually s o m e  minor  mixing wi th  t h e  
sinking cooler  a i r  around i t .  So in genera l ,  t h e r e  is a 
tendency  for  rising a i r  to cool. 

One  f a c t o r  m a y  add h e a t  to this  rising pa rce l  of air .  If 
you r emember  wha t  youlve read  abou t  evapora t ion  and con-  
densa t ion ,  you'll r ea l i ze  t h a t  t h e  hea ted  a i r  m a y  c a r r y  w a t e r  
vapor wi th  i t  as it rises. When t h e  a i r  pa rce l  cools enough,  
t h e  vapor in t h e  a i r  will condense,  re leas ing  t h e  l a t e n t  h e a t  
t h a t  was  s to red  during t h e  evapora t ion  process .  

Eventual ly ,  however ,  t h e  hea ted  a i r  will cool  enough so 
t h a t  i t  becomes  denser. Meanwhile, t h e  'ground-level a i r  is 
now, in i t s  tu rn ,  being hea ted .  The  pa rce l  of now cooler ,  
denser  a i r  will sink to t h e  ground, buoying up t h e  less dense ,  
hea t ed  air. Heat ing  and rising, cool ing and sinking, th i s  
rec iproca l  process  in t h e  a tmosphe re  c r e a t e s  ve r t i ca l  c i r -  
cu l a  t ion. 

adiabatic: related to a decrease in ternper- 
-e to an increase in volume rather 
than to any heat flow. 

Vertical circulation of heated air 
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H o rizon tal Ci rcu lation 

Air moves  horizontal ly  for  t h e  s a m e  basic  reason t h a t  i t  
moves  ver t ical ly;  sinking a i r  t h a t  is cooler ,  m o r e  dense,  and  
t h e r e f o r e  has  higher pressure,  f lows in and f i l ls  a r e a s  where  
t h e r e  is less pressure because  of hea ted  rising air. These  
pressure d i f f e rences  occur  because  of t h e  var ia t ions in t h e  
s u r f a c e  of t h e  ea r th .  

For example ,  t h e  h e a t  capac i ty  of w a t e r  is g r e a t e r  t han  
t h a t  of land, so i t  t a k e s  much m o r e  radiat ion to ra i se  t h e  
t e m p e r a t u r e  of t h e  oceans.  Besides, s ince  wa te r  is t rans-  
pa ren t ,  solar  radiat ion p e n e t r a t e s  t h e  oceans  m o r e  deeply 
t h a n  i t  does  t h e  land and t h e  energy  is d i s t r ibu ted  over  a 
la rger  mass. The  resul t  is t h a t  t h e  land h e a t s  up m o r e  rapidly 
than  t h e  oceans ,  and  hea t s  t h e  a i r  above  i t  more  rapidly. As  
t h a t  a i r  expands,  cooler  a i r  f rom over  t h e  oceans  rushes in 
and equal izes  t h e  pressure. (At  night just t h e  opposi te  is 
true.) 
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Patterns of air circulation 

The Atmosphere's Interlocking Patterns 

The ver t ica l  and ,horizontal  movemen t s  of a i r  help t o  
solve t h e  problem posed by t h e  graph below. Looking at t h e  
graph w e  can  see t h a t ,  for  t h e  world as a whole, radiat ion 
isn't equally distributed. The  north pole doesn't r ece ive  
enough radiation to keep  p a c e  with wha t  it loses. T h e  
equa to r  g e t s  more  t h a n  i t  can  dispose of. Fortunately,  t h e  
a tmosphe re  provides t h e  solution by a c t i n g  as a t ranspor t  
medium for h e a t  energy. 
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The d iagram to t h e  l e f t  gives  a simplified model  fo r  t h e  
basic  c i rculat ion pa t t e rn .  Hea ted  a i r  at t h e  equator  rises, 
expands,  and  f lows  toward  t h e  poles where,  cooled,  i t  sinks 
groundward and f lows back toward  t h e  equator .  

Actual ly ,  a somewha t  b e t t e r  model  is t h e  one  below. 
This model  shows t h a t  while s o m e  of t h e  hea ted  a i r  cont inues  
toward  t h e  poles, s o m e  cools  and sinks to ground leve l  where  
i t  divides. Some of t h e  cooled a i r  f lows back toward  t h e  
equa to r  and 'some f lows onward toward  t h e  poles until i t  
encounters  y e t  co lder  a i r  which buoys i t  up. This d iagram 
i l l u s t r a t e s  t h e  "Three-Cell Theory", which assumes  t h a t  t h e r e  
a r e  t h r e e  g r e a t  c i rcu la tory  loops be tween  t h e  equa to r  and  
e a c h  pole. 

The Hadley cell model of 
atmospheric circulation 

This theo re t i ca l  model  is modified by seve ra l  fac tors .  
The  pressure d i f fe rences  be tween  land and sea t h a t  w e r e  
discussed ear l ie r  compl i ca t e  th i s  s imple  pa t t e rn .  The  t i l t  of 
t h e  e a r t h  changes  t h e  a r e a  receiving maximum radiat ion in 
t h e  cour se  of t h e  ear th 's  annual  revolution around t h e  sun. 

But t h e  major  f a c t o r  a f f e c t i n g  t h e  model  is t h e  ro t a t ion  
of t h e  e a r t h  i tself .  

The Coriolis Effect The three-cell model of 
atmospheric circulation 

0 Because t h e  a tmosphe re  is r a t h e r  loosely a t t a c h e d  to 
t h e  e a r t h ,  i t  "lags behind" t h e  ear th ' s  spin. A horizontal ly  
moving mass of a i r  may  b e  d i r ec t ed  toward  a given point, bu t  
ends up passing s o m e  d i s t ance  f r o m  t h e  point  because  t h e  
point has  moved. As you c a n  see f rom t h e  d iagram,  a n  ob jec t  
110" t h a t  s t a r t s  moving f r o m  t h e  nor th  pole toward  "X" will 
end  up at "Y". For this  reason,  winds in t h e  nor thern  
hemisphere  a l l  appear  to cu rve  to t h e  r ight ,  while  t hose  in 
t h e  southern  hemisphere  appear  to cu rve  to t h e  l e f t ,  even  
though they  a r e  ac tua l ly  moving in a s t r a igh t  line. 

I t  makes  no d i f f e r e n c e  which way t h e  ob jec t  initially 
t ravels .  Even if ob jec t  "0" is moving nor th  f rom t h e  equa to r  
t oward  t h e  nor th  pole, i t  will s t i l l  appea r  to cu rve  to t h e  
r igh t  because  of t h e  higher veloci ty  of i t s  s t a r t i ng  point. 
Ob jec t  "0" s t a r t s  at a point near  t h e  equa to r  where  t h e  
ea r th ' s  su r f ace  is moving at abou t  1600 k i lometers  a n  hour. 
I t  is d i r ec t ed  toward  point "XI', which is c loser  to t h e  pole 
and t h e r e f o r e  is t rave l ing  m o r e  slowly, le t ' s  s ay  at 800 
k i lometers  an  hour. So objec t  "O", because  of t h e  more  
fo rce fu l  ea s tward  "push" t h a t  i t  s t a r t s  wi th  will, t rave l ing  in 
a s t r a igh t  line, a r r ive  at IrYrr. Again, i t  appea r s  to cu rve  to 
t h e  right. 

The Coriolis Effect 
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The Winds of the World 
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What all th i s  means  is t h a t  t h e  c i rcu la t ion  p a t t e r n s  of 
t h e  a tmosphe re  a r e  not near ly  as s imple  as in our  t h e o r e t i c a l  
model. Instead,  h e r e  is wha t  happens: 

o a i r  over  warmer  su r faces  expands  c r e a t i n g  a r e a s  of 
low pressure;  

o a i r  f rom a r e a s  of high pressure  f lows in and  equal-  
i ze s  t h e  pressure,  buoying up t h e  w a r m e r  a i r ;  

a l l  t h e  winds c r e a t e d  by t h e s e  pressure differ-  
en t ia l s  a r e  de f l ec t ed  on a curving pa th ,  to t h e  r igh t  
in t h e  nor thern  hemisphere  and  to t h e  left in t h e  
southern  hemisphere;  and 

o 

o t h e  a r e a s  of high and low pressure  sh i f t  somewha t  
depending on t h e  t i m e  of day and t h e  t i m e  of year .  
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I 
Global wind patterns 

All t h e s e  phenomena con t r ibu te  to one  genera l  effect: 
h e a t e d  fluid is moved to a r e a s  where  i t  c a n  give up i t s  hea t ,  
and cold fluid moves  in to r ep lace  i t .  

Water, Ally of the Winds 
A t  t h e  beginning of t h e  chap te r ,  w e  said that  t h e r e  are 

two fluids t h a t  help to c i r cu la t e  t h e  solar ene rgy  co l l ec t ed  by 
t h e  ea r th .  The  f i r s t  is a i r  and t h e  second,  of course ,  is wa te r ,  
pr imari ly  t h e  w a t e r  of t h e  oceans.  

The  oceans  may  s e e m  to play a less  d r a m a t i c  role  in 
ene rgy  c i rcu la t ion  than  t h e  a t m o s p h e r e  wi th  i t s  hurr icanes,  
to rnadoes ,  and monsoons. But  t h e  oceans  a r e  equal ly  impor-  
t a n t  and,  indeed,  c losely allied to t h e  a tmosphe re  in car ry ing  
o u t  th i s  t a sk  of energy  dissipation. 
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In o the r  c h a p t e r s  you've seen  how evapora t ion  of w a t e r  
s to re s  a s ignif icant  amoun t  of solar  energy.  You've a l so  seen  
how t h e  high h e a t  capac i ty  of w a t e r  a l lows t h e  seas to h e a t  
up very slowly and  then  r e l ease  t h a t  h e a t  slowly, helping to 
equa l i ze  t h e  t e m p e r a t u r e  e x t r e m e s  of day  and night and of 
summer  and winter .  In th i s  chap te r ,  however ,  we'll look a t  
how wa te r  moves  h e a t  mechanical ly ,  by t h e  f low of ocean  
cur ren ts .  

The Circulation of the Oceans: 
Surface Currents 

If you look at t h e  m a p  of t h e  oceans '  s u r f a c e  cur ren ts ,  
and then  look back at t h e  m a p  of s u r f a c e  winds, it is c l e a r  
t h a t  t h e r e  is a mechanica l  connec t ion  be tween  t h e  two. In 
fact, solar  energy  dr ives  t h e  winds, and apparent ly  t h e  winds 
dr ive  t h e  s u r f a c e  cur ren ts .  The  Coriol is  effect discussed 
ea r l i e r ,  whereby t h e  ear th ' s  ro ta t ion  produces a curving wind 
p a t t e r n ,  a l so  affects t h e  seas, reinforcing t h e  s a m e  curving 
pa t te rns .  When t h e  wind dr ives  t h e  w a t e r  at a n  angle  aga ins t  
t h e  bar r ie r  of a cont inent ,  t h e  c a l a r  p a t t e r n  t h a t  you see 
on t h e  m a p  results. 

Global ocean currents 

This p a t t e r n  of cu r ren t s  moves  h e a t e d  w a t e r  f rom t h e  
equa to r i a l  a r e a  for  g r e a t  d i s tances ,  and  brings cooler  w a t e r  
to t a k e  its place.  (Do you see why t h e  w a t e r  on t h e  wes te rn  
coast of t h e  Nor th  Amer ican  con t inen t  would b e  r a t h e r  co ld  
for  swimming,  while t h a t  on t h e  e a s t e r n  coast would o f t e n  be 
warmer? )  

Density Currents 
The  mechanica l  movemen t  of t h e  oceans '  s u r f a c e  is not  

t h e  only way t h a t  w a t e r  helps to d is t r ibu te  so la r  energy  on 
t h e  ea r th .  Archimedes '  pr inciple  works on a l l  fluids, w a t e r  as 
wel l  as air .  This means  t h a t  co lder ,  denser  w a t e r  will t end  to 
s l ide under and buoy up less dense  wa te r ,  which is usually 
warmer .  

57  



Equator 
80"N 60" 40" 20" 20" 40" 60" SO" 

--- I I 1 I I I 

Density currents 

Like any  fluid, cooler  wa te r  is usually denser  t han  
warmer  wa te r .  When cold w a t e r  near  t h e  poles encoun te r s  
warmer  wa te r  c i rcu la ted  f r o m  t h e  equa to r ,  i t  sinks under t h e  
w a r m e r  w a t e r  c r ea t ing  a deep  cold c u r r e n t  t h a t  m a y  f low 
g r e a t  dis tances .  

In t h e  oceans  and seas, salt is a lso a f a c t o r  in w a t e r  
density. Wherever  t h e r e  is high evapora t ion  and  little rain,  
t h e  surface wa te r  becomes m o r e  sa l ty  and dense,  and  the re -  
f o r e  sinks, to b e  replaced by new,  less dense  s u r f a c e  w a t e r  
f r o m  less a r id  areas. This c i rcu la t ion  p a t t e r n  is found in hot ,  
dry a r e a s  like t h e  e a s t e r n  Mediterranean.  

n 

n 

The Global Currents 

Between t h e  wind-driven s u r f a c e  cu r ren t s  and  t h e  deep-  
e r  densi ty  cur ren ts ,  t h e  oceans  have  both hor izonta l  and  
ve r t i ca l  mixing, l ike  t h e  a tmosphere .  

It is as hard to show t h e  total p i c tu re  of o c e a n  
c i rcu la t ion  as i t  is to show a tmospher i c  c i rculat ion.  Pu t t ing  
toge the r  a l l  t h e  major  f ac to r s ,  h e r e  is w h a t  w e  have: 

o s u r f a c e  cu r ren t s  a l l  over  t h e  e a r t h  r e f l e c t  t h e  
pa t t e rns  of t h e  world's winds; 

o t h e  wind-driven s u r f a c e  cu r ren t s  cu rve  in response 
to t h e  Coriolis effect; 

o t h e  cont inenta l  masses  guide those  curving cur-  
r en t s  i n to  c i rcu lar  pa t t e rns ;  and  

o d e e p  cu r ren t s  a r e  caused  by dense  (sal ty  o r  cold) 
wa te r  flowing along t h e  ocean  bot tom.  

Again, t h e  total effect is to move  hea ted  fluid to a r e a s  where  
i t  can  give up i t s  h e a t ,  and to move  cold fluid to rep lace  t h e  
hea ted  fluid. 
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.- Interplay and Equilibrium 
So many f a c t o r s  a r e  involved in t h e  global p i c tu re  of 

wind and w a t e r  c i rculat ion t h a t  t h e  result ing p a t t e r n s  s e e m  
confusing and freakish.  But however a r b i t r a r y  t h e y  m a y  
s e e m ,  e v e r y  movement  of wind o r  w a t e r  is  p a r t  of a pa t t e rn .  
T h e  resul t  of t h a t  p a t t e r n  is t h e  t r anspor t a t ion  of solar  
ene rgy  through t h e  t o t a l  sys t em,  maintaining i t s  ever-moving 
equilibrium. 
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Chapter 8 

A Home Issue 
In our  journey toward  an  understanding of t h e  sun, it 's 

as if w e  had l e f t  our  bodies behind. We've t r ave led  f rom t h e  
c o r e  of t h e  sun to i t s  s u r f a c e  and wa tched  i t s  display of 
f i reworks.  We've hovered in space  and viewed t h e  e a r t h  
co l lec t ing  t h e  sun's rays. We've plunged through t h e  ear th ' s  
a tmosphe re  and in to  i t s  oceans  to observe  t h e  e f f e c t s  of 
t h o s e  rays  on t h e  ear th ' s  g r e a t  c i rcu la tory  sys tem.  

But w e  a r e  not disembodied spir i ts .  Each o n e  of us is a 
person,  living at a spec i f ic  spot  on ea r th .  To use t h e  sun's 
energy ,  w e  need to know wha t  our  personal  solar  budget  is. 
Soon we  will finish consider ing t h e  macrocosm of sun and 
e a r t h  in space ,  and  turn  to t h e  microcosm: your roof, my  
t r e e s ,  t h e  neighbor's greenhouse,  t h e  fa rmer ' s  grain dryer ,  t h e  
needs of t h e  loca l  utility. 
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Firs t ,  w e  need  to see wha t  f a c t o r s  d e t e r m i n e  how much 
ene rgy  ar r ives  at our  par t icu lar  spot  on t h e  e a r t h ,  and  how 
w e  can  measu re  and  predic t  t h a t  energy.  Solar radiat ion 
arr iving at a given spot  at a given r a t e  is ca l led  insolat ion 
(not  to b e  confused wi th  insulation). The  "solar constant ' '  
r e f e r r ed  to in ear l ie r  chap te r s  was  measured  on  a s u r f a c e  
perpendicular  to t h e  sun's rays  and  outs ide  t h e  ea r th ' s  a tmos -  
phere. But when w e  measu re  insolation on t h e  ear th ' s  
su r f ace ,  w e  have  to remember  t h a t  mos t  of t h e  ea r th ' s  
s u r f a c e  is not  perpendicular  to t h e  incoming radiat ion,  and  
t h a t  t h e  a tmosphe re  and  o the r  factors c o m e  in to  t h e  picture .  

Major Factors Affecting Insolation 
General ly ,  t w o  things de t e rmine  t h e  amoun t  of radi- 

a t ion  ava i lab le  pe r  unit a r e a  of ground sur face .  O n e  has  
a l r eady  been discussed: t h e  deplet ion of t h e  solar  beam by 
abou t  o n e  th i rd  by t h e  a tmosphere .  

The  o the r  f a c t o r  is t h e  angle  of t h e  beam re l a t ive  to 
t h e  s u r f a c e  that it fa l ls  on. This is r e l a t ed  to t h e  shape  of 
t h e  e a r t h  and  i t s  daily ro ta t ions ,  and  to t h e  or ien ta t ion  of t h e  
e a r t h  during i t s  year ly  revolutions around t h e  sun. 

The  e f f e c t  of t h e  angle  c a n  b e  seen  very  c lear ly  f rom 
t h e  diagram. If a so la r  beam one  m e t e r  squa re  fa l l s  
perpendicular ly  on a f l a t  su r f ace ,  i t s  energy  is d i s t r ibu ted  
ove r  a n  a r e a  just one  m e t e r  square.  If t h e  beam s t r ikes  t h e  
s u r f a c e  f r o m  a lower angle ,  its ene rgy  is spread  over  a la rger  
a rea .  The  amoun t  of energy  per  uni t  area dec reases  as t h e  
ang le  of t h e  beam re l a t ive  to t h e  flat s u r f a c e  decreases .  

insolation: solar energy received at a 
given rate on a surface of a given size. 
(See glossary.) 

The effect of beam angle 

The Earth: a Rotating Sphere 

If t h e  e a r t h  and sun were  flat and  s t a t iona ry ,  ca lcu la t -  
ing beam angles  would be simple. The  ang le  would be  t h e  
s a m e  for  t h e  whole flat ea r th ,  so t h e  ene rgy  would be 
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dis t r ibu ted  equal ly  on eve ry  unit a r e a  al l  t h e  t ime.  But t h e  
e a r t h  is a sphere ,  so t h e  beam angle  is d i f f e ren t  for  d i f f e ren t  
locat ions on t h e  sphere.  Also, t h e  e a r t h  is ro ta t ing ,  so t h e  
beam angle  is cons tan t ly  changing for  any  given locat ion on 
t h e  ro t a t ing  sphere.  

What does t h a t  mean for  your par t icu lar  spot  on t h e  
e a r t h ?  Tha t  depends on where  your spot  is. 

Latitude 
Over  t h e  course  of a year ,  t h e  l a t i t ude  of your spot  on 

t h e  e a r t h  is t h e  g r e a t e s t  s ingle  f a c t o r  de te rmining  how much 
insolat ion you'll receive.  If you a r e  loca t ed  on t h e  equator ,  
you a r e  receiving,  on a n  annual  ave rage ,  t h e  mos t  possible 
insolation. This is because  t h e  equa to r  is m o r e  near ly  
perpendicular  to t h e  sun's rays ,  on t h e  ave rage ,  t h a n  t h e  r e s t  
of t h e  ea r th .  

The  f a r the r  your spot  is f r o m  t h e  equa to r ,  t h e  more  
s lan t ing  t h e  sun's rays  will t end  to be,. as you c a n  see f rom 
t h e  diagram. This means  t h a t  t h e  energy  you r ece ive  per  uni t  
a r e a  will b e  less. 

n 
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If you look carefu l ly  at t h e  d iagram you c a n  see ano the r  
f a c t o r  reducing your insolation. Not  only is t h e  beam passing 
through t h e  a tmosphe re ,  but  at t h e  higher l a t i t udes  t h e  
s lan t ing  beam mus t  pass  through m o r e  a tmosphere .  More 
a tmosphe re  means  more  deplet ion of t h e  solar  beam. That ' s  
why w e  c a n  look d i rec t ly  at t h e  sun during sunrise  and sunset :  
at such low angles  t h e  beam is so deple ted  t h a t  t h e  l i t t l e  
remaining energy  doesn't hur t  our  eyes .  
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Not only does  t h e  thickness  of a tmosphe re  affect t h e  
amoun t  of radiat ion;  i t  a lso affects t h e  kinds of rad ia t ion  
t r ansmi t t ed .  When insolation a r r ives  perpendicular  to t h e  
ea r th ' s  su r f ace ,  i t  conta ins  abou t  5% ul t rav io le t ,  47% visible, 
an$ 48% in f ra red  radiat ion.  If t h e  beam is low, however ,  s ay  
10 above  t h e  horizon, t h e  insolation rece ived  will con ta in  
only 0.5% ul t rav io le t  and 41% visible, bu t  58.5% inf rared  
radiat ion.  

Time of Day 
I t  follows t h a t ,  just as your l a t i t ude  on t h e  sphe re  

affects t h e  amoun t  of insolation you'll rece ive ,  so does t h e  
t i m e  of day. The  graph shows c lear ly  t h a t  t h e  amoun t  of 
insolat ion is linked to t h e  t i m e  of day. By i t s  resemblance  to 
t h e  pa th  of t h e  sun t h e  graph  reminds  us  t h a t  t h e  g r e a t e r  t h e  

' I  
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I 
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r 

6 PM 

angle  f r o m  t h e  horizontal ,  ( t h a t  is, t h e  higher t h e  sun in t h e  
sky)  t h e  m o r e  insolation is rece ived  pe r  uni t  a r ea .  This  graph  
should be t aken  to represent  a day  in March o r  Sep tember ,  
when sunrise  and sunse t  would occur  at abou t  6 A.M. and  6 
P.M. 

The Earth: a Tilting Traveler 

The e a r t h ,  w e  have  said,  is a ro t a t ing  sphere ,  and  th i s  
means  t h a t  our  l a t i t ude  and t h e  t i m e  of day  will affect how 
much insolation w e  receive.  Fu r the rmore ,  t h e  ro t a t ing  
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sphe re  is t i l t ed  on t h e  axis  of i t s  rotat ion,  and, in t h a t  t i l t e d  
posture ,  t r ave l s  around t h e  sun. 

What this  means  is t h a t  in J u n e  t h e  Northern Hemi- 
sphere,  t i l t ed  toward t h e  sun, receives  m o r e  insolation t h a n  
t h e  Southern Hemisphere.  Of course,  in December  t h e  
opposi te  is t rue.  Because t h e  t i l t  of t h e  axis is 23%' f rom t h e  
perpendicular  to i t s  path,  t h e  angle  of t h e  sun's rays  to your 
spot  on e a r t h  var ies  by 47' f r o m  J u n e  21 to  December  21. 

Mar. 21 1 

Clouds 
Cloud' cover  is t h e  g r e a t e s t  day-to-day f a c t o r  in vari- 

a t ion  of insolation. The  e a r t h  has a n  a v e r a g e  cloud cove r  of 
50% of i t s  su r f ace ,  so you c a n  see t h a t  clouds a r e  a problem 
to b e  reckoned with in using t h e  sun's energy.  They vary in 
s ize ,  height,  thickness,  and type ,  and  a l t e r  f r o m  m o m e n t  to 
moment .  

-. 

A minor f a c t o r  is t h e  fact t h a t  t h e  ea r th ' s  p a t h  is a n  
ellipse. I t  happens t h a t  t h e  e a r t h  is f a r t h e s t  f r o m  t h e  sun in 
J u n e  and closest in December.  But t h e  c h a n g e  in d i s t ance  is 
small ;  insolation in December ,  ave raged  ove r  t h e  e n t i r e  
e a r t h ,  is abou t  6% higher t h a n  in June.  

Other Factors Affecting Insolation 
So f a r  w e  have looked at t h e  big, p l ane ta ry  f e a t u r e s  

t h a t  a f f e c t  t h e  a m o u n t  of insolation w e  r ece ive  a t  ou r  
par t icular  spot  on ea r th .  The re  a r e  a lso a number of local 
f e a t u r e s ,  s o m e  t empora ry  and s o m e  pe rmanen t ,  t h a t  play a 
p a r t  in your personal budget  of sunshine. 
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Clouds de t e rmine  t h e  amoun t  of sunshine you r ece ive  
o u t  of t h e  total possible for  a given day. They also d i c t a t e  
whe the r  t h e  sunlight you r ece ive  will b e  d i r e c t  o r  diffuse. 
You m a y  have  a comple te ly  but  thinly clouded sky t h a t  is s t i l l  
admi t t i ng  95% of possible insolation in d i f fuse  fo rm al l  d a y  
long. On t h e  o the r  hand, a cfear  day wi th  moving clouds m a y  
have  many brief per iods of d i r e c t  sunl ight ,  bu t  o the r  per iods 
when "the sun goes  behind a cloud" and  50% of possible 
insolation is lost. 

direct radiation: sunlight received direct- 
ly from the sun's disk, without scattering 
or filtering. (See glossary.) 

diffuse radiation: sunlight that is scat- 
tered by the atmosphere or filtered through 
clouds. (See glossary.) 

This var ia t ion in cloud cover  causes  l a rge  d i f f e rences  in 
daily and monthly insolation values  for p laces  at t h e  s a m e  
la t i tude .  Fo r t  Worth, Texas,  for  example ,  rece ives  an  
a v e r a g e  of 20% m o r e  insolat ion in t h e  mon th  of December  
t h a n  Griff in ,  Georgia ,  at near ly  t h e  s a m e  la t i tude .  Ames,  
Iowa, and Medford, Oregon a r e  both at abou t  42.5'N, bu t  
Ames  rece ives  50% m o r e  insolation in December  than  Med- 
ford. Obviously clouds a r e  a major  f a c t o r  in t h e  so la r  budget .  

Mean daily solar radiation for December, in watts/meter 2 
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molecule: a grouping of atoms; the small- 
est unit of an element or compound which 
retains the  chemical properties of that 
e lement or compound. 

Atmospheric Turbidity 
"Turbidity" means  a reduct ion in t ransparency  of t h e  

a tmosphe re  caused  by par t ic les  which s c a t t e r  o r  absorb  
visible light. Haze ,  smoke ,  fog,  smog,  dus t ,  ash,  etc., a l l  
con t r ibu te  to a tmospher i c  turbidi ty .  So if you l ive near  a n  
a c t i v e  volcano, in a smoky f a c t o r y  town,  among  heavily 
t rave led  urban s t r e e t s ,  o r  in some  o t h e r  "turbid" a rea ,  your 
budget  of insolation may  be  reduced. Pollution around l a rge  
c i t i e s  can  dec rease  insolation by as much as 20%. Also, 
turb id i ty  a l t e r s  t h e  proport ions of u l t rav io le t ,  visible, and 
in f r a red  radiat ion received.  The  pe rcen tage  of u l t rav io le t  
and visible radiat ion rece ived  decreases ,  and t h e  pe rcen tage  
of inf ra red  increases .  

AI ti tu de 
Alt i tude  is ano the r  f a c t o r  in your insolation budget. 

Why do  c l imbers  in t h e  Alps and t h e  Himalayas  have  to guard 
aga ins t  sunburn? Increased a l t i t ude  means  decreased  densi ty  
of a tmosphe r i c  molecules ,  which means  less absorpt ion and  
s c a t t e r i n g  of t h e  incoming solar  beam. At  higher a l t i tudes ,  
t hen ,  t h e  solar  beam conta ins  m o r e  energy ,  par t icu lar ly  in 
t h e  u l t rav io le t  range. 

Land Surface Features 
Hills, mountains ,  and  t h e  genera l  "lay of t h e  land" c a n  

de te rmine  t h e  insolation rece ived  at your spot  on ea r th .  If 
your horizon is a ring of hills or  mountains ,  you m a y  ac tua l ly  
have  a shor tened  period of dayl ight ,  and ,  t he re fo re ,  less  
insolation. 

In addi t ion,  t h e  s lope of your proper ty  m a y  inc rease  o r  
dec rease  your energy  recept ion.  In t h e  nor thern  hemisphere,  
where  t h e  sun is general ly  in t h e  southern  sky, land t h a t  
s lopes down toward  t h e  south  has  t h e  advan tage  of being 
more  perpendicular  to t h e  sun's rays. I t ,  t he re fo re ,  co l l ec t s  
m o r e  energy  per  unit a r e a  than  f l a t  o r  north-sloping land. 
(You'll no t ice  in t h e  spr ing t h a t  snow me l t s  f i r s t  on south- 
fac ing  slopes.) 
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Obstructions 
Objec ts  t h a t  block t h e  sunl ight  a r e  becoming t h e  sub- 

ject of a n  in t e re s t ing  lega l  deba te .  Do you have  a r ight  to 
build be tween  your neighbor and  t h e  sun? C a n  you compe l  
your neighbor to remove  a t r e e  t h a t  shades  your house? 
Obs t ruc t ions  c a n  s ignif icant ly  r educe  your insolation budget ,  
espec ia l ly  if you live in a n  a r e a  of dense  population. (By t h e  
way,  ano the r  advan tage  of a south-facing s lope is t h a t  
obs t ruc t ions  to sunlight a r e  "down t h e  hill" f rom you and  less 
likely to be  a major  block to solar  radiation.) 

The Nation's Solar Budget 
All t h e  f a c t o r s  discussed in this  chap te r  have  s o m e  

effect on insolation, wi th  l a t i t ude  and cloud cove r  being t h e  
most  impor tan t .  The  resu l t  is t h a t  d i f f e ren t  regions of t h e  
coun t ry  have  d i f f e ren t  annual  insolation averages .  

The  no r theas t e rn  states and t h e  Pac i f i c  Nor thwes t  
s h a r e  t h e  unenviable s t a t u s  of being t h e  cloudiest  p a r t s  of t h e  
nation. O n  a n  annual  a v e r a g e  t h e y  r ece ive  only 3/5 of t h e  
amoun t  of insolation rece ived  by t h e  Southwes t ,  which is t h e  
sunniest  pa r t  of t h e  country.  The  m a p  gives  a n  idea  of who 
g e t s  how much sunshine per  year ,  a l though it leaves  a lo t  of 
quest ions unanswered. 

Annual average solar radiation in wattslmeter' 
(averaged over the full year, day and night) 

One  of t h e  unanswered ques t ions  is: How does insola- 
t ion  vary  within states and local i t ies?  In t h e  state of New 
York,  for  example ,  t h e  - m e a n  dai ly  so la r  rad ia t ion  on a 
hor izonta l  s u r f a c e  (both d i r ec t  and  d i f fuse  radiat ion)  is a b o u t  
150 w a t t s  per  squa re  me te r .  But  c e n t r a l  and  e a s t e r n  Long 
Island in t h e  southern  p a r t  of t h e  state d o  b e t t e r  t h a n  t h a t ,  
averaging  158 w a t t s / m 2 ,  while t h e  mountainous Adirondack 
a r e a  in nor thern  New York rece ives  only 142. Lake  Erie  and  
Lake  On ta r io  a r e  t h e  source  of lake-ef fec t  cloudiness which 
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reduces  insolation in t h e  l a t e  fa l l  and win ter  for  t h e  wes te rn  
and c e n t r a l  p a r t s  of t h e  state, and somet imes  even  t h e  
e a s t e r n  sec t ion .  W e  can  see, then ,  t h a t  t h e r e  c a n  b e  q u i t e  a 
b i t  of var ia t ion within states and  regions. 

Your Personal Solar Budget 
The conclusion you should draw f rom all t h e  preceding 

informat ion  is t h a t  a person's solar  budget  is a highly 
individualized thing. I t  depends on your l a t i t ude  and annual  
wea the r  pa t t e rns ,  bu t  i t  a lso depends on t h e  a i r  qual i ty  of 
your a r e a ,  t h e  s t r u c t u r e s  and t r e e s  around your locat ion,  and 
even  t h e  s lope of t h e  land. Every locat ion is d i f f e ren t ,  so 
individuals need to t a k e  the i r  own measuremen t s  and make  
the i r  own assessments .  Af t e r  see ing  how t h e s e  measure-  
men t s  can  be  made ,  w e  will look in l a t e r  c h a p t e r s  at t h e  
var ie ty  of ways solar  energy  c a n  be  used. 

New York S t a t e  Depar tmen t  of C o m m e r c e  
Vincent J. Schae fe r  

Donald Hegeman  
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Chapter 9 

Metering the Sun 
Our  s tudy of t h e  stin is gradual ly  becoming more  

personal. W e  a r e  homing in on spec i f ic  locat ions,  our  own 
locat ions.  It's f ine  to know how much energy  t h e  sun 
produces,  but  wha t  e a c h  of us real ly  wan t s  to know is: "What 
abou t  m e ?  How much solar  energy  do  I get? Is i t  enough to 
be  useful  to me ,  at my  l i t t l e  spot  on ear th?" 

/ \  

People  have  been  measur ing  insolat ion and keeping insolation: solar energy received at a 
records  of those  measu remen t s  for  s o m e  t ime .  But insolat ion 
has  seve ra l  forms ,  and  t h e r e  a r e  seve ra l  ways of measuring 
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i t .  What measu remen t s  a r e  useful to you will depend on how 
you plan to use solar  energy.  Some types  of solar  co l lec tors  
t a k e  advan tage  of both d i r ec t  and diffuse radiat ion;  o the r s  
c a n  only use d i r ec t  radiat ion.  If t h e r e  a r e  t r e e s  or  o the r  
buildings around .your locat ion,  you need to know t h e  a l t i t ude  
and az imuth  of t h e  sun to find o u t  if your locat ion ge t s  
enough sunlight. This chap te r  will discuss how sunlight is 
measured  and where  you can  obta in  t h e  needed measure-  
ments .  

(La te r  chap te r s  will discuss wind and hydropower and 
descr ibe  how those  ind i rec t  fo rms  of solar  energy  c a n  b e  
measured.) 

Let's def ine  some  t e rms .  Di rec t  radiat ion is t h e  
insolat ion t h a t  has t rave led  a s t r a igh t  pa th  f rom t h e  sun's 
visible disk. D i rec t  radiat ion is br ight  and causes  shadows. 
But t h e r e  is a lso a g r e a t  dea l  of radiat ion t h a t  is s c a t t e r e d  by 
t h e  a tmosphe re  or  f i l t e red  through clouds, and  is rece ived  by 
us in t h e  form of diffuse radiat ion f rom t h e  sky. This d i f fuse  
radiat ion is not br ight  enough to cast shadows, bu t  i t  gives 
considerable  insolation; o therwise ,  we'd need f lashl ights  on a 
cloudy day. D i rec t  and diffuse radiat ion toge the r  give us 
global  radiat ion,  t h e  t o t a l  radiat ion rece ived  f r o m  both t h e  
sun's disk and t h e  sky. 

Besides being ab le  to measu re  amoun t s  of sunlight, you 
need  to be  ab le  to measu re  t h e  sun's locat ion and p a t h  in t h e  
sky. Two t e r m s  used in making t h e s e  measu remen t s  a r e  
a l t i t ude  and az imuth .  The  sun's a l t i t ude  shows i t s  height  in 
t h e  sky. I t  is t h e  angle  be tween  a l ine pointing at t h e  sun and 
a l ine pointing at t h e  horizon d i rec t ly  below t h e  sun. T h e  
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sun's a z i m u t h  shows i t s  d i s t ance  f r o m  t r u e  south  (or north,  in 
t h e  Southern Hemisphere). I t  is t h e  ang le  be tween  a l ine  
pointing south  and  a l ine pointing at t h e  horizon d i r ec t ly  
below t h e  sun. 

Solar azimuth 

Measuring and Charting Solar Energy 
We'll begin by see ing  how a m o u n t s  of insolation a r e  

measured ,  and  then  see how t h e  sun's locat ion and pa th  a r e  
char ted .  

Measuring Insolation 
Meteorologis ts  have  been  measur ing  insolat ion for  a meteorologist: a scientist who studies 

number  of years ,  and have  developed a va r i e ty  of devices. fo r  
doing so. 

the atmosphere and its phenomena. 

The  pyranomete r  measu res  global radiat ion.  Usually 
mounted  horizontally, it consis ts  of whi tened  m e t a l  p l a t e s  
and  blackened m e t a l  p l a t e s  connec ted  by thermocouples .  (A 
the rmocoup le  is t w o  dissimilar me ta l s ,  l ike copper  and  Con- 
s t a n t a n ,  w i th  a wired connec t ion  be tween  them.  Its purpose 
is to measu re  t h e  flow of e l ec t rons  proport ional  to t e m p e r a -  
t u r e  differences.)  The  wh i t e  a r e a s  r e f l e c t  rad ia t ion ,  bu t  t h e  
b lack  areas absorb  i t  and become  hea ted ,  producing a sma l l  
e l e c t r i c  cu r ren t  in t h e  thermocouple .  The  c u r r e n t  thus  
gene ra t ed  c a n  b e  measured  to show t h e  a m o u n t  of rad ia t ion  
received.  The  sensor a r e a  is usually cove red  wi th  a glass 
hemisphere.  The  pyranometer  (also ca l led  a so la r ime te r )  i s  
sens i t ive  to radiat ion wavelengths  f rom approximate ly  0.29 
m i c r o m e t e r s  to 3.0 mic romete r s ,  which inc lude  mos t  of t h e  
ene rgy  rece ived  f r o m  t h e  sun. 

71 

The pyranometer measures both direct 
and diffuse radiation. 



The pyranometer  descr ibed above  t a k e s  seve ra l  seconds  
to respond. A pyranometer  m a d e  wi th  a silicon ce l l  responds 
much more  quickly, in less t han  a millisecond. However ,  i t  
has  a more  l imited response range,  f rom abou t  0.4 micro-  
m e t e r s  to abou t  1.1 mic romete r s ,  wi th  i t s  maximum sensi- 
t i v i ty  at around 0.65 micrometers .  This is good for  visible 
sunl ight ,  bu t  leaves  o u t  a good dea l  of t h e  longer wavelength  
solar  radiat ion t h a t  w e  receive.  

A pyranometer  can  even  b e  used to measu re  t h e  amoun t  
you a r e  receiving of a par t icu lar  wavelength of radiat ion.  
This is done by placing se l ec t ive  f i l t e r s  over  t h e  pyrano- 
me te r .  

