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A.  BACKGROUND T O PASSIV E SOLAR BUILDIN G DESIG N

A. 1 DEFINITIO N O F PASSIV E SOLAR

A forma l  definitio n o f  passiv e sola r  desig n i s th e following :

Passiv e sola r  design s ar e method s fo r
heatin g o r  coolin g building s o r  fo r
heatin g domesti c wate r  i n whic h therma l
energ y flow s b y natura l  mean s (i.e. ,
withou t  pump s o r  fans) .

Therma l  energ y transfe r  int o an d ou t  o f  buildings ,  int o an d ou t  o f  therma l

energ y storage ,  an d aroun d an d throug h a  conditione d spac e occur s

naturall y — throug h conduction ,  convection ,  an d radiatio n (se e sectio n A.3) .

Thi s definitio n differ s fro m a  common perceptio n o f  sola r  heatin g

and coolin g systems .  I t  i s  ofte n assume d tha t  usin g sola r  energ y require s

an assemblag e o f  component s tha t  include s a n arra y o f  collectors ,  a  therma l

energ y storag e system ,  an d tw o therma l  energ y transpor t  system s — on e

betwee n th e collecto r  an d storage ,  an d anothe r  betwee n storag e an d th e heate d

or  coole d building .  Bot h transpor t  system s ordinaril y  us e pump s o r  fans .

Further ,  th e component s ar e usuall y attache d t o o r  installe d i n a  buildin g

withou t  greatl y affectin g th e building' s architectura l  fabri c (roof ,  walls ,

floor ,  etc.) .  Thes e system s ar e ofte n terme d "active "  becaus e o f  th e

movin g part s an d powe r  requirement s o f  th e fan s an d pumps .

Thes e narro w definition s o f  passiv e an d activ e system s ten d t o ex -

clud e technique s tha t  combin e natura l  therma l  energ y flo w wit h mechanically -

powere d energ y flow .  Fo r  example ,  a  fa n adde d t o a  passiv e syste m ma y

improv e th e energ y transfe r  o r  provid e a n additiona l  leve l  o f  contro l
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ove r  th e amoun t  an d tim e o f  suc h transfer .  Becaus e the y fi t  neithe r

definition ,  suc h system s ar e sometime s calle d "hybrid. "  (Som e peopl e

reserv e th e us e o f  th e ter m "hybrid "  fo r  building s tha t  hav e bot h a n

activ e an d a  passiv e system. )

Similarly ,  th e ter m passiv e may overla p wit h som e energ y conser -

vatio n definitions .  Energ y conservatio n i n building s i s usuall y per -

ceive d a s reducin g energ y consumption ,  whethe r  th e conserve d energ y i s

renewabl e (e.g. ,  solar )  o r  nonrenewabl e (e.g. ,  fossi l  fuel) .  Althoug h

sola r  energ y system s ca n reduc e consumptio n o f  fossi l  fuels ,  the y ar e no t

generall y regarde d a s energ y conservatio n sinc e the y don' t  necessaril y

reduc e th e building' s tota l  energ y use .  Therefore ,  man y simpl e techniques ,

suc h a s combinin g south-facin g glas s an d therma l  mass ,  ar e usuall y no t

considere d energ y conservatio n measures .  On th e othe r  hand ,  som e

passiv e sola r  design s ca n als o b e regarde d a s energ y conservation .

Passiv e ma y als o exclud e othe r  natura l  energ y use s no t  usuall y

considere d energ y conservatio n measures .  Fo r  example ,  woo d heatin g

and natura l  ventilatio n ar e neithe r  energ y conservatio n no r  passiv e

sola r  desig n a s commonl y defined ,  althoug h th e latte r  tw o ar e dis -

cusse d briefl y i n Chapte r  D .

Thus ,  althoug h a  grea t  dea l  o f  overla p i s unavoidable ,  a  rang e

of  technique s fo r  reducin g a  building' s consumptio n o f  nonrenewabl e

energ y migh t  loo k a s follows :
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Energ y
Conservatio n
Technique s

Natura l
Energ y
Feature s

Passiv e
Sola r
Desig n

Hybri d
Sola r
System s

Activ e
Sola r
System s

I n general ,  energ y conservatio n technique s ten d t o b e th e simples t

and leas t  costl y o f  th e fiv e categories .  Activ e system s ten d t o b e

th e mos t  comple x an d expensive .

Thi s Handboo k addresse s passiv e sola r  design .  Passive' s cost  an d

complexit y generall y fal l  somewher e betwee n energ y conservatio n tech -

nique s an d activ e sola r  systems .  However ,  th e prope r  semanti c catalogin g

of  thes e technique s i s unimportan t  compare d wit h th e concept s the y

tr y t o communicate .  Wit h goo d cause ,  th e abov e term s ma y not  b e

adopte d universally .  Bu t  a s ou r  understandin g an d us e o f  thes e technique s

evolve ,  s o als o wil l  ou r  vocabular y fo r  communicatin g them .