If you wanted  to measu re  only d i f fuse  radiat ion wi thout  
count ing  d i r ec t  radiat ion you would use a shaded  pyrano- 
me te r .  This is a pyranometer  wi th  a disk mounted  over  it 
t h a t  moves  wi th  t h e  sun, blocking d i r ec t  radiat ion.  Since it is 
d i f f icu l t  to keep  t h e  shading disk in p e r f e c t  ad jus tmen t ,  s o m e  
p re fe r  to use a shadow ring which rep l ica tes  t h e  sun's path.  
The  pr ice  you pay for  using t h e  shadow ring is t h a t  s o m e  of 
t h e  d i f fuse  radiat ion is c u t  off f rom t h e  sensor  by t h e  ring, 
and you must  c o r r e c t  your ca lcu la t ion  for  t h a t  loss. The  r ing 
mus t  a l so  be  adjusted as t h e  sun's a l t i t ude  changes  wi th  t h e  
seasons. 

Suppose t h a t  you wan t  to measu re  only d i r e c t  radiat ion 
f r o m  t h e  disk of t h e  sun, excluding all d i f fuse  radiat ion.  To 
d o  this  you'll use  a pyrhe l iometer .  This device  has  sun 
sensors  mounted  at t h e  bo t tom of a blackened tube ,  whose  
l eng th  is abou t  t e n  t i m e s  i t s  d i ame te r .  This l imi t s  t h e  view 
of t h e  sky to abou t  5 O ,  and e l imina te s  mos t  d i f fuse  radiat ion.  
T o  measu re  d i r e c t  radiat ion over  a period of t ime ,  t h e  
pyrhe l iometer  must  t r a c k  t h e  sun. You c a n  mount  it on a 
motor-dr iven device  t imed  to follow t h e  sun's movements ;  
such a device  is ca l led  a he l ios ta t .  Daily o r  weekly adjust-  
m e n t s  must  be  m a d e  as t h e  sun's a l t i t ude  in t h e  sky changes  
wi th  t h e  seasons.  

The  ins t ruments  discussed h e r e  usually measu re  solar  
rad ia t ion  as cu r ren t  gene ra t ed  in thermocouples .  The re  a r e  
s t i l l  o t h e r  methods  for  measur ing  radiat ion:  for  example ,  
hea t ing  w a t e r  o r  vaporizing alcohol, burning a l ine on a s t r i p  
c h a r t  wi th  a focussing lens ,  o r  photochemica l  react ions.  

Measurement  of solar  radiat ion is done  by t h e  Nat ional  
The tube design of the Pyrheliometer Weather  Serv ice  at a number of s t a t ions  around t h e  count ry ,  
excludes most diffuse radiation, and compiled by t h e  Nat ional  C l i m a t i c  C e n t e r  in Asheville, 

the instrument to North  Carol ina.  Various co l leges  and research  c e n t e r s  also 
compi le  so la r  d a t a ,  and many radio s t a t ions  a r e  beginning to  just direct radiation from the disk 

broadcas t  a daily "Solar Index" as p a r t  of the i r  wea the r  of the sun. 

repor t .  

As in t e re s t  in solar  energy  grows,  so does  t h e  need  fo r  
comprehens ive  solar  da t a .  
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Charting the Sun's Path 
Besides knowing how much rad ia t ion  you a r e  receiving, 

you need to know where  and when you are receiving it. T h e  
answers  to t h e s e  quest ions will t e l l  whe the r  your locat ion,  
wi th  i t s  o r ien ta t ion  and surrounding obstruct ions,  g e t s  enough 
rad ia t ion  at t h e  r igh t  t i m e s  for  you to use. 

To  find t h e s e  impor t an t  answers  many people  today  a r e  
using sun  s i t e r s  o r  sun char t s .  A sun s i t e r  is s imply a t r ans i t ,  
a n  ins t rument  used to measu re  ve r t i ca l  o r  hor izonta l  angles. 
The  t r ans i t  is mounted  on a board in which a r e  set a bubble 
leve l  and a compass.  The  leve l  a l lows you to l o c a t e  t h e  t r u e  
horizon, and  t h e  compass  or ien ts  you north-south. You c a n  
t h e n  c h a r t  t h e  a l t i t ude  and t h e  az imuth  of t h e  sun at 
d i f f e ren t  t i m e s  of t h e  day  and year .  

The  c h a r t  t h a t  resul ts  f rom t h e s e  observat ions is a sun 
c h a r t  for  your l a t i t ude  and longitude. These  c h a r t s  a r e  
ava i lab le  commerc ia l ly  as well, o r  c a n  b e  found in books o n  
a s t ronomy and solar  energy.  Using a sun c h a r t  you c a n  check  
to see where  t h e  sun will be  rising and  s e t t i n g  at your 
locat ion,  how high i t  will b e  in t h e  sky, which s ide  of your 
house o r  building will get t h e  mos t  sunshine, and to w h a t  
e x t e n t  t h e  obs t ruc t ions  surrounding your locat ion will c u t  
i n to  your solar  budget. Severa l  books t h a t  conta in  sun c h a r t s  
a r e  l is ted at t h e  end  of th i s  chapter .  
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As you become in t e re s t ed  in using solar  energy,  i t  will 
b e  impor t an t  for  you to know how to measure  t h e  ene rgy  
po ten t i a l  of your location. The  s a m e  thing could be said of 
wind energy or  hydropower,  which a r e  secondary f o r m s  of 
solar  energy. You must  find o u t  how much sunshine,  wind, o r  
fall ing w a t e r  you have at your s i t e  be fo re  you c a n  dec ide  o n  
how to use them. Any ene rgy  sys t em requires  an  inves tmen t  
to g e t  s t a r t e d  with. Before you m a k e  t h a t  i nves tmen t ,  b e  
s u r e  t h a t  you have  enough fue l  to run t h e  system. You 
wouldn't put  in a new oil f u r n a c e  if you knew t h a t  your supply 
of oil would soon be c u t  off. The  supply of sun, wind, and  
w a t e r  a r e  a lways t h e r e ,  but  how you use t h e m  mus t  depend 
on the i r  availabil i ty,  and t h e  convenience and cost of using 
t h e m  at your spot  on ea r th .  
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Chapter IO i 

Understanding the 
Solar Sol ut ion 

In a world plagued by shor t ages  and c r i s e s  solar  energy  
is very  a t t r a c t i v e .  Even wi thout  much knowledge of how i t  
works, many people  regard  i t  as sa fe r ,  c l eane r ,  and  more  
rel iable  t h a n  o the r  f o r m s  of energy.  Some people  e v e n  
regard  solar  energy  as somehow m o r e  r ighteous,  independent ,  
and  filled wi th  in tegr i ty  than  o the r  energy  resources .  

A Web of Problems - _  
Much of this  fee l ing  has  grown f r o m  t h e  painful di lem- 

m a s  of t h e  las t  f e w  decades.  As t h e  world's peoples  grow 
m o r e  sophis t ica ted ,  m o r e  in te r twined ,  and  m o r e  numerous,  
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problems t h a t  once  s e e m e d  s e p a r a t e  and manageable  have  
suddenly fo rmed  a n  enormous  and ever - t igh ten ing  web. Each  
solut ion s e e m s  to pose ano the r  problem: m o r e  product ive  
c r o p  s t r a ins  requi re  more  petroleum-based f e r t i l i ze r s  and 
encourage  m o r e  population growth  to devour  t h e  new crops;  
s o m e  fue ls  m a y  pol lute  t h e  a tmosphe re ,  changing t h e  ea r th ' s  
t e m p e r a t u r e  and sh i f t ing  t h e  agr icu l tura l  balance;  in te rna-  
t iona l  t r a d e  improves t h e  s t anda rd  of living but  in t roduces  
pol i t ical  pressures  and dependencies  across  borders. 

A t  t h e  c e n t e r  of this  web of problems is energy ,  t h e  
basis of a l l  movemen t  and l i fe  on t h e  planet .  Problems of 
ene rgy  s e e m  linked to eve ry  o t h e r  problem in this  global web. 
No wonder  people  long for  a m o r e  ra t iona l  solut ion to  bel ieve 
in. For  many,  solar  energy  s e e m s  to o f f e r  t h a t  solution. 

Being Selective about Solutions 
N o  amoun t  of belief will subs t i t u t e  for  knowledge, 

however. The  rea l i ty  of solar  and r e l a t ed  f o r m s  of ene rgy  
technology is t h a t  t h e y  a r e  regional  and  loca l  in appl icat ion.  
From t h e  s imples t  and mos t  personal  to t h e  la rges t  and mos t  
complex ,  how well t hey  will work depends  on who uses  t h e m ,  
where  t h e y  a r e  used, and wha t  t h e y  a r e  used for .  What works 
f o r  your cousin in S e a t t l e  or  your f r iend  in At l an ta  may  not  
work for  you. What f i t s  one  industry may  not  f i t  another .  
The  key  word is "appropriate". An appropr i a t e  technology is 
one  t h a t  is wisely ta i lored  to use t h e  t y p e  and  leve l  of ene rgy  

appropriate technology: technology which 
is suited to i ts  end use. 

mos t  appropr i a t e  for  t h e  job, wha teve r  t h a t  job m a y  be. n 
This s t anda rd  of appropr ia teness  should m a k e  us t a k e  a 

long look at s o m e  of t h e  f o r m s  of energy  t h a t  t a k e  years ,  
e v e n  millions of years ,  to produce. Does i t  real ly  m a k e  sense  
to burn oil or  use nuclear  fue l  to g e n e r a t e  e l ec t r i c i ty  to  send  
ove r  hundreds of miles  of wi re  to h e a t  a room on a sunny 
day?  Is i t  real ly  necessary  to burn gas to dry  c lo thes  on a 

n 
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0 windy morning? If a n  industry needs  s t e a m  at 155 C, must 
t h e  10°C ground w a t e r  b e  hea ted  en t i r e ly  wi th  fossil fue ls  to 
r e a c h  t h e  needed end  t e m p e r a t u r e ?  Oil, coal, gas, and  
e l ec t r i c i ty  a r e  c ruc ia l  for  c e r t a i n  types  of work. Why 
squander  t h e m  unnecessar i ly? 

An Energy Time Line 
T a k e  a g lance  at where  our  ene rgy  c o m e s  f r o m  and how 

long i t  t a k e s  to reach  a usable  form.  The  sun c a n  produce  
e l e c t r i c  c u r r e n t  in a photovol ta ic  ce l l  in a f r ac t ion  of a 
second.  It c a n  hea t  a i r ,  w a t e r ,  o r  o t h e r  ma te r i a l s  in a m a t t e r  
of minutes ,  s e t t i n g  up movemen t s  in t h e  a tmosphe re  and t h e  
oceans  t h a t  give us secondary  fo rms  of solar  energy  (wind and  

hotovoltaic cell a device that converts p-: . radiation irectly into electric current. 
(See glossary.) 
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ocean thermal gradients: temperature 
differences between warm surface water 
and cold deep water which can be used 
to generate electricity. (See "ocean 
thermal energy conversion": glossary.) 

ocean  t h e r m a l  gradients)  in a shor t  t ime .  T h e  d i r e c t  h e a t  of 
t h e  sun fuels  t h e  cyc le  of evaporat ion t h a t ,  ove r  a season o r  a 
yea r ,  ref i l ls  our  s t r e a m s ,  ponds, lakes ,  and r ivers  to give us 
hydropower. 

Photosynthesis,  which s t o r e s  solar energy as food and 
fuel ,  requires  weeks o r ,  with t r ees ,  years.  But i t s  t i m e  c y c l e  
is  st i l l  on a s c a l e  with t h e  human l i f e  span. Methane  gas,  a 
product  of decaying plant and an ima l  m a t t e r ,  is a second o r  
third-hand f o r m  of solar energy. With t h e  help of b a c t e r i a ,  
m e t h a n e  c a n  b e  gene ra t ed  r a the r  quickly, ove r  a period of 
months.  But as i t  occu r s  in na tu re ,  as na tu ra l  gas ,  i t  requires  
a drast ical ly  longer t ime .  

With na tu ra l  gas  w e  a r r i v e  at t h e  most  d i s t an t  f o r m s  of 
solar  energy,  d i s t an t  in relationship but ,  m o r e  especial ly ,  
d i s t an t  in t ime .  To t h e  days and seasons required to produce 
solar h e a t ,  winds, ocean  cu r ren t s ,  plant  and t r e e  g rowth ,  
c o m p a r e  t h e  millions of yea r s  required to produce na tu ra l  
gas,  coal ,  and oil. To say  t h a t  w e  have consumed in decades  
what  i t  took cen tu r i e s  to m a k e  is no exaggerat ion;  in fact, i t  
is an  unde r s t a t emen t .  The  gas ,  coal ,  and oil  deposi ts  of t h e  
e a r t h  took millions of yea r s  to produce. E s t i m a t e s  of t h e  
remaining supplies vary. What is c l e a r  is t h a t  at our  p re sen t  
rate of consumption, all t h e  cheaply and easi ly  reached 
supplies of t h e s e  fuels  will b e  exhaus ted  in t h e  nex t  f e w  
decades.  If all t h e  fossil fuels  have  gone up t h e  chimney,  
where  will w e  t u r n  fo r  t h e  chemicals ,  plast ics ,  and pharma- 
c e u t i c a l s  t h e y  could have been saved f o r ?  n 

I t  is t h i s  growing question t h a t  has led people to t u r n  to 
u - .  

t h e  sun for  a solution, and to begin acquir ing t h e  knowledge 
t h e y  need to work o u t  t h a t  solution. 

Applications of Solar Energy 
What opt ions does t h e  sun o f f e r ?  They a r e  many and 

H e r e  is a basic  l ist  of things t h e  sun c a n  do  f o r  varied.  
people: 

- 
- 
- dry crops; 
- desa l ina t e  w a t e r ;  
- 
- 

h e a t  (or cool) homes,  schools,  and  workplaces;  
h e a t  w a t e r  for  domes t i c  or  industrial  use; 

produce food by aquacu l tu re  or  agr icul ture;  
grow wood and o t h e r  fuels  for  burning; 

Grumman Energy Systems,  InC. 
Rensselaer  Polytechnic  Inst i tute  
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- 
- 

yield subs t i t u t e s  for  na tu ra l  gas and gasoline; 
g e n e r a t e  e l ec t r i c i ty  by means  of photo  cells, wind, 
hydropower, ocean  t h e r m a l  grad ien ts ,  or focussing 
of radiat ion;  
cook foods and dry  c lo thes ;  
p rehea t ,  m e l t  and/or  vapor ize  mater ia l s .  

- 
- 

None of t h e s e  funct ions is new. All have  been  under- 
going exper imenta t ion  for  years ,  and s o m e  have  been  known 
and used for  centur ies .  The  e a r l y  inhabi tan ts  of t h e  Ameri-  
c a n  Southwest  understood solar  heat ing,  and  t h e  people  of 
Pers ia  w e r e  using e f f e c t i v e  windmills as long ago as t h e  
seven th  century .  For  thousands of years ,  anc ien t  people  
re l ied on t h e  sun's energy  to e v a p o r a t e  sma l l  pools of 
brackish w a t e r  so t h a t  t hey  might  co l l ec t  t h e  salt. In 1872, a 
la rge  solar  s t i l l  was  built in t h e  Chilean dese r t  to supply 6000 
gallons of pu re  w a t e r  per  day  f r o m  s a l t  wa te r .  Solar cookers  
w e r e  built and used in India in t h e  1880's. Michael  Fa raday  
discovered t h e  principle of solar  cooling in  1824. Small 
s t e a m  engines  w e r e  powered by solar  energy  as ea r ly  as 1878; 
a 50-horsepower solar  engine  was  used in 1913 to pump 
irr igat ion w a t e r  in Egypt. Solar hot  w a t e r  h e a t e r s  w e r e  
popular in our  southern  and wes tern  states in t h e  1930's. 

So throughout  history, people have  been  fami l ia r  wi th  
solar  energy  in i t s  many forms.  In t h e  l a s t  cen tu ry  i t  has  
been  overlooked o r  ignored because  fossil fue ls  w e r e  cheap ,  
plent i ful ,  and versat i le .  Now t h a t  t h e  l imi t s  a r e  in s ight  for  
t hose  "convenience fuels", w e  a r e  reassessing t h e  a l t e rna -  

National Aeronautics and Space Administration 
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t ives .  
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solar power tower: a large installation 
with tracking mirrors which focus sunlight 
on a boiler to produce steam for gener- 
ating electricity. (See glossary.) 

Taking a Long Hard Look 
I t  is impor t an t  to be  rea l i s t ic  in making our  assessment .  

F i r s t ,  t h e  fo rm of energy  used must  b e  appropr i a t e  to t h e  
t a sk  to be  done and to t h e  locat ion.  Second, w e  must  be  
prepared  for  t h e  likelihood t h a t  one  form of ene rgy  may  not  
b e  t h e  whole solution. The  owner  of a solar  hea ted  home  will 
probably wan t  a wood s tove  or  gas  fu rnace  as a "back-up." A 
f a c t o r y  owner  m a y  find t h a t  he  can  c u t  his fue l  bills in half 
by prehea t ing  his process  w a t e r  in solar  co l lec tors ,  but  t h a t  
to bring t h e  wa te r  up to t h e  full t e m p e r a t u r e  needed  h e  must  
somet imes  tu rn  to his convent ional  fuel  source.  The  nation's 
demand for  e l ec t r i c i ty  m a y  have  to be m e t  f r o m  a number of 
sources ,  both new and convent ional ;  hydropower, solar  power 
towers ,  photovol ta ics ,  and  wind can  gradual ly  play a n  in- 
c r eas ing  role  in e l ec t r i c i ty  production. 

Finally, energy  conserva t ion  must  b e  t h e  basis of a l l  
app ropr i a t e  technologies. Solar energy  by i t s  very n a t u r e  is 
not  cen t r a l i zed  or  concen t r a t ed .  I t  is dispersed,  and  a r r ives  
in t e rmi t t en t ly .  It requires  know-how to m a k e  t h e  mos t  of i t ,  
to s a v e  and s t o r e  wha t  is col lected.  P lans  for  using solar  
ene rgy  in any  of i t s  fo rms  mus t  res t  on a foundat ion of 
conser  v a t  ion know ledge. 

In our  e f f o r t  to break  through t h e  web of problems t h a t  
enmeshes  us, w e  have  a po ten t  ally and fr iend,  t h e  sun. C a n  
it be, as people  hope and bel ieve,  a source  of rel iable ,  safe, 
and c l ean  energy?  Yes, if w e  unders tand  i t  thoroughly and  
know how to use i t .  

n 
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Chapter 11 

Living Space 
That's Solar 

i 

In learning abou t  t h e  uses  o f  solar  energy ,  t h e  most  
na tura l  s t a r t i ng  point is t h e  s tudy  of living space.  More t h a n  
t w e n t y  pe rcen t  of our  nat ional  ene rgy  budget  goes  to h e a t  
and cool  t h e  p laces  people  l ive in: homes,  of f ices ,  s tores ,  
f ac to r i e s ,  and  schools. So le t ' s  s t a r t  wi th  a c t u a l  buildings and 
see how they  can  b e  designed to co l l ec t ,  c i r cu la t e ,  and s t o r e  
so la r  energy.  81 



What we're  ta lking abou t  is ca l led  passive so la r  design. 
With passive solar  design, t h e r e  is no added-on machinery  o r  
device ;  t h e  s t r u c t u r e  itself is t h e  solar  col lector .  I t  just s i t s  
t h e r e  "passively," absorbing solar  radiat ion through t h e  day  
and  conserving i t  through t h e  night. Conserva t ion  of energy  
is, in fact, so impor t an t  to passive solar  design t h a t  i t  will b e  
covered  in a s e p a r a t e  chapter .  The  present  chap te r  will 
c o n c e n t r a t e  on one  subject :  how a s t r u c t u r e  c a n  be  designed 
to collect, c i r cu la t e ,  and  s t o r e  solar  energy.  

The Elements of Passive Solar Design 

Every s t r u c t u r e  co l lec ts  solar  energy ,  whether  w e  in- 
t end  i t  to or  not. Sunlight coming in a south  window h e a t s  
t h e  objec ts  and  su r faces  inside. A da rk  roof absorbs radiat ion 
and t h e  a t t i c  becomes  warm. Deciduous t r e e s  shade  t h e  
house during t h e  summer .  These  a r e  things t h a t  w e  t a k e  fo r  
g ran ted ,  t h a t  a r e  so fami l ia r  as to go unnoticed. 

deciduous: refers to  trees that drop 
their foliage at  the end of the growing 
season. 

Passive solar  design t a k e s  no te  of al l  t h e s e  things. I t  
makes  in ten t iona l  use of t h e s e  and  o t h e r  techniques  to 
c o o p e r a t e  wi th  na tu re  r a t h e r  t h a n  c o m p e t e  wi th  it.  

Passive solar  design r e s t s  on four  "knowns": 

1. t h e  d i rec t ion  and pa th  of t h e  sun (depending on t h e  
season  and t i m e  of day) ,  

t h e  t r a n s m i t t a n c e  of glass and o t h e r  glazings, 

t h e  na tura l  convec t ion  of hea ted  a i r ,  and  

t h e  h e a t  absorpt ion and rad ia t ion  cha rac t e r i s t i c s  of 
c e r t a i n  mater ia l s .  

2. 

3. 

4. 

These  four  bi ts  of knowledge a r e  in t eg ra t ed  in any  passive 
solar  design. 

n 

n 



Think abou t  t h e s e  fou r  knowns. What do they  tell you? 
Sun in t h e  southern  sky . . . south-facing windows . . . h e a t e d  
a i r  r ises  . . . pa ths  for  hea ted  a i r  . . . h e a t  capac i ty  of 
d i f f e ren t  m a t e r i a l s .  . . mate r i a l s  t h a t  hea t  and cool slowly . 
. . mate r i a l s  t h a t  c a n  s t o r e  l a t e n t  h e a t  . . . t h e  Collecting 

latent heat: the result of an increase 
in  the heat content of a substance without 
an associated temperaturechange. (see 
glossary.) s p a c e  doubling as a living space.  

Le t ' s  look at s o m e  of t h e  ideas  for  passive solar  design 
t h a t  have  developed through t h e  appl ica t ion  of th i s  knowl- 
e d g e  over  t h e  years. W e  will b e  ta lk ing  abou t  houses, bu t  t h e  
s a m e  pr inciples  apply to o the r  s t ruc tures .  All t h e  designs 
shown on t h e  next  f e w  pages  have  t h e s e  cha rac t e r i s t i c s  in 
comi 

and,  

ion: 

- south-facing glazing a d m i t s  radiat ion,  
- 
- 

n mos t  cases: 
- 

s t o r a g e  mass absorbs rad ia t ion  and h e a t s  up, 

hea t ed  a i r  c i r cu la t e s  to cooler  a r eas ,  

surplus  h e a t  c i r cu la t e s  to a s t o r a g e  mass  for  night- 
t i m e  or cloudy day  use. 

Adobe has good thermal storage capacity, heating up slowly during the daylight hours, and releasing its heat 
slowly at night. 
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Direct gain provides more than 50% 
of the heat needed in this ware- 
house. 

Three Methods of Passive Design 
Direct Gain 

In a d i r e c t  gain design, a r e a s  of glass  on t h e  south-  
fac ing  wall of t h e  house allow t h e  sun's radiat ion to e n t e r  t h e  
rooms direct ly .  A masonry f loor ,  back wall, o r  f i rep lace  
s t r u c t u r e  will absorb  some  of t h e  radiat ion,  hea t ing  up slowly 
during t h e  day and releasing t h e  h e a t  at night. The  hea ted  
a i r  of t h e  south-facing rooms r ises  and  is vented  along t h e  
cei l ing to o the r  rooms. Somet imes  a f an  is used to help 
circulat ion.  

C 

.- +- The hea ted  a i r  may  also b e  vented to a s t o r a g e  a r e a ,  
where  i t  flows through con ta ine r s  of w a t e r ,  sand,  or  o the r  

3 mate r i a l ,  warming i t  slowly. This "s torage  mass" then  slowly 
2 re leases  i t s  co l lec ted  warmth  at night when t h e  a i r  of t h e  
2 house cools. 

- 
- 

Examples  of d i r e c t  gain designs a r e  shown here.  Not ice  
t h a t  in some,  skylights or  windows placed high on t h e  wall 
(cal led c le res tor ies )  a r e  used. 

~~ 

Direct gain 
Indirect Gain 

With t h e  second kind of passive solar  design, radiat ion 
is s t i l l  co l l ec t ed  by t h e  s t r u c t u r e  i tself .  But t h e  house is 
designed so t h a t  t h e  co l lec t ing  area c o m e s  be tween  t h e  
glazing and t h e  living space.  The co l lec t ing  a r e a  may  b e  a 
masonry wall, or a wall or  roof made  of wa te r  containers .  
Solar radiat ion passes  through glazing on t h e  south-facing 
wall or roof and is absorbed by t h e  co l lec t ing  a rea .  This a r e a  

Q 
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acts as t h e  s to rage  mass,  hea t ing  up slowly during t h e  
dayl ight  hours, and  re rad ia t ing  i t s  h e a t  to t h e  living area 
during t h e  night. Air c i rcu la t ion  around t h e  co l lec t ion  and  
s t o r a g e  mass a l so  t r ans fe r s  w a r m t h  to t h e  living a rea .  

Some  of t h e  best  known indi rec t  gain designs a r e  Fel ix  
Trombe's  "Trombe Wall," Harold Hay's "Skytherm System", 
and  S t e v e  Baer's "Drumwall." But  t h e r e  a r e  o t h e r  in te res t ing  
and workable  modif icat ions on and depa r tu re s  f rom t h e s e  
models. Some examples  of ind i rec t  gain a r e  shown here.  - 

Baer's Drumwall uses black painted 
drums filled with water for ther- 

a t  night to insulate the Drum- 

Isolated Gain 
For many people, t h e  most  convenient  p lace  to co l l ec t  

solar  energy  is a s e p a r a t e  space  a t t a c h e d  to t h e  house. 
c a n  b e  a greenhouse o r  sunroom bui l t  on to  t h e  south  s ide of 
t h e  house. Masonry floors and walls, con ta ine r s  of wa te r ,  and  
beds of e a r t h  co l lec t  and s t o r e  energy.  As  wi th  d i r ec t  gain 
sys tems,  i t  is necessary to c i r cu la t e  t h e  hea ted  air  to o ther  
Darts of  t h e  house. 

storage- The ref1ectors  are raised 

This wall. 

Isolated gain 

x 
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An inexpensive solar greenhouse can be added to an existing house. 
There  a r e  a couple  of o the r  sys t ems  t h a t  fa l l  some- 

where  be tween  passive solar  design and t h e  a c t i v e  solar  
co l l ec to r s  t h a t  w e  will discuss l a t e r .  Because they  a r e  s imple  
and use na tu ra l  convec t ion  of a i r ,  w e  will ment ion  t h e m  here. 
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Thermosiphoning Collectors 

The  thermosiphoning co l lec tor  is a flat p,dte co l lec tor  
mounted  outs ide  t h e  house, genera l ly  perpendicular  to t h e  
sun's rays. The  co l lec tor  is connec ted  to t h e  house or  to t h e  
hea t  s to rage  mass  by in and o u t  vents  which channel  cool  a i r  
i n to  t h e  co l lec tor  and warm a i r  o u t  of it. The  d isp lacement  
of warm a i r  by cool a i r  sets up a convect ive  o r  " thermo- 
siphoning" loop which helps to warm t h e  house. 

thermosiphoning: currents resulting 
from the  natural fall of denser, cooler 
fluid displacing lighter, warmer fluid. 

x +- 
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Therm osiphoning collectors help heat 
this mobile home. 

1 

Window collector Thermosiphoning collector 

Window Collectors 
The window col lec tor ,  a spec ia l  t y p e  of thermosiphon-  

ing co l lec tor ,  is a box t h a t  f i t s  i n to  a window opening, and  is 
mounted  general ly  perpendicular  to  t h e  sun's rays ,  g lazed  s ide  
up. A dividing panel  s e p a r a t e s  cool a i r ,  flowing f rom t h e  
house in to  t h e  box, f r o m  hea ted  a i r  flowing back in to  t h e  
house through t h e  upper, g lazed  s ide  of t h e  box. 

summer sunset I 
N 

W 

Siting for the Best Solar Gain 
Chap te r s  8 and 9 g ive  a good dea l  of informat ion  abou t  

wha t  locat ions a r e  bes t  for  co l lec t ing  insolation. The  main  
conce rns  a r e  or ien ta t ion ,  lay  of t h e  land, and  obstruct ions.  
(All  t h e  c o m m e n t s  he re  r e fe r  to t h e  Nor thern  Hemisphere,  
and must  b e  reversed  for  t h e  Southern.) 

The  co l lec t ing  a r e a  should be  or ien ted  to within 30' of / ,,,' 

,-/ d u e  south. In t h e  more  nor thern  
t ion becomes  m o r e  c r i t i ca l .  

n 

l a t i tudes ,  due  south  

solar house within 30" 

or  ien ta-  

of south 

\\ "30"- /, winter sunrise 
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Land t h a t  s lopes down toward  t h e  south  has  t h e  advan- 
t a g e  of obtaining t h e  g r e a t e s t  solar  in tens i ty  per  unit a r e a ,  
because  of t h e  angle  of win ter  sunlight. South-facing s lopes 
also encourage  convect ion of hea ted  a i r  up t h e  s lope  during 
t h e  day t ime ,  blanket ing t h e  house wi th  warmer  air. A t  night  
cold a i r  flows down t h e  slope, s e t t l i ng  a t  t h e  bot tom.  A 
house pa r tway  up t h e  s lope will b e  above  t h e  co ldes t  a i r .  

The  summi t  of a hill may  have  a n ice  view, but  t h e  h e a t  
loss f rom wind makes  i t  a poten t ia l ly  poor solar  energy  s i te .  
East  and west-facing s lopes both have  the i r  own advantages  
and  disadvantages.  In colder  c l i m a t e s  a house on a n  east- 
fac ing  s lope  co l l ec t s  sunlight when i t  is mos t  needed,  in t h e  
cold ea r ly  morning hours. I t  a l so  has  pro tec t ion  f r o m  
prevailing wes ter ly  winds. However ,  a house on a wes t -  
f ac ing  s lope  enjoys more  of t h e  warmer ,  m o r e  in tense  sun- 
light of a f te rnoon.  In warmer  c l ima tes ,  on t h e  o the r  hand, a 
hi l l top m a y  b e  a good spot  for  na tura l  cool ing by prevailing 
winds, and an  eas t - fac ing  s lope will p r o t e c t  t h e  house f r o m  
hot  a f t e rnoon  sun. 

When possible, t h e  building should be  s i t ed  at t h e  
nor thernmost  edge  of t h e  property.  This gives  t h e  proper ty  
owner  t h e  maximum pro tec t ion  f r o m  neighboring obs t ruc t ions  
to t h e  south.  

In t h e  next  chap te r  w e  will discuss those  a spec t s  of 
s i t ing t h a t  a id  conservat ion in a passive solar  home,  or in any  
home. A n- 

N 

I \ ,  

Shadows can be avoided by siting in the northern part of the lot 

Passive Solar Cooling 
When w e  think of solar  ene rgy  w e  'think of hea t .  But 

solar  energy  c a n  also be  used to induce cooling. Convect ion  
and evapora t ion ,  both sun-driven cyc les ,  c a n  b e  harnessed to 
cool  living space.  

The  process of evapora t ion  s t o r e s  h e a t  by absorbing i t  
to change  t h e  evapora t ing  liquid to gas. So any  sys t em t h a t  
encourages  evapora t ion  will br ing abou t  cooling; Gardens ,  
t r ee s ,  ponds, founta ins  -- any sources  of evapora t ion  -- c a n  
cool  a i r  moving over  or around them.  Evapora t ive  cooling 
works bes t  in a hot dry c l i m a t e  like t h e  Amer ican  Southwest ,  
where  evapora t ive  coolers  ca l led  swamp coolers  a r e  becom- 
ing popular. 
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turbine vent: a revolving set of blades 
mounted on a chimney to encourage con- 
vec t ion. 

Convect ion  also can  help to cool, s ince  wi th  convec t ion  
cooler  a i r  moves  in to rep lace  rising, hea t ed  air .  Thermal  
ch imneys  t a k e  advan tage  of this  na tura l  cycle .  Loca ted  at 
t h e  t o p  of t h e  house and purposely designed to h e a t  up in t h e  
sunshine, t h e  the rma l  ch imney sets up an  a i r  flow. The  
hea ted  a i r  in t h e  chimney rises, drawing warm a i r  f rom t h e  
house a f t e r  i t ,  and drawing cool ing b reezes  in to  t h e  house. A 
turb ine  vent  at t h e  t o p  of t h e  chimney spins in a s l ight  
breeze ,  a iding na tura l  convec t ion  and keeping rain o u t  of t h e  
chim ne  y . 

A new f e a t u r e  has  r ecen t ly  been added to such convec-  
t i v e  cooling systems.  Some homeowners  and bui lders  a r e  
exper iment ing  with "cool tubes", which t a k e  advan tage  of t h e  
s t eady  50 - 65'F t e m p e r a t u r e s  of t h e  subsur face  ea r th .  
Warm outdoor  a i r  is drawn through ducts  for  a d i s t ance  under 
t h e  ground be fo re  it e n t e r s  t h e  house; in t h e  process  t h e  
warm a i r  i s  cooled. A the rma l  ch imney helps to keep  t h e  a i r  
flow moving. 

1 
C 

:herma1 
:himney 

Houses in tropical countries often have 
high peaked roofs for natural cooling. 

Passive solar cooling 

Sun Tempering: 
Prevention I s  Better Than Cure 

The bes t  way to s t a y  cool is to avoid ge t t i ng  hot  in t h e  
f i r s t  place. A house t h a t  is designed to co l l ec t  h e a t  in win ter  
can  be  a hotbox in summer  unless o n e  " tempers"  t h e  summer  
sunl ight  to avoid overheat ing.  sun tempering: technique for controlling 

solar gain for summer cooling. (See glos- 
sary.) 
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Many older homes are designed for sun tempering. 



F e a t u r e s  built  i n to  or  added o n t o  t h e  house c a n  help. 
O n e  basic sun-tempering f e a t u r e  is a n  overhanging roof. T h e  
overhang doesn' t  i n t e r f e r e  with winter  sunlight,  when t h e  
sun's p a t h  is low, but  i t  shields t h e  glazing f r o m  hot  midday 
s u m m e r  sunlight which c o m e s  f r o m  a much higher angle.  
Awnings, jalousies, or  louvers c a n  s e r v e  t h e  s a m e  purpose. 
Blinds or  shades  with a r e f l ec t ive  o u t e r  s u r f a c e  c a n  a l so  help 
as h e a t  shields. 

A deciduous t r e e  c a n  b e  a useful obstruct ion on t h e  
south side of a passive solar home. Its leaves will shade  t h e  
glazing in t h e  s u m m e r ,  bu t  will fa l l  a t  t h e  beginning of t h e  
heat ing season to allow sunlight through t h e  b a r e  branches.  
(Watch o u t  for oak  t r e e s ,  however.  S o m e  va r i e t i e s  hold the i r  
leaves f a r  i n to  t h e  winter!)  

Many owners  of solar greenhouses  and sunrooms have  
found vines l ike runner  beans to b e  a n  exce l l en t  sun-temper- 
ing device.  The vines, planted in spring, c l imb  up to  shade  
t h e  glazing with the i r  leaves a l l  summer .  A t  ha rves t ,  t h e  
vines a r e  removed and t h e  glazing is r eady  to a d m i t  sunshine 
again.  
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Retrofitting for Passive Solar Gain 
P a r t s  of th i s  c h a p t e r  may s e e m  to imply t h a t  passive 

solar design is only fo r  new houses, but  t h i s  is f a r  f r o m  true.  
Much c a n  b e  done wi th  exis t ing houses to t a k e  a d v a n t a g e  of 
t h e  sun's energy. With any  house,  conservat ion c o m e s  f i rs t .  
But a f t e r  t h a t  you c a n  "retrof i t"  a n  older house, t h a t  is, m a k e  
changes  or addi t ions t h a t  improve i t s  abi l i ty  to use solar 
energy.  Mobile homes too c a n  b e  r e t r o f i t t e d  successfully.  

retrofit: t o  modify an existing building 
to improve its energy efficiency. 
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Deciduous trees on the south side of 
a house are a solar asset, but 
evergreens on the south side can be a 
mistake. 



Troubleshooting with Passive Solar Design 
Your bes t  a ids  to successful  solar  design a r e  knowledge 

and  exper ience .  You can  get t h e s e  by reading, and  by ta lk ing  
wi th  people  who have  t r i ed  d i f f e ren t  systems.  Many solar  
bui lders  d i sagree  abou t  t h e  amoun t s  of glass, insulation, and  
s t o r a g e  mass  t h a t  a r e  appropr i a t e  for  a given house. They  
will a r g u e  abou t  t h e  r e l a t ive  mer i t s  of sand o r  wa te r  as 
s t o r a g e  mater ia l s ,  c r i t i c i ze  e a c h  o the r s  designs, and predic t  
doom if you use the i r  compet i tor ' s  insulation. Lis ten,  evalu-  
ate, read ,  and  m a k e  your own informed judgments. (The 
bibliography at t h e  end  of th i s  book will help you.) H e r e  a r e  a 
f e w  problems to wa tch  for: 

Temperature Fluctuations 
The sun is a powerhouse, and passive design is very  

e f f ec t ive .  So t h e  co l lec t ing  and  living a r e a  of a passive so la r  
building c a n  ac tua l ly  overhea t .  If t h e  design c i r cu la t e s  a i r  
e f f ec t ive ly  (using smal l  f ans  if necessary), and if t h e  s t o r a g e  
mass  is l a rge  enough, t h e  living a r e a  should r ema in  comfor t a -  
ble. 

These ducts will carry heated air from the collecting area through a 
basement storage mass. 

The bes t  insurance aga ins t  underhea t ing  is good insula- 
t ion,  but  fo r  s e v e r e  c l ima tes  o r  t hose  t h a t  expe r i ence  long 
cloudy periods, a back-up hea t ing  sys t em is necessary. This 
sys t em,  b e  i t  e l ec t r i ca l ,  wood, or whateve r ,  c a n  o f t e n  b e  
in t eg ra t ed  with t h e  solar  a i r  c i rcu la t ion  sys tem.  

Materials Degradation 

Ordinary  paints ,  caulks ,  p las t ics  and f ab r i c s  will o f t e n  
bl is ter ,  c r ack ,  and f a d e  as a resu l t  of cont inued exposure  to 
solar  radiat ion and hea t .  Check  to see how mate r i a l s  have  
been  t e s t ed ,  and m a k e  su re  t h a t  t hey  a r e  designed to 
wi ths tand  t h e  sun, especial ly  u l t rav io le t  radiat ion.  
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Microorgan isms 
Two sys t ems  h a v e  been  pointed to as l ikely to experi-  

e n c e  a buildup of microorganisms: rock s t o r a g e  bins and cool  
tubes.  In both of these ,  cooling m a y  occur  to t h e  point where  
condensat ion fo rms  in t h e  sys tem,  providing a good breeding 
ground for  spores  and bac ter ia .  If e i t h e r  sys t em is con- 
s idered,  s t eps  should b e  t aken  to con t ro l  condensat ion and  
prevent  possible problems. 

Fire 

* -  

Any house is designed wi th  a n  e y e  to a i r  c i rcu la t ion ,  bu t  
i t ' s  well to r emember  t h a t  where  a i r  goes, f i r e  goes. So in 
consider ing passive solar  designs, where  a i r  c i rcu la t ion  is 
impor t an t ,  s o m e  thought  should b e  given to f i r e  prevent ion 
and control .  The  design should b e  planned and ma te r i a l s  
chosen wi th  th i s  in mind. 