I n fact ,  th e catalogin g o f  passiv e technique s i s als o fraugh t  wit h

ambiguity .  Th e metho d use d i n thi s Handboo k combine s simplicit y wit h

comprehensiveness .  Dozen s o f  variation s an d permutation s fal l  withi n

th e fiv e basi c passiv e heatin g syste m type s described .  Sometime s the y

fi t  neatl y an d sometime s the y fi t  onl y throug h th e us e o f  a  gian t  shoe -

horn .  Thi s grea t  variet y an d diversit y o f  passiv e syste m types ,  al -

thoug h makin g i t  diffcul t  t o catalo g the m neatly ,  i s  als o a n advantage :

ther e ar e man y approache s fro m whic h t o selec t  on e tha t  i s mos t  appropriat e

fo r  a  particula r  climate ,  site ,  an d buildin g type .  Althoug h thi s variet y

give s passiv e versatility ,  wis e decision-makin g require s mor e tha n just
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a passin g interes t  i n th e subject .  Analyzing ,  predicting ,  an d evaluatin g

passive' s therma l  an d economi c performanc e i s a  comple x task .  For -

tunately ,  however ,  passiv e sola r  design s usuall y appl y simpl e concept s

and ar e eas y t o build .  Also ,  th e performanc e o f  mos t  passiv e system s

i s stabl e despit e many desig n variations .

A. 2 ADVANTAGES AND DISADVANTAGES

When compare d wit h activ e systems ,  passiv e sola r  design s (direc t

gain ,  convectiv e loops ,  therma l  storag e wall s an d roofs ,  an d attache d

sunspacea )  hav e bot h advantage s an d disadvantages .  Mos t  advantage s

ste m fro m th e inheren t  simplicit y o f  passiv e systems ;  thi s simplicit y

generall y result s i n greate r  reliability ,  lowe r  costs ,  an d longe r

lifetimes .  Mos t  o f  th e disadvantage s ar e relate d t o "marke t  accepta -

bility "  b y homebuyer s an d th e buildin g industry .

Sinc e passiv e system s hav e fe w (o r  no )  movin g part s an d usuall y

emplo y conventiona l  buildin g materials ,  thei r  performanc e i s reliable .

A-4



Windows an d wall s perfor m thei r  sola r  tas k effortlessl y an d quietl y

withou t  mechanica l  o r  electrica l  commands o r  requirements .  Generally ,

ther e ar e n o wearin g surface s o r  nee d fo r  lubrication .  I f  an y ex -

terna l  contro l  i s  require d (e.g. ,  o f  shutters) ,  i t  i s  usuall y a

simpl e tas k performe d b y th e occupant .  Usin g conventiona l  buildin g

material s suc h a s glass ,  concrete ,  an d bric k involve s well-know n con -

structio n techniques ,  an d thes e material s ar e generall y long-lasting .

Simplicity ,  lo w initia l  cost s o f  conventiona l  materials ,  lo w

maintenanc e costs ,  an d lon g lifetime s al l  contribut e t o th e cost -

effectivenes s o f  well-designe d passiv e systems .  Bu t  perhap s th e mos t

significan t  reaso n fo r  passive' s cost-effectivnes s i s th e lon g life -

time .  Fo r  th e lif e o f  th e building ,  a  passiv e syste m shoul d continuall y

maintain ,  i f  no t  improve ,  it s valu e i n a t  leas t  equa l  proportio n t o

th e rest  o f  th e building .  I t  shoul d requir e n o mor e maintenanc e tha n

any othe r  wal l  o r  roof .  Thi s i s particularl y tru e whe n th e passiv e

syste m fulfill s  th e dua l  rol e o f  admittin g sola r  energ y an d formin g

an integra l  par t  o f  th e building' s surfac e an d structure .

Whil e simplicit y lower s th e capita l  cos t  (n o motorize d dampers ,

automati c valves ,  sophisticate d contro l  systems ,  o r  high-technolog y

detail s o r  materials) ,  a  furthe r  consequenc e o f  thi s simplicit y i s th e

relativ e lac k o f  lega l  barrier s an d certificatio n requirements .  Al -

thoug h ther e may b e som e ne w material s develope d fo r  passiv e tha t

wil l  requir e certification ,  certificatio n procedure s hav e alread y bee n
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establishe d fo r  th e standar d constructio n material s use d i n norma l

applications .

Anothe r  advantag e o f  passiv e i s that ,  sinc e i t  ca n b e applie d eve n

i n smal l  amounts ,  th e initia l  involvemen t  ca n b e a  relativel y smal l

ste p requirin g a  smal l  risk .  Thus ,  individual s ca n gai n rea l  experienc e

wit h passiv e befor e makin g a  large r  commitment ;  i f  a  desig n mistak e

i s made ,  i t  ca n b e recognize d an d correcte d wit h minima l  loss .

Fro m th e viewpoint  o f  societ y a s a  whole ,  passiv e sola r  offer s

many benefits .  Th e mos t  obviou s i s a  saving s o f  fossi l  fuels ,  whic h

help s th e econom y an d preserve s thes e resource s fo r  thei r  optimu m

applications .  Th e econom y profit s bot h b y reducin g th e balanc e o f

payment s deficit  an d freein g capita l  fro m fossi l  fue l  expenditure s fo r

bette r  uses .  Th e decreas e i n fossi l  fue l  us e als o ha s a  beneficia l

environmenta l  impact .  Afte r  installation ,  sola r  heatin g an d coolin g

require s few ,  i f  any ,  transmissio n lines ,  pip e lines ,  o r  stri p mines ;

i t  produce s n o dangerou s radioactiv e waste s an d n o pollute d ai r  o r

water .  Sola r  system s hav e fe w negativ e impact s sinc e the y us e material s

tha t  ar e renewabl e an d ca n b e recycled .  Passiv e sola r  promise s t o

favorabl y impac t  employmen t  sinc e i t  generall y require s additiona l

constructio n labo r  an d materials .

Potentia l  difficultie s o f  occupan t  interactio n wit h passiv e

system s ar e sometime s regarde d a s a  disadvantage .  Fo r  optimu m per -

formance ,  som e passiv e system s requir e dail y movin g o f  shutter s o r  vents .
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To som e peopl e thi s i s a n imposition ;  other s fin d i t  no t  onl y tolerabl e

but  actuall y a  pleasan t  wa y o f  growin g close r  t o thei r  environment .

Many fee l  tha t  th e radian t  heatin g fro m larg e surfaces ,  charac -

teristi c o f  mos t  passiv e systems ,  i s mor e comfortabl e tha n conventiona l

heatin g methods ,  whic h usuall y hea t  th e ai r  first .  A  frequen t  charac -

terizatio n o f  som e passiv e design s i s wid e temperatur e swings ;  however ,

i n well-designe d system s thes e swing s ar e small ,  generall y o n th e orde r

of  5  F .  Nevertheless ,  som e peopl e enjo y excessivel y war m roo m tempera -

ture s durin g th e col d winte r  an d fee l  tha t  wid e temperatur e fluctua -

tion s ar e not  undesirable .

Almos t  al l  passiv e system s requir e mor e occupant  awarenes s o f  th e

environment  tha n activ e system s do ,  but  experienc e ha s show n tha t

resident s usuall y enjo y thei r  passiv e homes .

I t  i s  difficul t  t o incorporat e passiv e sola r  desig n withou t

significantl y affectin g th e building' s appearance ,  which ,  i n turn ,

affect s th e willingnes s o f  builder s t o buil d i t  o r  buyer s t o purchas e

it .  However ,  i f  th e buildin g ha s lo w heatin g o r  coolin g loads ,  o r  i f

passiv e sola r  i s designe d t o provid e onl y a  smal l  fractio n o f  th e loads ,

th e passiv e syste m wil l  hav e a  smal l  surfac e are a and ,  therefore ,  onl y

a smal l  effec t  o n th e building' s appearance .

The primar y disadvantag e o f  passiv e desig n i s tha t  i n mos t  cases ,

but  not  all ,  i t  increase s constructio n cost .  T o achiev e a  larg e sola r

fractio n (i.e. ,  a  larg e decreas e i n conventiona l  fue l  bills )  th e cos t

can approac h tha t  o f  activ e systems .  However ,  th e financia l  ris k ca n b e

limite d b y buildin g onl y a  smal l  syste m (perhap s a s littl e a s 7 5 squar e

fee t  o f  convectiv e loo p collector) .
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A. 3 SOME PASSIV E DESIG N BUILDIN G BLOCKS

Buildin g element s (suc h a s glass )  an d therma l  processe s (suc h

as conduction )  ar e combine d i n variou s way s i n passiv e designs .

Familiarit y wit h thes e "buildin g blocks "  wil l  enabl e th e designe r

t o mak e decision s fo r  eac h particula r  desig n project .  I n addition ,

th e designe r  ca n var y thes e tool s t o sui t  th e particula r  need s o f  a

project .  Suc h need s diffe r  an d ar e mos t  affecte d b y th e site ,  th e

climate ,  an d th e purpos e o f  an d activitie s withi n th e building .  Thes e

variation s i n tur n affec t  th e choic e o f  th e passiv e design .  Th e followin g

brief ,  introductor y description s wil l  provid e a  foundatio n fo r  thei r

us e throughou t  thi s Handbook .

Buildin g Element s

Insulatio n

Insulatio n i s a  materia l  wit h a  hig h resistanc e t o hea t  flow .

I t  i s  use d t o reduc e conductiv e hea t  los s fro m building s i n col d

climate s an d t o reduc e hea t  gain s i n war m climates .  Movabl e insula -

tio n retard s energ y flow s throug h windows ,  e.g. ,  a t  nigh t  whe n th e

sun isn' t  shining .

Glazin g

Glazin g i s a  materia l  tha t  i s  highl y transparen t  t o sola r  irradia -

tion .  I t  i s  use d t o admi t  an d tra p sola r  heat .  Glazing ,  usuall y

glas s o r  plastic ,  i s  a n essentia l  elemen t  i n mos t  passiv e designs .
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As windows ,  glazin g ca n b e bot h sola r  collector s an d source s o f  light .