Managing a Passive Solar Building 
A well-planned passive solar  design m a y  "run itself", 

bu t  initially i t  will probably need  to b e  monitored.  All t h e  
energy  co l lec ted  through south-facing windows in t h e  day- 
t i m e  c a n  s e e p  back o u t  at night  if t h e  glazing is l e f t  
uncovered.  Someone  must  m a k e  su re  t h a t  th i s  doesn't 
happen. 

sun sensors: sun-sensitive devices that 
can be used to control systems. 

Sun sensors  have  been  devised to au tomat i ca l ly  open  
and c lose  insulated drapes  o r  blinds at t h e  appropr i a t e  t imes.  
However ,  t h e s e  sys t ems  a r e  s t i l l  somewha t  expe r imen ta l  (not  
to ment ion  expensive). Most solar  home  owners  seem to find 
t h e  managemen t  of the i r  sys t em pleasant ,  not  t roublesome.  
For  people  who a r e  willing to open and c lose  drapes  o r  
s h u t t e r s  at set t imes ,  mechanica l  dev ices  m a y  be  unneces- 
sary.  

A Present Solution 

More than  one  f i f t h  of our  energy  consumption goes  to 
h e a t  and cool living spaces .  This need  fo r  ene rgy  is widely 
d is t r ibu ted ;  i t  ex is t s  wherever  people  l ive  and work. Y e t  i t  is 
not  a need for  high qual i ty  energy ,  l ike steam or  e lec t r ic i ty .  
All t h a t  is required is suf f ic ien t  energy  for  comfor t ab le  
human ac t iv i ty .  Passive solar  design is a n  appropr i a t e  
solut ion fo r  th i s  need. 

Insulating shades or drapes are a 
nighttime necessity f o r  passive solar 
houses. 

Skylid insulating louvers by Zome 
works are opened and closed auto- 
matically with power from heat- 
sensitive canisters attached to the 
louvers. 
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Solar Town houses 

The Kitsun Solar Townhouses in Vancouver, Canada, are an example of passive solar design. 
section of a townhouse shows direct gain, indirect gain (Trombe wall), and thermosiphoning f la t  
plate collectors for  water heating. 

The cross 
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The energy of t h e  sun c a n  be  used at t h e  point where  i t  
is rece ived ,  so t h e r e  is no need f o r  transmission. Passively 
co l lec ted  solar  hea t  is at  t h e  proper  t e m p e r a t u r e  for  hea t ing  
living spaces .  Most impor t an t ,  passive solar  design is not just 
"a promising technology for  t h e  future". I t  is he re  now; it has 
arr ived.  Common sense  urges  t h a t  w e  begin to put it to use. 

A 
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Chapter 12 

What You Gain 

The  fastest and cheapes t  way to obta in  new ene rgy  
today  is to s a v e  t h e  ene rgy  we've got .  Even a m o n g  t h e  
d e b a t e s  and d i sag reemen t s  of ene rgy  expe r t s ,  t h i s  point 
s e e m s  to e m e r g e  clearly: ene rgy  conserva t ion  is t h e  mos t  
i m m e d i a t e  solut ion to our  problems. I t  canno t  be t h e  f ina l  
solut ion;  fo r  t h a t ,  new sources  of energy  mus t  b e  used. But 
as t rad i t iona l  fue ls  dwindle, saving measures  t h a t  o n c e  
s e e m e d  too t roublesome a r e  now widely accep ted .  

A mul t i tude  of c r e a t i v e  ideas  for  saving, shar ing,  and  
recyc l ing  energy  has  resul ted.  Designs fo r  m o r e  e f f i c i en t  
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c a r s ,  l ighting f ixtures ,  o r  industrial  processes;  plans fo r  
changing t h e  energy  habi ts  of workers ,  dr ivers ,  o r  famil ies ;  
blueprints  fo r  broadened public t ranspor ta t ion ,  a res t ruc tured  
workday, or new die ta ry  pa t te rns ;  sys tems f o r  recycl ing 
industr ia l  process h e a t ;  philosophies for  re turning to t h e  
clothesl ine,  t h e  woodstove, t h e  one-pot organic  m e a l  -- a 
ver i tab le  explosion of energy  ideas  and information has  
occurred .  Long or shor t - te rm,  p r a c t i c a l  or visionary, techno-  
logical or sociological,  t h e s e  ideas  show t h e  f e r m e n t  of a 
soc ie ty  reshaping i tself  through a rgumen t  and exper iment .  

This c h a p t e r  cannot  begin to discuss a l l  t h e s e  theor ies  
and plans. T h e  bibliographies for th i s  c h a p t e r  and  f o r  
Chap te r s  10 and 11 will l ead  you to sources  of information on 
a l l  a s p e c t s  of energy  conservat ion.  Here ,  w e  will focus on  
ways  of conserving h e a t  in living spaces ,  because  this  f o r m  of 
energy  conservat ion is mos t  d i r ec t ly  connec ted  wi th  solar  
energy.  

The re  is no point in co l lec t ing  solar  radiat ion through 
t h e  windows if i t  immedia te ly  f lows o u t  through t h e  walls. 
With any  hea t ing  sys tem energy  conservat ion is impor tan t ;  
wi th  solar  energy  i t  is especial ly  essent ia l .  Wi.thout i t ,  a 
solar  sys t em c a n  b e  vulnerable  to season,  wind, and  weather .  
With i t ,  a solar  sys tem c a n  b e  par t ia l ly  o r  even  comple te ly  
independent .  

In thinking abou t  conserving h e a t ,  i t  helps to think of 
h e a t  as a fluid seeking its level.  H e a t  will f low f rom a r e a s  of 
high t e m p e r a t u r e  to a r e a s  of lower t empera tu re ,  unti l  equi- 
l ibrium is achieved.  All  t h e  h e a t  you produce in your home  
by col lect ing sunlight o r  burning gas or oil o r  coa l  o r  wood is 
natural ly  going to f low in to  and through cold windows, 
ceil ings,  f loors,  and  walls unless you s t o p  i t .  

If you c a n  reduce  t h e  t e m p e r a t u r e  d i f fe rence  be tween  
t h e  indoor s ide of those  s u r f a c e s  and  t h e  inter ior  a i r ,  you c a n  
slow down t h e  r a t e  of h e a t  f low by conduction. Hea ted  a i r  is 
a lso going to move  o u t  wherever  t h e r e  a r e  c r a c k s  or holes 
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t h a t  give i t  t h e  opportunity. Forced  cold a i r  (wind) will s e e p  
in through those  c racks  and mix wi th  or  displace warmer  air. 
To s t o p  th i s  " inf i l t ra t ion" and "exfi l t ra t ion" you must  plug t h e  
c racks  and holes. 

I t  would help if we  could see h e a t  wi th  our  eyes ,  as w e  
c a n  on inf ra red  film. Since w e  can ' t ,  w e  have  to use 
knowledge and common sense  to f igure  o u t  where  we' re  losing 
hea t  and how to keep  i t .  

The Outside 
Begin by looking at a s t r u c t u r e  as a whole, f rom t h e  

outs ide.  In t h e  Nor thern  Hemisphere  most  solar  energy  fa l l s  
on t h e  south  face of t h e  house during t h e  cold months. I t  is 
on t h e  south s ide  t h a t  you want  to a d m i t  sunshine. What 
a b o u t  t h e  o the r  s ides  then?  Although windows a r e  needed  fo r  
solar  gain,  t hey  can  also b e  responsible fo r  a t remendous  
amoun t  of h e a t  loss s ince  glass is a good conductor .  A single- 
g lazed  window c a n  be  responsible for  twen ty  t i m e s  as much 
h e a t  loss as a n  a r e a  of wall t h e  s a m e  size. 

I t  may  not  be  p rac t i ca l  to e l imina te  windows on t h e  
no r th  side, bu t  t hey  should be  carefu l ly  eva lua ted  for  func-  
t ion ,  and t r iple-glazed or  insulated if possible. (More abou t  
th i s  in t h e  sec t ion  on window t r ea tmen t s . )  

irs 
The  east and wes t  s ides  a lso present  a problem. Some 

solar  gain t a k e s  p lace  on t h e s e  s ides ,  bu t  so does h e a t  loss. 
East-facing windows may  be  impor t an t  for  co l lec t ing  radi- 
a t ion  ea r ly  in t h e  day, when t h e  s t r u c t u r e  is cold,  especial ly  
if t h e  rooms a r e  a r ranged  so t h a t  t hose  mos t  used in t h e  
morning a r e  on t h e  east side. West-facing windows c a n  add 
hea t  to t h e  house on hot summer  a f te rnoons ,  and prevailing 
wes tern  winds s t ea l  a lo t  of h e a t  f rom west-facing windows 
in winter .  

i 

infiltration: the  uncontrolled movement 
of outdoor air into a building. (See glos- 
sary.) 

exfiltration: the  uncontrolled movement 
of indoor air out of a building. (See glos- 
sary.) 
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Sun's seasonal paths in the Northern 
Hemisphere 



e d  on t h e  nor th  
t h e  southern  windows. This will allow winter  h e a t  gain but  
c u t  down on summer  hea t  gain, and  t h e  nor thern  windows will 
provide summer  cooling. 

south,  wi th  shading o r  roof overhang over  
e ,  

Still looking at t h e  outs ide of t h e  house, wha t  e l se  can  
be  done to save  energy?  Many modern  builders, like t h e  
pioneers  of t h e  sod-house days,  a r e  building in to  hillsides so 
t h a t  t h e  north s ide of t h e  house is vir tual ly  buried. Some 
houses a r e  built comple te ly  underground where  t h e  modera t -  
ing effect of t h e  ear th ' s  t e m p e r a t u r e  g rea t ly  reduces  t h e  
need for  heat ing.  An underground builder has  to be  a w a r e  of 
poten t ia l  problems with mois ture ,  however. 

Another  approach  is to build above  ground, but  t hen  pile 
up a bank or  berm of e a r t h  on t h e  nor th  and wes t  s ides  of t h e  
s t r u c t u r e  for  na tura l  insulation. An unhea ted  ga rage  or  shed 
a t t a c h e d  to t h e  nor th  or  wes t  s ide has  insulat ing value, too, 
and so does  a woodpile. 

n 

Many early houses were well designed 
from an energy standpoint. 

Attached garages on the north side will help to insulate these town- 
houses. 

On s o m e  houses l ike t h e  New England sa l tbox  t h e  roof 
on t h e  nor th  and wes t  s ide  descends  a lmos t  to t h e  ground. 
The  wind is rou ted  up and over  t h e  house, ins tead  of s t r iking 
t h e  walls full force .  Another  way to shunt  wind ove r  t h e  
house is wi th  an  evergreen  windbreak. Es t ima te  t h e  height  
of t h e  house, and loca te  t h e  windbreak two  to f ive  t i m e s  t h a t  
d i s tance  windward of t h e  house. Hemlock,  f i r ,  and  spruce  a r e  
good choices  for  a windbreak. 



The Inside 
As w e  go indoors in our  s ea rch  for  ways  to save  hea t ,  

w e  l e t  in a blast  of cold air. One of t h e  f i r s t  ba r r i e r s  to 
inf i l t ra t ion  of cold a i r  is a n  a i r lock  en t ry ,  such as a smal l  
vest ibule  or closed porch. A storm door  a lone  is not  enough. 
I t  r educes  conduct ion,  bu t  not in f i l t ra t ion ,  because  i t  is 
usually open at t h e  same t i m e  as t h e  main door. 

Once  inside, le t ' s  consider  how t h e  working or  living 
spaces  a r e  arranged.  Day t ime  h e a t  is not  usually impor t an t  
for  s t o r a g e  a reas ,  c lose t s  and bedrooms. In designing a 
building i t  makes  sense  to range  t h e s e  a r e a s  a long  t h e  no r th  
s ide  of t h e  s t ruc tu re ,  where  t h e y  c a n  act as a buffer  zone  for  
t h e  m o r e  heavily used living and  working areas .  

N 

L 

S 

Energy -eff icien t room arrangement 

Insulation 

When i t  c o m e s  to h e a t  loss by conduct ion,  w e  have  to 
consider  insulation. T h e r e  are many insulat ion products ,  
m a d e  f r o m  a var ie ty  of mater ia l s ,  bu t  t h e  most  impor t an t  
component  in a l l  of t h e m  is t h e  same -- air. Air is a poor 
conductor ,  so t h e  millions of t iny  a i r  spaces  in insulation 
ma te r i a l s  slow down hea t  conduct ion.  

97 

insulation: material with high resistance 
to heat flow. (See glossary.) 



Below is a t ab le  l is t ing a number of insulat ion mater i -  
als. Next  to e a c h  is a number which represents  t h e  mater ia l ' s  
res i s tance  to h e a t  flow. This f a c t o r  is ca l led  t h e  mater ia l ' s  
"R-value". The  higher t h e  R-value, t h e  g r e a t e r  t h e  resis- 
t ance .  R-value: a measure of a material's resist- 

ance to heat flow. (See glossary.) 

INSULATION MATERIALS, R-VALUES, AND USES 

"R" per inch 
Material thickness* Where Used 

Flexible 
Cellulose fiber with vapor 

Glass fiber or mineral wool 

Glass fiber and mineral wool 
Cellulose 
Vermiculite, expanded 

Rigid Board 
Polystyrene, extruded 
Expanded urethane, preformed 
Glass fiberboard 
Polystyrene, molded beads 

Expanded urethane, sprayed 

Urea formaldehyde 

barrier 

Loose Fill 

Foamed-in-Place 

3.20-4.00** 

3.00-3.40** 

2.80-3.40 
3.50-3.70 
2.13 

5.26 
5.80-6.25 
4.00 
3.57 

6.25 

5.00*** 

unfinished a t t i c  floors, open sidewalls, 
heating ducts, crawl spaces, underside of 
floors, ra f te rs  

finished and unfinished a t t i c  floors, fin- 
ished frame walls 

basement walls, new construction, floor 
slab perimeter 

* 
** 
*** From manufacturers '  specifications 

Determined from ASHRAE Handbook, 1972 
Varies according to density and fiber diameter  

finished f r ame  walls, finished and unfin- 
ished a t t i c s  
finished f r ame  walls 

Recommended R-values for regions of the U.S.A. 

Every t y p e  of insulation s e e m s  to pose s o m e  kind of 
problem. Some a r e  f lammable ,  some  re ta in  w a t e r ,  and s o m e  
t end  to s e t t l e  and lose  pa r t  of the i r  e f fec t iveness .  Some  
insulations a r e  f ea red  to e m i t  hazardous  gases ,  o the r s  to b e  
carc inogenic  if pa r t i c l e s  a r e  inhaled. Each t y p e  has  to be  
eva lua ted  as to use, locat ion,  cost, R-value, and poten t ia l  
hazards .  

Underwr i te rs  Labora tor ies ,  Inc., tests and r a t e s  insula- 
t ion ma te r i a l s  for  f lammabi l i ty  and smoke  development .  I t  
also tests s o m e  insulation, pr imari ly  cel lulose,  for  R-value. 
The  Nat ional  Association of HomeBuilders  (NAHB) Resea rch  
Foundat ion,  Inc., independent ly  tests and  r a t e s  insulation for  
R-value, and th i s  ra t ing  should appea r  on any  package  of 
insulation you buy. In addi t ion,  re ta i le rs ,  builders, and 
insulation con t r ac to r s  a r e  ~ required by t h e  Federa l  T rade  
Commission to supply you wi th  a fact shee t  on any  insulation 
you a r e  consider ing using. 

Recommendat ions  for  amoun t s  of insulation vary f rom 
R-20 to R-40 for  ceilings, and  R-IO to  R-20 for  walls, 
depending on region and weather .  The  bes t  t i m e  to insulate ,  
obviously, is when t h e  s t r u c t u r e  is being built. With a n  
ex is t ing  s t ruc tu re ,  insulat ing is more  diff icul t ,  so i t  makes  
sense  to do t h e  bes t  possible insulat ing job during cons t ruc-  
tion. Some owners  add insulat ion to exis t ing buildings by 
drilling smal l  holes in t h e  walls be tween  t h e  s tuds  and  
blowing in loose or  foam insulation. The  problem he re  c a n  b e  
shr inkage or  se t t l ing .  Another  technique  is to cover  t h e  
outs ide  of t h e  house wi th  f o a m  board and add new siding over  
it. 98 
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RECOMMENDED INSULATION R-VALUES 

Zone  Zone  Zone  Zone  Zone  Zone  
R-value: 1 2 3 4 5 6  

Cei l ings  3% 33 30 26 26 19 

Walls 19 19 19 19 1 3  I 1  

Floors 22 22 19 19 I f  I 1  

T h e s e  r e c o m m e n d a t i o n s  will va ry  for individual homes ,  
depending  on  ( 1  1 your h e a t  s o u r c e  ( e l e c t r i c a l  r e s i s t ance ,  gas ,  
oil); ( 2 )  l oca l  w e a t h e r  var ia t ions ;  a n d  (3) t h e  a m o u n t  of 
insu la t ion  p resen t ly  in  your home.  In ex i s t ing  homes ,  wa l l  
c a v i t i e s  m a y  b e  only  3W', r o o m  enough for no  m o r e  t h a n  R-13 
insulation. II . /  

For tuna te ly ,  mos t  attic spaces  a r e  access ib le  for  insu- 
la t ion ,  and builders a g r e e  t h a t  t h i s  is t h e  mos t  impor t an t  
p lace  to insulate .  Because  of convec t ion ,  t h e  warmes t  a i r  in 
t h e  s t r u c t u r e  is t h a t  near  t h e  roof, so s e v e r e  h e a t  loss c a n  
resul t .  If t h e  a t t i c  has  no  f loor  and is unheated,  t h e  s p a c e  
be tween  t h e  jois ts  can  be insulated wi th  b lanket ,  board,  or 
loose insulation. If t h e  f loor  is finished, loose insulation c a n  
be blown in. If it is a hea ted  a t t i c  t h e  s p a c e  be tween  t h e  
roof r a f t e r s  c a n  b e  f i l led wi th  blanket  or board insulation. 

It is also worthwhile  to insu la te  t h e  cei l ing of a n  
unhea ted  basemen t  or t h e  walls of a hea ted  one. If t h e  house 
is built on a s lab,  t h e  s l ab  c a n  be insulated undernea th  during 
construct ion.  Many builders now inser t  f o a m  board insulat ion 
a l l  around t h e  outs ide  of t h e  foundat ion to below t h e  f ros t -  
line. 

... 

, \  

Foamboard insulation is being used around the outside of the facnda- 
tion of this building. 



vapor barrier: a waterproof liner used 
to prevent passage of moisture. (See 
glossary.) 

Tacking up a vapor barrier 

Insulating shades keep the heat stored 
in this Trombe wall from escaping at 
night. 

Vapor Barriers 

T o  work well, insulation should b e  dry. But  t h e  in te r ior  
of a house has  many sources  of moisture:  cooking, bathing,  
and  t h e  human body i tself .  The  hea ted  a i r  in t h e  house 
conta ins  w a t e r  in t h e  fo rm of vapor. If t h e  cei l ing o r  walls 
a r e  cold t h e  vapor will condense  on t h e m  or  in them.  
Eventual ly  t h e  insulation in t h e  walls and ceilings c a n  become  
d a m p  and lose much of its insulat ing ability. 

To  prevent  this ,  insulat ion is o f t e n  instal led wi th  a 
"vapor barrier," a shee t  of p las t ic  or  foil,  be tween  t h e  
insulat ion and t h e  inside of t h e  house. The  vapor ba r r i e r  m a y  
be a t t a c h e d  to t h e  insulation when you buy i t ,  o r  may  be  
instal led separa te ly .  R e m e m b e r ,  t h e  vapor bar r ie r  mus t  
a lways  b e  on t h e  warm s ide  of t h e  insulation. Then,  when 
vapor passes  through t h e  walls o r  ceiling, i t  encounters  t h e  
vapor  bar r ie r  and  can ' t  g e t  i n to  t h e  insulation to s a t u r a t e  i t .  

Window Treatments 
In t e r m s  of saving h e a t ,  t h e  ordinary window (excep t  

where  it is used to collect solar  energy)  is a lmos t  as bad as a 
hole  cut in t h e  wall. H e a t  pours o u t  through t h e  glass. But  
people  l ike windows: t h e y  l ike t h e  na tura l  l ight ,  t h e  view, 
and  t h e  sense  of s p a c e  t h a t  windows give. T h e  office wi th  
windows, t h e  r e s t au ran t  t a b l e  by t h e  window, t h e  p i c tu re  
window in t h e  living room -- a l l  a r e  pr ized commodit ies .  
How c a n  th i s  ene rgy  liability b e  tu rned  in to  a n  asset? n 

W e  have  a l ready  discussed o r i en ta t ion  of windows and 
p l acemen t  of rooms. If mos t  of t h e  d a y t i m e  living s p a c e  
(with windows) can  b e  concen t r a t ed  on t h e  south  s ide  of t h e  
s t ruc tu re ,  and mos t  of t h e  s t o r a g e  and s leeping s p a c e  (with- 
o u t  windows) is on t h e  north,  t hen  pa r t  of t h e  problem is 
solved. 

Another  s t e p  is to add a second or  third layer  of 
glazing, perhaps  s to rm windows o r  p las t ic  shee t ing  wi th  a 
smal l  a i r space  in between.  (A vacuum is even  b e t t e r  t han  a n  
a i r space  fo r  reducing hea t  losses.) Addit ional  glazing reduces  
t h e  amount of solar  energy  t h a t  c a n  e n t e r ,  however ,  so solar 
builders o f t e n  recommend only s ingle  o r  double  glazing f o r  
t h e  south  s ide,  and t r ip l e  glazing elsewhere.  

Recessed windows on the west side of this house admit winter sunlight 
but are shaded from summer sunlight. 



All windows, even  south-facing ones,  lose h e a t  by 
conduct ion and radiat ion at night. Dozens  of devices  for  
night  insulat ion of windows have  appea red  in t h e  l a s t  f e w  
years ,  s o m e  commerc ia l  and s o m e  homemade.  A f e w  a r e  
shown he re  to suggest  t h e  var ie ty  of ideas  avai lable .  

. *  

(d 

taped or 
tacked to frame 

/ panel fits 
window frame 

roller shades plastic interior storm windows insulating panels 

closed cornice 

center overlapped sides sealed 
-- 

insulating drapes insulating interior shutters 

Window treatments for  nightt ime use 

I t  is impor t an t  for any  window insulation to f i t  t ight ly  
around t h e  edges  of t h e  window; o therwise ,  a i r  convec t ion  
around t h e  insulation will c a r r y  warm a i r  past  t h e  cold 
window s u r f a c e  and ac tua l ly  a c c e l e r a t e  h e a t  loss. 

Plugging the Leaks 
Imagine h e a t  as a liquid, and  t h e  hea ted  s t r u c t u r e  as a 

con ta ine r  full of th i s  liquid under pressure.  C a n  you think of 
a l l  t h e  p laces  where  t h a t  liquid would squir t  ou t?  No house 
c a n  or  should b e  comple te ly  a i r t i gh t ,  but  thanks  to yea r s  of 
c h e a p  energy,  most  of our  houses  a r e  built l ike  sieves. Any 
p laces  where  t h e  roof o r ' w a l l s  of t h e  s t r u c t u r e  have  been  
p ie rced  (chimney,  s t o v e  pipes, dormers ,  windows, a i r  condi- 
t ioners ,  doors, exhaus t  vents ,  outdoor  f auce t s )  a r e  vulnerable. 
So a r e  p laces  where  t w o  ma te r i a l s  m e e t  ( t h e  so lep la te  where  
wall m e e t s  floor, e l ec t r i ca l  ou t l e t s ,  t h e  edges  of window 
glass). 
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ng between nonmovable parts 

Weatherstripping where moving parts 
meet 

- 7  
One  .way of d e t e c t i n g  a i r  f low at t h e s e  spots  is to 

dangle  a p iece  of t i s sue  paper  in f r o n t  of them.  If t h e r e  is a i r  
f low,  you'll see t h e  t i s sue  move. Another  d r a f t  d e t e c t o r  is a 
l i t  c i g a r e t t e  l ighter ,  or a f e a t h e r  suspended on a thread .  
Even wi thout  a d r a f t  d e t e c t o r ,  you c a n  assume t h a t  most of 
t h e  places  shown in t h e  p i c tu re  below a r e  responsible for  h e a t  
loss. 

I 
Heat leakage by infiltration and exfiltration 

caulking: a soft, semi-solid material 
that  can reduce air flow through cracks 
in a building. (See glossary.) 

Caulking and weathers t r ipp ing  a r e  t h e  t w o  products  
commonly  used to b e a t  h e a t  leaks. Caulking c o m e s  in 
s q u e e z e  tubes,  cans ,  o r  ca r t r idges  which f i t  a caulking 'Igun". 
I t  is a soft ma te r i a l  which hardens  a f t e r  i t  is applied. It can 
be used to fill and seal a n y  smal l  spaces  or s e a m s  where  t h e r e  
a r e  no moving par t s .  Use i t  around window f rames ,  w h e r e  
p i eces  of siding m e e t ,  where  door and window f r a m e s  meet  
t h e  siding, etc. Caulking c a n  b e  a t ime-consuming t a sk ,  so 
it's worthwhile  to buy a good caulking compound t h a t  res i s t s  
c r ack ing  and shr inkage.  

weatherstripping: material  applied around 
door and window frames to reduce air  
flow. (See glossary.) 

Weathers t r ipping is used where  moving pa r t s  meet .  
T h e r e  a r e  d i f f e ren t  t ypes  ( fe l t ,  f oam,  sponge rubber ,  or 
meta l )  for  d i f f e ren t  s i tua t ions  (doors, windows, g a r a g e  doors). 
Sliding doors  and windows a r e  espec ia l ly  impor t an t  candi- 
d a t e s  for  wea  t he r s t r  ipping. 

With both caulking and weathers t r ipp ing ,  you should 
m a k e  a comple t e  survey of t h e  types  avai lable .  Consider  use, 
cost, looks, and durabi l i ty  be fo re  you buy. 
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This chap te r  has  been  a imed pr imari ly  at t h e  problem 
of keeping hea t  in. But s ince  a c e r t a i n  pe rcen tage  of our  
energy  goes  to aircondi t ioning,  w e  should also be  concerned  
abou t  keeping h e a t  - ou t  at t imes .  

If we  t a k e  t h e  s a m e  principles and tu rn  t h e m  around, 
w e  can  conserve  energy  as e f f ec t ive ly  in summer  as in 
win ter .  A t t i c  insulation pays off in summer .  Where windows 
a r e  concerned ,  shades  and drapes  can  help, but  i t ' s  bes t  to 
p reven t  radiat ion f rom passing through t h e  glass in t h e  f i r s t  
place. O n c e  i t ' s  in, it 's hard to g e t  rid of. Roof overhangs,  
awnings, outs ide jalousies and blinds a r e  most  e f f ec t ive .  
Many people  e f f ec t ive ly  block t h e  sun's rays  by plant ing vines 
in t h e  spring t h a t  will shade  t h e  windows in t h e  hot  months  
b u t  drop t he i r  l e a v e s  in  t h e  fal l .  

Energy Conservation and Lifestyle 
People  t e n d  to think t h a t  t h e  present  energy  problems 

will inevi tably lead to a lowering of our  s t anda rd  of living. 
Y e t  t h e r e  a r e  count r ies  with a higher s t anda rd  of living t h a n  
t h a t  of t h e  United S ta t e s ,  t h a t  use less energy  per  person 
t h a n  Amer ica  does. The key is conservat ion.  The  energy  
t h a t  is leaking f rom our  homes and  workplaces  is not  improv- 
ing our  lives; on t h e  cont ra ry ,  i t  is caus ing  us d iscomfor t ,  
anxie ty ,  and expense. 
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Chapter 13 

Collecting Sunshine Actively 

The d i f fe rence  in def ini t ion be tween a c t i v e  and passive 
This is na tura l  in such a 

What a solar  design is ca l led  m a t t e r s  less 
solar  is beginning to blur a bi t .  
p rac t i ca l  field. 
t han  how well i t  works. 

"Act ive solar" is t rad i t iona l ly  def ined as any  technology 
t h a t  collects, c i rcu la tes ,  and s to re s  solar  energy  wi th  t h e  
help of added energy ,  i.e., f r o m  pumps or  fans. The  problem 
is t h a t  many passive solar  designs now use fans  to improve  
ef f ic iency  but  a r e  s t i l l  cal led passive. What e lse ,  t hen ,  sets 
a c t i v e  solar  a p a r t  f rom passive? 

- .  
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Passive solar refers to living space that doubles as a 

solar collector. Active solar doesn't double as anything. Its 
sole purpose is to collect solar energy as efficiently as 
possible. So an active solar collector may be mounted on a 
roof or wall, or placed in a yard or field. In fact, acres of 
solar collectors.may be set up in an open area. 

This hybrid solar house has active solar collectors on the roof and 
passive solar collection through the glass walls, with storage mass 
in the floor. 



solar-assisted heat pump: a heat pump 
tha t  uses solar heated fluid to improve 
its output. 

The Uses of Active Solar Collectors 
Human beings, i n v e t e r a t e  t inkerers ,  have  designed solar  

co l lec tors  to do a var ie ty  of jobs. One  of t h e  most  impor t an t  
and p rac t i ca l  is hea t ing  w a t e r  for  domes t i c  use. Another  
major  use of co l lec tors  is for  s p a c e  heat ing.  These  bas ic  uses  
have  been  ex tended  to include hea t ing  fo r  industr ia l  pro- 
cesses and for  c rop  drying, hea t ing  swimming pools, and  a i r  
conditioning by solar-assis ted h e a t  pumps. 

Solar collectors heat and cool this airport terminal in Florida. 

Flat plate collectors heat the visitor's center at Mount Rushmore. 
Solar co l lec tors  have  also been  designed to c o n c e n t r a t e  

t h e  sun's rays ,  thereby  a t t a in ing  much higher t empera tu res .  
These  higher t e m p e r a t u r e s  can  cook food, produce s t e a m  to 
g e n e r a t e  e l ec t r i c i ty ,  and e v e n  m e l t  meta ls .  Concen t r a t ing  
and focussing co l lec tors  will be  discussed in C h a p t e r  16. The  
present  chap te r  will dea l  only wi th  t h e  lower t e m p e r a t u r e  
co l lec tors ,  pr imari ly  flat p l a t e  co l lec tors ,  which a r e  used 
mainly for  domes t i c  hot wa te r  and space  heat ing.  
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The Flat Plate Collector 
You may  reca l l  t h a t  a s imple  descr ip t ion  of a f l a t  p l a t e  

co l lec tor  was  given in C h a p t e r  4,  where  w e  compared  t h e  
e a r t h  to a solar  co l lec tor .  

Briefly, a f l a t  p l a t e  solar  co l lec tor  consis ts  of: 

a glazing - a t r anspa ren t  cover ,  which t r a n s m i t s ,  
visible l ight  bu t  blocks outgoing inf ra red  radi- 
a t ion  

a n  absorber  p l a t e  - a dark  s u r f a c e  which absorbs 
light and becomes  hea ted  

a t ranspor t  sys t em - a fluid which passes  over  t h e  
absorber  p l a t e  through tubes  o r  duc t s  and  
ca r r i e s  off t h e  h e a t  

a s t o r a g e  sys t em - s o m e  mass (sand, wa te r ,  etc.) in 
which t h e  hea t  ca r r i ed  by t h e  t ranspor t  fluid 
c a n  b e  s to red  for  l a t e r  use. 

You m a y  also remember  t h a t  a solar . .col lector  is 
enclosed in an  insulated conta iner  to improve  eff ic iency.  

A solar  co l lec tor  has  to ,  have  s tay ing  power to b e  a 
wor thwhi le  inves tment .  I t  has  to s t and  up to wind and 
wea the r ,  t e m p e r a t u r e  e x t r e m e s ,  and  long exposure  to u l t ra -  
violet  light. I t  shouldn't rus t ,  cor rode ,  break,  leak ,  f r eeze ,  
c r ack ,  or  me l t ,  (it's impor t an t  to r ea l i ze  t h a t  a "stagnant" 
solar  co l lec tor  can  h e a t  to over  15OoC o r  300°F), and under 
a l l  s t r e s ses  i t  mus t  do  i t s  job e f f ic ien t ly .  Let's look at s o m e  
of t h e  ma te r i a l s  t h a t  a r e  used in solar  co l lec tors ,  and see how 
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stagnation: a high-temperature condition 
that occurs in a solar collector when 
the sun is shining but transfer fluid is 
not flowing. (See glossary.) 



Components Mate rials 

Conta iner  Meta l  (a luminum or  
galvanized s t ee l )  

Fiberglass  or 
plas t ic  

Wood 

Conta iner  paint  Pa in t  or  wood- 
1 preserving s t a i n  

Hardware  Galvanized nails or  
water-proof  f a s t e n e r s  

Comments 

Lightweight  and durable. 

May d e t e r i o r a t e  rapidly due  to 
high t e m p e r a t u r e s  and u l t rav io le t  
radiat ion.  

May d e t e r i o r a t e  wi th  high tem-  
pe ra tu res  and mois ture  condensa-  
tion. Dry wood may  even  r each  
kindling point. 

Only outs ide  of conta iner  should 
be  painted.  

Long-lasting, won't corrode.  

Caulking Silicone, u re thane  Long-lasting, good t h e r m a l  res is t -  
(high t e m p e r a t u r e  type)  ance ,  u re thane  somewha t  eas i e r  

to work with. 

Insulation Fiber  glass  Has  relat ively high insulat ing 
(4 inches (blanket- t  ype) value,  s tab le .  
recommended)  

F iber  glass Recommended f o r  d i rec t ly  under 
(rigid, "duct-type") absorber  plate .  

Foam insulat ions Not recornmended. Burn or  m e l t  
at high t empera tu res .  

Absorber P l a t e  Copper  Best conductor ,  res i s t s  corrosion. 

Aluminum Cheape r ,  good conductor ,  will 
co r rode  in c o n t a c t  wi th  o t h e r  
m e t a l s  o r  moisture .  

S t ee l  
(galvanized)  to bend for  shaping. 

Good conductor ,  m a y  rust ,  harder  

n 
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Components Materials 

Transpor t  Copper  
Sys t em 
(usually t h e  s a m e  
ma te r i a l  as t h e  
absorber  p la te )  Aluminum 

S tee l  

P l a s t i c  (polybutylene 
or ch lor ina ted  
polyvinyl chlor ide)  

Absorber P l a t e  High-car bon 
Coa t ing  f l a t  black paint  

Black ch rome ,  
nickel ,  o r  
copper  oxide 

Glazing Glass  

Hard p las t ics  
(plexiglass, vinyl 

P l a s t i c  films: 

Polye thylene  

Mylar & Tedlar  

Teflon 

Reinforced  polyes te rs  
(Filon, Glass tee l ,  
Kalwall) 

Comments 

Best conductor ,  res i s t s  corrosion,  
c a n  be used wi th  potab le  w a t e r  o r  
t r e a t e d  wa te r .  

Good conductor ,  cor rodes  wi th  
a n t i f r e e z e  or  wa te r .  

Good conductor ,  c a n  only b e  used 
wi th  a n t i f r e e z e ;  cor rodes  wi th  
wa te r .  

Inexpensive, poor conductor ,  rec-  
ommended  fo r  low t e m p e r a t u r e  
use such as pool heat ing.  

Must be  f l a t  black,  r a t e d  for  very  
high t e m p e r a t u r e  use. 

Must be  commerc ia l ly  appl ied,  
expensive,  but  very e f f i c i en t  due  
t o  high absorpt ion and low emis-  
sion of radiation. 

Probably bes t ,  but  expensive and  
breakable .  Low-iron glass  w i th  
an t i r e f l ec t ing  coa t ing  has  best  
t r a n s m i t t a n c e  of high-energy ra-  
diat ion and doesn't r e r ad ia t e  in- 
f ra red .  In cold c l ima tes  double  
glazing wi th  1" a i r  s p a c e  is rec-  
o m  m ended. 

Inexpensive, bu t  bend and warp  if 
hea t ed ,  and may  discolor wi th  ex-  
posure to sunlight. 

Cheap ,  poor t r ansmi t t ance ,  de-  
grades  rapidly. 

Cheap ,  f a i r  t r a n s m i t t a n c e  but  
both r e rad ia t e  in f ra red ;  Mylar de-  
grades ,  Tedlar  shrinks. 

Expensive, exce l len t  t r ansmi t -  
t ance ,  very  thin so c a n  only b e  
used for  inner glazing. 

Tough, good t r ansmi t t ance ,  easy 
to work with. 



Collector Design 
When i t  c o m e s  to assembling al l  of t h e s e  ma te r i a l s  to 

m a k e  a n  e f f i c i en t  co l lec tor ,  t h e r e  a r e  s o m e  impor t an t  points  
to keep  in mind. One  is t h e  design of t h e  absorber  plate .  I t  
would be  impossible to cover  a l l  t h e  absorber  p l a t e  designs in 
use. Most a i r - type  co l lec tors ,  for  example ,  have  no pipes or  
tubes.  T h e  co l lec tor  p l a t e  is co r ruga ted  m e t a l  o r  screening,  
s o m e t i m e s  wi th  per fora t ions  o r  baf f les ,  and  t h e  a i r  flows 
over ,  under, or  through t h e  absorber .  The  Thomason "trickle" 
co l lec tor  simply has  w a t e r  f lowing f r o m  t h e  high end of t h e  
co l l ec to r  down open channels  in t h e  absorber  to a c a t c h  
g u t t e r  at t h e  low end. Some  absorber  p la tes  avoid t h e  need  
fo r  pipes by having a co r ruga ted  s h e e t  bonded to a flat plate .  
The  cor ruga t ions  se rve  as pipes. 

air-type collectors 

liquid-type collectors 
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Flat plate collector absorber plates 

However  t h e  absorber  p l a t e  is designed, t h e  designer 
has  to k e e p  in mind t h e  e f f i c i en t  c i rcu la t ion  of fluid through 
t h e  co l lec tor .  Four  to s ix  inches is recommended as t h e  best  
spac ing  for  t h e  channels. The  design should t a k e  advan tage  
of na tura l  thermosiphoning. Tha t  is, t h e  in t ake  for  cold fluid 
should be  at t h e  lower end ,  and t h e  o u t l e t  for  hea ted  fluid, at 
t h e  upper end. 

The re  a r e  a f ew cont ingencies  t h a t  need  to b e  planned 
for .  Some condensat ion is bound to fo rm inside t h e  co l lec tor ,  
fogging t h e  glazing. For this ,  t h e r e  should be  a drain hole. 
The re  should a l so  be  sma l l  ven t s  or  valves  in t h e  sys t em near  
t h e  upper and lower ends  of t h e  co l lec tor  to allow vent ing 
and avoid overhea t ing  in case t h e  fluid s tops  c i rcu la t ing  for  
s o m e  reason. 
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Conservat ion is just as impor t an t  with a c t i v e  solar as 

with passive. If a col lector  is poorly caulked and insulated o r  
h a s  a glazing t h a t  l e t s  l a rge  amounts  of radiat ion e scape ,  i t  
can ' t  o p e r a t e  eff ic ient ly .  