Windo w desig n an d orientatio n ar e extremel y important .  Window s facin g

sout h receiv e maximu m winte r  gain s an d hav e minima l  summer  gains .

Glazin g cover s suc h buildin g element s a s meta l  o r  masonr y walls ,  con -

vertin g the m t o "sola r  collectors. "  Large r  space s betwee n th e glazin g

and th e buildin g ca n b e use d successfull y a s greenhouse s o r  othe r  sun -

spaces .

Shadin g

Keepin g th e su n of f  th e buildin g an d of f  th e window s a t  appropriat e

time s o f  th e yea r  i s essentia l  fo r  keepin g th e buildin g cool .  Shadin g

mechanism s includ e vegetation ,  portion s o f  th e buildin g itself ,  auxiliar y

device s suc h a s overhangs ,  an d insulatio n i n th e for m o f  drape s tha t

shad e an d shutter s tha t  insulate .

Reflector s

Reflector s increas e th e amoun t  o f  sola r  radiatio n strikin g a

surfac e o r  enterin g throug h a  window .  Movabl e reflector s ca n als o

be positione d t o shad e a  buildin g durin g th e summer .

Therma l  Mas s

Heavy material s withi n buildings ,  suc h a s concrete ,  stone ,  an d

water ,  ai d i n th e storag e o f  therma l  energ y fo r  bot h heatin g an d cooling .

They ca n tempe r  an d tim e dela y th e effect s o f  fluctuatin g input s o f

energy ,  suc h a s solar .  Fo r  example ,  durin g th e coolin g season ,  the y

absor b exces s daytim e hea t  t o kee p th e buildin g fro m overheating .
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Heat-of-fusio n (o r  phase-change )  material s stor e hea t  whe n the y

mel t  an d releas e th e heat  whe n the y re-solidify .  The y requir e smalle r

mass an d volum e t o stor e th e sam e amoun t  o f  therma l  energ y a s th e mor e

conventiona l  hea t  storag e materials ,  suc h a s concrete .  The y als o stor e

heat  wit h littl e o r  n o chang e i n temperature .

Therma l  Processe s

Therma l  Radiatio n

Therma l  radiatio n i s a  majo r  energ y transfe r  mean s insid e a

building .  Thi s radiatio n i s simila r  t o light ,  bu t  i t  ha s suc h a

lon g wavelengt h tha t  i t  i s  not  visible .  I t  i s  easil y sense d a s a

"war m feeling, "  expeciall y b y th e bac k o f  th e han d o r  face ,  an d i t  i s

especiall y pronounce d nea r  war m object s suc h a s a  ho t  stov e pip e

or  wall .  Therma l  radiatio n i s absorbe d a t  th e surfac e o f  non-re -

flectiv e objects ;  thi s warm s th e surfac e whic h the n transfer s energ y

by conductio n (se e below )  t o th e interio r  mass .  Th e energ y i s re -

lease d fro m th e therma l  mas s bac k t o th e heate d spac e b y radiatio n

and convection .

Peopl e interac t  thermall y b y radiatio n wit h th e surface s o f

walls ,  ceilings ,  floors ,  an d othe r  surfaces .  Thi s radiant  exchang e i s

full y a s importan t  t o a  person' s perceptio n o f  comfor t  a s i s th e ai r

temperature ,  an d i t  ca n b e use d t o maintai n comfor t  whe n ai r  tempera -

ture s ar e a t  uncomfortabl y lo w levels .
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Natura l  Convectio n

Natura l  convectio n i s ai r  movemen t  resultin g fro m differin g

temperature s o f  adjacen t  masse s o f  air .  I t  i s  use d t o transpor t

therma l  energy ,  withou t  fans ,  fro m on e locatio n t o another .  Thi s

i s most  easil y accomplishe d whe n th e warmes t  locatio n an d sourc e

of  heat  i s lowe r  i n elevatio n tha n coole r  location s requirin g heat .

Conductio n

Conductio n i s th e transfe r  o f  therma l  energ y throug h materials ,

fro m th e warmes t  spo t  t o th e cooles t  spot .  Th e large r  th e tempera -

tur e difference ,  th e faste r  i s th e energ y movement .

Ai r  Stratificatio n

Warm ai r  rise s t o hig h point s withi n a  buildin g becaus e i t  i s

lighte r  an d mor e buoyant  tha n coole r  air .  Ai r  stratificatio n i s

usuall y undesirabl e i n th e winter .  However ,  stratifie d war m ai r  ca n

be transporte d t o othe r  part s o f  th e buildin g o r  t o th e heat  storage .

Durin g th e summer ,  th e war m ai r  ca n b e vented ,  inducin g natura l

ventilatio n throug h th e buildin g an d reducin g th e nee d fo r  ai r  con -

ditioning .