Not all solar collectors follow the 
simple f lat  plate design. These 
have a bowed glazing to  improve 
eff iciency.  

In this evacuated tube collector each absorber pipe is surrounded 
by a glass vacuum tube to  prevent heat loss and give high efficiency. 

Size 
T h e  s i z e  of your a r r a y  of co l l ec to r s  depends on whe the r  

you plan to use t h e m  fo r  w a t e r  hea t ing  o r  fo r  s p a c e  heating. 
To provide at least  50% of t h e  domes t i c  hot  w a t e r  for  a 
family of four ,  sizing recommendat ions r ange  f r o m  60 to 80 
squa re  feet, depending on c l ima te .  Fo r  s p a c e  heat ing,  
e s t i m a t e s  a r e  based on squa re  feet of living s p a c e  r a the r  t h a n  
number of persons,  and also have  to t a k e  in to  accoun t  t h e  
local  c l ima te .  A very rough rule  of t h u m b  would b e  one  
squa re  foot of co l l ec to r  fo r  eve ry  t w o  to t h r e e  squa re  feet of 
living space.  
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The Active Solar System 
There  a r e  many types  of successful  a c t i v e  col lectoi  

systems.  Some use liquid, some ,  a i r  as the i r  t ransport  
medium. Some feed  d i rec t ly  in to  t h e  hea t ing  sys t em o r  
household w a t e r  supply, while o the r s  t r ansmi t  t he i r  hea t  to 
ano the r  medium through a h e a t  exchanger .  One  sys t em may  
store h e a t  in a insulated w a t e r  t ank ,  ano the r ,  in a bed of 
sand. Most use t h e r m o s t a t s  and t i m e r s  to cont ro l  c i rcu la t ion  
and s torage .  These  a s p e c t s  of t h e  t o t a l  a c t i v e  solar  sys t em 
will b e  discussed in t h e  next  chap te r .  In C h a p t e r  15 w e  will 
look at sys t em ef f ic iency  and costs. 

The  solar  co l lec tor  is making i t s  appea rance  on many a 
roof and lawn. More t h a n  2,000,000 have  been  instal led in 
Japan ,  and solar  w a t e r  h e a t e r s  a r e  now required on new 
buildings in p a r t s  of Austral ia .  

But t h e  co l lec tor  itself is only t h e  t i p  of t h e  iceberg.  
Jus t  as t h e r e  is a lot  m o r e  to solar  energy  than  i t s  mos t  
visible technologies ,  t h e r e  is a lo t  more  to a n  a c t i v e  solar  
sys t em t h a n  t h e  co l lec tors .  
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- _  Chapter 14 

~ r s  Moving and Storing Sunshine 

Most solar co l l ec to r s  look basically s imilar ,  bu t  in a n  
a c t i v e  solar  sys t em the re ' s  m o r e  t h a n  m e e t s  t h e  eye.  It's 
when w e  go beyond t h e  co l l ec to r  to t h e  t r anspor t  and  s t o r a g e  
a p p a r a t u s  t h a t  w e  see how varied t h e  s y s t e m s  a r e  - and how 
varied a r e  t h e i r  uses. What a r e  s o m e  of t h o s e  uses? 

When people see solar co l l ec to r s  t h e y  t e n d  to think of 
s p a c e  heating. But ac tua l ly  t h e  mos t  popular and widespread 
use of solar co l l ec to r s  is fo r  d o m e s t i c  w a t e r  heating. Swim- 
ming pools a r e  a lso hea ted  using lower t e m p e r a t u r e  plast ic  
col lectors .  

These collectors provide domestic hot water for a town hall in northeastern New York. 
113 
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O f t e n  fo rgo t t en  a r e  t h e  many industr ia l  and  agricul tur-  * l i  

al uses for  a c t i v e  solar  col lectors .  Dyeing, washing, drying, 
evapora t ing ,  shrinking, cur ing,  s te r i l i z ing  -- t h e  processes  
t h a t  requi re  hot  wa te r  or  a i r  a r e  numerous,  and many f a r m e r s  
and manufac tu re r s  a r e  using solar  energy  to m e e t  t h e  need. 
Even when very high t e m p e r a t u r e s  a r e  needed,  t h e  use of 
solar  energy  for  prehea t ing  c a n  s a v e  s ignif icant  amounts  of 
fossil fuel. 

F rom this  introduct ion i t  should be  obvious t h a t  t h e  
design of a solar  sys tem mus t  be  ta i lored  to i t s  end  use. Let's 
look at t h e  basics  of a n  a c t i v e  solar  sys t em be fo re  w e  go in to  
t h e  choices  involved in designing a n  individual sys tem.  

The Overall System 
Sta r t ing  where  energy  e n t e r s  t h e  sys t em,  w e  have  t h e  

co l lec tors ,  mounted  at t h e  bes t  ang le  for  eff i - ient  so la r  
col lect ion.  Passing through t h e  co l lec tors  is a fluid, a i r  o r  
liquid, which picks up h e a t  f r o m  t h e  absorber  p la te .  This 
fluid is moved by forced  convec t ion  wi th  f a n s  o r  pumps. (If 
t h e  sys t em uses  na tura l  convec t ion ,  i t  is a passive, t he rmo-  therrnosiphoning: currents resulting 

from the .na tu r i  fa l l  of denser, cooler 
fluid displacing lighter, warmer fluid. siphoning sys t em,  not  a n  a c t i v e  system.)  

w 

distribution 

w 
Water from the household supply passes through 
the collectors, into storage, and then to the 
point of  use. 

I 
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Forced  convec t ion  m a y  c a r r y  t h e  hea ted  fluid d i rec t ly  
to t h e  point of use. More commonly,  i t  is t ranspor ted  to a 
s to rage  conta iner ,  insulated to,hold hea t  which will be  drawn 
on l a t e r .  The  s t o r a g e  ma te r i a l  may  b e  w a t e r ,  sand,  crushed 
rock, or phase-change mater ia l .  H e a t  c a n  be  drawn f rom 
s t o r a g e  long a f t e r  i t  is placed the re .  O f t e n  a backup sys t em 
of coa l ,  oil, wood, or  e l e c t r i c  h e a t  f eeds  in to  t h e  s a m e  
s to rage ,  opera t ing  if t h e  s t o r a g e  becomes  too cool when 
t h e r e  is no sunlight. 

This very  s imple  explanat ion ignores  t h e  vents  and 
drains ,  expansion tanks,  p ressure  relief valves, d i f fe ren t ia l  
t h e r m o s t a t s  and sensors ,  and o t h e r  plumbing de ta i l s  t h a t  
m a k e  t h e  sys t em run properly. O n e  i t e m  t h a t  can ' t  b e  
ignored,  however ,  is t h e  h e a t  exchanger .  

Heliotrope General 

Heat Exchange 
Imagine t h a t  you want  to t r ans fe r  h e a t  f rom one  fluid 

to another  as comple te ly  and ef f ic ien t ly  as possible, wi thout  
a l lowing t h e  t w o  to touch. Of course ,  you'd put  a good 
conductor  be tween  t h e m ,  l e t t i ng  t h e m  both  touch  t h e  con-  
duc tor .  The  more  shared  su r face ,  t h e  b e t t e r .  That ' s  wha t  a 
hea t  exchanger  is. You use i t  whenever  you want  to i so la te  
t h e  collector fluid f rom t h e  end-use fluid. If t h e  wa te r  in 
your co l lec tor  conta ins  an t i f r eeze ,  you don't wan t  i t  to mix 
wi th  t h e  wa te r  t h a t  c o m e s  o u t  of your tap .  A h e a t  exchanger  

phase-change material: substance tha t  
can be used to store heat through melting 
or evaporation. (See "latent heat storage": 
glossary.) 

backup system: energy system using 
conventional fuel to supplement a solar 
energy system. (See glossary.) 

When treated water is used in the collectors, 
the system must have heat exchangers to  keep 
treated water separate from drinking water. 
Heat exchangers are also used to transfer 
heat to the air of the space heating system. 

space heating system 4 



L 

4- 
C 

W 
C 0 .- 
I 
m 
5 ".. 
C 

M 

0 

,... 

.- - 
3 
D 
m 
M 
.- 
r 
m 
I 
m 
L - 
0 
v, 

m 
0 

- 
.- 
I 
m z 

Drains, fill points, and pipes carrying 
treated water should be labeled. 

will run one  fluid via m e t a l  pipes or  fins through a con ta ine r  
of t h e  o t h e r  fluid. (Copper tubing is p re fe r r ed ,  fo r  i t s  high 
conductance.)  The  m e t a l  conducts ,  and h e a t  is exchanged,  
without  any  mixing of fluids. A h e a t  exchanger  goes in t h e  
s t o r a g e  con ta ine r  of an  a c t i v e  solar system. 

Now t h a t  w e  have  a gene ra l  p i c tu re  of an  a c t i v e  
sys t em,  let 's  examine  s o m e  of t h e  choices  involved in se l ec t -  
ing or  building such a system. 

Transfer 
Air, w a t e r ,  t r e a t e r  w a t e r ,  or  phase-change fluids: t hose  

a r e  t h e  choices  f o r  t r ans fe r  fluids. Each has advantages and 
disadvantages.  

Air 
Air s y s t e m s  a r e  eas i e s t  t o  build, and a i r  is ce r t a in ly  

cheap!  It's a p t  to leak, but a i r  leaks a ren ' t  damaging,  
a l though t h e y  r educe  eff ic iency.  An a i r  sys t em won't have 
f r eez ing ,  boiling, or  pressure problems. Such a sys t em is 
r a t h e r  bulky because of t h e  l a r g e  duc t s  and s t o r a g e  mass 
required.  It's bes t  fo r  s p a c e  hea t ing  in a house with a fo rced  
a i r  sys t em,  where  no h e a t  exchanger  is necessary because  t h e  
co l l ec to r  a i r  c a n  mix wi th  house air .  Air doesn't t r ans fe r  
h e a t  very well, so it 's  not t h e  best  fluid fo r  use with a h e a t  
exchange r  to h e a t  wa te r .  

Water 
With i t s  higher h e a t  capac i ty ,  w a t e r  is a m o r e  e f f i c i en t  

t r ans fe r  fluid by volume t h a n  air .  The re fo re  i t s  t r anspor t  
s y s t e m  (pipes) is less bulky t h a n  t h e  t r anspor t  s y s t e m  fo r  a i r  
(ducts). However ,  corrosion, f r eez ing ,  and  leaks a l l  have to 
b e  considered. The  co l l ec to r s  in a w a t e r  sys t em have to b e  
designed to drain down in sub-f reezing t e m p e r a t u r e s  to  
p reven t  burst  pipes; hence  con t ro l s  a r e  m o r e  complicated.  A 
sys t em t h a t  con ta ins  pure w a t e r  c a n  c o n n e c t  direct ly  with 
t h e  domes t i c  w a t e r  supply and t h e  house radiators .  

Treated Water 
S o m e  of t h e  drawbacks of a w a t e r  s y s t e m  c a n  b e  cu red  

with additives:  buffers  to r educe  corrosion and a n t i f r e e z e  to 
allow t h e  sys t em to funct ion in t h e  coldest  weather .  Such 
additives,  in t he i r  t u rn ,  have advan tages  and disadvantages.  
A sys t em with buffers  and a n t i f r e e z e  will las t  longer and 
doesn't require  a "draindown" component .  However,  t h e  
addi t ives  a r e  expensive and may b e  toxic.  A sys t em contain-  
ing t h e m  mus t  have a double-thickness h e a t  exchanger  to  
p reven t  pollution of t h e  t a p  w a t e r .  

buffer: additive to a transfer fluid to 
prevent corrosion. 

draindown: component which drains 
an active system when necessary t o  pre- 
vent freezing. (See glossary.) 
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One  addi t ional  a d v a n t a g e  of bo th  w a t e r  and t r e a t e d  
w a t e r  is t h a t  t h e  high e f f ic ienc ies  achieved  in those  sys t ems  
al low t h e m  to be  used for  cool ing as well as heat ing.  The  
solar-assis ted h e a t  pump uses h igh- tempera ture  w a t e r  to a id  
in t h e  air-conditioning process  t h a t  e x t r a c t s  h e a t  f r o m  within 
t h e  house and dumps i t  outside. 

Phase Change Transfer Fluids 
Subs tances  l ike  liquid f r eon  and  su l fur  dioxide have  also 

been  used in a c t i v e  solar  sys tems.  These  s t o r e  h e a t  by a 
"phase change"; t h a t  is, t h e y  e v a p o r a t e  at fa i r ly  low col lec tor  
t empera tu res ,  s tor ing  la rge  amoun t s  of hea t .  When t h e y  
r each  t h e  cooler  s t o r a g e  a r e a  t h e y  condense,  re leasing t h a t  
h e a t  i n to  t h e  s t o r a g e  mater ia l .  Phase-change t r ans fe r  fluids 
c a n  g ive  a sys t em high ef f ic iency ,  bu t  t hey  too have  disad- 
vantages:  expense  and,  in s o m e  cases t h e  r ea l  possibility of 
high g a s  pressures  and  tox ic  gas leaks. 

Af t e r  choosing a t r ans fe r  fluid t h e  logical  next  s t e p  is 
to choose  a s t o r a g e  mater ia l ,  because  t h e  f i r s t  cho ice  will, to 
s o m e  e x t e n t ,  d i c t a t e  t h e  second. 

Storage Materials 
As wi th  t h e  t r ans fe r  fluid, t h e  purpose of t h e  sys t em 

mus t  be  considered in choosing a s t o r a g e  mater ia l .  Space  and  
expense ,  as well as convenience  in drawing  h e a t  f rom s tor -  
age, a r e  a l l  f a c t o r s  in t h e  decision. 

Rock: Pebbles and Gravel 
Non-corrosive and re la t ive ly  inexpensive,  rock s t o r a g e  

has long been popular fo r  forced  a i r  sys tems.  The a i r  passes 
d i r ec t ly  through t h e  rock or grave l  bed. Since rock has  only 
a v e r a g e  heat  s t o r a g e  capac i ty ,  a l a rge  volume is required to 
d o  a n  a d e q u a t e  job. The  rock  mus t  be clean.  Even wi th  
c leaning  s o m e  owners  have  encoun te red  ser ious  problems 
wi th  mildew building up in  t h e  s t o r a g e  a r e a  when cooling 
al lows condensat ion.  

Sand 
Sand has  t h e  advan tages  of rock,  and  c a n  b e  used fo r  a n  

a i r  or  liquid system. - If a sand  bed is used, duc t s  o r  pipes a r e  
la id  throughout  t h e  bed to e f f e c t  h e a t  t r ans fe r .  

Water 
Cheapes t  of t h e  storage mater ia l s ,  w a t e r  a lso has  an  

exce l l en t  h e a t  capac i ty  which al lows fo r  m o r e  c o m p a c t  
s torage .  I t  c a n  cause  corrosion,  however ,  so t h a t  u l t imate ly  
w a t e r  s t o r a g e  m a y  be  m o r e  expensive than ,  say ,  sand. Water  
s t o r a g e  is used most  e f f ec t ive ly  wi th  liquid t r ans fe r  fluids. 

Rock storage is usually used with a i r  
type solar collectors. 

Pipes and storage should be well insulated 
to  get the most from the system. 117 



Phase Change Materials 
You may recal l  our  discussion of l a t e n t  h e a t  f rom an  

ea r l i e r  chap te r .  Although a substance c a n  s t o r e  t h e r m a l  
ene rgy  as sensible h e a t  t h a t  c a n  b e  measured with a the rmo-  
m e t e r ,  i t  c a n  s t o r e  f a r  m o r e  t h e r m a l  ene rgy  by "changing i t s  
phase" f rom solid to liquid or  liquid to gas. The  s to red  energy 
is l a t e n t  h e a t ,  not  d e t e c t a b l e  by measuring t e m p e r a t u r e ,  bu t  
nonet  heless t he re .  

S o m e  of t h e  most  i n t e re s t ing  work in solar  energy 
s t o r a g e  is being done with ma te r i a l s  t h a t  change  the i r  phase 
f rom solid to liquid at t e m p e r a t u r e s  easily a t t a i n a b l e  with 
solar co l l ec to r s  or even  with passive solar design. 

A good example  is Glauber 's  s a l t  (sodium su l f a t e  deca-  
hydra t e )  which m e l t s  at 32OC (89'F). The h e a t  which t h e s e  
s a l t s  c a n  s t o r e  during a phase change  makes  t h e m  abou t  f ive  
t i m e s  as e f f i c i en t  in absorbing h e a t  as t h e  s a m e  volume of 
w a t e r  (at t h a t  t e m p e r a t u r e  range).  

The  weakness 'of phase-change ma te r i a l s  is t h a t  t hey  
cost m o r e  t h a n  commonplace  s t o r a g e  ma te r i a l s ,  and even tu -  
a l ly  have  to b e  replaced because t h e y  lose the i r  capac i ty  to 
s t o r e  hea t .  Container  corrosion is also a problem. However,  
t h e r e  a r e  present ly  a number of r e sea rch  e f f o r t s  d i r ec t ed  at 
solving t h e s e  problems. 

Sizing the Storage 
In t h e  l a s t  c h a p t e r  w e  discussed t h e  appropr i a t e  collec- 

t o r  a r e a  for  s p a c e  heat ing and w a t e r  heating. S to rage  s i ze  is  
usually gea red  to col lector  s ize ,  and as with co l l ec to r  s ize ,  
recommendat ions vary.  For  s p a c e  heat ing with w a t e r  s to r -  
a g e ,  recommendat ions  r ange  f r o m  60 to 120 l i t e r s  of w a t e r  
for  eve ry  squa re  m e t e r  of co l l ec to r  s u r f a c e  (2 t o  4 gallons 
per square foot). For s p a c e  hea t ing  with rock or sand 

n 

In H.U.D.'s residential solar demonstration program, the volume of storage 
for space heating systems averaged 2 gallons of water per square foot of 
collector in liquid systems, and 1 cubic foot of rock per square foot of 
collector in air systems. 



c - s to rage ,  500 to 900 ki lograms per  square  m e t e r  of co l lec tor  
(100 to 200 pounds per  squa re  foot) is suggested.  

Although t h e s e  masses  may  sound la rge ,  i t ' s  known t h a t  
a la rge  s to rage  mass,  s tor ing a la rge  amoun t  of h e a t  at a 
fa i r ly  low t e m p e r a t u r e ,  will m a k e  a sys t em work m o r e  
e f f ic ien t ly  and give m o r e  even  t e m p e r a t u r e  and  longer back- 
up for  cold nights and cloudy days than  a smal l  s t o r a g e  mass. 
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The except ion  to this  is t h e  s t o r a g e  t a n k  fo r  domes t i c  
hot  water .  If you m a k e  this  s t o r a g e  too big, you m a y  have  a 
whole lot  of very lukewarm wa te r ,  ins tead  of just enough 
nice,  hot water .  Figure on 75 l i t e r s  (20 gallons) per  person 
per  d a y  If you want  to s a v e  for  a cloudy day,  you might  
wan t  to plan on tw ice  t h a t  per  person. But a 450 l i te r  (120 
gallon) t ank  would be  t h e  maximum desirable .  

Know Your System 
Read on. The  next  chap te r  will discuss sys t em opera-  

t ion and eff ic iency.  We'll also t a k e  a brief look at costs and  
quest ions of safe ty .  

As wi th  al l  solar  technologies ,  a n  a c t i v e  solar  sys t em 
requires  knowledge in t h e  owner  and user. But a c t i v e  solar  
has  r e f inemen t s  t h a t  can ' t  b e  thoroughly discussed here .  The  
bibliography for  t h i s  chap te r  may  be  helpful to anyone who 
plans to m a k e  a c t i v e  use of t h e  sun. 
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Chapter 15 

Your Own Solar System 

For th i s  reason t h e  designers  of solar  co l lec tors  have  
a lways  been  in t e re s t ed  in co l lec tor  eff ic iency.  They have  
a t t e m p t e d  to build devices  t h a t  would collect and s t o r e  t h e  
most  solar  energy  .possible under cold, windy, o r  even  cloudy 
conditions. Here  a r e  some  th ings  they  have  learned  abou t  
making e f f i c i en t  a c t i v e  solar  sys tems.  

efficiency: fraction Of  lncomlng 
radiation that IS captured as heat. (See 
glossary.) 

Chap te r s  8 and 9 discussed t h e  "personal solar  budget," 
t h e  amoun t  of insolation t h a t  a given s i t e  rece ives  on a n  
annual  average .  One  fact is c lear :  t h e  personal  budget  of 
insolation varies. The changing seasons  and wea the r  cause  
f luc tua t ions  in  our  solar  i ncome  f r o m  day to day. 

This well-insulated experimental building in New York gets all its heat f rom direct gain and its solar collector. 
In a winter of testing the interior temperature never fell below 58'F. 

120 



a .  Factors Affecting Collector Efficiency 

Orientation 
One impor t an t  e f f ic iency  f a c t o r  is co l lec tor  or ien ta-  

tion. I t  should be  obvious t h a t  if t h e  sunlight fa l ls  at a 90' 
angle  on t h e  co l lec tor  t h e r e  is more  energy  per  unit a r e a  and 
less  re f lec t ion  than  at any o the r  angle. 

The effect o f  beam angle 
An unobstructed,  south-facing locat ion is best .  In 

de te rmining  co l lec tor  angle ,  consider  wha t  t i m e  of yea r  t h e  
most  radiat ion will b e  needed. With s p a c e  heat ing,  t h e  
impor tan t  t i m e  is win ter ,  and t h e  recommended angle  is t h e  
l a t i t ude  plus 15'. The co l lec tor ,  at this  r a t h e r  s t e e p  angle ,  
c a t c h e s  t h e  low winter  sunlight direct ly .  But if t h e  col lec-  
t o r s  a r e  a lso to be  used in summer  to assis t  in a i r  condition- 
ing, t h e  angle  should b e  l a t i t ude  plus only 5'. Domest ic  ho t  
w a t e r  is needed all year .  So t h e  recommended angle  for  
t h e s e  collectors is approximate ly  t h e  s a m e  as t h e  la t i tude ,  
s ince  t h a t  angle  will rece ive  t h e  most  radiat ion on an annual  
average .  

These  recommendat ions  a r e  not  hard  and fast, however .  
Resea rch  shows t h a t  a d i f f e rence  of 15' in co l lec tor  t i l t  
makes  a d i f f e rence  of less t han  5% in gff ic iency.  Likewise, 
if t h e  co l lec tor  is o r ien ted  to within 15 east o r  wes t  of t r u e  - 
south,  t h e  loss of e f f ic iency  is slight. 
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Materials $ >  

Glass, especial ly  low-iron glass, is probably s t i l l  t h e  
mos t  e f f i c i en t  glazing, because  it is mos t  t r anspa ren t  to solar  
energy.  Most co l lec tor  tests show higher e f f ic iency  for  
double  glazing t h a n  for  single, especial ly  in colder  weather .  
The  loss of incoming radiat ion f r o m  double glazing is more  
than  compensa ted  for  by t h e  value of t h e  second layer  in 
blocking escaping  hea t .  However ,  for  low- tempera ture  ap-  
pl icat ions l ike  swimming pool hea t ing ,  s ingle  glazing may  be  
prefer red .  

Glazing ef f ic iency  c a n  b e  fu r the r  improved by applying 
a n  an t i r e f l ec t ive  coa t ing  to t h e  outs ide  su r face  of t h e  
glazing. By mounting t h e  glazing within four  c e n t i m e t e r s  of 
t h e  absorber  p la te ,  you can  r educe  energy  losses caused  by 
t h e  convec t ion  of hea ted  a i r  away  f rom t h e  p la te .  

Although any m e t a l  p l a t e  c o a t e d  wi th  f l a t  black paint  is 
a good absorber ,  i t  is a lso a good rad ia tor .  So e f f o r t s  have  
been  m a d e  to find a way of coa t ing  m e t a l  to prevent  t h e  
re rad ia t ion  of infrared.  A s u r f a c e  t h a t  absorbs solar  energy  
wel l  but e m i t s  very l i t t l e  in f ra red  radiat ion is cal led a 
"se lec t ive  surface." 

n 

A se lec t ive  su r face  is genera l ly  s o m e  m e t a l  oxide 
deposi ted e lec t r ica l ly  on a br ight  m e t a l  absorber  plate .  A t  
high t e m p e r a t u r e s  a se l ec t ive  s u r f a c e  absorber  wi th  just one  
glazing pe r fo rms  b e t t e r  t han  a flat black absorber ,  even  wi th  
double  glazing. 

Liquid is p re fe r r ed  to a i r  as a t r anspor t  fluid f rom a n  
ef f ic iency  s tandpoint .  I t  has  a higher h e a t  capac i ty ,  and  
more  h e a t  can  b e  t r ans fe r r ed  per unit of e l e c t r i c  power by 
pumping liquid than  by blowing air .  

Insulation and t igh tness  a r e  also ef f ic iency  fac tors .  
Every leak ,  whe the r  of fluid or  of hea t  i t se l f ,  is a drain on 
t h e  col lector 's  eff ic iency.  

Double glazing, s e l ec t ive  sur faces ,  and wa te r t igh t  
plumbing a l l  add to t h e  cost of a co l lec tor  sys tem.  In making 
cho ices  of ma te r i a l s  for  a co l l ec to r ,  t he re fo re ,  e f f ic iency  has  
to b e  balanced aga ins t  cost. 
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. -  Operation 
T o  o p e r a t e  at g r e a t e s t  e f f i c i ency ,  a sys t em must  b e  

designed to t a k e  advan tage  of t h e  most  possible insolation. 
The  basic  rule  for  e f f i c i en t  col lector  ope ra t ion  is this: The 
closer  t h e  co l l ec to r  t e m p e r a t u r e  s t ays  to t h e  ambien t  a i r  
t e m p e r a t u r e ,  t h e  more  e f f i c i en t ly  t h e  co l l ec to r  operates .  

Why is this? Isn't t h e  whole purpose of a solar co l l ec to r  
to c o l l e c t  radiant  energy? And shouldn't a successful  collec- 
t o r ,  t he re fo re ,  g e t  much ho t t e r  t h a n  t h e  surrounding a i r ?  

The answer is t h a t  although t h e  purpose of t h e  col lector  
is to co l l ec t  energy and t r ans fo rm i t  to h e a t ,  t h e  purpose of 
t h e  sys t em is to move t h e  h e a t  and s t o r e  i t ,  not l eave  i t  to 
build up in t h e  col lector .  If t h e  t r anspor t  fluid is flowing too 
slowly, t h e  co l l ec to r  ove rhea t s  and  begins r e rad ia t ing  energy 
to t h e  surrounding air .  If t h e  sys t em is maintaining t h e  
proper flow r a t e  for  t h e  t r anspor t  fluid, t h e  fluid will b e  
removing energy as fast as t h e  col lector  co l l ec t s  i t .  So t h e  
co l l ec to r  should never  g e t  e x t r e m e l y  hot ,  and won't do so 
unless t h e  sys t em shuts  down. 

Controls 
The the rmos ta t s ,  pumps, and f ans  on an  a c t i v e  sys t em 

allow t h e  sys t em to co l l ec t  and s t o r e  ene rgy  at appropr i a t e  
t imes ,  bu t  t h e y  also p r o t e c t  t h e  sys t em f r o m  f reez ing  o r  
overheat ing,  which c a n  d a m a g e  or des t roy  t h e  col lector .  

Essentially,  t h e  con t ro l s  must  allow t h e  sys t em to 
co l l ec t  energy when t h e r e  is energy to co l l ec t ,  and mus t  s h u t  
down t h e  sys t em when cont inued operat ion would m e a n  
ene rgy  loss. In o the r  words, fluid mus t  begin to c i r c u l a t e  
when t h e  col lector  r eaches  i t s  s t a r t -up  t e m p e r a t u r e .  If t h e  
co l l ec to r  drops below i t s  cut-off t e m p e r a t u r e  t h e  sys t em 
should s t o p  until  t h e  col lector  h e a t s  up again.  O the rwise  t h e  
s t o r a g e  will b e  heat ing t h e  co l l ec to r  instead of t h e  o t h e r  way 
around. Within t h e  t e m p e r a t u r e  r ange  where  col lect ion is 
possible, t h e  r a t e  of flow should b e  a c c e l e r a t e d  or  slowed to 
collect as much energy as possible. With a properly con- 
t rol led flow r a t e  t h e  col lector  r ema ins  at t h e  t e m p e r a t u r e  
which will provide t h e  desired fluid t e m p e r a t u r e  at t h e  best  
eff ic iency.  

The re  a r e  o t h e r  more  sub t l e  considerat ions in designing 
t h e  controls  fo r  a n  a c t i v e  solar system. A well-trained 
instal ler  or  salesman should b e  a w a r e  of how con t ro l s  may 
need to be ta i lored to a pa r t i cu la r  locat ion or c l ima te .  

How Collector Efficiency I s  Measured 

ambient air temperature: temperature 
of air around the collector. 

T h e  Nat ional  Bureau of Standards and t h e  Amer ican  
Soc ie ty  of Heat ing,  Re f r ige ra t ing ,  and  Air-conditioning Engi- 
nee r s  have developed procedures  to test co l l ec to r s  fo r  e f f i -  
c iency,  and  most  major manufac tu re r s  c a n  provide indepen- 
den t  test resul ts  to a prospect ive buyer. 
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Col l ec to r  eff ic iency is def ined as t h e  r a t i o  be tween t h e  * ., 
energy co l l ec t ed  and t h e  solar energy incident  upon t h e  
col lector .  This eff ic iency is a funct ion of insolation, outs ide n 
a i r  t e m p e r a t u r e ,  absorber  t e m p e r a t u r e ,  t y p e  of t r anspor t  
f luid and flow r a t e .  

x 100 % co l l ec to r  - h e a t  co l l ec t ed  
eff ic iency - solar ene rgy  incident on co l l ec to r  

rl = y x  100 

h e a t  co l l ec t ed  = flow r a t e  x t i m e  x h e a t  c a p a c i t y  of 
fluid x t e m p e r a t u r e  change  f r o m  inlet  
to o u t l e t  

Q = F x t x C x ( T  0 1  - T . )  

To  d e t e r m i n e  t h e  solar ene rgy  incident  on t h e  co l l ec to r ,  
w e  use t h e  following equat ion:  

inc ident  energy:  a m o u n t  of s o l a r  rad l -  
ation falling upon a surface. 

incident ene rgy  = co l l ec to r  a r e a  x t i m e  x insolation 
reading at t h e  co l l ec to r  ang le  

n 
I = A x t x H  

So t h e  c o m p l e t e  equat ion for  de t e rmin ing  col lector  
e f f i c i ency  is: 

F x t x C x (To - Ti)  'I= 
A x t x H  

Not i ce  t h a t  t h e  t i m e  f a c t o r s  in t h e  numera to r  and t h e  
denominator  c a n  c a n c e l  e a c h  o the r .  

I t  is  impor t an t ,  in ca r ry ing  o u t  t h e s e  calculat ions,  to b e  
s u r e  t h a t  t h e  units a r e  consis tent ;  m e t r i c  and English uni ts  
can ' t  b e  mixed. If necessary,  insolation units a r e  conve r t ed  
to b e  consis tent  with t h e  r e s t  of t h e  equat ion.  

Graphing Collector Efficiency 

When you look at sa l e s  l i t e r a t u r e  a b o u t  a manufac tu red  
co l l ec to r ,  you will no t i ce  t h a t  t h e  l i t e r a t u r e  usually includes 
a graph showing a n  e f f i c i ency  c u r v e  for  t h e  col lector .  This 
cu rve  may b e  p lo t t ed  in one  of seve ra l  ways. 
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O n e  way is to show ef f ic iency  versus  t h e  pa rame te r  

in le t  t e m p e r a t u r e  minus ambien t  t e m p e r a t u r e  
solar  energy  incident  on  t h e  co l lec tor  

Percent collector efficiency 

(Ti  - Ta) "F/hr/ft* ___. 

I Btu 

Since t h e  meaning  of th i s  plot  is not  easy to p ic ture ,  ano the r  
way of p lo t t ing  e f f ic iency  is to show ef f ic iency  versus  
a v e r a g e  co l lec tor  fluid t e m p e r a t u r e ,  which is t aken  to b e  t h e  
ave rage  of t h e  in le t  and t h e  o u t l e t  t empera tu res .  This t y p e  
of graph  might  appea r  l ike  this: 

Percent collector efficiency 

Another  useful t y p e  of graph  is t h e  t y p e  t h a t  makes  a 
comparison be tween  ambien t  a i r  t e m p e r a t u r e  and  absorber  
p l a t e  t e m p e r a t u r e .  Since e v e r y  test of: a co l lec tor  is done  at 
s o m e  ambien t  t e m p e r a t u r e ,  and s ince  tpe d i f f e rence  be tween  
co l lec tor  t e m p e r a t u r e  and ambien t  t e y p e r a t u r e  is impor t an t  
to ef f ic iency ,  graphs  like t h e  one  below a r e  espec ia l ly  
meaningful. 

1 
I 

Percent collector efficiency 
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&laze> collector s 
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Each of t h e  f a c t o r s  discussed has  a n  effect on eff ic ien-  
cy. To  m a k e  t h e  most  of a n  a c t i v e  solar  sys tem,  t h e  user will 
find i t  helpful to know how t h e  glazing, absorber  sur face ,  
insulation, fluid and flow r a t e ,  incident  radiat ion,  ambien t  
t e m p e r a t u r e ,  and sys t em cont ro ls  a l l  i n t e rac t .  

7 '. 

System Quality 
Any new and growing indus t ry  has  p i t fa l l s  for  t h e  buyer, 

including unscrupulous sa lesmen and incompe ten t  instal lers .  
Even a r epu tab le  manufac tu re r  produces a n  occasional  "lem- 
on," as eve ryone  knows. Wise consumer ism,  a n  understanding 
of how solar  sys t ems  work, and  plain common  sense  a r e  t h e  
buyer's bes t  p ro tec t ion .  

As wi th  any  o the r  expensive inves tmen t ,  t h e  buyer 
should shop around -- not  just fo r  t h e  bes t  buy, but  for  t h e  
bes t  package.  T h a t  package  should include 

o a c o n t r a c t o r  wi th  exper ience ,  a good reputa t ion ,  
and a record  of sa t i s f ied  cus tomers  in t h e  a r e a  who 
c a n  be  con tac t ed ;  

o a wr i t t en  e s t i m a t e  of costs, including par t s ,  labor ,  
pe rmi t  fees, and se rv ice  c o n t r a c t  charges ;  

o a wr i t t en  e s t i m a t e  of sys t em pe r fo rmance  at t h e  
s i te ;  

o good-quality pa r t s  t h a t  will cont inue  to be  avail- 
a b l e  over  t i m e ;  

o a sys t em t h a t  has  been  per formance- tes ted  and 
m e e t s  t h e  s tandards  of ASHRAE (Amer ican  Socie ty  
of Heat ing,  Ref r igera t ing ,  and  Air-condi t ioning 
Engineers); 
wr i t t en  war ran t i e s  for  t h e  sys t em and t h e  installa- 
t ion work, a se rv ice  c o n t r a c t ,  and a n  owner's 
manual. 

o 
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The Bottom Line 
Depending on whether  i t  is manufac tu red  o r  homemade,  

dea le r  or  owner-installed, pa r t ly  or  fully au tomated ,  t h e  
pr ice  of an  a c t i v e  solar  co l lec tor  sys t em will va ry  reat ly .  A 
domes t i c  ho t  w a t e r  sys t em will c o s t  be tween  ! 2500 and  
$5000. 

With s p a c e  hea t ing  sys tems,  which a r e  la rger ,  t h e  costs 
a r e  higher, ranging f r o m  $3000 to $15,000. Es t ima tes  a r e  
o f t e n  made  by square  foot of co l lec tor ,  wi th  $40-55 per  
square  foot being ave rage  fo r  a n  instal led sys t em including 
plumbing and s torage .  

The  payback period for  a n  a c t i v e  solar  hea t ing  s y s t e m  
is linked to t h e  kind and pr ice  of t h e  convent iona l  fue l  being 
used previously. Depending on whether  t h e  owner  uses oil, 
gas ,  e l e c t r i c  hea t ,  or  wood, and  depending on t h e  loca l  cost 
of t h e  fuel ,  a n  a c t i v e  solar  w a t e r  hea t ing  sys t em will pay for  
i tself  in four  to t e n  years ,  and a s p a c e  hea t ing  sys t em will 
pay for  itself in anywhere  f r o m  f ive  to t w e n t y  years .  

127 



The pr ices  and paybacks descr ibed above  a r e  subjec t  to < <  

a va r i e ty  of changing fac tors .  Inflation increases  costs (both 
of fossil fue ls  and solar systems) ,  bu t  growth  in solar  manu- 
f ac tu r ing  will t end  to reduce  solar  costs. Well t r a ined  do-it- 
yourselfers  may  b e  ab le  to build e f f i c i en t ,  homemade  sys t ems  
o r  sys t ems  f rom ki ts  or  components  for  well under t h e  going 
commerc ia l  r a t e ,  or  s a v e  money by buying commerc ia l  sys- 
t e m s  bu t  doing t h e  instal la t ion themselves .  

See C h a p t e r  22 f o r  in format ion  abou t  t a x  incent ives  fo r  
t h e  so la r  buyer. 

System Safety 

Whether  manufac tu red  or  homemade,  t h e  solar  collec- 
to r  sys t em requires  a c e r t a i n  amoun t  of understanding f o r  
safe operat ion.  

F i r s t  of a l l ,  solar  co l lec tors  c a n  get ex t r eme ly  hot. 
Pipes  and duc t s  leading f rom t h e  co l lec tor  should be  wel l  
insulated,  both for  e f f ic iency  and safe ty .  The co l lec tor  
conta iner  mus t  b e  insulated and  f i reproofed  to p reven t  pos- 
s ible  mel t ing,  charr ing,  o r  burning of t h e  con ta ine r  o r  t h e  
s u r f a c e  i t  is mounted  on. 

Any t i m e  t h a t  t h e  sys t em is no t  opera t ing ,  it will h e a t  
up in t h e  sunshine because  t h e  t r anspor t  fluid is not  cont inu-  
a l ly  car ry ing  h e a t  o u t  of t h e  co l lec tor  to s torage .  A 
"sta nant"  absorber  p l a t e  c a n  soar  to ove r  2OO0C (about  
400 F). If t h e  sys t em suddenly goes  on, t h e  cool t r anspor t  
fluid en te r ing  t h e  hot  co l lec tor  c a n  t h e n  c a u s e  " thermal  
shock," breaking t h e  glazing, c r ack ing  or  warping t h e  absorb- 
e r ,  and burst ing t h e  pipes. 

& 

n 

Stagnat ion ,  f reez ing ,  fluid expansion, pressure,  and  t h e  
genera t ion  of s t eam;  any  of t h e s e  c a n  cause  sys t em damage .  
The  impor t ance  of proper  instal la t ion can ' t  b e  overs ta ted .  

If t h e  t ranspor t  fluid in t h e  sys t em is toxic ,  a l l  p ipes  
should b e  c lear ly  marked  to distinguish t h e m  f r o m  t h e  pipes 
for potab le  water .  A double th ickness  h e a t  exchanger  i s  
recommended,  and  tox ic  t r anspor t  f luids  a r e  usually colored 
so t h a t  a leak  in to  t h e  household w a t e r  supply will b e  
de t ec t ab le .  A backflow prevent ion valve will keep  w a t e r  
supplied to t h e  co l lec tors  f rom flowing back  in to  t h e  genera l  
w a t e r  supply. 