Evaporatio n

When wate r  an d ai r  ar e i n contac t  an d th e relativ e humidit y o f

th e ai r  i s  les s tha n 10 0 percent ,  wate r  wil l  evaporate .  Th e energ y

require d t o evaporat e th e wate r  reduce s th e ai r  temperature .  Th e

adde d moistur e raise s th e humidity .
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Thi s coolin g proces s i s th e principl e behin d th e evaporativ e

cooler s use d primaril y i n th e southwester n Unite d States .  There ,

th e cooler ,  mor e humi d ai r  i s  mor e comfortabl e tha n th e ambien t

warmer ,  drye r  air .  Evaporativ e coolin g i s no t  a s effectiv e i n

humi d climate s becaus e th e ai r  i s  alread y moisture-laden .  De -

humidificatio n i s usuall y mor e effectiv e i n suc h climates .

Thermosiphonin g (Thermocirculation )

Fluid s (liquid s o r  air )  becom e lighte r  an d henc e mor e buoyan t

as the y ar e heated .  A s i n a  chimne y whe n heate d ai r  rises ,  coo l  ai r

enter s t o replac e it ;  thi s motiv e forc e ca n b e use d t o circulat e

heate d ai r  o r  liqui d fro m a  collecto r  t o storag e o r  t o th e livin g

space .  When th e ai r  o r  liqui d flow s i n thi s continuous ,  somewha t

circula r  loop ,  i t  i s  sai d t o thermosiphon .

The passiv e designe r  nee d no t  necessaril y  experimen t  wit h ne w

combination s o f  th e abov e desig n buildin g blocks .  Althoug h passiv e

sola r  desig n i s i n a  somewha t  embryoni c stage ,  man y design s wer e de -

velope d lon g ag o an d ar e use d widel y today .
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A. 4 FIV E BASI C SYSTEM TYPES

A.4. a Brie f  Description s

Passiv e sola r  design s ca n b e categorize d i n divers e ways .  Also ,

as note d earlier ,  overla p i s inevitable .  Th e approac h use d her e i s

t o describ e fiv e physicall y identifiabl e methods :

1.  Direct  Gai n

2.  Convectiv e Loop s

3.  Therma l  Storag e Wall s

4.  Therma l  Storag e Roof s

5.  Attache d Sunspace s

The physica l  image s tha t  thes e fiv e method s evok e hel p t o

simplif y th e tas k o f  communicatin g passiv e t o million s o f  people .

At  th e sam e time ,  thi s categorizatio n syste m i s sufficientl y flexibl e

t o permit  innovation .

A mor e genera l  categorization ,  whic h i s generi c rathe r  tha n

physical ,  i s  t o classif y passiv e concept s accordin g t o th e following :
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a.  Direct  Gai n

b.  Indirec t  Gai n

c.  Isolate d Gai n

The direc t  gai n categor y i s th e sam e i n bot h classificatio n schemes .

The othe r  fou r  physica l  categorie s ar e eithe r  indirec t  o r  isolated ,

dependin g o n whethe r  th e therma l  storag e mas s i s i n direc t  therma l

contac t  wit h theheate d spac e o r  i s thermall y isolate d (b y eithe r

distanc e o r  insulation) .

The followin g brie f  description s wil l  introduc e th e designe r  t o

th e basi c component s o f  thes e fiv e syste m types .  The y ar e discusse d

i n detai l  i n Chapter s C 1 throug h C5 .

A.4.a. l  Direc t  Gai n (Figur e A-1 )

Direc t  gai n system s us e sola r  radiatio n tha t  enter s throug h

glas s o r  plasti c directl y int o th e spac e t o b e heated .  Nearl y al l  o f

th e sola r  radiatio n enterin g th e roc m i s immediatel y converte d t o heat .

Therma l  mas s fo r  storin g exces s sola r  hea t  i s most  effectiv e whe n

locate d wit h direc t  exposur e t o th e sunligh t  (a s i n a  concret e

floor) .  T o reduc e hea t  los s and ,  therefore ,  t o increas e overal l

therma l  performance ,  insulatio n may b e applie d a t  nigh t  t o th e glass ,

eithe r  insid e o r  outside .  Durin g th e heatin g season ,  south-facin g

glas s take s advantag e o f  th e sun' s lo w positio n i n th e sky ;  i n th e

summer  whe n th e su n i s hig h i n th e sky ,  th e glas s i s shade d b y over -

hang s ,  awning s ,  o r  trees .
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Figure A-l : Direct gain (HON).
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A.4.a. 2 Convectiv e Loop s (Figur e A-2 )

As a  flui d increase s i n temperature ,  it s  densit y decrease s an d i t  b e

comes mor e buoyan t  tha n a  coole r  fluid .  Th e resul t  i s  tha t  a  war m flui d

tend s t o ris e a s i t  i s  wanned ,  an d a  coole r  flui d move s downwar d t o

tak e it s place .  Thermocirculatio n i s a  natura l  convectiv e loo p tha t

permit s a  flui d heate d b y a n absorbin g surfac e t o ris e eithe r  directl y

t o th e spac e t o b e heate d o r  t o a  therma l  storag e containe r  elevate d

abov e th e absorber .  Coole r  flui d i s draw n fro m th e roo m (o r  fro m

therma l  storage )  t o th e collector ,  replacin g th e warm ,  risin g fluid .