As a f inal  s a f e t y  considerat ion,  solar  co l lec tors  should 
be  mounted  where  they  a r e  access ib le  for  repair  and  serv ice ,  
b u t  not  for  pranks and damage.  
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0 Making a Solar Investment - 

An a c t i v e  solar  co l lec tor  sys t em is less compl ica ted  
than  many of t h e  machines  and appl iances  w e  use eve ry  day. 
And although t h e  ini t ia l  inves tment  is a major  one,  t h e  
energy  saving f rom a well-installed,  e f f i c i en t  sys tem is a l so  
major  s ince  t h e  fue l  itself is f ree .  The  a c t i v e  solar  option is 
a r ea l  one  for  many  fami l ies  and businesses. 
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Chapter 16 

Concent rated Sunshine 

The anc ien ts  had a g r e a t  regard  for  t h e  sun as t h e  
major  source  of energy  in the i r  lives. They were  f a sc ina t ed  
by t h e  problem of how to intensify sunl ight  to ach ieve  high 
t empera tu res .  Many ea r ly  drawings show the i r  e f f o r t s  to 
envision how this  could be  done. "Burning glasses" w e r e  
known in anc ien t  China,  Greece ,  and  Rome ,  and by 200 B.C. 
t h e  Greeks  had ar r ived  at t h e  geomet r i ca l  key to concen t r a t -  
ing solar  energy.  

130 



. 4- Today r e sea rche r s  and engineers  a r e  ref ining this  an-  
c i en t  knowledge to use solar  radiat ion to ach ieve  t h e  t emper -  
a t u r e s  needed for  modern  industr ia l  p rocesses  and t h e  gener -  
a t ion  of e lec t r ic i ty .  

The Power of the Parabola 
The  key to concen t r a t ing  sunl ight  is t h e  parabola. The  

solar  energy  w e  rece ive  on e a r t h  is not  very  intense:  f i r s t ,  
because  of t h e  d is tance  i t  has  t rave led ,  and  second,  because  
of t h e  deple t ing  e f f e c t s  of t h e  a tmosphere .  Still,  there ' s  a 
lo t  of i t ,  spread  over  a l a rge  area. If a la rge ,  dispersed 
amoun t  of insolation c a n  b e  focussed on a sma l l  point ,  t h a t  
point  will r ece ive  a ve ry  l a rge  amoun t  of radiat ion.  

This is precisely wha t  a r e f l ec to r  wi th  a parabol ic  s h a p e  
c a n  do. The  d iagram below shows how various parabol ic  
r e f l ec to r  shapes  c a n  be used to t a r g e t  points  where  radiat ion 
is to b e  focussed. Solar devices  t h a t  t a k e  a d v a n t a g e  of this  
pr inciple  a r e  cal led concen t r a t ing  collectors. 
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*e . 
There  a r e  two  main  types  of co l lec tors  for concen t r a t -  

ing solar  radiation: l ine focus  co l lec tors  and point  focus  
col lectors .  

Line Focus Collectors 
If you m a k e  a two-dimensional parabola  of a re f l ec t ive  

su r face ,  t h e  resul t  is a so r t  of parabol ic  half-cylinder o r  
trough. Sunlight s t r iking th i s  su r f ace  will b e  r e f l ec t ed  to 
focus  along a l ine running t h e  length of t h e  cylinder.  Line 
focus  co l lec tors  a r e  designed wi th  a pipe t h a t  ca r r i e s  a 
t ranspor t  fluid along t h a t  l ine of focus.  The concent ra t ion  of 
radiat ion on t h a t  l ine can  ach ieve  t e m p e r a t u r e s  f rom 100°C 
to 40OoC. T h e  problem then  becomes  how to t ranspor t  and 
s t o r e  t h e  co l lec ted  energy  wi thout  major losses. Some  
col lec tors  have  a glass t ube  around t h e  t ranspor t  pipe and t h e  
re f lec tor .  The glass t u b e  is evacua ted  (contains  a vacuum) 
and th i s  reduces h e a t  losses. Parabolic trough 

Line focus  co l lec tors  a r e  being used for  space  hea t ing  
and air-conditioning, e l ec t r i ca l  genera t ion ,  and production of 
s t e a m  for  industr ia l  processes.  Large  instal la t ions of many 
such co l lec tors  a r e  cal led dis t r ibuted co l lec tor  systems.  

These parabolic trough collectors generate electricity to  power two 
hundred thirty acres worth of irrigation in New Mexico. 

Point Focus Collectors 
Solar radiat ion can  be  concen t r a t ed  even  more  intense-  

ly with a point focus  col lector .  Instead of t h e  parabol ic  
t rough,  which b e a m s  radiat ion at a line, a parabol ic  dish is 
used, which beams all  t h e  radiat ion received toward a given 
point.  Col lec tors  using point focus  ach ieve  t empera tu res  of 
ove r  4OO0C, and some la rge  instal la t ions of th i s  t ype  have  
recorded  t e m p e r a t u r e s  of over  40OO0C. (The t e m p e r a t u r e  of 
t h e  su r face  of t h e  sun is abou t  50OO0C.) With t empera tu res  
l ike  these ,  e l ec t r i ca l  genera t ion  becomes  m o r e  e f f i c i en t  and 
t h e  mel t ing  of me ta l s  becomes  feasible;  point focus  col lec-  
t o r s  a r e  appropr ia te ly  cal led "solar furnaces." 
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Power Towers 
The largest-scale  e f f o r t s  to apply t h e  principle of point 

he,iostat: a sun-tracking instrument, 
focus a r e  known as c e n t r a l  rece ivers  or  power towers .  These  (See dossarv.) 
giant  instal la t ions use l a rge  a r e a s  of land covered  with 
ad jus tab le  mounted mir rors  to focus  l a rge  amoun t s  of insola- 
t ion  on a small  rece iver  t a r g e t .  

- 

O n e  of t h e  ear l ies t  p ro jec ts  of th i s  type ,  in Odeillo,  
France ,  uses a “bouncing” technique.  A field of sun-tracking 
mir rors  (hel iostats)  r e f l ec t s  radiat ion toward  a la rge ,  para-  
bolic wall  which in turn  r e f l ec t s  t h e  concen t r a t ed  radiat ion 
at a t a r g e t  furnace .  

Solar furnace, Odeillo, France. 

heliostatic reflectors 

Other  designs p lace  t h e  foca l  fu rnace  at t h e  t o p  of a 
tower ,  surrounding it with sun-tracking re f lec tors ,  a l l  fo- 
cussed on t h e  furnace.  Each individual r e f l ec to r  is sl ightly 

This central receiver in Georgia is 
designed to  test experimental solar 
thermal hardware. The center o f  the 
focal zone achieves temperatures 
approaching 1900°C (3450’F). 



curved  and all t h e  r e f l ec to r s  t oge the r ,  when properly adjust-  
e d ,  f o r m  one  huge parabola .  

The Use of Lenses for Point Focussing 

Another  way of focussing radiat ion on a point is to use 
a lens. The  product ion of la rge ,  a c c u r a t e  lenses  is diff icul t  
and  cost ly ,  however ,  and l a rge  lenses  a r e  heavy,  so they  a r e  
not  ge t t i ng  much a t t e n t i o n  in solar  research.  The  except ion  
is t h e  many-face ted  Fresne l  lens ,  which can  be  manufac tu red  
cheaply  of p las t ic  and gives  good concen t r a t ion  eff ic iencies .  
A spec ia l  appl icat ion of t h e  Fresne l  lens  will b e  discussed in 
t h e  chap te r  on photovol ta ics .  

Fresnel lens: a thln lens that acts as 
a thick lens, due to its serrated sections. 

One  advan tage  of lenses  is t h a t  t hey  also se rve  as 
windows, p ro tec t ing  t h e  absorber  and reducing hea t  loss. 

n 

The "windows" of this experimental collector are Fresnel lenses, which 
concentrate the radiation that passes through them. 

Problems with Concentrator Collectors 
The  concen t r a t ion  of solar  ene rgy  to achieve  high 

t e m p e r a t u r e s  poses  chal lenging engineer ing problems. The  
quest ion is not  whe the r  i t  can  be  done, bu t  how to d o  i t  
e f f i c i en t ly  and cost e f fec t ive ly .  

One  problem is to select ma te r i a l s  t h a t  will do  t h e  job 
wi thout  de te r iora t ion  f rom wea the r ,  radiat ion,  o r  cons t an t  
exposure  to high t empera tu res .  The  higher t h e  t e m p e r a t u r e s  
achieved ,  t h e  m o r e  diff icul t  t h i s  problem becomes.  

n 
Perhaps  t h e  most  expensive p a r t  of t h e  design is t h e  

t racking  mechanism fo r  t h e  r e f l ec to r  o r  concen t r a to r .  Since 
t h e  e a r t h  ro t a t e s ,  t h e  concen t r a to r  must  r o t a t e  in t h e  
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oppos i te  d i rec t ion  to compensa te .  Sun-tracking mechanisms,  
ca l led  he l ios ta t s  , o p e r a t e  continuously through t h e  day,  f ol- 
lowing t h e  sun and keeping t h e  t a r g e t  in focus.  . *  

Finally, t h e  solar  concen t r a to r  faces t h e  s a m e  problem 
as t h e  passive home or  t h e  flat p l a t e  co l lec tor :  sunlight is 
i n t e rmi t t en t .  S to rage  or  a backup energy  source  a r e  the re -  
f o r e  necessary  for  any p rac t i ca l  design. In t h e  case of a 
large-scale  fac i l i ty ,  t h e  ut i l i ty  power grid could be  t h e  
"storage," using solar  e l ec t r i c i ty  when i t  is ava i lab le  and  
o the r  fue ls  when i t  is not .  

The Long View 
So f a r  t h e  p rac t i ca l i t y  of concen t r a t ing  co l lec tors  has  

depended on the i r  expense ,  sca le ,  and t h e  t e m p e r a t u r e s  
needed.  While t h e  power tower  remains  pr imari ly  a research  
endeavor ,  l ine focus  co l lec tors  in d is t r ibu ted  sys t ems  a r e  
a l r eady  finding s o m e  accep tance .  The  t e m p e r a t u r e s  they  
achieve ,  a l though lower t h a n  those  achieved  by point  focus  
co l lec tors ,  a r e  suf f ic ien t  for  s p a c e  hea t ing  and  cooling, 
industr ia l  processes ,  and  local ized e l e c t r i c a l  needs. 

Concen t r a t ing  co l lec tors ,  though expensive,  o f f e r  a 
re la t ive ly  safe, c lean ,  and renewable  sou rce  of high t empera -  
t u r e  h e a t  for  ut i l i ty  and industr ia l  use. Whether  t h e s e  
technologies  will soon find wider a c c e p t a n c e  will depend on 
people's concern  abou t  energy  supply and  t h e  envi ronmenta l  
impac t s  of energy  use. Whatever  t h e  present  ou tcome ,  w e  
c a n  be  fa i r ly  su re  t h a t ,  as in anc ien t  t imes ,  people  will 
cont inue  to be  in t e re s t ed  in how to c o n c e n t r a t e  sunshine. 

The D.O.E. Central Receiver Test Facility 
in New Mexico has 222 heliostat arrays, 
each containing 25 four foot square mirrors. 

m 
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Chapter 17 

Volts from the Sun 

Studying abou t  photovol ta ics  c a n  be  a very  f rus t r a t ing  
expe r i ence  because  t h e  "state of t h e  a r t "  changes  vir tual ly  
overnight .  In 1977, genera l  opinion was  t h a t  photovol ta ics  
might  b e  commerc ia l ly  compe t i t i ve  by t h e  yea r  2000. In 
1979, expe r t s  shaved t e n  yea r s  f r o m  t h a t  e s t ima te .  Today, 
commerc ia l  photovol ta ics  s e e m s  to b e  vir tual ly  on t h e  hori- 
zon. 
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' .  Twenty  years  ago solar ce l l s  were  fami l ia r  only as t h e  
power in photographic  light me te r s .  The  solar  ce l l s  on 
sa t e l l i t e s  during t h e  s p a c e  program of t h e  1960's r a i s e d  public 
consciousness, but well in to  t h e  1970's they  w e r e  considered 
expensive,  exot ic ,  and only su i tab le  for  r e m o t e  locat ions 
where  normal  e l e c t r i c  t ransmission was  impossible. 

Arrays of solar cells powered Skylab. 

Now homes with photovol ta ic  roof a r r ays  have  been 
built and are being lived in. As t h e  technology of solar ce l l s  
advances  and  t h e  avai labi l i ty  of convent ional  fue ls  drops, 
photovol ta ics ,  like o the r  solar  technologies ,  looks less fan tas -  
t i c  and more  p rac t i ca l  e v e r y  day. 

What is th i s  exc i t ing  technology and  how does i t  work? 

The Nature of the Solar Cell 
The word "photovoltaics" means  l ight-generated e lec-  

t r ic i ty .  The  phenomenon by which l ight  is conve r t ed  d i rec t ly  
to e l ec t r i c i ty  i s  cal led t h e  photovol ta ic  effect, and t h e  
devices  t h a t  do  t h e  conver t ing  a r e  ca l led  photovol ta ic  ce l l s  
o r  solar  cells. A col lect ion of t h e s e  cel ls ,  mounted,  is ca l led  
a photovol ta ic  module. A co l lec t ion  of modules  is ca l led  a n  
a r ray .  

The  ma te r i a l s  used a r e  semiconductors ,  compounds and 
e l e m e n t s  which have some  unusual and in te res t ing  propert ies .  
The  e l e m e n t  most  widely used in solar  ce l l s  is silicon, so we  semiconductor:  a substance 
will use  silicon in explaining how a ce l l  works. wi th  medium conductivity. 
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Silicon and Covalent Bonding 
The silicon a t o m  has  four  e l ec t rons  in i t s  ou te r  (va- 

l ence )  shel l ,  and e a c h  of t h e s e  tends  to fo rm a pair  wi th  a n  
e l ec t ron  f rom ano the r  silicon a tom.  This pairing, cal led 
"covalent  bonding" a t t a c h e s  t h e  original silicon a t o m  to four  
o t h e r  silicon a t o m s  in  a s t ab le  relationship. 

0 0 0 

00 00 00 

0 0 

0 @o 

00 00 

00 00 00 

0 

00 00 

0 0 

The  four  o the r  a t o m s  f o r m  s imi la r  bonds wi th  o t h e r  silicon 
a t o m s  and  a c rys t a l  l a t t i c e  is formed.  

T o  g e t  silicon, so la r  ce l l  manufac tu re r s  t a k e  sand 
(silicon dioxide), and  r emove  and purify t h e  silicon. T o  g ive  
t h e  solar  ce l l  its special  p rope r t i e s  t h e  pure  silicon is then  
"doped" wi th  minute  amoun t s  of o t h e r  e l e m e n t s  t h a t  also join 
in t h e  covalen t  bonding of t h e  c r y s t a l  l a t t i ce .  This doping 
process  conve r t s  t h e  e l e m e n t  to a semiconductor .  One  p a r t  
per  million of t h e  doping a g e n t  is enough to d o  t h e  job. 





solar radiation 
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Diagram of a photovoltaic cell 

7 P-layer 

N-layer I 
Briefly s t a t e d ,  photovol ta ic  e l ec t r i c i ty  is gene ra t ed  

when sunlight s t r ikes  a ce l l  consis t ing of t w o  d i f f e ren t  
semiconductor  layers. The layers  a r e  a r r anged  so t h a t  when 
sunlight s t r ikes  t h e  ce l l  and  knocks e l ec t rons  loose, t h e  
e l ec t rons  will t end  to move  in one  direct ion,  c r e a t i n g  a 
c u r r e n t  in a t t a c h e d  wires. 

Problems and Breakthroughs 
The problem of t h e  photovol ta ics  industry is this: to 

m a k e  a cheap ,  durable ,  and  e f f i c i e n t  cel l .  

Though t h e  raw ma te r i a l ,  sand,  is cheap ,  pure single- 
c r y s t a l  silicon is expens ive  to produce.  Growing t h e  c rys t a l s  
is a slow process ,  and slicing them in to  f i n e  l aye r s  is a 
de l i ca t e  job and  was te s  as much as half of t h e  silicon. The 
round c rys t a l  s l ice  was te s  s p a c e  in a module. Oxidat ion 
around t h e  e l e c t r o d e  causes  corrosion.  Eff ic iencies  for ce l l s  
a r e  low, requir ing very l a rge  a r r ays  to produce suf f ic ien t  
power. 

These  problems have  been a t t a c k e d  by inventors  and  
industry f r o m  many angles ,  in a headlong r a c e  to produce t h e  
cheapes t ,  mos t  e f f i c i en t  ce l l s  and modules. 

Growing silicon ribbon eliminates the 
wasteful process of having to slice solid 
silicon ingots. 

Some industr ies ,  in addi t ion to single-crystal silicon, 
a r e  a l so  exper iment ing  with cheape r  polycrystal l ine silicon 
and  amorphous  silicon f i lms  which c a n  b e  deposi ted on a n  
underlying sur face .  O the r s  a r e  working wi th  cas t ing  rec-  
tangular  ingots  or  growing t h e  c rys t a l  as a ribbon, so t h a t  
ce l l s  c a n  b e  m a d e  squa re  ins tead  of round f o r  b e t t e r  s p a c e  
economy and  to avoid t h e  was tefu l  slicing process. 

amorphous fi lm: a thin f i lm of semicon- 
ductor which is not entirely crystalline. 

To r educe  t h e  number  of ce l l s  needed,  while improving 
ef f ic ienc ies ,  s o m e  c e l l  designers  a r e  combining concen t r a t ing  
r e f l ec to r s  o r  Fresne l  lenses  wi th  ce l l  a r rays .  
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Fresnel lenses mounted in front o f  solar cells concentrate sunlight on each 
cell, increasing electrical output per cell. 



The Last Lap r .  

With so much ded ica t ed  and compe t i t i ve  e f f o r t ,  t h e  
quest ion wi th  photovol ta ics  has  changed  f rom "if I' to  "when." 
One  unresolved problem ( typica l  of al l  solar  technologies) 
remains: t h e  problem of s torage .  S torage  b a t t e r i e s  a r e  a 
possible, bu t  expensive,  solution. The best  answer  may  l i e  
wi th  loca l  ut i l i t ies .  If t h e  owner  of t h e  photovol ta ic  home  o r  
business could f e e d  excess e l ec t r i c i ty  in to  t h e  power grid 
during peak sunlight hours, and draw upon t h e  ut i l i ty  fo r  

work for an area. power at night ,  both u t i l i t i es  and  pr iva te  owners  would 
benef i t .  In fact, neighborhood and local  coopera t ives  and  
ut i l i ty  companies  m a y  b e c o m e  t h e  la rges t  m a r k e t  for  photo- 
vo l ta ic  cells, using ce l l  a r r a y s  to subs t i t u t e  for  convent ional  
gene ra t ing  fue l s  whenever  possible. 

power grid: the electr ici ty supply net- 

If t h e  p a c e  of photovol ta ic  growth  today  is any  indica- 
t ion,  we  won't have  to wa i t  f o r  t h e  yea r  2000 to  see solar  
e l ec t r i c i ty  b e c o m e  a n  a c c e p t e d  p a r t  of everyday  l i fe .  

Photovoltaic cells power this Ohio radio station. 
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* * Chapter 18 

~3 Wind Power 
I f  w e  imagine t h e  e a r t h  as a machine,  t hen  solar ene rgy  

i s  t h e  fue l  t h a t  dr ives  i t .  But t h a t  energy undergoes m a n y  
t r ans fo rma t ions  in driving t h e  ea r th ' s  complex  machinery.  
O n e  of t h e s e  t r ans fo rma t ions  is t h e  convec t ive  c y c l e  of 
hea ted  a i r  which c r e a t e s  wind, a cyc le  t h a t  was  discussed in 
de t a i l  in C h a p t e r  7. 

T h e  t r ans fo rma t ion  f r o m  radiant  to t h e r m a l  to k ine t i c  
wind ene rgy  is useful because  i t  provides ene rgy  in a f o r m  
t h a t  c a n  be t apped  wi th  a d i f f e ren t  technology, o n e  t h a t  has  
been with us fo r  centur ies .  Wind mach ines  changed t h e  face 
of Europe,  helped open t h e  Amer ican  West, and brought 
w a t e r  to t h e  s u r f a c e  of many a dry wasteland.  In fact, s o m e  
p laces  t h a t  have t h e  poorest  supplies of d i r e c t  solar radiat ion 
a r e  r ich in th i s  s econdary  f o r m  of solar energy.  



Wind Machines 

* inverter 
- 

r .  

AC load 

Devices  t h a t  d raw kinet ic  energy f r o m  t h e  wind have  
been  wi th  us f o r  hundreds of years.  Early windmills w e r e  
used to pump w a t e r  or  turn mill wheels,  and t h e s e  funct ions 
a r e  st i l l  impor t an t  in developing regions. Many of today's 
mach ines  produce e l ec t r i c i ty ,  and a r e  m o r e  properly cal led 
wind-powered generators .  Both windmills and wind-powered 
g e n e r a t o r s  a r e  r e fe r r ed  to by t h e  general  n a m e  of "wind 
ene rgy  conversion systems' '  (WECS). The  basic  p a r t s  r ema in  
t h e  same:  sai ls  or blades ( the  rotor) ,  driven by t h e  wind, t u rn  
a n  axis  and i t s  a t t a c h e d  sha f t .  This revolving s h a f t  m a y  b e  
gea red  to dr ive machinery,  or  m a y  act as t h e  spinning c o r e  in 
a n  e l e c t r i c  gene ra to r .  The  machine  is usually mounted on a 
t o w e r ,  w i th  speed con t ro l s  and a b rake  t o  allow fo r  dis- 
mant l ing o r  repairs.  To s t o r e  energy fo r  c a l m  periods,  t h e  
machine  m a y  pump w a t e r  i n to  a raised t ank ,  or  c h a r g e  
s t o r a g e  ba t t e r i e s .  

rotor 

i 

voltage 

&< battery 

A wind energy conversion system 
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. -  New Designs 
Aerospace  r e sea rch  in to  air foi ls ,  aerodynamics ,  and 

new alloys and p las t ics  has  provided t h e  wind industry wi th  
many  new designs and  mater ia l s .  But s o m e  of t h e  most  
fu tu r i s t i c  designs p r e d a t e  t h e  ae rospace  industry.  Two of 
these ,  t h e  Darr ieus  and t h e  Savonius wind gene ra to r  designs, 
mount  t h e  ax is  and s h a f t  ver t ical ly ,  producing a look many  
people  find b i za r r e  and unfamil iar .  Y e t  t h e s e  ver t ica l  axis  
designs a r e  f i f t y  yea r s  old, and ver t ica l  ax is  wind mach ines  
were  used in Pe r s i a  a thousand years  ago. The  advan tage  of 
t h e s e  machines  i s  t h a t  t hey  can  c a t c h  wind coming f r o m  any  
d i r e c t  ion. 

aerodynamics: the study of the forces 
exerted by air  and other gases on wind- 
blownobJects. 

i Darrieus rotor Savonius rotor 

Most of t h e  machines  for  s a l e  today  a r e  horizontal  axis  
machines ,  but  t h e  fami l ia r  many-bladed look of t h e  1800's i s  
o f t e n  rep laced  by one-, two-, o r  three-bladed designs wi th  
t h e  a p p e a r a n c e  of a i rp lane  propel lers .  Unlike a ver t ica l  ax is  
machine ,  a horizontal  axis  mach ine  has  t o  reor ien t  itself as 
t h e  wind sh i f t s .  Some  have  t a i l  vanes to keep  t h e m  fac ing  
in to  t h e  wind; o t h e r s  a r e  designed to o p e r a t e  f ac ing  away 
f r o m  t h e  wind, wi th  t h e  blades s l an ted  to act as t h e  t a i l  vane  
themselves .  

Three-bladed rotor A tail vane keeps the rotor facing 
into the wind 

A rotor designed to operate 
downwind 



Whether to Choose the Wind 6 .  

Wind mach ines  a r e  perhaps,  to t h e  general  public, t h e  
m o s t  famil iar  of all t h e  solar  technologies.  They w e r e  
i m p o r t a n t  in rural  l i fe ,  especial ly  in  t h e  deve lopmen t  of t h e  
G r e a t  Plains,  f r o m  1850 to 1950. C h e a p  fossil fuels  and ru ra l  
e l ec t r i f i ca t ion  brought t h a t  wind e r a  to a close,  but  w e  a r e  
a l r eady  see ing  a r e su rgence  of th i s  p rac t i ca l  technology. 
Fami l i a r  and p rac t i ca l  though t h e y  m a y  be,  however ,  wind 
mach ines  a r e  ne i the r  s imple nor cheap.  T h e  decision t o  
invest  in one  demands  a n  a s ses smen t  of ene rgy  needs,, ma- 
chine e f f i c i ency  and reliabil i ty,  avai lable  wind, and  costs. 

Household Energy Demands 

A h o m e  t h a t  m a k e s  heavy use of many appl iances  is  
unlikely to b e  a b l e  to m e e t  all  of i t s  e l ec t r i ca l  needs wi th  
wind power. Even if t h e  f ami ly  could a f f o r d  a l a r g e  enough 
mach ine ,  t h e  number of s t o r a g e  b a t t e r i e s  needed to supply 
power in c a l m  periods would be unreasonable.  This i s  why 
m a n y  of t h e  ea r l i e s t  adop te r s  of wind power today have been  
people  building homes  in r e m o t e  a r e a s  who found t h a t  t h e  
cost of having power l ines  brought to the i r  s i t e  w a s  prohibi- 
t ive.  T h e s e  people a r e  o f t e n  willing to schedule  the i r  
app l i ance  use to a c c o m m o d a t e  t h e  power supply of a wind 
machine.  

n 

grid,  
ef f ec 
when 
Wind 
much 

For  people who a r e  a l ready l inked to t h e  ut i l i ty  power 
however ,  t h e r e  a r e  o t h e r  possibilities. T h e  grid,  in 
t ,  becomes  t h e  " s to rage  bat tery,"  providing e x t r a  power 
t h e  house needs m o r e  t h a n  t h e  wind sys t em c a n  supply. 
power then  becomes  a quest ion of pe rcen tages .  How 
of my e l e c t r i c i t y  c a n  t h e  wind supply? How much will 

n 
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. -  t h a t  s a v e  me?  C a n  I sell  excess  power to t h e  ut i l i ty  
company? How long will i t  t a k e  to pay off t h e  wind machine  
inves tmen t?  

T o  answer t h e s e  questions,  one  finds o u t  f i r s t  how many 
kilowatt-hours t h e  house uses in a y e a r ,  and t h e n  ca l cu la t e s  a 
monthly or  daily ave rage .  T h e  nex t  point to d e t e r m i n e  is 
your si te 's  annual  a v e r a g e  wind speed at  t h e  proposed height  
of your tower .  

Available Wind 

T h e r e  a r e  l a r g e  var ia t ions in avai lable  wind, even  
within a fair ly  sma l l  a r ea .  Many f e a t u r e s  of t h e  l andscape  
l i ke  t r e e s ,  f ences ,  hills, and houses act as baff les ,  c r e a t i n g  
tu rbu lence  and e x t r a c t i n g  ene rgy  f r o m  t h e  wind. A l t i t ude ,  o n  
t h e  o the r  hand, i nc reases  wind speed,  and  so do open a r e a s  
such as l a rge  bodies of wa te r .  . 

Because  of t h e s e  s i te-specif ic  f e a t u r e s ,  i t  is not  enough 
to use wea the r  d a t a  f r o m  a w e a t h e r  s t a t ion  t e n  miles  a w a y  t o  
f ind  o u t  abou t  your s i te .  Many wind mach ines  won't produce 
a n y  c u r r e n t  at  a l l  at speeds under 8 mph, and e x p e r t s  
recommend a n  annual  a v e r a g e  wind speed of 12 mph or  b e t t e r  
to justify t h e  inves tmen t .  It's impor t an t ,  t h e n ,  to b e  s u r e  
t h a t  your par t icular  s i t e  has  enough wind. Also, s ince winds 
vary g r e a t l y  in speed and direct ion f r o m  season to season,  a 
full  yea r  of monitor ing i s  recommended to g e t  an  ave rage .  

u 
prevailing winds - - 

I openarea 

no obstructions 

Characteristics of a good wind site 

This sophisticated kite helps a utility 
company to measure wind a t  possible 
electric generation sites. 

T h e  height of t h e  tower  will b e  an  impor t an t  f a c t o r ,  
s ince  wind speed inc reases  with a l t i t ude ,  and a ta l l  t ower  
ra ises  t h e  machine  above  t h e  tu rbu lence  induced by t h e  (&J 
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anemometer: an instrument which rnea- 
sures the speed of the wind. 

surrounding t r e e s  and s t ruc tu res .  A kite or  helium balloon . .  
ca r ry ing  a weighted s t r ing  with s t r e a m e r s  placed at  in t e rva l s  
a long  t h e  s t r ing  will help to show how high t h e  tower  mus t  b e  
to e s c a p e  turbulence.  

-= no turbulence - 
r A  

J 

A "balloon test" shows where turbulence stops. 

O n c e  t h e  tower  height  is e s t i m a t e d ,  wind speed a t  t h a t  
height  c a n  b e  measured.  A wind o d o m e t e r ,  a n  a n e m o m e t e r  
w i th  a n  o d o m e t e r  a t t a c h e d ,  m a y  be bought o r  r en ted  f r o m  a 
wind consu l t an t  or  wind equipment  dis t r ibutor .  This d e v i c e  
m e a s u r e s  t h e  mi l eage  of t h e  wind over  a period of t ime .  

Wind speed c a n  b e  measured  by mounting t h e  o d o m e t e r  
o n  a pole t h e  height  of t h e  proposed tower .  A l t e rna t ive ly ,  
you c a n  m e a s u r e  t h e  wind speed at  ground level  and use t h e  
f o r  mula 

V f H \  ?I 

to d e t e r m i n e  wind veloci ty  a t  t h e  height  of t h e  tower.  

(V, is  t h e  veloci ty  at t h e  r e f e r e n c e  height  H,. 'For  t h e  
no rma l  r ange  of wind speeds,  yz is 0.2.) 

Since m o s t  people may not be a b l e  to do a full  year 's  
monitor ing themselves ,  an  a l t e r n a t i v e  method is to "spot 
check' '  wind speeds at your own s i t e  and t h e n  c o m p a r e  t h e m  
to  t h o s e  at  t h e  nea res t  a i rpo r t  or  w e a t h e r  s t a t ion .  Such a 
comparison should enab le  you to use the i r  annual  a v e r a g e  
wind speed to e s t i m a t e  your own. 

I f  you're not su re  where  w e a t h e r  d a t a  a r e  co l l ec t ed  in 
your a r e a ,  c o n t a c t  t h e  Nat ional  C l i m a t i c  Cen te r ' s  NOAA 
Environmental  D a t a  and Information Service,  Fede ra l  Build- 
ing,  Asheville,  Nor th  Caro l ina  28801. 
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Machine Efficiency 
A f t e r  de t e rmin ing  t h e  household's e l e c t r i c i t y  demand,  

and t h e  a v e r a g e  wind speed  avai lable ,  t h e  prospec t ive  buyer  
h a s  to de te rmine  how much energy  a mach ine  in  his p r i ce  
range  can  supply. Every mach ine  on t h e  m a r k e t  has  a " ra t ed  
wind power'' a t  a " ra ted  wind speed." This  te l l s  you t h e  
power in k i lowat t s  produced by t h e  mach ine  under op t ima l  
condi t ions.  For  example ,  a given machine  m a y  be r a t e d  to 
produce  20 k i lowa t t s  at a wind speed  of 29  mi les  per  hour 
(12.9 m e t e r s  per  second) .  

Don't be  misled, however .  T h e s e  a r e  opt imal  condi- 
t ions,  no t  a v e r a g e  conditions. T h e  power produced by a wind 
mach ine  is proport ional  to t h e  cube  of i t s  ope ra t ing  velocity. 

POcV3 

So t h e  s a m e  mach ine  t h a t  produces 20kW at  29  mph will only 
produce abou t  2.8kW at 15 mph and abou t  0.8kW at 10 mph. 

cost 
Now t h e  prospec t ive  buyers  have  to dec ide  how much 

energy  t h e y  c a n  hope to obta in  f r o m  the i r  sys t em,  and  w h a t  
t h e y  a r e  willing to pay for  i t ,  A t a l l e r  t ower ,  a la rger  
machine ,  and m o r e  s t o r a g e  b a t t e r i e s  will supply a higher 
p e r c e n t a g e  of t h e  ene rgy  demand,  but  t h e  ini t ia l  i nves tmen t  
will a lso b e  la rger .  

Wind machines  for  home  use  r ange  in pr ice  f r o m  $4500 
to $14,000. T h e  tower  m a y  cost f r o m  $2000 to  $5000. 
Depending on t h e  amoun t  of s t o r a g e  needed,  b a t t e r y  banks 
r ange  f r o m  $1500 to $4000. If a l t e rna t ing  c u r r e n t  is needed  
t h e  sys t em will have  to have  a n  inve r t e r ,  and if t h e  owner  
plans to f e e d  excess  power in to  t h e  ut i l i ty  power grid, a 
synchronous inve r t e r  i s  needed. Labor  costs fo r  ins ta l la t ion  
mus t  a lso be  t aken  in to  account .  You c a n  s a v e  money on do- 
it-yourself instal la t ion,  but  s o m e  e x p e r t s  a r g u e  f o r  t h e  im- 
po r t ance  of professional  help, espec ia l ly  in  pu t t ing  up t h e  
tower .  

As  of l a t e  1981, a subs tan t ia l  Fede ra l  Energy  C r e d i t  of 
40% of t h e  sys tem's  cost (up to $10,000) c a n  b e  deduc ted  
f r o m  t h e  buyer's f ede ra l  i ncome  tax .  Many states o f f e r  t a x  
incent ives  f o r  t h e s e  sys tems.  An addi t ional  bene f i t  r e su l t s  
f r o m  r e c e n t  legis la t ion requir ing u t i l i t i es  to buy excess  power 
g e n e r a t e d  by consumers  who a r e  l inked to t h e  power gr id ,  
a l though cons iderable  u t i l i ty  r e s i s t ance  has  been  encoun te red  
in s o m e  local i t ies .  In s o m e  a r e a s  t h e  u t i l i ty  a l lows t h e  wind 
mach ine  to run t h e  e l e c t r i c  m e t e r  backwards  when i t  is 
feeding  power i n t o  t h e  grid. In o t h e r  a r e a s  t h e  wind 
machine 's  ou tpu t  is m e t e r e d  sepa ra t e ly ,  and  t h e  owner  is paid 
a p e r c e n t a g e  of t h e  going r a t e .  

0 the r Con side ration s 

These two large, utility-size wind 
generators have rated outputs of 15 kW 

(above) and 60 kW (below). 

If you a r e  weighing a wind inves tmen t ,  you'll need  m o r e  
informat ion  t h a n  c a n  b e  provided here .  H e r e  a r e  s o m e  of t h e  
points to c h e c k  on in  your own a rea .  149 



1. Legal i ty  -- Check  zoning regulat ions,  including set- I .  

back  and height  l imits .  Find o u t  abou t  building 
per  mi ts. 

2. Aes the t i c s  -- Will neighbors or  fami ly  ob jec t  to t h e  
s ize ,  appea rance ,  o r  sound of a wind machine? 

3. Reliabi l i ty  -- The  machine  you wan t  should be  
ava i lab le  fa i r ly  locally, f r o m  a d is t r ibu tor  who c a n  
provide immedia t e  se rv ice  and has  a loca l  reputa-  
t ion  to maintain.  Find o u t  if p a r t s  will cont inue  to  
be  ava i lab le  for  t h e  l i f e  of t h e  machine.  You 
should demand,  at t h e  minimum, a one-year  war-  
r a n t y  aga ins t  malfunct ions.  Ta lk  to severa l  owners  
of t h e  model  you're considering. Ask how o f t e n  
r epa i r s  a r e  needed,  w h a t  t hey  cost, and  how reli- 
a b l e  t h e  dea ler  and manufac tu re r  a re .  

4. Ut i l i ty  i n t e r f a c e  -- What a r r angemen t  will t h e  
local  u t i l i ty  allow for  i n t e r f ac ing  your mach ine  
wi th  t h e  power grid? Will t h a t  a r r angemen t  b e  
pe rmanen t ,  o r  do  t h e y  plan to change  the i r  policy? 
Possibi l i t ies  for  coopera t ion  -- Shar ing  t h e  costs, 
r isks ,  and bene f i t s  of a wind energy  sys t em through 
a coopera t ive ,  local  government ,  group of busi- 
nesses ,  etc. is a n  idea  worth considerat ion.  Group 
e f f o r t s  m a y  also m a k e  negot ia t ions  wi th  t h e  ut i l i ty  
easier and more profitable. 

5.  

Knowledgeable  users  and rel iable  manufac tu re r s  a r e  
required if wind is to m a k e  a s ignif icant  cont r ibu t ion  to t h e  
energy  budget. Wind machines  played a major  role  in ene rgy  
his tory,  however .  Pe rhaps  they  will aga in  become  fami l i a r  
s i lhouet tes  on t h e  horizon. 

n 
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Chapter I9 

Water Power 
O n e  of t h e  most  complex  of t h e  ea r th ' s  sun-driven 

cyc les  is t h e  evapora t ive  cycle .  The  sun's radiat ion t rans-  
f o r m s  t h e  wa te r  on t h e  su r faces  of ponds, lakes ,  r ivers ,  and 
oceans  f rom liquid to gas. In i t s  gaseous fo rm,  w a t e r  i s  
ca r r i ed  by t h e  convec t ion  of hea ted  a i r  to o the r  locations. 
When t h e  a i r  cools t h e  w a t e r  vapor condenses ,  clouds fo rm,  
and  eventua l ly  ra in  falls. As i t  co l l ec t s  in s t r e a m s  and f lows 
downhill t h e  w a t e r  has  grav i ta t iona l  energy  and i t  gives up 
t h a t  energy ,  e i t h e r  slowly, in a smoo th  and gradual  flow, o r  
abrupt ly ,  in cascades  and water fa l l s .  Wherever  a dam is 
m a d e  to collect wa te r ,  t h e  grav i ta t iona l  energy  t h e  w a t e r  
conta ins  is also being s tored .  
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The  many t r ans fo rma t ions  of so la r  energy  in t h e  evapo-  5 -  

r a t ive  cyc le ,  f r o m  radian t  to t h e r m a l  to k ine t ic  to gravi ta -  
t iona l  energy,  g ive  us ano the r  renewable  ene rgy  source ,  
hydropower. 

Head, Flow, and New Power Output 
T h e  a m o u n t  of power you c a n  d raw f rom a hydropower 

instal la t ion depends  on t h r e e  things: t h e  he ight  f r o m  which 
you d raw t h e  w a t e r  (head), t h e  a m o u n t  of w a t e r  you get per  
minu te  (flow), and  t h e  e f f ic iency  of t h e  machine  used to 
conve r t  t h e  water ' s  energy  to mechanica l  work o r  e lec t r ic i ty .  