Figur e A- 2 illustrate s th e simples t  for m o f  a  convectiv e loo p

ai r  collector .  A s th e ai r  i n th e spac e betwee n th e glas s an d th e

blackene d absorbe r  surfac e i s heated ,  i t  expand s an d become s lighter ,

rise s throug h th e collector ,  an d flow s int o th e roo m throug h a  vent

at  th e top .  Coole d roo m air ,  draw n int o th e collecto r  throug h anothe r

ven t  a t  th e bas e o f  th e wall ,  replace s th e warme d ai r  leavin g th e

collector .  It ,  too ,  i s  heate d an d subsequentl y expelle d fro m th e

to p o f  th e collecto r  int o th e room .  Thi s proces s continue s a s lon g a s

ther e i s enoug h sola r  radiatio n t o rais e th e temperatur e o f  th e collec -

to r  abov e th e temperatur e o f  th e room .

I n thes e systems ,  revers e thermocirculatio n shoul d b e prevente d

at  night .  Revers e thermocirculatio n occur s whe n th e blackene d ab -

sorbe r  surface ,  du e t o it s clos e proximit y t o th e glass ,  become s

coole r  tha n th e roo m air .  Th e coo l  absorbe r  surfac e cool s th e ai r
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Figur e A-2 :  A  thermosiphonin g ai r  heate r  (HON) .
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i n contac t  wit h it .  Th e cool ,  dens e ai r  move s downwar d an d enter s th e

roo m a t  th e lowe r  vent .  War m ai r  i s  the n pulle d int o th e uppe r  vent ,

and th e circulatio n loo p continues .  A  simpl e backdraf t  dampe r  (se e

Figur e C2-7 )  ove r  eithe r  ven t  openin g wil l  preven t  this .

A.4.a. 3 Therma l  Storag e Wall s (Figur e A-3 )

I n man y application s o f  passiv e sola r  heating ,  therma l  energ y

storag e i s locate d betwee n a  wal l  o f  glas s (o r  plastic )  an d th e spac e

t o b e heated .  T o date ,  ther e ar e tw o genera l  type s o f  therma l  storag e

walls .  On e use s heav y masonr y material s 1  foo t  o r  s o thick .  Th e

outsid e surfac e o f  th e wall ,  painte d a  dar k color ,  heat s u p a s th e su n

irradiate s it .  Th e heat  i s conducte d throug h th e wal l  an d i s the n

transmitte d t o th e interio r  space s b y convectio n an d radiatio n severa l

hour s afte r  th e sun' s energ y strike s th e wall .

The secon d genera l  typ e o f  therma l  storag e wal l  employ s wate r

instea d o f  masonr y materials .  Tube s o f  water ,  55-gallo n drums ,  an d

speciall y fabricate d wate r  wall s ar e commonl y used .  Th e natura l  flo w

of  ai r  fro m th e roo m t o th e spac e betwee n th e glas s wal l  an d th e

container s o f  wate r  an d the n bac k t o th e roo m i s usuall y no t  a  seriou s

desig n consideration .  Instead ,  wate r  absorb s th e heat ,  an d th e hea t

radiate s directl y t o th e room .

To contro l  thi s radiativ e heatin g (o r  t o concea l  th e containers) ,

a partitio n ca n b e place d betwee n th e wate r  wal l  an d th e room .  A
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Figur e A-3 :  Therma l  storag e wal l  wit h thermocirculatio n vent s (HON) .
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thermostaticall y controlle d fa n coul d the n b e use d t o directl y suppl y

war m ai r  fro m th e resultin g war m wate r  wal l  "closet "  t o th e space .

I n masonr y therma l  storag e walls ,  vent  hole s frequentl y ar e place d

at  th e to p an d botto m t o allo w roo m ai r  t o enter ,  ris e i n th e war m

spac e betwee n th e storag e wal l  an d th e glass ,  an d re-ente r  th e room .

Thi s combine s th e convectiv e loo p proces s wit h a  therma l  storag e wall .

Such system s ar e usuall y referre d t o a s "Tromb e walls "  afte r  Feli x

Trombe o f  Odeillo ,  France ,  wh o gav e a  substantia l  boost  t o thei r

development .

Fans ca n b e use d t o increas e an d contro l  airflow .  Eve n whe n vent s

ar e used ,  however ,  th e majorit y o f  th e hea t  i s absorbe d b y an d con -

ducte d throug h th e masonr y material .  I n man y systems ,  manua l  o r  auto -

mati c damper s preven t  th e nighttim e revers e flo w o f  ai r  tha t  woul d

coo l  th e space .  A s wit h direct  gai n systems ,  movabl e insulatio n may

be use d t o cove r  th e glas s a t  nigh t  t o reduc e heat  los s an d thereb y

increas e overal l  therma l  performance ,  especiall y i n col d climates .

A.4.a. 4 Therma l  Storag e Roof s (Figur e A-4 )

Some passiv e design s locat e th e therma l  storag e o n th e roof .