Power  = f low r a t e  x head  x e f f ic iency  
A l a rge  flow of wa te r  f r o m  a high head (Niagara,  for  
example)  conta ins  t remendous  energy.  But much m o r e  mod- 
est amoun t s  of hydropower have  been  used f o r  cen tu r i e s  to do  
useful  work. 

Waterwheels and Turbines 
The  ea r l i e s t  use of hydropower was  for  mechanica l  jobs, 

and t h e  device  used was  t h e  waterwheel .  A l a rge  wheel  w i th  
paddles  or  t roughs  was  dr iven by w a t e r  spout ing f rom a 
spillway. The  w a t e r  might  b e  d i r ec t ed  so as to dr ive t h e  
lower  p a r t  of t h e  wheel  wi th  t h e  water ' s  flow. Such 
undershot  wheels  don't requi re  a high w a t e r  level  to t u r n  
t h e m ,  bu t  t hey  have  correspondingly low eff ic iencies .  An 
improvemen t  is t h e  Ponce le t  wheel  wi th  curving paddles  and  
a t igh t ly  f i t t i ng  cas ing  to keep  t h e  f lowing w a t e r  t rapped  in 
t h e  paddles. The  b reas t  wheel ,  s imilar  bu t  m o r e  complex,  is 
designed to have  t h e  w a t e r  e n t e r  a t  a higher level. 

All of t h e s e  undershot  wheels  use a combinat ion of 
w a t e r  veloci ty  and mass to dr ive  them.  By con t r a s t ,  t h e  
m o r e  e f f i c i en t  overshot  wheel  rece ives  w a t e r  dropped f rom a 
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A Hydropower Installation c .  

The basics of a modern hydropower instal la t ion a r e  
shown in t h e  i l lustration. Where t h e r e  is suf f ic ien t  head at a 
convenient  dis tance,  a pipe is inser ted in t h e  flow at t h e  
needed elevat ion above  t h e  turbine.  When t h e  head is too 
low, a dam is used, with w a t e r  drawn in to  a headrace.  The  
pipe or headrace  usually channels  t h e  w a t e r  th rough a t rash-  
r ack  which c lears  debris. The  w a t e r  t h e n  e n t e r s  a pipe cal led 
t h e  pens tock  and t rave ls  to t h e  turb ine  inlet ,  equipped with a 
governor.  The  governor consists of valves which cont ro l  t h e  

t imes  when demand may exceed  supply, and low t imes  when only a fraction of the plant's 
gene ra t ing  c a p a c i t y  is being used. 

The  idea of pumped s t o r a g e  is to  t a k e  advan tage  of e l e c t r i c i t y  no t  being used  in 
per iods of low demand t o  increase the gene ra t ing  c a p a c i t y  for  per iods of high demand.  

Designed to  meet short-term peak demand f o r  electricity at the lowest possible cost, the Blenheim-Gilboa project 
recycles water between two reservoirs connected through a powerhouse at the base of Brown Mountain in 
northeastern New York. 
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turbine inlet 
A hydropower installation 

wate r  flow to produce uniform power generat ion.  Passing 
through and driving t h e  turb ine  wheel  or  runner,  t h e  wa te r  
t hen  is re turned  through a t a i l r ace  to t h e  s t r e a m  or r iver  
f r o m  which i t  came .  The  power f rom t h e  turbine,  meanwhile ,  
dr ives  an  e l e c t r i c  genera tor .  The  e l ec t r i c i ty  can  be  used as 
d i r e c t  cu r ren t  to provide hea t  and l ight  or to cha rge  s to rage  
ba t te r ies .  If a l t e rna t ing  cu r ren t  is needed,  fo r  appl iances  or 
machinery,  a n  inver te r  changes t h e  D.C. to A.C. With t h e  
recent ly  developed synchronous inve r t e r  it is possible to 
produce a regular  f low of a l t e rna t ing  cu r ren t  and to synchro- 
n ize  t h a t  cu r ren t  wi th  power f rom t h e  u t i l i ty  power grid. 

Hydro Site Analysis 
Since t h e  amount  of power you c a n  get f rom a hydro 

fac i l i ty  depends on t h e  head and flow of t h e  ava i lab le  wa te r ,  
it's impor t an t  t o  know t h e  head and flow at your s i te .  It's 
par t icu lar ly  impor tan t  t o  have t h e s e  d a t a  if you a r e  consider-  
ing buying and refurbishing old equipment ,  because  hydro- 
power equipment  is t a i lo red  to t h e  site. A turb ine  t h a t  
func t ioned  well in one  se t t i ng  might  b e  worthless  in  another .  
D a t a  should b e  co l lec ted  for a ful l  year ,  s ince  you need to 
know your water ' s  minimum and maximum head and  flow. 

synchronous inverter: a device which 
converts direct current to alternating 
current and feeds i t  to appliances or 
to the  power grid on a continuous basis. 

Head is t h e  height t h e  wa te r  descends,  f rom t h e  t o p  of 
t h e  headrace  to t h e  ou t l e t  of t h e  turbine.  (Note:  it is not  t h e  
d is tance ,  but  t h e  ve r t i ca l  height  t h a t  mus t  b e  measured.)  To 
d e t e r m i n e  head,  it is best  to use a surveyer 's  level  and scale .  
If t h e s e  aren ' t  avai lable  a carpenter ' s  l eve l  can b e  used, bu t  
th i s  is a slow and tedious process.  

head: the height from which water ,s 
drawn. 
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I ,  

level of source 

A + B - C = head 

Measuring to determine head 

-7- 
distance B 

level of hydropower site 

-1 distance 

I- & 
L 

There  a r e  various me thods  fo r  measur ing  flow, depend-  
ing on t h e  size of t h e  s t r e a m  or  river.  A sma l l  s t r e a m  c a n  b e  
channelled into a bucket.  Using a t i m e r ,  t h e  flow in to  t h e  
bucket  c a n  b e  t i m e d  and t h e  measu remen t  conve r t ed  to t h e  
appropr i a t e  unit  of volume per un i t  of t ime .  

flow: t he  amount of water available 
per unit of time. 

For a la rger  s t r e a m  a "weir" or  board dam c a n  b e  
cons t ruc t ed  with a measured  s lot  t h a t  allows t h e  full  f low of 
t h e  s t r e a m  to pass through t h e  measu red  a rea .  By measur ing  
t h e  dep th  of t h e  w a t e r  as i t  f lows through t h e  slot and  t a k i n g  
a reading  f rom a "weir t ab le"  ( see  C h a p t e r  19 re fe rences )  a n  
a c c u r a t e  measu re  of t h e  flow c a n  b e  de te rmined .  

Using a weir to determine flow 
Sample Weir Table 

J' , I ' \ J  

Depth on stake 
in inches 

Cubic feet per minute 
per inch of slot width 

r l  I 0.40 

I 2  I . lb I 
1 3  

2.09 

I 4  .I 3.22 

I 1 

n 

n 

n 
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. I  

Where t h e  s t r e a m  is too la rge  to pe rmi t  such methods  a 
rougher  e s t i m a t e  c a n  b e  obta ined  by t iming  t h e  speed  of a 
float in t h e  s t r e a m  fo r  a c e r t a i n  d is tance .  The  cross- 
sec t iona l  a r e a  is de t e rmined  by tak ing  a se r i e s  of dep th  
measu remen t s ,  averaging  t h e m ,  and multiplying t h e  a v e r a g e  
d e p t h  by t h e  wid th  of t h e  s t r eam.  Then mult iply t h e  cross- 
s ec t ion  by t h e  d i s t ance  t h e  float t r ave led  to de te rmine  t h e  
volume of wa te r  t h a t  passes  a given point in t h e  measured  
amoun t  of t ime .  

scale 

Determining average depth 

Of course ,  where  t h e  s t r e a m  or  r iver  is so l a rge  t h a t  
t h e  hydro fac i l i ty  will only b e  using a p a r t  of t h e '  flow, t h e  
e n t r a n c e  to t h e  headrace  c a n  b e  s ized  to allow just t h e  
desired flow. 

How Appropriate I s  Hydropower? 
Even wi th  t a x  incent ives ,  using hydropower ca l l s  for  a 

major  i nves tmen t ,  m o r e  t h a n  $10,000 fo r  t h e  sma l l e s t  sys- 
t ems .  People  wi th  knowledge of hydraul ics  and e l ec t ron ic s  
c a n  s a v e  money by doing the i r  own work, bu t  t h e  inves tmen t  
in  t i m e  and e f f o r t  will b e  major. 

Understandably,  then ,  t h e  g r e a t e s t  ac t iv i ty  in  reviving 
hydropower is wi th  communi t ies ,  coopera t ives ,  regional  
groups,  and  smal l  companies  t h a t  have  t h e  cap i t a l  to suppor t  
t h e  ini t ia l  costs. Many such groups a r e  refurbishing old 
hydropower fac i l i t i es  on exis t ing d a m s  t h a t  w e r e  r e t i r ed  
during t h e  c h e a p  fue l  e ra .  Government  g ran t s  for  feasibi l i ty  
s tud ie s  have  encouraged  th i s  t rend .  
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The  advan tage  of such revivals is t h a t  t hey  produce  new - ,  
ene rgy  f r o m  hydropower wi thout  t h e  possible envi ronmenta l  
d a m a g e  of building new dams.  They also help to focus  public 
a t t e n t i o n  on t h e  impor t ance  of preserving t h e  wa te r shed  -- 
fo re s t s ,  wet lands,  lakes ,  and mounta in  a r e a s  -- t h a t  s t o r e  ra in  
and r egu la t e  w a t e r  flow, providing a s t eady  supply of hydro- 
power all through t h e  year .  

watershed: the regLon drained by a river 
system. 
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Chapter 20 

Biomass: Green Energy 

There  a r e  two  fami l ia r  symbols  for  na ture ' s  e t e r n a l  
renewal .  W e  see t h e m  wherever  w e  look: in anc ien t  and  
modern  a r t ,  in movies ,  on billboards, in children's c rayoned  
pictures .  O n e  is t h e  sun; t h e  o the r  is a growing plant .  
Tassel ing corn ,  sprout ing  r ice ,  r ipening apples: t h e s e  and l ike  
images  give us a s e n s e  of hope and well-being. 

I t  is appropr ia te  t h a t  plants  should be  assoc ia ted  wi th  
t h e  sun in th i s  hopeful symbolism, because  plants  a r e  ma jo r  
co l lec tors ,  processors ,  and s to re r s  of solar  energy.  In th i s  
c o n t e x t  p lan ts  and  plant  products  and residues a r e  ca l led  
"biomass", a t e r m  used to descr ibe  all t h e  ea r th ' s  o rganic  
m a t t e r ,  conta in ing  solar  energy  s to red  in chemica l  f o r m  
through t h e  process  of photosynthesis. 
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I t  is t h a t  phrase  "s tored in chemica l  form" t h a t  is t h e  . .  
key  to t h e  special  po ten t ia l  of biomass. Biomass -- wood, 
hay, corn ,  kelp,  o rganic  was te ,  wha teve r  i t s  f o r m  -- s to re s  
solar  ene rgy  chemical ly .  And through various processes ,  t h a t  
chemica l  energy  can  be  t r ans fo rmed  to  solid, liquid, and  
gaseous fue l s  t h a t  c a n  be burned d i rec t ly  or  easi ly  s to red  and 
t ranspor ted .  

Traditional Energy Uses for Biomass 

Before  w e  consider  modern  processes  fo r  e x t r a c t i n g  
ene rgy  f r o m  biomass, w e  should reca l l  t h a t  t h e  use of 
biomass for  ene rgy  is as old as l i fe  i tself .  Food i s  biomass, 
and  is t h e  sou rce  of al l  t h e  muscular  and men ta l  energy  of 
t h e  an ima l  world. When w e  consider  t h e  many cen tu r i e s  
when human and an imal  musc le ,  fue led  by biomass, did t h e  
work of civi l izat ion,  t h e  e r a  of fossil fue l s  s e e m s  s h o r t  
indeed.  

I t  is impor t an t  to keep  food in focus  as t h e  pr imary  
energy  product  of biomass, because  t h e  world f o o T p i c t u r e  i s  
de t e r io ra t ing  even  as t h e  world's ene rgy  problems worsen. 
Although food product ion has  cont inued to grow,  i t  has  not  
kep t  p a c e  wi th  population. The  l a s t  f e w  yea r s  have  seen  a 
number  of count r ies ,  especial ly  in Af r i ca  and  Asia, move  
f r o m  t h e  l is t  of food expor t ing  na t ions  to t h a t  of food 
impor t ing  nations. Fo r  reasons  of both  compassion and  
pol i t ics ,  biomass must  be  seen  f i r s t  as fue l  for  bodies r a the r  
t h a n  for  machines .  
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The New Alchemists have developed high-yield fish farming in ponds, in tanks, and under domes. 

Biomass a l so  f e e d s  t h e  soil. Serving as f e r t i l i ze r  and 
compost ,  plant  res idues and manure  fuel  t h e  growth  of new 
pIants  by providing nut r ien ts .  Soil is not a n  easi ly  renewed 
resource ,  and is cons tan t ly  being eroded ,  reduced ,  and 
leached  of i t s  nu t r ien ts .  In providing cons t i t uen t s  fo r  new 
soil, t h e  ea r th ' s  biomass is car ry ing  o u t  i t s  na tura l  func t ion ,  
which is to sus ta in  i t se l f .  Although compost  and  m a n u r e  
might  not be  general ly  thought  of as fue ls ,  t h e y  ce r t a in ly  
provide i r rep laceable  ene rgy  f o r  t h e  cyc le  of world biomass 
product  ion. 

Food to nourish an imal  l i fe  and soil to nourish p lan t  
l i fe :  in any  discussion of biomass ene rgy  development  i t  
should not be  fo rgo t t en  t h a t  t h e  need for  t h e s e  basics  will 
a lways  ex is t  and mus t  be  me t .  

compost: a mixture of decaying organic 
matter.  

manure: animal dung used to enrich 
soil. 

Burning Wood 
Wood is t h e  world's fo remos t  biomass fuel .  F o r t y  

p e r c e n t  of t h e  world's people  use wood as the i r  p r imary  fue l  
f o r  hea t ing  and cooking. Pa r t ly  a r eac t ion  to rising f u e l  
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- 
costs, pa r t ly  a reasser t ion  of t h e  need fo r  independence ,  t h e  t .  

r e c e n t  resurgence  of t h e  wood s t o v e  in t h e  United S t a t e s  has  
b e c o m e  a notab le  phenomenon. Many homes,  espec ia l ly  in 
rura l  Amer ica ,  never  abandoned t h e  wood s t o v e  fo r  fossil 
fuels. But wood burning is increasing so rapidly t h a t  s o m e  
e x p e r t s  e s t i m a t e  t h a t  wood con t r ibu te s  m o r e  than  nuclear  

. fue l  to th i s  nation's ene rgy  budget .  Use  of wood f o r  
res ident ia l  h e a t  has  m o r e  than  doubled in t h e  l a s t  t e n  years .  
This g rowth  r e f l e c t s  bo th  improved ef f ic iency  in wood s t o v e  
and  wood f u r n a c e  designs and changing consumer  a t t i t udes .  

Res ident ia l  use is not  t h e  only a r e a  of g rowth  fo r  wood 
fuel .  The  wood industry h a s  b e c o m e  increasingly energy  se l f -  
suf f ic ien t  th rough t h e  use of wood w a s t e  as fuel .  Some  
munic ipa l i t i es  a r e  also using d i r e c t  combust ion of wood o r  
o rgan ic  was te s ,  e i t h e r  for  h e a t  o r  fo r  e l e c t r i c  genera t ion .  

In much of t h e  developing world, wood has  a lways  been  
t h e  number  o n e  fuel .  The  problems being exper ienced  in 
s o m e  of t h e s e  na t ions  help d r a m a t i z e  c e r t a i n  conce rns  abou t  
wood burning. T h e  case of C e n t r a l  Af r i ca  has  become  a 
source  of world concern.  As  a growing population has  
s t r ipped  t h e  f o r e s t s  fo r  fue l  and herds  have  ove rg razed  t h e  
grasslands,  t h e  Saha ra  Dese r t  has  ac tua l ly  expanded,  reducing  
t h e  land ava i lab le  f o r  e i t h e r  t r ees ,  g raz ing ,  or  crops. Energy 
demand  has  c r e a t e d  not  only a n  energy  problem but  a n  a c u t e  
food crisis. 

S t a rva t ion  in t h e  Sahel  m a y  seem a f a r  c r y  f r o m  wood 
s toves  in t h e  Uni ted  States. But t h e  case of C e n t r a l  Af r i ca  
ra i ses  a n  impor t an t  point regard ing  t h e  use of wood, or  any  
f o r m  of biomass, f o r  fuel. Biomass is one  of t h e  "slower" 
f o r m s  of renewable  energy ,  so t h a t  t h e r e  a r e  c e r t a i n  na tura l  
l imi t s  to how fast i t  c a n  be  harves ted  wi thout  d a m a g e  to t h e  
r e source  base. This  means  t h a t  managemen t  is necessary,  to 
cont ro l  demand  and moni tor  t h e  i m p a c t s  on soil, w a t e r  
supply, and  new growth.  

Sahel: the drought-afflicted area of 
the southern Sahara in  West Africa. 
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Air  qual i ty  is ano the r  f a c t o r  tc 
biomass doesn't pu t  as much sulfur  dic 
fossil fue ls  do, bu t  i t  does  produce ot t  
par t icu la tes .  Hardwood,  well-dried, gil 
in  a wood s tove.  A h igh- tempera ture  t 
a i r  supply makes  fo r  m o r e  c o m p l e t e  a 
combust ion.  Some  companies  a r e  pro( 
ve r t e r s  fo r  wood s toves  to help removc 
wood smoke.  

C H A R A C T E R I S  

Spl i t -  
S p e c i e s  ab i l i t y  

A p p l e  H a r d  

Ash  Mediui 

B e e c h  H a r d  

Bi rch  Mediui 

C e d a r  E a s y  

C h e r r y  Mediui 

C o t t o n w o o d  E a s y  

Elm H a r d  

H e m l o c k  Easy  

H i c k o r y  Mediui 

L o c u s t ,  B l a c k  H a r d  

M a p l e  Mediui 

O a k  H a r d  

P i n e  E a s y  

Pop la r ,  Yel low E a s y  

S p r u c e ,  N o r w a y  Mediui 

S y c a m o r e  Mediui 

T a m a r a c k  ( L a r c h )  E a s y  

Walnut  Mediui 

Willow Mediui 

Final ly ,  s a f e t y  is a considerat ic  
s tove  in t h e  house presents  hazards  for  v 
and espec ia l ly  chi ldren,  m a y  not  be preF 
of wood s toves  has  increased ,  so has  t t  
f i r e s  due  to improper  wood s tove  instal l  
of informat ion  is ava i lab le  to he lp  c c  
t r aged ie s  . 
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consider .  Burning 
:ide in to  t h e  a i r  as 

gases and 
fS t h e  Cleanest burn 
irn wi th  a suf f ic ien t  

particulates: small soot and ash particles 
produced by combustion. 

heref Ore  'leaner 
ic ing c a t a l y t i c  con- 

catalytic converter: a device which 
reduces pollution from burning. 

t h e  pol lu tan ts  f r o m  

ICs OF C O M M O N L Y  BURNED WOODS 
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In sp i t e  of t h e s e  caut ions ,  a wood s t o v e  or  f u r n a c e  c a n  
be  an  overa l l  benef i t  fo r  t h e  homeowner,  communi ty ,  o r  

~ ,, 

indus t ry  wi th  a wood supply. F rom t h e  s tandpoin t  of econo-  
my and energy  independence  wood is a plus in t h e  ene rgy  
budget .  

Now le t ' s  consider  s o m e  o the r  biomass fue l s  and how 
t h e y  are produced.  

Developing Energy Uses for Biomass 
In a world heavily dependent  on liquid and  gaseous 

fue ls ,  i t  is not surpr is ing t h a t  liquid and g a s  biomass fue l s  
would e x c i t e  s t rong  in t e re s t .  How a r e  t h e s e  fue l s  produced 
f r o m  biomass? Most biomass fue l  product ion processes  fa l l  
under one  of t w o  headings; biochemical  o r  t he rmochemica l .  
In t h e  f i r s t ,  enzymes ,  fungi ,  o r  microorganisms pe r fo rm work 
on t h e  biomass feeds tock .  In t h e  second,  t h e  f eeds tock  i s  
broken down by a cont ro l led  hea t ing  process to produce  fuels. 

/wv 
PRODUCT F A R M I N G  ENERGY F A R M I N G  

Food Farm & Forest Products Biomass for Energy 

Residues, Wastes 

Soil Replenishment 

Maceration 
Drying 
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Low & Medium 
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Oxygen 
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Pyrolysis 
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Ethanol 
Ethanol ,  a liquid fue l ,  is commonly  ca l led  grain alcohol ,  

but  gra in  is only one  of i t s  possible feeds tocks .  In Brazi l ,  o n e  
of t h e  world's l a rges t  e thanol  consumers ,  sugar  c a n e  is used. 
Theore t ica l ly  a lmos t  any  agr icu l tura l  c r o p  containing s t a r c h  
c a n  be  used, bu t  t h e  producer  has  to consider yield and 
product ion cost per  a c r e ,  as well as o t h e r  crop-specif ic  
f a c t o r s  l ike  ease of s torage ,  r e l a t ed  soil erosion,  w a t e r  

r 

Hawaii, the nation's largest producer of sugar cane, is already using cane 
wastes as fuel for  sugar refining and electrical generation. 

demand,  and c l ima te .  Sugar cane  gives a n  exce l l en t  yield per  
acre bu t  demands  a t ropical  or  sub-tropical c l imate .  Corn  
has a re la t ive ly  low cost per  a c r e  but is demanding  of w a t e r  
and t ends  to cause  soil erosion. Swee t  sorghum is regarded  as 
having good poten t ia l  fo r  e thanol  product ion because  i t  will 
t o l e r a t e  a wide r ange  of c l i m a t e s  and soil types,  bu t  i t  is 
unfamil iar  to many  f a rmers  and is still in t h e  expe r imen ta l  
stage. Food processing was te s  a r e  a low-cost  f eeds tock  fo r  
e thanol  fuel .  , 

Another  f a c t o r  to consider  in choosing a feeds tock  i s  

pay  for  t h e  processing. Sugar c a n e  c r o p  residue c a n  be  used 
as a fue l  in t h e  f e rmen ta t ion  process./ Gra ins  yield a high- 
p ro te in  f eed  a f t e r  processing t h a t  is su i tab le  for  l ivestock.  
Fu r the r  research  on e thano l  byproducts  could inc rease  the i r  
va lue  and use. I 

whethe r  t h e  was te s  o r  byproducts  will 1 b e  useful  and help to 

I 

Ethanol  is produced by t h e  biochemical  process  of f e r -  
menta t ion .  The  ground f eeds tock  is c j o k e d  and enzymes  a r e  
added  which r educe  t h e  s t a r c h e s  in t h e  f eeds tock  to s imple  
sugars. Solids a r e  s e p a r a t e d  ou t ,  and yeas t  is added  to t h e  
remain ing  liquid mash. In t h e  absence  of oxygen, t h e  yeas t  
works on t h e  sugars  to produce alcohol. The  liquid t h e n  i s  
dis t i l led to c o n c e n t r a t e  t h e  alcohol. 

feedstock: the  raw biomass that is con- 
verted to one or more energy end pro- 
ducts. 

fermentation: the  breaking down of 
carbohydratesto produce C 0 2  and/or 
acid. 

distillation: the  evaporating and recondens- 
ing of liquid mixtures t o  separate various 
liquids by their boiling points. 
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The wastes from this feedlot provide 
methane gas for a West Coast utility 
company. 

effluent: liquid waste from a process. 

sludge: semisolid waste from a process. 

The grain being delivered to  this Illinois distillery will become alcohol for  
gasohol. 

Ethanol  c a n  b e  used pure,  as a n  a u t o m o t i v e  fuel ,  or 
added  to gasol ine to m a k e  gasohol. E thanol  ra i ses  t h e  o c t a n e  
of gasoline, making  it a n  a t t r a c t i v e  a l t e r n a t i v e  to o t h e r  
me thods  fo r  boosting oc tane .  It can  also b e  used as a 
chemica l  feeds tock .  

Methane  
Na tu ra l  gas ,  d rawn f r o m  underground pockets  in t h e  

a r e a s  of oi l  and coa l  deposi ts ,  begins wi th  biomass: o rgan ic  
m a t t e r  decomposing over  many centur ies .  Methane  produc- 
t ion is a s imilar  but  a c c e l e r a t e d  process ,  using a m e t h a n e  
d iges t e r  to process  organic  w a s t e s  and manure ,  yielding 
m e t h a n e  gas  in a m a t t e r  of  days. 

The  d iges te r  is a con ta ine r  which al lows b a c t e r i a  to 
break  down organic  was te s  in t h e  absence  of oxygen. T h e  
con ta ine r  is cons t ruc t ed  to allow feeding  in and mixing of 
was tes ,  and drawing off of both  "biogas" and i t s  useful  
byproducts .  The  biogas produced is ac tua l ly  me thane ,  carbon 
dioxide, and o the r  gases, in varying rat ios .  The  byproducts ,  
e f f luen t  and  sludge, a r e  good f e r t i l i ze r s  and soil condi t ioners .  

n 

Methane  digest ion is now being s e e n  as a way of 
disposing of organic  was tes ,  sewage ,  and  unwanted  p lan ts  l ike 
wa te r  hyacinth,  while producing a useful  fuel  to supplement  
na tu ra l  gas supplies. 

Thermochemical Products 
The  purpose of the rmochemica l  processes  is to break  

down raw biomass in to  gases, liquids, and  solids t h a t  c a n  b e  
used as fuels. This is done by applying h e a t  but  l imit ing 
oxygen supply. Of course,  if oxygen were  abundant  in t h e  
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process ,  t h e  ma te r i a l s  would oxidize when hea ted  -- t h a t  is, 
t h e y  would burn. By l imit ing or  cu t t i ng  off oxygen en t i re ly ,  
t h e  bio’mass is broken down wi thout  being consumed in t h e  
process .  

. -  

One  example  is des t ruc t ive  dis t i l la t ion,  in which wood 
is hea t ed  in t h e  absence  of oxygen, yielding fue l  gas ,  and a 
liquid alcohol  fue l ,  methanol ,  among  o the r  products .  

Another  t he rmochemica l  process  i s  pyrolysis. By hea t ,  
o rgan ic  m a t t e r  is broken down into fuel  gas ,  heavy fue l  oil,  
and cha r ,  a solid which can  also be  burned as fuel. 

.- 

in order to use waste energy 
quality energy to function, 

letely spent, and can still do 

, use high temperature s t eam 
ower it can be used for space 

a Municipal garbage can be burned directly as a fuel,  pyrolized to  yield gas and fuel oil, or digested to produce 
methane. 



Biomass Potential and Problems 

T h e  possibil i t ies fo r  biomass ene rgy  deve lopmen t  a r e  so 
vas t  t h a t  such a brief t r e a t m e n t  as th i s  c a n  only s c r a t c h  t h e  
su r face .  C e r t a i n  common f a c t o r s  do  e m e r g e ,  however .  

In gene ra l  i t  c a n  b e  said t h a t  biomass ene rgy  has  t h e  
following advantages:  

o i t  is  a renewable f o r m  of ene rgy  t h a t  c a n  b e  
s tored;  

o t h e  technologies  fo r  producing i t  a r e  f a i r ly  well- 
developed; 

o i t s  production c a n  help to r ecyc le  polluting wastes;  

o i t  r educes  dependence  on nonrenewable and m o r e  
polluting fossil  fuels.  

Most of t h e  conce rns  a b o u t  biomass ene rgy  development  fa l l  
under t h r e e  headings: 

o t h e  conce rn  t h a t  producing biomass fue l s  will con- 
s u m e  m o r e  fossil  fue l  t h a n  i t  replaces .  

o t h e  f e a r  t h a t  using biomass for  fue l  will d r ive  up 
t h e  p r i ce  of food,  because  of compe t i t i on  f o r  
ag r i cu l tu ra l  products  and land, and  

o t h e  f e a r  t h a t  biomass ene rgy  development  will 
have  ser ious and unpredictable  env i ronmen ta l  ef- 
fects (such as a c h a n g e  in t h e  amount  of ca rbon  
dioxide in t h e  a tmosphe re ) .  

Both t h e  promise of biomass,  and  t h e  conce rns  raised by 
i t s  deve lopmen t ,  s e e m  to a r g u e  f o r  a program of well- 
control led,  well-managed expe r imen ta l  development .  T h e  
use of industr ia l ,  ag r i cu l tu ra l ,  and municipal w a s t e s  f o r  fue l  
should b e  encouraged,  s ince th i s  s aves  money and r educes  
pollution. Keeping fue l  production and consumption close to  
t h e  sou rce  of biomass could s a v e  on ene rgy  t r anspor t a t ion  
and help c r e a t e  jobs and industry in ru ra l  a r eas .  

I t  is c r i t i ca l  t h a t  biomass fue l  production not  b e c o m e  a 
drain on dwindling fossil fue l  supplies. In t e r m s  of ene rgy  
economy,  i t  m a k e s  m o r e  sense  to burn biomass d i r ec t ly  to 
g e n e r a t e  power t h a n  i t  does  to use na tu ra l  gas  to fuel  t h e  
dis t i l la t ion of e thano l ,  f o r  example.  

Most i m p o r t a n t ,  f a r m e r s ,  f o r e s t e r s ,  industrialists,  and 
government  planners  must  never  see biomass simply as a 
s o u r c e  of energy.  Biomass is, in fact, a very th in  layer  of 
o rgan ic  m a t t e r  on t h e  s u r f a c e  of t h e  e a r t h .  But t h a t  t h in  
layer  r e g u l a t e s  t h e  f low of w a t e r ,  t h e  recycl ing of gases ,  and 
t h e  renewal  of soil on t h e  planet ,  making l i f e  on t h e  e a r t h  
possible. 
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Chapter 21 

Energy from the Earth and n 

Ocean 

Before closing th i s  survey of solar energy,  w e  will 
briefly examine  t h r e e  m o r e  ene rgy  technologies.  These  
technologies  a r e  well understood and have been e f f ec t ive ly  
employed,  a l though not  necessar i ly  in t h e  United S ta t e s .  
Only one  is t ruly a solar technology but  all t h r e e  dese rve  our  
a t t e n t i o n  because,  as "a l t e rna t ive  technologies" t h e y  have 
received less t han  the i r  sha re  of a t t e n t i o n  in t h e  past ,  and  
t h e y  o f f e r  major  supplies of renewable ene rgy  f o r  t h e  fu tu re .  

Ocean Thermal Energy Conversion 
Water  cove r s  t h r e e  q u a r t e r s  of t h e  ea r th ' s  su r f ace .  In 

fact, i t  cove r s  a full nine t e n t h s  of t h e  regions which r ece ive  
t h e  m o s t  solar radiation: t h e  l a t i t udes  f r o m  t h e  Tropic  of 
C a n c e r  to t h e  Tropic  of Capricorn.  So a g r e a t  dea l  of solar 
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I . ene rgy  fal ls  on,  and is absorbed by, t h e  s u r f a c e  w a t e r s  of t h e  
oceans .  The  d e e p  w a t e r s  of t h e  oceans  tend  to be much 
colder .  In t h e  t ropics ,  fo r  example ,  s u r f a c e  w a t e r  t empera -  
t u r e s  a v e r a g e  25OC (77'F) while d e e p  w a t e r s  a r e  abou t  5 O C  
(41'F). O c e a n  t h e r m a l  energy  conversion (OTEC) makes  use  
of th i s  t e m p e r a t u r e  d i f f e rence  to dr ive  a h e a t  engine.  

(&) 

- 
Warm currents of the world 

A h e a t  engine  can  e x t r a c t  mechanica l  ene rgy  f r o m  t h e  
f low of a hea ted  fluid f r o m  a warmer  to a cooler  region. This  
is t h e  pr inciple  on which a s team-powered  e l e c t r i c  gene ra to r  
works. The  e f f ic iency  of t h e  engine  is proport ional  to t h e  
d i f f e rence  be tween  t h e  hot sou rce  and t h e  cold source.  

1 )  

TI - T2 
TI 

Maximum ef f ic iency  = 
'1.i 

where  TI is t h e  t e m p e r a t u r e  of t h e  hot  sou rce  and T2 is t h e  
t e m p e r a t u r e  of t h e  cold source ,  measured  in deg rees  Kelvin. 

It's obvious f r o m  th is  equat ion  t h a t  a h e a t  engine  t h a t  is 
dr iven  by t h e  t empera tu re  d i f fe rences  of t h e  ocean will  h a v e  
a low ef f ic iency ,  abou t  7% at best. Such a low re tu rn  would 
b e  unaccep tab le  f r o m  a l imi ted ,  nonrenewable ene rgy  source  
l ike  oil o r  gas. T h e  solar  h e a t  s to red  in t h e  ocean  is a n  
enormous  resource ,  however ,  i s  p resent  day  and n ight ,  and  i s  
cons t an t ly  being renewed. 

I t  is this  enormous  resource  t h a t  OTEC exploi ts .  T h e  
f i r s t  expe r imen ta l  OTEC plants  w e r e  t e s t e d  during t h e  1920's 
and ~ O ' S ,  and an  opera t iona l  demons t r a to r  is now loca ted  in 
Hawaii. 

The  engine  c i r cu la t e s  a working f luid wi th  a low boiling 
point  and a high vapor pressure,  such  as f r eon ,  ammonia ,  o r  
propane.  A s  i t  absorbs h e a t  f r o m  w a r m  s u r f a c e  w a t e r  worklng fluid: fluid clrculated in a closed 
th rough a h e a t  exchanger ,  t h e  fluid vaporizes .  T h e  vapor ,  
under pressure,  d r ives  a turb ine  to g e n e r a t e  e l ec t r i c i ty .  
A f t e r  passing through t h e  turb ine  t h e  spent  vapor  gives  up  is 
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h e a t  through another  h e a t  exchanger  to cold, deepe r  wa te r .  
< <  

The  loss of hea t  condenses  t h e  working fluid, which is t h e n  
r eady  to begin t h e  cyc le  again.  

warm water intake 

1 1  evauorator 

7 heat exchangers 

working fluid I) 
1 4 I tu,rbine I 

,electricity? 

7 conienser I 

t 
cold water intake 

1. 

n 

Ocean thermal energy conversion 

OTEC Development 
O c e a n  the rma l  energy  conversion is a technology re-  

quir ing a major  ini t ia l  inves tment .  S ta t ions  at sea (in t h e  
Gulf S t r e a m ,  for  example)  o f f e r  t h e  best  ou tpu t ,  but  prob- 
l ems  of how to moor  t h e  s t a t ions  and how to t r ansmi t  t h e  
e l e c t r i c i t y  have  to be  solved. O n e  suggest ion is to use  t h e  
gene ra t ed  e l ec t r i c i ty  to produce hydrogen, a very ve r sa t i l e  
fue l ,  f r o m  t h e  surrounding sea wa te r .  T h e  hydrogen could 
t h e n  be  shipped,  ins tead  of e l ec t r i c i ty  having to be  t rans-  
mi t t ed .  

n 
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i -  
Ocean  the rma l  d i f f e rences  o f f e r  an  enormous  and con- 

s t a n t  source  of power. While t h e  e f f ic iency  of OTEC is no t  
high, t h e  f r e e  and cont inuous supply of fue l  may  well 
ou tweigh  t h e  e f f i c i ency  f a c t o r ,  making OTEC a good ene rgy  
development  inves tment .  The  OTEC process  will change  
surrounding w a t e r  t e m p e r a t u r e s  slightly. Development  of 
OTEC will, t he re fo re ,  need to include a s tudy  of t h e  possible 
envi ronment  a1 effects. 

Tidal Power 
Tides  a r e  caused  by t h e  ro ta t ion  of t h e  e a r t h  within t h e  

pulling magne t i c  f ie lds  of t h e  moon and sun. The  rising and  
fa l l ing  t i d e  was  used in t h e  Middle Ages  to tu rn  mill wheels. 
Today F r a n c e  and t h e  Soviet  Union have l a rge  t i da l  power 
pro jec ts ,  and China  has  developed many such pro jec ts  on a 
smal le r  sca le .  The  technology is well understood,  fa i r ly  
s imple ,  and appea r s  to have  only minor envi ronmenta l  ef- 
fects. 

What is needed for  exploi ta t ion of. t ida l  power is a 
narrow e s t u a r y  or  bay wi th  a s ignif icant  "tidal range." (The 
R a n c e  River  pro jec t  in France ,  for  example ,  has  high t i des  of 
9 to 14 m e t e r s  above  t h e  low tide.) T h e  e s tua ry  in to  which 
t h e  t i de  f lows is crossed by a d a m  wi th  sluices. T h e  s luices  
a r e  opened fo r  t h e  incoming t ide ,  but  c losed at high t ide .  
T h e  t i d e  then  works l ike  wa te r  above  a d a m  in a hydropower 
fac i l i ty ,  driving turb ines  to produce e l ec t r i c i ty  as i t  f lows o u t  
to join t h e  outgoing t ide.  In s o m e  pro jec ts  t h e  turb ines  a r e  
reversible ,  and c a n  b e  dr iven by both t h e  incoming and t h e  
outgoing t ide .  
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crust: 
the  earth. 

the  outermost, solid layer of 

mantle: the  intermediate shell below 
the  crust  and above the  core of t he  earth. 

Rance River Tidal Project, Brittany 
n 

Is t h e  cost of damming  a l a rge  a r e a  and instal l ing 
expensive lowhead turb ines  ba lanced  by t h e  a s su rance  of 
renewable ,  nonpolluting power? This is t h e  judgment  invest- 
o r s  and gove rnmen t s  mus t  m a k e  in weighing t i da l  power as a n  
ene rgy  option. 

Geothermal Power 
Geothe rma l  power,  l i t e ra l ly  " the  h e a t  of t h e  ear th ,"  i s  

no t  solar  ene rgy  at all. I t  c o m e s  f r o m  t h e  processes  t h a t  
o c c u r  in  and under t h e  ea r th ' s  c rus t ,  p rocesses  da t ing  f r o m  
t h e  or iginal  e v e n t  in which both  t h e  e a r t h  and t h e  sun c a m e  
in to  ex is tence .  

The  breakdown of rad ioac t ive  ma te r i a l  within t h e  e a r t h  
and t h e  pressure  and f r ic t ion  of changes  in t h e  ea r th ' s  c r u s t  
and  m a n t l e  produce hea t .  This  h e a t  m a y  be  s to red  in solid 
rock of t h e  ea r th ' s  upper layers ,  o r  in mol t en  rock which 
s o m e t i m e s  th rus t s  upward in to  c racks  and pockets  in t h o s e  
layers .  

This hot or mol ten  rock s o m e t i m e s  c o m e s  in to  c o n t a c t  
wi th  subsur face  reservoirs  of wa te r ,  hea t ing  t h e  w a t e r  and  
producing s t e a m  and pressure. Where this  pressurized s t e a m  
or  hot  w a t e r  f inds a n  o u t l e t  w e  have  geysers  o r  hot  springs. 
Most of t h e  homes  of Iceland's cap i t a l  c i t y  of Reykjavik a r e  
hea ted  by geo the rma l  h e a t ,  and fo r  cen tu r i e s  many  coun t r i e s  
h a v e  used hot springs as hea l th  resorts .  
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Castle Geyser at Yellowstone shows geothermal power in i ts  natural state.  