The mos t  widel y know n system ,  develope d b y Harol d Hay ,  i s calle d

"Skytherm." R I t  use s roo f  pond s o f  wate r  store d i n large ,  clea r

viny l  bag s tha t  ar e supporte d o n a  black ,  waterproo f  liner .  Sola r
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Figur e A-4 :  "Skytherm" R stherma l  storag e roof s — summer
and winte r  operatio n (HON) .
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radiatio n i s absorbe d bot h b y th e wate r  an d th e blac k liners .  Thi s

hea t  i s the n conducte d throug h th e ceiling ,  i n contac t  wit h th e bags ,

t o th e spac e below .  Insulatin g panel s cove r  th e roo f  pond s a t  nigh t

t o minimiz e hea t  loss .

Dependin g o n th e climate ,  thi s syste m ca n b e use d fo r  coolin g

durin g th e summer .  Th e wate r  absorb s heat  fro m th e spac e belo w an d

radiate s th e heat  t o th e col d nigh t  sk y throug h a  proces s calle d

nocturna l  radiativ e cooling .  B y floodin g th e wate r  bags ,  evapora -

tiv e coolin g ca n b e use d effectively .  Th e insulatin g panel s cove r  an d

shad e th e roo f  pond s durin g th e da y an d ar e remove d a t  nigh t  t o per -

mi t  radiativ e an d evaporativ e coolin g a s wel l  a s convectiv e coolin g

when th e outdoo r  ai r  i s  coole r  tha n th e pond .

Othe r  variations ,  develope d fo r  heatin g i n colde r  climates ,  us e

glazin g incorporate d int o a  south-slopin g roo f  pitc h an d wate r  con -

tainer s o r  "thermo-ponds "  supporte d b y th e ceiling .

A.4.a. 5 Attache d Sunspace s (Figur e A-5 )

Greenhouse s an d othe r  "sola r  rooms "  ca n b e attache d t o ne w o r

existin g buildings .  Overheate d sunspac e ai r  i s  eithe r  delivere d

directl y t o th e buildin g t o b e heated ,  o r  th e buildin g an d th e sun -

spac e ca n hav e a  common therma l  storag e wal l  o r  rockbed .  Th e hea t
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Figure A-5: Solar greenhouse (HON).
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store d i n th e therma l  storag e wal l  wil l  b e share d b y bot h th e sun -

spac e an d th e building .  Some o f  th e hea t  fro m th e wal l  warm s th e

greenhous e befor e passin g t o th e outdoors ,  thereb y extendin g th e growin g

season .  A t  th e sam e time ,  th e wal l  help s t o kee p th e greenhous e fro m

becomin g overheate d o n clear ,  sunn y days .  Sola r  energ y ca n provid e

all ,  o r  nearl y all ,  o f  th e hea t  require d b y a  properl y designe d sun -

space .  Th e sunspac e provide s substantia l  quantitie s o f  exces s energ y

t o hea t  th e buildin g whil e simultaneousl y actin g a s a  buffe r  zon e t o

reduc e hea t  los s fro m th e buildin g t o th e outdoors .

A.4. b Summary o f  Advantage s an d Disadvantage s

1.  Direc t  Gai n

Advantage s

•  Glazin g i s a  relativel y inexpensiv e for m o f  sola r  collecto r

and i s widel y availabl e an d thoroughl y tested .

•  Th e overal l  syste m ca n b e on e o f  th e leas t  expensiv e mean s

of  sola r  heating .

•  Direct  gai n i s th e simples t  sola r  energ y syste m t o concep -

tualiz e an d ca n b e th e easies t  t o build .  I n man y instance s

i t  i s  achieve d b y simpl y relocatin g windows .

•  Th e glazin g serve s multipl e functions ,  allowin g sola r  radia -

tio n t o ente r  th e buildin g whil e als o admittin g natura l
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daylight  an d providin g visua l  acces s t o th e outside .

•  T o provid e onl y a  smal l  fractio n o f  th e heatin g need s o f

a building ,  direc t  gai n system s d o no t  necessaril y  nee d

therma l  storage .

Disadvantage s

•  Larg e expanse s o f  glas s ca n resul t  i n to o muc h glar e durin g

th e da y an d los s o f  privac y a t  night .

•  Ultraviolet  radiatio n i n th e sunligh t  wil l  degrad e fabric s

and photographs .

•  I f  th e desig n i s t o achiev e larg e energ y savings ,  the n

relativel y larg e glazin g area s an d concomitan t  larg e amount s

of  therma l  mas s ar e require d t o decreas e temperatur e swings .

•  Therma l  mas s i s expensive ,  particularl y i f  i t  serve s n o

structura l  purpose .

•  Interio r  diurna l  temperatur e swing s o f  1 5 t o 2 0 F  ar e common.

•  Providin g fo r  reduce d hea t  los s a t  nigh t  throug h th e glazin g

ca n b e expensiv e an d awkward .