Today g e o t h e r m a l  ene rgy  is being developed most  in 
a r e a s  where  i t  is mos t  avai lable  - usually a r e a s  with hot  
springs and geysers  or  a r e a s  of known e a r t h q u a k e  act ivi ty:  
t h e  wes te rn  coast of t h e  Amer icas ,  New Zealand,  and I ta ly  
for  example .  Although i t  c a n  b e  used f o r  d i r ec t  heat ing,  
most  i n t e re s t  t oday  is focussed on t h e  use  of geo the rma l  

mergy  to g e n e r a t e  e l ec t r i c i ty .  (The Geysers  f ie ld  in north-  
e r n  Ca l i fo rn ia  has  a gene ra t ing  c a p a c i t y  of abou t  1000 
m e g a w a t t s ,  fo r  example ,  and t h a t  c a p a c i t y  is  being added t o  
e a c h  year.) Where hot rock is thought  to exis t  w i thou t  
c o n t a c t  w i th  underground w a t e r ,  s o m e  p ro jec t s  a r e  experi-  
men t ing  with piping w a t e r  to t h e  h e a t  sou rce  and then  
pumping t h e  result ing s t e a m  to t h e  s u r f ~ a c e  f o r  use. 
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Improvement  is needed in deep ,  h igh- tempera ture  drill- 
ing techniques ,  as well as in deal ing wi th  t h e  envi ronmenta l  
effects of geo the rma l  deve lopment .  A geo the rma l  fac i l i ty  
occupies  a l a rge  a r e a ;  pipes mus t  b e  vented  per iodical ly ,  
resu l t ing  in  loud noises and s o m e t i m e s  foul-smelling gases. 

A par t icu lar  l imi ta t ion  of geo the rma l  deve lopment  is 
t h a t  i t  is a local ized resource ,  and e a c h  individual s i t e  is 
d i f f e ren t .  However ,  t h e  techniques  developed fo r  tapping  oil 
depos i t s  should help smoo th  t h e  pa th  to fu l le r  use  of t h e  
abundan t  geo the rma l  reservoir  of energy.  

n 

This experimental facility in California‘s Imperial Valley is designed t o  
produce 10 megawatts of geothermal electricity. 



Financing Alternative Energy on a L .  

Large Scale 
The adoption of a c t i v e  and passive solar ,  wind sys t ems ,  

and conservat ion m e a s u r e s  is  o f t e n  a personal and local  
choice.  Though t h e s e  personal choices ,  in combinat ion,  may 
profoundly affect l a rge r  p a t t e r n s  of energy use,  t h e y  c a n n o t  
f o r c e  t h e  ut i l i ty  compan ies  and t h e  government  to begin 
l a rge  s c a l e  use of c l ean ,  renewable energy. Such change  will 
r equ i r e  major rethinking, r e inves tmen t ,  and redevelopment .  
Fo r  technologies  l ike OTEC, t idal ,  and g e o t h e r m a l  power to  
b e  adopted,  i t  will b e  necessa ry  fo r  t h e  pressures  of eco- 
nomics,  environment ,  and polit ics to act upon people in 
posit ions of power.  A s  t h e  supply of fossil fuel  becomes  
increasingly uncertain,  as t h e  environmental  effects of old 
ene rgy  policies b e c o m e  m o r e  pronounced, and  as people begin 
to v o t e  wi th  g r e a t e r  ene rgy  consciousness,  w e  c a n  e x p e c t  to  
see g r e a t e r  a t t e n t i o n  paid to OTEC,  t idal ,  and geo the rma l  
power and o t h e r  large-scale  renewable ene rgy  a l t e rna t ives .  
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Chapter 22 

Solar Support 

Any soc ie ty ,  whe the r  a family,  a communi ty ,  a nation, 
or t h e  world,  is  a complex  s t r u c t u r e .  All t h e  p a r t s  a r e  
inter locking,  both support ing and supported by e a c h  o the r .  
When one  p i ece  is  removed or  changed or  replaced,  t h e  o t h e r  
p i e c e s  h a v e  to be adjusted to a c c o m m o d a t e  t h e  change.  

As  t h e  various f o r m s  of solar ene rgy  a s s u m e  a m o r e  
i m p o r t a n t  p l ace  in t h e  world's ene rgy  supply, soc i e ty  will 
have to m a k e  appropr i a t e  adjustments .  If solar  ene rgy  is to 
he lp  support  t h e  f u t u r e  of human soc ie ty  t h e n  t h a t  soc i e ty  
must  b e  p repa red  in t u r n  to support  solar energy.  
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. .  Daily t h e  pressure and t h e  demand for  t h i s  support  
b e c o m e  m o r e  appa ren t .  T h r e e  problem a r e a s  in pa r t i cu la r  
a r e  f e a t u r e d  in f r equen t  news i t ems .  I t  is obvious t h a t  t h e  
f r i c t ion  of ad jus tmen t  is  being f e l t  in t h e s e  areas:  t h e  legal  
s y s t e m ,  t h e  f inancial  sys t em,  and wha t  might  best  be cal led 
t h e  "social values system." 

Orientation of earth to sun in December 

What th i s  means  is  t h a t  without  
p ro tec t ion ,  people  who a r e  i n t e r e s t e d  in 
b u t  l ive in regions of a n y  s ignif icant  
encoun te r  problems of access to sunlight. 

Needed: Central Direction but 
The quest ion of sun r ights  t oday  is 

The Sun and the Law 
Legal quest ions abou t  t h e  sun revolve around t h e  issue 

of t h e  r ight  to sunlight. As f a r  as t h e  United S t a t e s  is  

up to th i s  point have simply establ ished t h e  following rule: a 
p rope r ty  owner  has  a r ight  to sunlight f r o m  d i r ec t ly  above  
t h e  property,  but not to sunlight t h a t  s l an t s  ove r  neighboring 
property.  

conce rned ,  t h e  issue is in i t s  infancy. Any legal cases of n o t e  solar to receive rights direct (solar sunlight access): without the right in te r -  
ference. 

planning and legal  
 using solar ene rgy  

population densi ty  will 

Local Solutions 
so new t h a t  m a n y  

F o r  anyone who l ives  a n y  d i s t ance  north or  south of t h e  
equa to r ,  such a rule  is o f t e n  worthless  f r o m  a solar stand- 
point. Le t ' s  t a k e  t h e  l a t i t udes  f r o m  Los Angeles  to S e a t t l e  as 
a n  example.  If w e  consider t h e  bulk of t h e  hea t ing  season to 
s t r e t c h  f r o m  mid-December to mid-March, w e  find t h a t  t h e  
sun's highest  ang le  anywhere  in  t h a t  region fo r  t h a t  t i m e  
period is 52' above  t h e  horizon. T h a t  is ,  52' would b e  t h e  
high point fo r  Los Angeles in mid-March. In S e a t t l e  in mid- 
D e c e m b e r ,  on t h e  o t h e r  hand, t h e  highest  t h e  sun would r each  
at midday would b e  18.5' above t h e  horizon. 

N 
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nuisance law: various laws designed r ights  e i t h e r  f r o m  t h e  s tandpoint  of nuisance law o r  law of ' 

r igh t  by prior use. More test 
cases a r e  needed to help with t h e  development  of a body of 
p receden t s  which c a n  be used fo r  guidance. 

I 

Nei the r  is an  ideal solution. to  prevent one person's interference 
in the  rights or convenience of another. 

law of right by prior use: (based on water 

t he  right t o  continued use. T h e  e a r l y  R o m a n  method fo r  p ro tec t ing  solar  r ights was  
easement: a right t o  make limited use t h e  solar e a s e m e n t ,  a possible solution f o r  today.  T h e  
of another's land. p rope r ty  owner  purchases  f r o m  his neighbors a passageway 

fo r  sunlight t h a t  passes ove r  t he i r  property.  T h e  neighbors 
a g r e e  not to o b s t r u c t  t h e  passageway. About  half t h e  states 

types Of "Iar easement now recognize solar e a s e m e n t s  and prescr ibe the i r  con ten t s .  
Unfo r tuna te ly ,  t h e  e a s e m e n t  is an  additional expense  to t h e  
solar owner .  

law) laws which give the  first person 
t o  use a resource at a given location 

Two 
Owner Of lot A has easement On lot 

A b e t t e r  answer is fo r  state and local  governments  to 
work o u t  codes and zoning ordinances t h a t  encourage  a n d  
p r o t e c t  solar ene rgy  use. Seve ra l  states now h a v e  legislation 
t h a t  prohibits any  c o d e  or ordinance f r o m  res t r i c t ing  solar  o r  
wind ene rgy  sys t ems ,  but  m o r e  posit ive p ro tec t ion  is cal led 
fo r  today.  

T h e  need now is fo r  zoning guidelines and model regula- 
Envelope with top sloped UP toward south t ions and m a s t e r  plans t h a t  could b e  used by local  govern- 

m e n t s  but  ta i lored to the i r  needs.  T h r e e  zoning ideas  t h a t  
s o m e  localities have inco rpora t ed  a r e  

- "bulk plane provisions" r a t h e r  t han  t h e  usual uni- 
f o r m  height l imits .  These  allow g r e a t e r  height  in 
t h e  c e n t e r  of s t r u c t u r e s  than  on t h e  sides,  so t h a t  
s lant ing sunlight is less likely to b e  blocked f r o m  
neighboring property.  

Plane sloping up toward south a t  a given "zero lot  l ine zoning" r a t h e r  t h a n  uniform s e t b a c k  
angle r equ i r emen t s ,  to allow cons t ruc t ion  c lose  to t h e  

property 's  no r th  l ine,  leaving m o r e  open s p a c e  to 
t h e  south.  

- 

n 

- grouping of buildings by use or t ype ,  so t h a t  lower 
buildings a r e  not a p t  t o  be overshadowed by higher 
ones.  

The Sun and Money 

While t h e  legal  sys t em begins to address  t h e  need of 
solar ene rgy  s y s t e m s  for  legal  p ro t ec t ion ,  t h e  equal ly  funda- 
m e n t a l  need fo r  f inancial  support  is being f e l t .  

Tax Incentives 

A number of states a r e  o f f e r ing  s o m e  encouragement  to 
solar deve lopment  through the i r  t a x  s t ruc tu re .  Half t h e  
states o f f e r  i n c o m e  t a x  c red i t s ,  deduct ions,  o r  refunds f o r  
solar ene rgy  devices.  About  t h e  s a m e  number give p rope r ty  
t a x  deduct ions or  exemptions,  a t  l ea s t  fo r  a period of years .  
Seve ra l  o f f e r  s a l e s  t a x  exemptions.  

t ax  credit: an  amount which may be 
subtracted from the  total  of one's tax  
bill. 180 



. - Many of t h e s e  benef i t s  a r e  not very  subs tan t ia l ,  how- 
e v e r ,  and a number of states do  not allow t h e  t axpaye r s  ful l  
state t a x  benef i t s  if t hey  also c la im federa l  t a x  c red i t .  

The  f ede ra l  i ncome  t a x  c r e d i t  of 40% for  a c t i v e  and 
wind sys t ems  has  been  a n  impor t an t  incent ive.  However ,  t h e  
f a i lu re  to include c r e d i t  for  t h e  purchase  of passive sys t ems  
is a c r i t i c a l  d rawback  in t h e  f e d e r a l  c red i t .  

Other Selling Points 
T o  be  widely adopted ,  a new technology needs  a var ie ty  

of incent ives .  Some  of t h e s e  a r e  f inancial  in t h e  obvious 
sense:  t a x  c red i t s ,  government  and industry r e sea rch  funding, 
i nves tmen t  capi ta l .  

O the r  incent ives  a r e  a lso f inancial ,  but  in a m o r e  subt le  
way. Educat ion and informat ion  cost money and a r e  c ruc ia l  

- Banks and lending ins t i tu t ions  must  be  convinced 
t h a t  a "solar loan" is a good risk. 

. 

- - 

- Students  of a r c h i t e c t u r e  and engineer ing  need 
courses  to p repa re  t h e m  fo r  work with solar  tech-  
nologies. 

- Uti l i t i es  should be shown t h a t  by encouraging  solar  
and conservat ion,  t hey  ac tua l ly  s a v e  money. 

- High schools  and technica l  schools have  to be  
encouraged  to t r a in  skilled ins ta l le rs  of solar  sys- 
t ems .  
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- C o m m u n i t y  groups need ideas  and models  fo r  set- . 
t i n g  up coope ra t ives  t o  bring down t h e  cost of 
purchasing and install ing solar  sys t ems .  

- T h e  public mus t  be exposed to modest ,  low-cost 
demons t r a t ions  of passive homes,  a c t i v e  sys t ems ,  
wind gene ra to r s ,  etc., t h a t  a r e  ready f o r  commer-  
c ia l izat ion.  

Financial  backing is needed f o r  t h e s e  and o t h e r  programs to 
p r e p a r e  t h e  public f o r  t h e  sh i f t  to solar energy.  

Aesthetics 
T h e  mind i n t e r p r e t s  and e v a l u a t e s  w h a t  t h e  e y e  sees. 

T h e r e  is  nothing intrinsically beaut i ful  abou t  a c e m e n t  swim- 
ming pool surrounded by a chain link f e n c e ,  but  because  i t  
suggests  pleasure and a f f luence ,  w e  a c c e p t  i t s  appea rance .  
Television a n t e n n a s  a r e  a common sight ,  as a r e  power poles, 
e l e c t r i c  cab le ,  and o t h e r  ut i l i tar ian objects .  

T h e  f ami l i a r  t r a c t  house,  w i th  windows on all sides,  t h e  
f r o n t  door f ac ing  t h e  road, a n  exposed foundat ion,  and  
convent ional  landscaping, is regarded fondly by millions be- 
c a u s e  i t  conno tes  "home." 

Pac i f i c  G a s  and E lec t r i c  Adirondack Al t e rna te  Energy 

As r enewab le  energy s y s t e m s  b e c o m e  m o r e  famil iar  
t h e y  too will b e  s e e n  as neu t r a l  or  even  posi t ive ob jec t s  o n  
t h e  landscape.  W e  look at old windmills, wa te rwhee l s ,  o r  
energy-eff ic ient  houses f r o m  e a r l y  t i m e s  with pleasurable  
nostalgia  because  of t h e  way of l i f e  t h e y  remind us of. New 
ene rgy  s y s t e m s  and energy-ef f i c i en t  homes  t h a t  ha rmon ize  
wi th  t h e  env i ronmen t  and give c o m f o r t  to the i r  users will 
soon b e  viewed wi th  equal  pleasure.  

Solar Values 
In t h e  process of providing t h e  legal ,  f inancial ,  and hlv 

informational  supports  f o r  solar energy,  soc i e ty  gradual ly  
undergoes t h e  mos t  impor t an t  sh i f t  -- t h e  sh i f t  in i t s  own 
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consciousness. Instead of see ing  solar as expe r imen ta l ,  
exo t i c ,  and e c c e n t r i c ,  people adjust  to recognizing i t  as 
p rac t i ca l ,  common,  and in t h e  ma ins t r eam.  When t h e  l aws  

rovide for  solar access, t h e  banks give solar loans,  t h e  

solar  i nves tmen t ,  and neighbors c o m p a r e  the i r  solar s y s t e m s  
ove r  t h e  back  f e n c e ,  t h e  las t  doubts  of mos t  people  will b e  
erased.  

4& schools t e a c h  solar a r c h i t e c t u r e ,  s tockbrokers  encourage  

This process is well underway. A s  might  b e  expec ted ,  
pocke t s  of support  and a c c e p t a n c e  of solar ene rgy  grow 
around innovat ive people: builders,  inventers ,  r e sea rche r s ,  
investors ,  t eache r s ,  planners,  and en t r ep reneur s  who s h a r e  
ideas  and information generously.  In today's energy s i tuat ion,  
i t  s e e m s  inevi table  t h a t  t h e s e  pocke t s  of a c c e p t a n c e  will 
grow and spread until  t h e  use of solar energy i s  a famil iar  and 
s turdy support  in t h e  s t r u c t u r e  of our  society.  
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a 
Glossary of Renewable Energy Terms A 

n 
absorber  
a sur face ,  usually blackened me ta l ,  which absorbs solar radiat ion and  conve r t s  it to 
h e a t  ene rgy  in a solar co l lec tor .  

a c t i v e  solar  energy  sys t em 
a sys t em which requi res  e x t e r n a l  mechanica l  power (motors ,  pumps, valves, etc.) to 
o p e r a t e  t h e  sys t em and  to t r ans fe r  t h e  co l l ec t ed  solar  energy  f r o m  t h e  co l lec tor  to 
s t o r a g e  o r  to d is t r ibu te  i t  th roughout  t h e  living units. Act ive  s y s t e m s  c a n  provide 
space  hea t ing  and  cooling, domes t i c  hot  wa te r ,  and/or  s t e a m  fo r  indus t r ia l  use. 

a i r  exchanges  
r ep lacemen t  of a given volume of  a i r  in a room or  a n  en t i r e  building over  a per iod of 
t ime.  Air exchanges  (AE) a r e  s o m e t i m e s  expressed  as whole-volume exchanges  per  
hour or ,  a l t e rna t ive ly ,  as cub ic  f e e t  per  minu te  (CFM). A s tandard ,  insulated new 
home  is expec ted  to have  1 AE/hour; a special ly  cons t ruc ted ,  energy-ef f ic ien t  house 
m a y  have  only 1/2 AE/hour. Draf ty ,  uninsulated houses  typical ly  h a v e  3 or more  
AE/hour. 

, a i r  po l lu t ioc  
t h e  presence  of con taminan t s  (na tura l  o r  man  made)  in t h e  a i r  to such a degree  t h a t  
t h e  n o r m a l  self-cleaning o r  dispers ive ab i l i ty  of t h e  a t m o s p h e r e  c a n n o t  c o p e  wi th  
them.  

a lcohol  fue l s  
pr imar i ly  gra in  a lcohol  (e thanol)  and  wood a lcohol  (methanol )  which h a v e  been  used for  
decades  in s o m e  European c a r s  and in r a c e  cars .  Cheap  and easy  avai labi l i ty  of 
gasol ine in t h e  pas t  m a d e  t h e m  uneconomical .  Engine modi f ica t ions  will b e  necessary  
if t h e s e  liquid fuels  a r e  to b e  put  i n to  widespread use, bu t  sma l l  a m o u n t s  of e thano l  (up 
to 10% mix tu re  wi th  gasoline, as in gasohol) can  b e  used in mos t  c a r s  wi thout  
a l te ra t ions .  Alcohol fue ls  c a n  b e  m a d e  f r o m  a va r i e ty  of ma te r i a l s  including c r o p  
surpluses ,  lumber  was tes ,  municipal  sewage ,  and  garbage.  

a l t i t u d e  
t h e  ang le  fo rmed  be tween  t h e  horizon and t h e  sun. 

anaerobic  digest ion 
conversion of organic  m a t e r i a l  (c rop  residue, manure,  or  s ewage  sludge, for example)  
i n to  m e t h a n e  by microorganisms t h a t  decompose  t h e  w a s t e s  in the absence  of oxygen. 

a n e m o m e t e r  
a n  in s t rumen t  which measu res  t h e  speed  of t h e  wind. 

a n t h r a c i t e  
"hard coal", low in vola t i le  m a t t e r ,  which burns  wi th  very  l i t t l e  s m o k e  and  f l a m e  and  
cons is t s  a lmos t  en t i r e ly  of  carbon;  now s c a r c e  in t h e  U.S. * 

a u t o  m a t  ion 
t h e  condi t ion of cont ro l l ing  and  ope ra t ing  equ ipmen t  and sys t ems  au tomat i ca l ly ,  and  
t h e  techniques  and  equ ipmen t  used to do  so; also, t h e  r e p l a c e m e n t  of human or an ima l  
labor  by machines ,  or  of human con t ro l  by mechanica l  or  e l e c t r i c  control .  
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a z i m u t h  
t h e  angle  fo rmed  be tween  t r u e  south  and t h e  
sun. 

i 
b 

backup energy  sys t em 
a n  energy  sys t em using convent ional  fue l s  to 
wa te r  during any  per iod when t h e  solar  energy  

point  on t h e  horizon d i rec t ly  below t h e  

supply all t h e  hea t ing  and  
sys tem is not  operat ing.  

domes t i c  hot  

ba r r e l  
a liquid volume equal  to 42 gal lons or  159 l i ters .  One bar r  
s a m e  h e a t  eee rgy  as 350 pounds of bi tuminous coal ,  5.8 x 10 joules o r  5.5 x 10 Btu 
o r  1.39 x 10 kcal. 

of c r u d e  oil h a s  a o u t  t h e  9 k 

bioconversion 
a genera l  t e r m  descr ibing t h e  conversion of one  f o r m  of energy  in to  ano the r  by living 
organisms. Examples  a r e  product ion of wood and sugars  by g r e e n  plants ,  product ion of 
a lcohols  and na tu ra l  gases  by microorganisms ac t ing  on organic  mater ia l s ,  and  t r ans fe r  
of energy  in food chains. 

biofuels  
renewable  ene rgy  sources  produced by or  f r o m  green  plants. 
alcohol, wood, m e t h a n e  f rom anaerobic  d iges te rs ,  a l l  foods. 

Examples  a r e  gra in  

biomass 
a volume or  amoun t  of p lan t  ma te r i a l  in a n y  form: a lgae ,  wood, plants ,  c r o p  residue,  
an ima l  manure ,  etc. 

bi tuminous coa l  
soft coal ,  volat i le  and high in ca rbonaceous  m a t t e r ,  which burns wi th  much smoke  and  
a yellow f lame.  I t  is "younger" and of lower h e a t  value t h a n  an th rac i t e .  

b lanket  insulation 
c o t t o n  f iber ,  minera l  wool, or  wood f iber  made  in to  lengths  of varying thicknesses. 

breeder reactor 
a m o r e  complex  nuclear  r eac to r  t han  ones  now in commerc ia l  use, a breeder  conve r t s  
non-fissionable uranium o r  thor ium to nuclear  fuel. Convent ional  nuclear  r e a c t o r s  
depend on fission of a n  uncommon f o r m  of  uranium, U23d' which compr i se s  less than  
1% of  uranium ore. To ex tend  t h e  use of uranium, b r e e  e r  r e a c t o r s  may  b e  a b l e  to 
c h a n g e  more  abundant  f o r m s  of uranium in to  f iss ionable  e le inents .  Higher ope ra t ing  
risks, engineer ing problems,  and  w a s t e  disposal cons idera t ions  have  been  f a c t o r s  in 
slow development  of breeder  technology. 

brown coa l  
See l igni te  

Btu 
British t h e r m a l  uni t ,  a uni t  for  measur ing  h e a t ;  a Btu  is t h e  quan t i ty  of h e a t  necessary  
to ra i se  t h e  t e m p e r a t u r e  of one  pound of w a t e r  one  d e g r e e  Fahrenhei t ,  a b o u t  one-  
fou r th  of a ki localor ie  (252 calor ies) .  
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ca lo r i e  (also: g r a m  ca lor ie )  
a m e t r i c  uni t  of h e a t  energy;  t h e  amoun t  of h e a t  needed  to ra i se  t h e  t e m p e r a t u r e  of 
one  g r a m  of wa te r  o n e  degree Celsius. It equa ls  0.0039 Btu. One thousand ca lor ies  
m a k e  one  ki localor ie  (kcal), s o m e t i m e s  ca l led  a Ca lo r i e  or  a food Calorie. 

c a p i t a l  in tens ive  
requir ing heavy cap i t a l  inves tment .  The  ene rgy  industry,  for  example ,  is said to b e  
c a p i t a l  in tens ive  r a the r  t h a n  labor  in tens ive  because  i t  employs  relat ively m o r e  dol la rs  
and  re la t ive ly  f ewer  people  compared  to s o m e  o the r  industries. 

c a t a l y t i c  conve r t e r  
a device  added to a n  exhaus t  s y s t e m  or ch imney  t h a t  conve r t s  t h e  a i r  po l lu tan ts  
carbon monoxide and hydrocarbons to carbon dioxide and water .  A s imilar  conversion 
also removes  ni t rogen oxides. 

caulking 
a so f t ,  semi-solid m a t e r i a l  t h a t  c a n  b e  squeezed  in to  nonmovable  joints and  c r a c k s  of a 
building, t he reby  reducing t h e  f low of a i r  i n to  and  o u t  of t h e  building. 

c l e re s to ry  
a window located high in a wall nea r  t h e  eaves ,  used for  light, solar gain, and  
vent i la t ion.  

solid fue l  fo rmed  by t h e  decomposi t ion of p lan ts  buried d e e p  under t h e  ea r th ' s  surface.  
A group of na tura l ly  occurr ing ,  carbon and- hydrogen-rich subs tances  are ca l led  "coal". 
Various types  a r e  ranked by t h e  p e r c e n t a g e  of carbon in dr ied samples  or  by t h e  
ca lo r i c  value of mois t  ones. F rom least to mos t  carbon-r ich,  t h e  coal group includes 
p e a t ,  l igni te ,  sub-bituminous and  bi tuminous coa ls ,  and  an th rac i t e .  

coal gas i f ica t ion  
t h e  conversion of coal to a g a s  su i tab le  for  use as a fuel ;  s imilar  to na tu ra l  gas;  t h e  
biggest  advan tage  is t h a t  sulfur  and o t h e r  po l lu tan ts  in coal c a n  b e  removed be fo re  i t  
is burned. 

coal l iquefac t ion  
t h e  conversion of  coal in to  liquid fue l s  s imilar  to gasoline and kerosene.  

co l l ec to r  
a n y  of  a wide va r i e ty  of dev ices  ( f la t -p la te ,  concen t r a t ing ,  vacuum tube ,  greenhouse,  
etc.) which collect solar radiat ion and conve r t  i t  to hea t .  

co l l ec to r  e f f ic iency  
t h e  f r ac t ion  of incoming rad ia t ion  conve r t ed  to h e a t  and s to red  by t h e  col lector .  If a 
sys t em c a p t u r e s  half of t h e  incoming rad ia t ion ,  t h e  sys t em is 50% eff ic ien t .  

co l lec tor  tilt 
t h e  angle ,  measured  f r o m  t h e  horizontal ,  at which a solar  co l lec tor  is t i l t ed  to f a c e  
t h e  sun-for b e t t e r  per formance .  

compost  
a mixture  of decomposing p lan t  re fuse ,  manure ,  etc. used for  fe r t i l i z ing  and  
condi t ioning t h e  soil. 
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concen t r a to r  
a r e f l ec to r  or  lens  designed to focus  a l a rge  amoun t  of sunl ight  in to  a smal l  a r e a  thus  
increasing t h e  in tens i ty  of t h e  energy  co l lec ted .  In wind terminology,  a device  o r  
s t r u c t u r e  t h a t  increases  t h e  speed of t h e  wind. 

conduct ion 
t h e  t r ans fe r  of h e a t  energy  through a ma te r i a l  by t h e  motion of ad jacen t  a t o m s  
molecules .  

conserva t ion  
making t h e  best  use of na tura l  resources  by reducing was te ,  improving ef f ic iency ,  
slowing t h e  r a t e  o f  consumption.  

and  

and  

convec t ion  
t h e  t r ans fe r  of h e a t  energy  f r o m  one  locat ion to ano the r  by t h e  motion of f luids  which 
ca r ry  t h e  hea t .  

cove r  p l a t e  
a s h e e t  of glass  o r  t r anspa ren t  p las t ic  t h a t  s i t s  above  t h e  absorber  in a f l a t  p l a t e  
co l lec tor .  (See also: glazing.) 

c rude  oil 
liquid fue l s  fo rmed  over  thousand of yea r s  f r o m  t h e  fossils of an ima l s  and  plants  a t  t h e  
bo t tom of anc ien t  seas; raw ma te r i a l s  f rom which mos t  re f ined  pe t ro l eum products  a r e  
made. 

cut- in  speed  
t h e  wind speed  a t  which a wind machine  is ac t iva t ed .  

c u  t -out  speed  
t h e  highest  speed which a wind machine  a t t a ins ,  above  which i t  shuts  down; designed 
as a s a f e t y  f e a t u r e  t o  p reven t  s t ruc tu ra l  s t r e s ses  o r  fa i lures .  The lower t h e  cu t -out  
speed ,  t h e  less power gene ra t ed  at high wind speeds. Opt imum cut- in  and cu t -out  
speeds depend on machine  design and  wind cha rac t e r i s t i c s  at t h e  spec i f ic  s i t e  where  
t h e  wind machine  is installed. 

d 
damper  
a device  which permi ts ,  p revents ,  or  con t ro l s  t h e  passage  of a i r  through a n  a i r  o u t l e t ,  
in le t ,  or  duct. 

deciduous 
descr ibes  t r e e s  and shrubbery t h a t  lose the i r  l eaves  during t h e  fal l  season of e a c h  yea r  
and  produce  new fol iage in t h e  spring. 

decl ining block r a t e  
a method of charg ing  for  e l ec t r i c i ty  wherein a c e r t a i n  number  of k i lowat t  hours  ( t h e  
f i r s t  block) is sold a t  a re la t ive ly  high r a t e  and succeeding  blocks a r e  sold at lower and  
lower ra tes .  Thus t h e  c h a r g e  for  ene rgy  dec reases  as t h e  a m o u n t  consumed increases .  

de fo res t a t ion  
t h e  process  of removing t r e e s  or c lear ing  fo re s t  f r o m  a n  area .  
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degree  day  
a uni t  which descr ibes  t h e  severeness  of a par t icu lar  c l ima te ,  used in t h e  hea t ing  
industry as a measure  of t h e  a m o u n t  of  hea t ing  needed. The  number of degree  days  
for  a par t icu lar  day  equa l s  65 degrees  Fahrenhe i t  minus t h e  a v e r a g e  outdoor  
t e m p e r a t u r e  for  t h a t  day. 

d i f fuse  rad ia t ion  
ind i r ec t  sunl ight  t h a t  is s c a t t e r e d  f r o m  a i r  molecules ,  dus t ,  and wa te r  vapor ,  and  casts 
no shadow. 

d i r e c t  rad ia t ion  
sunl ight  which casts shadows, rece ived  d i r ec t ly  f r o m  t h e  disk of t h e  sun wi th  l i t t l e  
a t m  ospher  ic s c a t t e r  in g. 

d i r e c t  solar  ga in  
a t y p e  of passive solar  hea t ing  sys t em in which solar  radiat ion passes  through t h e  
south-facing living s p a c e  b e f o r e  being s to red  in t h e  t h e r m a l  mass. 

d ra  indown 
a t y p e  of liquid, a c t i v e  solar  hea t ing  sys t em which p r o t e c t s  co l l ec to r s  f r o m  f r eez ing  
by au tomat i ca l ly  draining when t h e  pump is t u rned  off. 

dry  s t e a m  
a t y p e  of geo the rma l  resource  which is mos t ly  composed  of w a t e r  vapor wi thout  w a t e r  
droplets.  The Geysers,  a s izable  c o m m e r c i a l  g e o t h e r m a l  e l e c t r i c  power plant  nea r  San 
Franc isco ,  depends  on dry  s t eam.  Wells f r o m  4,000 - 8,000 f e e t  d e e p  br ing up s t e a m  at  
300' C. 

n 
e 

e a r t h  be rm 
a bank of d i r t  t h a t  abu t s  a building, used to s t ab i l i ze  in te r ior  t e m p e r a t u r e  or to d e f l e c t  
t h e  wind. 

ecology 
t h e  branch of  biology t h a t  dea l s  wi th  t h e  relat ionship of living things to the i r  
envi ronment  and to e a c h  o the r .  

EER (energy ef f ic iency  ra t io)  
a n  ind ica tor  of how comple t e ly  an  e l e c t r i c a l  appl iance  conve r t s  energy  a t  t h e  point of 
use. The  number s t a t e d  on mos t  appl iance  t a g s  is der ived by compar ing  hea t ing  o r  
cool ing The  higher t h e  EER, t h e  more  
e f f i c i e n t  t h e  appl iance.  

power (output )  to ene rgy  consumed (input). 

e f f l u e n t  
a n y  pol lu tan ts  discharged to t h e  surrounding a i r ,  land, or  wa te r .  

e l e c t r o s t a t i c  p rec ip i t a to r  
a device  t h a t  r e m o v e s  t h e  bulk of p a r t i c u l a t e  m a t t e r  f r o m  t h e  exhaus t  of power 
plants .  Charged  pa r t i c l e s  a r e  a t t r a c t e d  to e l ec t r i ca l ly  cha rged  p l a t e s  and  t h e  
accumula t ion  c a n  then  b e  washed away. 

emission s t anda rd  
a rule  or measu remen t  es tab l i shed  to regu la t e  or con t ro l  t h e  a m o u n t  of  a given 
pol lu tan t  which m a y  b e  discharged to t h e  outdoor  a t m o s p h e r e  f r o m  i t s  source.  
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energy  
t h e  ab i l i ty  to do  work or  m a k e  things move;  t h e  appl icat ion of a f o r c e  through a 
dis tance.  Energy ex i s t s  in a va r i e ty  of  f o r m s  (e lec t r ica l ,  k ine t ic  o r  motion,  
grav i ta t iona l ,  light, a tomic ,  chemica l ,  hea t )  and can  b e  conve r t ed  f r o m  one  to another .  
Common uni t s  a r e  calor ies ,  joules, Btu, and kilowatt-hours. 

ene rgy  aud i t  
t h e  examinat ion  of a building's cons t ruc t ion  and mater ia l s ,  mechanica l  and  e l e c t r i c a l  
sys tems,  energy  usage pa t t e rns ,  and fue l  his tory in order  to ident i fy  possibilities fo r  
ene rgy  conservat ion.  

en t ropy  
a measu re  of t h e  energy  t h a t  is unavai lable  for  use in a sys tem,  because  i t  canno t  b e  
conve r t ed  to ano the r  fo rm;  en t ropy  t h e r e f o r e  r e f l ec t s  t h e  inef f ic iency  of a system. 
The  second l aw of thermodynamics  states t h a t  t h e  amoun t  of en t ropy  in t h e  universe  is 
cons tan t ly  increasing.  

envi ronment  
t h e  sum of a l l  e x t e r n a l  condi t ions  and inf luences a f f e c t i n g  t h e  l i fe ,  deve lopment ,  and  
u l t imate ly  t h e  survival  of an  organism. 

e u t e c t i c  salts 
a group of ma te r i a l s  t h a t  m e l t  at  a low t e m p e r a t u r e ,  and  absorb  l a rge  quan t  
h e a t  in t h e  process .  

t i es  of 

evapora t ion  
t h e  change  f r o m  liquid to g a s  which requi res  ex t r ao rd ina ry  absorpt ion of h e a t  by t h e  
m a t e r i a l  undergoing th i s  phase change.  Liquid wa te r ,  fo r  example ,  absorbs  540 e x t r a  
ca lo r i e s  per  g r a m  at 100' C as i t  vaporizes. This h e a t  will b e  re leased  aga in  if t h e  
wa te r  vapor condenses. 

f eeds tocks  
energy  resources  used as r aw ma te r i a l s  in t h e  product ion of  medicines ,  plast ics ,  
rubber ,  fe r t i l i zers ,  pa in ts ,  and hundreds of o t h e r  products ,  i n s t ead  of  as fuels. 

fission 
a nuclear  r eac t ion  in which l a rge  a t o m s  a r e  sp l i t  in t w o  wi th  t h e  r e l ease  of l a rge  
a m o u n t s  of  energy.  H e a t  produced by fission of  a pa r t i cu la r  kind of uranium, U235, is 
used to g e n e r a t e  e l e c t r i c i t y  in Western Europe, t h e  U.S., and  Japan.  

f la t -p la te  co l lec tor  
a n  enclosed,  g lazed  panel  conta in ing  a dark  absorbing s u r f a c e  t h a t  conve r t s  sunl ight  to 
h e a t  wi thout  t h e  aid of a re f l ec t ing  s u r f a c e  to c o n c e n t r a t e  t h e  rays. The  co l l ec to r  
t r ans fe r s  its h e a t  to a c i rcu la t ing  fluid. 

f luidized bed 
a fu rnace  design in which gas is blown through a layer  of f inely c rushed  solids buoyed 
up by air .  Because  o f  close c o n t a c t  of t h e  solids and  gases, high r a t e s  of  h e a t  t r ans fe r  
and  uniform t e m p e r a t u r e s  c a n  be achieved.  This kind of fu rnace  also enab le s  r emova l  
of sulfur  during combust ion.  

f ly  a sh  
t i ny  pa r t i c l e s  of solid ash  in t h e  smoke  of burning fue l s  such as coal. 
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f o a m  insulat ion 
Styrofoam, rigid f o a m  boards,  or  liquid foam,  used as insulation. 

f o r c e  
t h e  ac t ion  on a body which t ends  to change  i t s  r e l a t ive  condition as to res t  or  motion. 

fossil fue ls  
coal ,  pe t ro leum,  and na tura l  gas;  this  t e r m  appl ies  to any  fue l s  formed f rom t h e  fossil 
remains  of organic  ma te r i a l s  (plants  and animals)  t h a t  have  been  buried for  mill ions of 
years.  The u l t ima te  source  of energy  for  t hose  plants  and  an imals  was  t h e  sun. 

fusion (nuclear)  
a nuclear  reac t ion  involving combina t ions  of smal l  a t o m i c  nuclei  in to  la rger  ones  wi th  
a t remendous  r e l ease  of energy.  Exper imenta l  fusion r eac to r s  a r e  being developed in 
Europe and t h e  U.S. The fue l  for  fusion is deuter ium,  a fo rm of hydrogen which occur s  
natural ly  in sea wa te r  in a r a t io  of one  a t o m  to 6,500 a t o m s  of normal  hydrogen. 
Deuter ium fue l  is abundant ,  bu t  technica l  and economic  feasibi l i ty  of fusion processes  
as t h e  bases  fo r  e l e c t r i c a l  power is problematic .  

g 
ga so ho 1 
a fue l  mix ture  composed of 90% unleaded gasoline and 10% ethanol  (e thyl  or  gra in  
alcohol). 

gasol ine 
a pe t ro leum product  consis t ing pr imari ly  of l igh t  hydrocarbons.  S o m e  na tu ra l  gasol ine 
is p re sen t  in c r u d e  oil,  bu t  mos t  gasol ine is fo rmed  by ref ining c r u d e  oil. 

gene ra t ing  capac i ty  
t h e  t o p  capac i ty  of a power p lan t  to g e n e r a t e  e l ec t r i c i ty .  Usually measured  in 
megawa t t s .  

gene ra  to r  
a device  t h a t  conve r t s  h e a t  or mechanica l  energy  in to  e l e c t r i c a l  energy.  

g e o t h e r m a l  energy  
h e a t  t rapped  in t h e  inter ior  of t h e  e a r t h  is ca l led  geo the rma l  energy.  Boreholes in to  
t h e  c r u s t  show a n  ave rage  t e m p e r a t u r e  inc rease  o f  1' C for  eve ry  30 m e t e r s  of depth ,  
or  abou t  100' F per  mile. Geo the rma l  h e a t  is believed to c o m e  f rom t h e  decay  of 
rad ioac t ive  ma te r i a l s  deep  in t h e  e a r t h  as well  as f rom f r ic t ion  of rock movements ,  
t ida l  forces ,  and perhaps o the r  sources .  This h e a t  keeps  g r e a t  quan t i t i e s  of buried 
rock mol ten  and hot. Some of th i s  energy  e scapes  at t h e  su r face  as hot  water .  
Geo the rma l  energy  is ava i lab le  in four  forms:  d ry  s t e a m ,  w e t  s t eam,  hot  rocks,  and 
hot  water .  

Glauber 's  s a l t s  
sodium su l f a t e  decahydra te ,  a e u t e c t i c  s a l t  t h a t  me l t s  at 90 degrees  Fahrenhei t  (32' 
C) and absorbs  about -  104 Btu pe r  pound (12 kilocalor ies  per  kilogram) as it does  so; 
f a i r ly  inexpensive,  i t  is used for  s tor ing  solar hea t .  

g l az ing  
t h e  t r anspa ren t  or t rans lucent  cover  of a solar  co l lec tor  (also: cover  plate) ,  or  t h a t  
m a t e r i a l  which fo rms  a window or  skylight. In solar  appl icat ions,  glass  or  re inforced  
polyester  is usually used as a glazing. 
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greenhouse  effect 
a phenomenon which conve r t s  solar  radiat ion to hea t .  Sunlight p e n e t r a t e s  glazing 
q u i t e  easi ly  but ,  when absorbed by ob jec t s  behind t h e  glazing, is r e r ad ia t ed  as h e a t  
which does  not  p e n e t r a t e  t h e  glazing as easily. H e a t  is thereby  t r apped  and  c a n  b e  
used. Also: t h e  warming effect of carbon dioxide and w a t e r  in t h e  a tmosphe re  a c t i n g  
as a "lid" to slow t h e  e scape  of h e a t  f rom t h e  ear th ' s  sur face .  Molecules  of wa te r  and 
carbon dioxide absorb  and r e rad ia t e  back  to e a r t h  much of t h e  h e a t  r ad ia t ed  f rom i t .  

h e a t  
ene rgy  t h a t  f lows be tween  a sys t em and  i t s  surroundings because  of a t e m p e r a t u r e  
d i f f e rence  be tween  them.  H e a t  resu l t s  f rom t h e  motion of molecules  of m a t t e r .  Also, 
t h e  word heat is o f t en  used to r e fe r  to t h e  energy  conta ined  in a sample  of m a t t e r  ( for  
example ,  ki localor ies  per  uni t  of food). 

h e a t  capac i ty  (spec if i c  hea t )  
t h e  quan t i ty  of h e a t  required to ra i se  t h e  t e m p e r a t u r e  of a given volume of m a t e r i a l  
by one  degree  in a given sys tem of measurement .  

h e a t  exchanger  
a device  specif ical ly  designed to t ransfer  h e a t  be tween  t w o  physically sepa ra t ed  
fluids. 

h e a t  pump 
a device  t h a t  t r ans fe r s  h e a t  f rom a colder  region to a warmer  one  (or v ice  versa)  by 
t h e  expendi ture  of mechanica l  o r  e l e c t r i c a l  energy.  The  h e a t  pump o p e r a t e s  by 
a l t e rna te ly  evapora t ing  and condensing a r e f r ige ran t ,  o r  h e a t  t r ans fe r r ing  fluid, in a 
closed cycle. I t  d i f f e r s  f rom a typica l  re f r igera t ion  uni t  in t h a t  t h e  h e a t  pump c a n  
r eve r se  i t s  c y c l e  to provide h e a t  ins tead  of removing i t .  H e a t  pumps  a r e  both  h e a t e r s  
and air-condi t ioners  and,  compared  to e l e c t r i c  res i s tance  e l e m e n t s  o f t e n  used in all- 
e l e c t r i c  homes,  t hey  a r e  more  e f f ic ien t .  

h e a t  sink 
a medium (gas, liquid, or solid) capab le  of accep t ing  and s tor ing  hea t .  

heli ost a t 
an in s t rumen t  consis t ing of a mir ror  mounted  on a n  axis  moved by clockwork;  used to 
r e f l e c t  t h e  sun's rays  in to  a solar co l lec tor  o r  furnace .  

hor izonta l  s h a f t  wind turb ine  
a wind machine  on which t h e  s h a f t  t h a t  t h e  ro to r s  a r e  a t t a c h e d  to is para l le l  to t h e  
ea r th .  

hybrid solar  ene rgy  sys t em 
a sys t em t h a t  uses  both  a c t i v e  and passive me thods  to opera te .  

hydroe lec t r ic  plant  
an  e l e c t r i c  power p lan t  in which t h e  ene rgy  of  fa l l ing w a t e r  is conve r t ed  in to  
e l e c t r i c a l  energy  by a turb ine  genera tor .  
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ind i rec t  solar  gain 
a t y p e  of passive solar  hea t ing  sys t em in which t h e  s t o r a g e  is placed be tween  t h e  
co l lec t ing  and  t h e  dis t r ibut ing s u r f a c e s  (example: Trombe wall, w a t e r  wall, o r  roof 
pond). 

in f i l t ra t ion  
t h e  uncontrol led movement  of outdoor  a i r  in to  a building through c r a c k s  around 
windows and doors, and in walls, roofs  and floors. (See also: a i r  exchanges.) 

i n f r a red  rad ia t ion  
t h e  invisible rays  just beyond t h e  red of t h e  visible spec t rum;  the i r  wavelengths  a r e  
longer t h a n  t h o s e  of t h e  spec t rum colors  and  they  have  a pene t r a t ing  hea t ing  e f f e c t .  

inso la t ion 
t h e  ene rgy  rece ived  by e a r t h  f r o m  t h e  sun, a con t r ac t ion  of t h e  t h r e e  words: b c o m i n g  
- solar  radiat ion.  The  t o t a l  daily insolat ion is t h e  equiva len t  of a b o u t  4.2 quadri l l ion 
k i lowat t  hours. Local  insolation depends  on t h e  position of t h e  e a r t h  in i t s  o rb i t ,  t h e  
th ickness  and t ransparency  of t h e  a tmosphe re ,  t h e  incl inat ion of t h e  in t e rcep t ing  
s u r f a c e  to t h e  sun's rays ,  and  t h e  solar  cons t an t .  Weather  bureaus  now k e e p  insolat ion 
d a t a  or  "sunshine statistics". 

insulat ion 
material with high r e s i s t ance  (R-value) to h e a t  flow. Some  commonlv  used m a t e r i a l s  v 

fo r  home  insulat ion a r e  f iberglass ,  cel lulose,  rock wool, and  Styrofoam. 

in t e rna l  combust ion  engine  
an  engine  which uses  fue l  burned within t h e  engine  itself to produce  h e a t  or pressure  
to do work. Examples  a r e  t h e  gasol ine piston engine  and t h e  d iese l  engine. 

inver ted  block r a t e  
a method of sel l ing e l e c t r i c i t y  where in  a f i r s t  "block" of k i lowat t  hours is o f f e red  at a 
low cost and p r i ces  inc rease  wi th  increased  consumption.  

i so la ted  solar  gain 
a t y p e  of  passive solar hea t ing  sys t em in which h e a t  is co l l ec t ed  in one  a r e a  (sunspace, 
attic co l l ec to r )  and  used in a n o t h e r  (living spaces). 

joule  
a m e t r i c  un i t  of work, mechanica l  energy ,  and  h e a t ;  approximate ly  equal  to 0.74 ft-lbs 
o r  0.00095 Btu o r  0.24 calor ies .  I t  is def ined  as t h e  energy  expended in one  second by 
a n  e l e c t r i c  c u r r e n t  of o n e  a m p e r e  wi th  a r e s i s t ance  of o n e  ohm. 

k 

Q 

ki lowat t  
a measu re  of power,  usually e l e c t r i c a l  power or  h e a t  f low; equal  to 1,000 w a t t s  or  
3,413 Btu p e r  hour. 

k i lowat t  -hour 
t h e  amoun t  of ene rgy  equiva len t  to one  k i lowat t  of power being used for  one  hour; 
equals  3 ,413 Btu, o r  a b o u t  860 kcal. 
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2 langley 
a uni t  of solar  enerEy, its radiat ion in tens i ty  is equiva len t  to 1.0 ca lo r i e / cm . I t  c a n  
b e  used as a pow&uni t  when flow ove r  t i m e  is expressed  2s langleys/min o r  
langleys/hr  or  langleysjday. One  langley/min = 221.2 Btu /hour / f t  . One langley/min 
a l so  = 697.3 w a t t s / m  o r  16.74 kWh. 

l a t e n t  h e a t  
t h e  amoun t  of h e a t  in ca lor ies  or Btu absorbed when a m a t e r i a l  changes  i t s  state f r o m  
a solid to a liquid or  f rom a liquid to a gas. L a t e n t  h e a t  is recovered  by f r eez ing  a 
liquid or  by condensing a gas. 

l a t e n t  h e a t  s t o r a g e  
use of a heat-absorbing mater ia l ' s  phase  change  behavior  to design a c o m p a c t  t h e r m a l  
s t o r a g e  system. Unusual amoun t s  of h e a t  a r e  abso rbed  by s o m e  solids at the i r  mel t ing  
points wi thout  causing the i r  t e m p e r a t u r e  to change.  This hidden or  " la tent"  h e a t  is 
t h e n  s to red  in liquids unt i l  t h e y  resolidify. An example  is i ce ,  which absorbs  80 
addi t ional  ca lo r i e s  per  g r a m  a f t e r  i t  h a s  been  warmed to 0' C and  before  it mel ts .  
This h e a t  is re leased  aga in  only when w a t e r  re f reezes .  C e r t a i n  hydra ted  salts wi tk  low 
mel t ing  points (Sutec t ic  sa l t s )  and paraf f ins  m e l t  and  s t o r e  l a t e n t  h e a t  in t h e  32 C - 
45' C r ange  (90 - 113' F) easi ly  a t t a i n a b l e  by f la t -p la te  co l l ec to r s  even  on cloudy 
days. This g ives  t h e m  potent ia l  for  domes t i c  h e a t  s torage.  Ponds and  blocks of i c e  
a r e  also being used for  l a t en t  h e a t  s to rage  in some  expe r imen ta l  hea t ing  and  cool ing 
systems.  

l i f e  c y c l e  costs 
t h e  total costs of a n  i t e m  including ini t ia l  purchase  pr ice  as well as cost of opera t ion ,  
main tenance ,  etc. ove r  t h e  l i fe  of t h e  i tem.  

l igni te  
a dull brown to black solid, l igni te  is a soft fue l  in t h e  coa l  group. More concen t r a t ed  
t h a n  p e a t  ( f rom which i t  evolves  a f t e r  burial  benea th  c lay  and sand), l igni te  has  m o r e  
mois ture  and  t rapped  gases, a high ash  con ten t ,  and  a woody t e x t u r e  compared  to 
o the r  f o r m s  of  coal. Ninety p e r c e n t  of t h e  world's reserves  of l igni te  l ie  in Austral ia ,  
t h e  U.S., and  t h e  U.S.S.R. 

loose insulat ion 
smal l  p i eces  of insulation which a r e  blown in to  place. 

m 
mechaniza t ion  
product ion by machine;  also, t h e  subs t i tu t ion  of machinery  fo r  human o r  an ima l  labor. 

m e g a w a t t  
a uni t  of power equal  to 1,000 k i lowat t s  or  one  million wat t s .  

m e t h a n e  g a s  
a color less ,  f lammable ,  gaseous  hydrocarbon,  e m i t t e d  by marshes  and  by dumps  
undergoing decomposi t ion;  can  also b e  manufac tu red  f r o m  c r u d e  pe t ro leum o r  o t h e r  
o rgan ic  mater ia l s .  

193 



n 
na tu ra l  gas 
a mix tu re  of gaseous  hydrocarbons occurr ing  na tura l ly  in c e r t a i n  rocks. The re  a r e  
seve ra l  kinds o f  g a s  t rapped  in porous rocks  underground. One  of t h e s e  "na tura l  gases" 
is methane ,  used as a commerc ia l  fuel. Pe t ro l eum depos i t s  a lways  include s o m e  
me thane ,  bu t  na tu ra l  gas  deposi ts  a r e  not  a lways  accompanied  by pe t ro leum.  Na tu ra l  
g a s  is commonly  sold to individuals in hundreds of cub ic  feet (CCF), t h e  uni t  appear ing  
on household u t i l i ty  bills. One  CCF of c o m m e r c i a l  m e t h a n e  has  a b o u t  25,000 
kilocalories, t h e  equiva len t  of 8 pounds of coal o r  0.7 gallons of c rude  oil. (See also: 
methane.)  

nonrenewable r e  sources  
energy  resources  t h a t  a r e  not  being rep laced  during t h e  t i m e  span of human history. 
Examples  a r e  coal, oil,  na tu ra l  gas ,  and  uranium. 

nuc lear  energy  
ene rgy  f r o m  rad ioac t ive  decay  or  f r o m  fission or  fusion react ions.  
s i tua t ion  i t  c a n  b e  used to produce  e lec t r ic i ty .  

In a cont ro l led  

nuclear  power p lan t  
a gene ra t ing  s t a t ion  where  h e a t  for  c r e a t i n g  s t e a m  c o m e s  f r o m  nuclear  fission ins tead  
of f r o m  combust ion  of fossil fuels. 

nuc lear  r e a c t o r  
a device  in which a fission cha in  r eac t ion  c a n  b e  in i t ia ted ,  main ta ined ,  and control led.  

0 
ocean- thermal  ene rgy  conversion (OTEC) 
a n  energy  technology in which t h e  t e m p e r a t u r e  d i f f e rence  (be tween  cold d e e p  wa te r  
and  t h e  warm s u r f a c e  w a t e r  2,000 feet above  i t )  in t rop ica l  oceans  is used to g e n e r a t e  
e l ec t r i c i ty .  

off-peak power 
power gene ra t ed  during a period of low demand.  

oil sha le  
a sed imen ta ry  rock conta in ing  solid organic  m a t t e r  (kerogen)  t h a t  yields subs tan t ia l  
a m o u n t s  of o i l  when hea ted  to high t empera tu res .  

overhan 
a solid hRorizonta1 or  angled project ion -on t h e  ex te r io r  of a building placed (ideally) so 
t h a t  i t  shades  southern  windows in s u m m e r  only. An overhang may  b e  f ixed o r  
movable ,  pa r t  of  t h e  or iginal  cons t ruc t ion  or a re t ro f i t .  Severa l  designs a r e  possible. 
An upward-t i l ted overhang can  a l so  s e r v e  as a re f l ec to r  in winter .  

n 

a r t i c u l a t e  
pa r t i c l e  of solid o r  liquid m a t t e r  (soot ,  dus t ,  aerosols ,  f u m e s  and mist) .  

pass ive  solar  ene rgy  sys t em 
a n  assembly  of na tu ra l  and a r c h i t e c t u r a l  componen t s  which conve r t s  solar  energy  in to  
usable  or  s to rab le  t h e r m a l  energy  (hea t )  wi thout  mechan ica l  power. C u r r e n t  passive 
solar  ene rgy  sys t ems  o f t e n  include fans,  however. 
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payback  period 
t h e  t i m e  needed  to recover  a n  inves tment .  

peak  load 
t h e  maximum ins tan taneous  demand for  e l e c t r i c a l  power which d e t e r m i n e s  t h e  
gene ra t ing  capac i ty  required by a public ut i l i ty .  

peat 
accumula t ed  p lan t  remains  t h a t  decayed  in a swamp,  becoming a loosely packed mass  
of  carbon-r ich mater ia l s .  I t  is usually brown, porous, and  fibrous; has  a high w a t e r  
c o n t e n t ;  and l eaves  much a sh  when burned. Never the less  i t  is a valuable  fuel. The  
U.S.S.R. has  gene ra t ed  e l ec t r i c i ty  f r o m  p e a t  s ince  1914 and  now has  many pea t - fue led  
power s ta t ions .  

pe t rochemica l s  
chemica l s  removed f r o m  c rude  oi l  at t h e  re f inery  and  used to m a k e  a wide r ange  of 
p roduc t s  such as plast ics ,  syn the t i c  f ibers ,  de t e rgen t s ,  and drugs. 

pe t ro l eum 
a n  oily, f l ammable  liquid t h a t  may  vary  f r o m  a lmos t  color less  to black and t h a t  occurs  
in many p laces  in t h e  upper s t r a t a  of t h e  ear th .  It is a complex  mix tu re  of 
hydrocarbons and is t h e  raw ma te r i a l  for  many products  including gasoline, kerosene,  
lubricants ,  and waxes. 

phase  change  
t h e  process  involved when a m a t e r i a l  changes  f r o m  a solid to a liquid or f rom a liquid 
to a gas, e a c h  phase  change  requir ing absorp t ion  of energy  wi th  no t e m p e r a t u r e  
change;  o r  when t h e  ma te r i a l  changes  f r o m  a gas to a liquid or  a liquid to a solid, e a c h  
phase change  requiring a loss of ene rgy  with no t e m p e r a t u r e  change.  

photosynthesis  
green  plants '  process  of using solar  energy  to conve r t  s imple  molecules  in to  complex  
ones  with high po ten t i a l  energy. Carbon dioxide and  w a t e r  a r e  combined,  in t h e  
p re sence  of sunl ight  and chlorophyll, in to  ca rbohydra t e s  such as sugars ,  s t a r ches ,  oi ls  
and cellulose. 

photovol ta ic  ce l l  
a device  which conve r t s  solar energy  d i rec t ly  in to  e l ec t r i c i ty .  Sunlight s t r ik ing  
c e r t a i n  ma te r i a l s  (silicon is mos t  common)  causes  t h e  r e l ease  of e lec t rons .  T h e  
migra t ion  'of t h e s e  re leased  e l ec t rons  produces  a n  e l e c t r i c a l  cu r ren t .  The  conversion 
process  is ca l led  t h e  photovol ta ic  e f f e c t .  

po l lu tan t  
a n  impur i ty  or  con taminan t  e m i t t e d  to t h e  ambien t  a i r .  I t  may  be a solid (pa r t i cu la t e  
ma t t e r ) ,  liquid (mist), or  g a s  (such as carbon monoxide). 

power  
t h e  r a t e  at which work is performed.  I t  is measured  as uni ts  of ene rgy  per  un i t  of 
t ime ,  for  example :  ca lo r i e s  pe r  second,  w a t t s  ( joules  pe r  second), o r  horsepower (foot-  
pounds per  second). 

pumped s t o r a g e  
a method whereby excess  e l ec t r i c i ty  produced during per iods of low demand  is used to 
pump wa te r  up to a reservoir. When demand is high, t h e  w a t e r  is re leased  to o p e r a t e  a 
hydroe lec t r i c  genera tor .  Pumped energy  s t o r a g e  only r e tu rns  a b o u t  66% of t h e  
e l e c t r i c a l  energy  put  i n to  i t ,  but  costs less t h a n  t h e  cost of cons t ruc t ing  t h e  equiva len t  
gene ra t ing  capac i ty .  

195 



pyranomete r  
a n  ins t rument  for  measur ing  t h e  in tens i ty  of bo th  d i r e c t  and d i f fuse  solar  radiat ion.  

pyrhe l iometer  
a n  in s t rumen t  t h a t  measu res  t h e  in tens i ty  of t h e  d i r e c t  radiat ion f rom t h e  sun; t h e  
d i f fuse  componen t  is no t  measured.  

pyrolysis 
hea t ing  in t h e  absence  of oxygen, prevent ing  total combust ion  and  caus ing  chemica l  
decomposi t ion of t h e  resource  mater ia l .  For  example ,  pyrolysis of coal produces  
na tu ra l  gas, syn the t i c  c rude  oil, and  char .  

9 
a thousand quads;  a quintillion Btu  (IOl'Btu). 

quad  
a g igant ic  energy  uni t  (of ten  used to state how much energy  e n t i r e  coun t r i e s  buy e a c h  
year). I t  r ep resen t s  a quadrillion Btu o r  t h e  a m o u n t  of h e a t  energy  in 172 million 
ba r re l s  of oil. U.S. c i t i z e n s  used more  than  78 quads  of  commercial ly-suppl ied energy  
in  1979. 

r 
rad ia t ion  
t h e  method by which h e a t  is t r ans fe r r ed  through open space.  About  60% of t h e  h e a t  
t r ans fe r r ed  to a room f r o m  a wood s tove  i s  by radiat ion.  Sunlight t r ave l s  to us  by 
rad ia t ion  through space  at " the speed  of light", 299,728 k i lome te r s  pe r  second. 

r a t e d  o u t p u t  
t h e  maximum o u t p u t  g e n e r a t e d  by a wind machine.  

r a t e d  wind speed  
t h e  speed  a t  which a wind mach ine  produces  i t s  max imum output .  

r ec l ama t ion  
t h e  process of rep lac ing  t h e  soil, c lay,  and  rocks  removed ear l ie r  to expose  coal o r  oil 
sha l e  fo r  s t r ip  mining; compac t ing  and  contour ing  t h e  s i t e ;  and rep lan t ing  i t  to r e s t o r e  
its a p p e a r a n c e  and  r educe  erosion and  d ra inage  of was te  mater ia l s .  (See s t r ip  mining.) 

renewable  resources  
m a t e r i a l s  t h a t  a r e  recyc led  by na tu ra l  p rocesses  within a re la t ive ly  brief span of t ime 
(a  human l i fe t ime) .  Fresh  wa te r ,  wind, sunshine, and t r e e s  a r e  s o m e  examples  of 
r e sources  t h a t  r ep lace  or  r ecyc le  themse lves  within human t i m e  f rames .  

r e t r o f i t  
to modify a n  exis t ing building by adding  a solar  hea t ing  or  cool ing sys t em o r  insulat ion 
to improve  its energy  ef f ic iency .  

ro tor  
a ro t a t ing  blade or o t h e r  s u r f a c e  moved by t h e  wind. 
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R-value 
t h e  res i s tance  to h e a t  flow, r ec ip roca l  of U-value. The  higher t h e  R-value, t h e  

S 

g r e a t e r  t h e  insulating e f f ic iency  of t h e  mater ia l .  R-values are commonly  s t a t e d  pe r  
inch of building mater ia l .  R-values are additive-thicker m a t e r i a l  o r  a combina t ion  of 
m a t e r i a l s  means  increased resis tance to h e a t  flow. Some typica l  R-values per  inch of 
m a t e r i a l  a r e  6.25 for  polyurethane foam,  3.17 for  f iberglass  b a t t s ,  1.25 for  f i r  and pine 
wood, 0.18 f o r  plaster ,  and  0.08 for  conc re t e .  

scrubber  
a dev ice  t h a t  uses a liquid sp ray  to r e m o v e  ae roso l  a n d  gaseous  pol lutants  f r o m  a n  
a i r s t r eam.  The  gases  a r e  removed e i t h e r  by absorpt ion or  c h e m i c a l  react ion.  Solid 
and  liquid p a r t i c u l a t e s  a r e  removed through c o n t a c t  w i th  t h e  spray. 

s e l e c t i v e  surf ace 
a special  c o a t i n g  somet imes  applied to t h e  absorber  p la te  of a solar  col lector .  The  
se lec t ive  s u r f a c e  absorbs mos t  of t h e  incoming solar energy  and  r e r a d i a t e s  ve ry  l i t t l e  
of it. 

sensible  h e a t  
h e a t  which, when gained or lost ,  resu l t s  in a change  in t empera tu re .  

shroud 
a s t r u c t u r e  used to c o n c e n t r a t e  or d e f l e c t  t h e  wind. 

s m o g  
a t e r m  coined, originally,  to c h a r a c t e r i z e  a n y  object ionable ,  visible combina t ion  of 
smoke  and fog; in c u r r e n t  usage, not a lways  visible or involving fog. 
t y p e s  a r e  

Two principal  

London smog - occur s  at night  or  on cold, foggy days  and  is c h a r a c t e r i z e d  by 
high c o n t e n t  of smoke  par t ic les ,  sulfur compounds and  fly ash,  
and  

photochemica l  (or Los Angeles) smog - preva len t  in t h e  d a y t i m e  around sunny, 
poorly vent i la ted,  heavily moto r i zed  urban  areas .  

solar  access or solar r ights  
t h e  r ight  to r ece ive  d i r e c t  sunlight wi thout  in te r fe rence .  The  p ro tec t ion  of solar  
access is a lega l  issue. 

solar  ce l l  
see pho tovo l t a i c  cell.  

solar c o n s t a n t  
t h e  a v e r a g e  a m o u n t  of solar radiat ion reaching t h e  ear th ' s  a t m o s p h e r e  per  minute,  
1,350 w a t t s  per  squa re  m e t e r  or 429 Btu pe r  squa re  foot per  hour. 

solar  ene rgy  
th fge lec t romagne t i c  radiat ion e m i t t e d  by t h e  sun. The e a r t h  r ece ives  a b o u t  4,200 x 
10 kilowatt-hours of solar  radiat ion pe r  day. 

solar  f u r n a c e  
a dev ice  using mirror  r e f l e c t o r s  or lenses  to produce  very high t e m p e r a t u r e s  at a foca l  
point or "hot spot." Smal l  backyard  f u r n a c e s  g e n e r a t e  t e m p e r a t u r e s  as high as 1,100 
d e g r e e s  Celsius; t h e  la rges t  solar  f u r n a c e  in t h e  world r e a c h e s  3,100 d e g r e e s  Celsius. 

solar  greenhouse  
a sunspace  containing t h e r m a l  mass  and  used to grow plants.  
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solar  pond 
a shallow pond of del iberately layered w a t e r ,  c o n c e n t r a t e d  s a l t  w a t e r  on t h e  b o t t o m  
and f resh  wa te r  on top, used to c o l l e c t  solar  hea t .  The  dense  s a l t  w a t e r  res is ts  rising, 
even  when h e a t e d  by t h e  sun. When it g e t s  hot  ( abou t  80' C), it is pumped in to  co i l s  of 
a h e a t  exchanger  to vaporize a vola t i le  liquid t h a t ,  in tu rn ,  is d i r ec t ed  aga ins t  blades 
of a turb ine  to produce e l e c t r i c  cur ren t .  Israel  h a s  a n  a c t i v e  solar  pond program. 
Southern  Cal i fornia  Edison plans a demons t r a t ion  faci l i ty  at t h e  Salton Sea  in Imperial  
Valley. Some home  builders a r e  a l so  using solar  salt ponds for  energy  s t o r a g e  in 
con junction with h e a t  pumps for  year-round space  heat ing and  cooling. 

s t agna  t ion 
a high t e m p e r a t u r e  condition occurr ing in a solar  co l lec tor  when t h e  sun is shining and  
no fluid is flowing through t h e  collectof;; t e m g e r a t u r e s  range f rom 250 degrees  
Fahrenhe i t  to 400 degrees  Fahrenhe i t  (120 C), depending on co l lec tor  design. 
Any condition under which a col lec tor  is losing as much h e a t  as i t  gains. 
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s t e a m  engine 
an engine which uses  s t e a m  to dr ive  a piston to produce  mechanica l  power. 

Stirl ing engine 
an  e x t e r n a l  combust ion  engine in which a i r  (or hydrogen in t h e  newer  versions) is 
a l t e r n a t e l y  h e a t e d  and  cooled to dr ive  t h e  piston up and  down. I t  is c l a imed  to b e  
nonpolluting and  more  e f f i c i e n t  t han  t h e  in te rna l  combust ion  engine. 

storage 
t h e  device or  medium t h a t  absorbs co l l ec t ed  h e a t  and  s t o r e s  i t  for  l a t e r  use. 

s t r i p  mining  
mining for  c o a l  or  useful o r e s  by removing  t h e  soil  and  rock found above  them,  r a t h e r  
t h a n  by tunneling underground. 

sun sp ace 
a living space  enclosed by glazing; a sunroom or greenhouse.  

sun t e m p e r i n g  
t echn ique  for taking a d v a n t a g e  of solar  radiat ion for  winter  hea t ing  b u t  control l ing - - 
solar  gain for  summer  cooling;-does no t  a s s u m e  dis t r ibut ion or s torage.  

s y n t h e t i c  fue l  
liquid, solid, or gaseous  f u e l s  produced f r o m  carbon-rich m a t e r i a l s  by human t e c h -  
nology. Examples  a r e  c o a l  gasif icat ion,  c o a l  l iquefact ion,  oi l  sha le  ex t rac t ion ,  a n d  
trash-to-energy conversions. 

t a r  sand 
a sandy geological deposi t  in which low grade,  heavy oil  is found, binding t h e  sand 
toge the r ;  can  b e  mined and  ref ined to produce  fuel. 

technological  
re la t ing  to t h e  appl icat ion of sc ien t i f ic  knowledge to industrial ,  commerc ia l  and  o t h e r  

Q 
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p r a c t i c a l  processes.  
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t e m p e r a t u r e  
a measure  of t h e  energy  of motion of t h e  a t o m s  and  molecules  of a substance.  
The rmomete r s  and  the rmis to r s  a r e  used to measu re  a n  object ' s  t empera tu re .  Temper-  
a t u r e  is not  t h e  s a m e  as heat .  The t ip  of a burning ma tch  has  a high t e m p e r a t u r e ,  bu t  
t h e  o b j e c t  as a whole might con ta in  very l i t t l e  h e a t  due  to i t s  size. 

t h e r m  
a uni t  used in heat ing calculat ions,  equal  to 100,000 Btu, t h e  energy  of approximate ly  
100 cubic  feet of na tura l  gas. 

t h e r m a l  mass  
mass used to s t o r e  h e a t  energy,  usually co l lec ted  solar  energy. Insulated rock bins, 
s and  beds,  and  con ta ine r s  fi l led with w a t e r  or  e u t e c t i c  s a l t s  have  been  used 
successfully as t h e r m a l  masses. 

t h e r m a l  pollution 
degradat ion of w a t e r  qual i ty  by t h e  introduct ion of a h e a t e d  e f f luent .  Pr imari ly  a 
resul t  of t h e  discharge of cooling w a t e r s  f rom industr ia l  processes,  par t icular ly  f r o m  
e l e c t r i c a l  power generat ion.  

t h e r m a l  s t o r a g e  
a sys t em which uses  brick,  rocks,  conc re t e ,  w a t e r  walls, s a l t  ponds, eutectic sa l t s ,  or 
o t h e r  ma te r i a l s  to s t o r e  h e a t  energy. Thermal  s t o r a g e  is especial ly  desirable  for  
solar  -hea t e d  homes. 

t he rmodynamics  
t h e  relat ionship be tween  t h e  various fo rms  of energy,  and  t h e  t r ans fo rma t ions  f r o m  
one fo rm to another .  

t he rmonuc lea r  r eac t ion  
a fusion r eac t ion  which is in i t ia ted  by in tense  hea t .  The  sun's ene rgy  production and  
hydrogen bombs a r e  examples  of the rmonuc lea r  react ions.  

thermosiphoning  
h e a t  t ransfer  in a fluid (air ,  liquid) by m e a n s  of c u r r e n t s  resul t ing f r o m  t h e  na tura l  fa l l  
of heavier ,  cooler  fluid and  r i se  of l ighter ,  warmer  fluid. 

t h e r m o s t a t  
a temperature-sensi t ive device which t u r n s  hea t ing  and  cooling equ ipmen t  on and  off 
at set t e m p e r a  t u  res. 

t r a c k i n g  
for  a solar  co l lec tor ,  t h e  process whereby t h e  panel follows t h e  sun. 

t ransfer  medium 
t h e  fluid t h a t  c a r r i e s  h e a t  f rom t h e  solar co l lec tor  to s t o r a g e  or  f rom s t o r a g e  to t h e  
living areas .  

T rombe  wall  
masonry, typical ly  8 to 16 inches thick,  blackened and  exposed to t h e  sun behind 
glazing; a passive- solar  heat ing sys tem in  which a masonry wall  co l lec ts ,  s tores ,  a n d  
d is t r ibu tes  heat .  

t u rb ine  
a motor ,  t h e  s h a f t  of which is r o t a t e d  by a s t r e a m  of w a t e r ,  s t e a m ,  a i r ,  or  o t h e r  fluid 
f rom a nozzle. The fluid is fo rced  against  t h e  blades of a wheel. 
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U 
U-value (coef f ic ien t  of h e a t  transmission) 
t h e  r a t e  of h e a t  transmission measured  per deg ree  of t e m p e r a t u r e  d i f f e rence  per hour, 
th rough a squa re  foot of wall  or o t h e r  building sur face ;  t h e  rec iproca l  of R-value. 

V 
vapor bar r ie r  
a waterproof  l iner used to p reven t  passage  of moisture  through t h e  building s t ruc ture .  
Vapor bar r ie rs  in walls and  cei l ings should b e  loca ted  on t h e  hea ted  s u r f a c e  of t h e  
building. 

ver t ica l  s h a f t  wind turbine 
a wind machine  on which t h e  s h a f t  support ing t h e  ro tors  is perpendicular to t h e  ear th .  

wastes ,  r ad ioac t ive  
by-products of producing power by spl i t t ing a t o m s  in a nuclear  power plant ;  s o m e  of 
t h e s e  ma te r i a l s  a r e  highly radioact ive and remain  r ad ioac t ive  for long periods of t ime.  

w a t e r  wh.eel 
a wheel turned by flowing w a t e r  to dr ive machinery.  

w a t t  
a uni t  of measu re  for  e l e c t r i c a l  power equal  to t h e  t r a n s f e r  of one  joule of ene rgy  per 
second. The  w a t t  is t h e  uni t  of power mos t  o f t e n  a s soc ia t ed  with e l e c t r i c i t y  and  is  
de t e rmined  by multiplying required vol ts  by required amperes .  One  horsepower = 746 
wat t s .  

wea the r  s t r ipp ing  
m a t e r i a l  which r educes  t h e  r a t e  of a i r  in f i l t ra t ion  around doors and windows. I t  'is 
appl ied to t h e  f r a m e s  to f o r m  a s e a l  with t h e  moving p a r t s  when t h e y  a r e  closed. 

WECS (wind energy  conversion sys t em)  
a s y s t e m  which c o n v e r t s  mechanica l  ene rgy  f r o m  t h e  wind to e lec t r ic i ty ,  h e a t ,  or fuel  
which is used d i rec t ly  or stored.  

windbreak 
a dense  row of t r ees ,  or a fence or o the r  bar r ie r  t h a t  in te r rupts  and changes  t h e  local  
p a t h  of t h e  wind. 

wind cha rge r  
a wind machine  equipped with a gene ra to r  to produce  e l e c t r i c  power. 

wind chil l  f a c t o r  
t h e  relat ionship be tween  cooling condi t ions at var ious t e m p e r a t u r e s  and wind speeds,  
as measured  by t h e  f r eez ing  r a t e  of w a t e r  sealed in a p las t ic  con ta ine r  and  exposed t o  
winds of various speeds  at a given t empera tu re .  The  enclosed wa te r  models human 
flesh. The expe r imen t s  were  devised by A n t a r c t i c  sc ien t i s t s  who wanted  to know how 
fast the i r  faces would f r e e z e  under c e r t a i n  conditions.  All ma te r i a l s  and sys t ems  lose 
h e a t  f a s t e r  when wind is blowing, so th is  f a c t o r  should b e  considered, in addi t ion t o  
d e g r e e  days, in e s t ima t ing  hea t ing  r equ i r emen t s  of buildings and  machinery  in windy 
regions. 
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windmill 
a machine  run on energy  gene ra t ed  by wind blowing against  blades or  slats.  

window t r e a t m e n t s  
appl icat ions to t h e  inter ior  s ide of windows (blinds, shades,  shut te rs ,  draperies).  

wind turbine g e n e r a t o r  
see WECS. 

work 
energy  t r ans fe r r ed  f rom one  o b j e c t  to ano the r ,  t h a t  is, a f o r c e  a c t i n g  against  
res i s tance  to produce  motion in a body; measured  by t h e  product  of t h e  f o r c e  a c t i n g  
and t h e  d i s t ance  moved through, against  t h e  resis tance.  

zoned h e a t i n g  
t h e  cont ro l  of t e m p e r a t u r e  in a room, or  group of rooms, independently of others .  
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Metric Conversion Table 

I Uni t  of Measure 
Multiply By * 

+ Divide By 
English Uni t  Me t r i c  Uni t  Symbol 

c m  
c m  
m 
m 
km 

cyz 
2 m 

m 

2.54 
30.0 

0.3 
0.9 1 
1.61 

cen t ime te r s  
cen t ime te r s  
m e t e r s  
m e t e r s  
k i lometers  

inches 
feet 
feet 
yards  
mi les  

square  cent imeter :  
square  m e t e r s  
square  m e t e r s  

square  inches  
square  feet 
square  yards  

6.5 
0.09 
0.8 

A r e a  

28 
0.45 

I Mass (Weight) ounces  
pounds 

g rams  
kilograms 

Volume I 3.8 
0.03 

l i t e rs  
cubic  m e t e r s  m 

gallons 
cubic  feet 

I 

T e m p e r a t u r e  r degrees  
Fahrenhe i t  

5/9 ( a f t e r  sub- 

5/9 plus 32 
t r ac t ing  3 2 )  

degrees  
Celsius 

O C  

I H e a t  Btu  252 ca lor ies  C 

ki lometers /hour  km/hr  1 Speed  mi les  per  hour 1.61 

Energy Units 

barrel:  
has  abou t  t e s a m e  hea t  eneLgy as 350 pounds of bi tuminous coal ,  5.8 x 10 
or  5.5 x 10 Btu  or 1.39 x 10 kcal.  

a liquid volume equal  to 42 gallons or 159 l i ters .  O n e  barrel  of c ude oil 
joules  4 .  6 

- Btu: Bri t ish the rma l  uni t ,  a uni t  for  measur ing  hea t ;  a Btu  is  t h e  quant i ty  of h e a t  
necessary to ra i se  t h e  t e m p e r a t u r e  of one  pound of w a t e r  one  degree  Fahrenhei t ,  
a b o u t  one-fourth of a ki localor ie  (252 calor ies) .  

ca lo r i e  (also: g ram calorie):  
needed to raise  t h e  t e m p e r a t u r e  of one  g r a m  of w a t e r  one  degree  Celsius.  
equa ls  0.0039 Btu. 
cal led a Calor ie  or  food  Calor ie .  

a m e t r i c  unit  of h e a t  energy;  t h e  amoun t  of hea t  
I t  

O n e  thousand ca lor ies  m a k e  one  ki localor ie  (kcal) ,  some t imes  

kilowatt:  a measure  of power ,  usually e l ec t r i ca l  power or hea t  f low; equal  to 1,000 
w a t t s  or  3,413 Btu pe r  hour. 

kilowatt-hour:  
used fo r  one  hour; equals  3,413 Btu ,  or abou t  860 kcal.  

t h e  amoun t  of energy  equivalent  to one  ki lowatt  of power being 

wat t :  a unit  of measu re  for  e l ec t r i ca l  power equal  to t h e  t r ans fe r  of one  joule of 
energy  pe r  second. T h e  w a t t  is t h e  unit  of power  mos t  o f t e n  assoc ia ted  wi th  
e l ec t r i c i ty  and is de te rmined  by mult iplying required volts by required amperes .  
O n e  horsepower = 746 wat t s .  
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