2.  Convectiv e Loop s

Advantage s

•  Glar e an d ultraviole t  degradatio n o f  fabric s ar e no t

problems .
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•  Convectiv e loop s provid e on e o f  th e leas t  expensiv e way s t o

sola r  heat .

•  T o provid e onl y a  smal l  fractio n o f  th e heatin g need s o f

a building ,  therma l  storag e i s no t  necessaril y  needed .

•  The y ar e easil y incorporate d int o sout h facades .

•  The y ar e readil y adaptabl e t o existin g buildings .

•  Becaus e th e collecto r  ca n b e thermall y isolate d fro m th e

buildin g interior ,  nigh t  hea t  losse s ca n b e lowe r  tha n fo r

any othe r  passiv e design .

Disadvantage s

•  Th e collecto r  i s a n add-o n devic e t o th e buildin g ( a possibl e

advantag e i n retrofitting) .

•  Bot h carefu l  engineerin g an d constructio n ar e require d t o

ensur e prope r  airflow s an d adequat e therma l  isolatio n a t

night .

•  Th e therma l  energ y i s delivere d a s warme d air .  I t  i s  difficult

t o the n stor e thi s hea t  fo r  late r  retrieva l  becaus e ai r  ha s

poo r  hea t  transfe r  characteristic s t o mas s compare d t o mas s

directl y irradiate d b y th e sun .

•  When therma l  storag e i s used ,  th e syste m work s bes t  whe n th e

collecto r  i s locate d belo w th e buildin g an d th e storage .

Such a  configuratio n i s difficul t  t o achiev e wit h conventiona l

construction .
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3.  Therma l  Storag e Wall s

Advantage s

•  Glar e an d ultraviole t  degradatio n o f  fabric s ar e no t  problems .

•  Temperatur e swing s i n th e livin g spac e ar e lowe r  tha n wit h

direct  gai n o r  convectiv e loo p systems .

•  Th e tim e dela y betwee n th e absorptio n o f  radiant  energ y b y

th e surfac e an d th e deliver y o f  th e resultin g heat  t o th e

spac e provide s warmt h i n th e evenin g whe n mos t  residence s

need it .

•  Th e state-of-the-ar t  i n analyzin g therma l  storag e wall s

i s well-advanced .

Disadvantage s

•  Tw o sout h walls ,  a  glaze d wal l  an d a  mas s wall ,  ar e needed .

•  Massiv e wall s ten d t o b e costl y an d ar e not  generall y use d

i n moder n residentia l  constructio n (althoug h therma l

storag e wall s ma y b e th e leas t  expensiv e wa y t o achiev e th e

require d therma l  storag e sinc e the y ar e compactl y locate d

behin d th e glass) .

•  Th e mas s wal l  occupie s valuabl e spac e withi n th e building .

•  I n col d climate s considerabl e heat  i s los t  t o th e outsid e

fro m th e war m wal l  throug h th e glazin g unles s th e glazin g i s

insulate d a t  night ;  movabl e insulatio n tend s t o b e expensiv e

and awkward .
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4.  Therma l  Storag e Roof s

Advantage s

•  Compare d wit h man y passiv e systems ,  th e heatin g an d coolin g

effect s ar e mor e uniforml y distribute d throughou t  th e building .

•  Temperatur e swing s i n th e buildin g may b e small .

•  Glar e an d ultraviole t  degradatio n ar e no t  problems .

•  Thi s syste m ca n provid e bot h heatin g an d cooling .

•  Backu p heatin g an d coolin g system s ca n b e eliminate d i n

mil d climate s (whe n code s permit) .

Disadvantage s

•  Th e heav y weigh t  o f  therma l  mas s abov e th e ceilin g might  b e

psychologicall y unacceptabl e (especiall y i n a n earthquake -

pron e area) .

•  Th e therma l  storag e roo f  are a need s t o b e a t  leas t  5 0 percen t

of  th e tota l  floo r  are a t o produc e a  significan t  fractio n

of  th e therma l  energ y need s o f  th e building .

•  Compare d wit h othe r  passiv e systems ,  furthe r  refinemen t  i s

require d i n orde r  fo r  designer s an d builder s t o mak e

immediat e widesprea d us e o f  th e design .

•  Structura l  suppor t  fo r  th e heav y mas s ca n b e costly .
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5.  Attache d Sunspace s

Advantage s

•  Temperatur e swing s i n adjacen t  livin g space s ar e small .

•  The y provid e spac e fo r  growin g foo d an d othe r  plants .

•  The y reduc e hea t  los s fro m building s b y actin g a s buffe r

zones .

•  The y ca n hel p brin g peopl e close r  t o nature .

•  The y ar e readil y adaptabl e t o existin g buildings .

•  Sinc e th e sunspac e serve s mor e tha n on e function ,  i t  i s

a natura l  an d integrate d par t  o f  th e buildin g design .

Disadvantage s

•  Therma l  performanc e varie s greatl y fro m on e desig n t o

another ,  makin g th e performanc e difficul t  t o predict .

•  Althoug h constructio n cost s ca n b e kep t  low ,  commercial -

qualit y constructio n i s expensive .

A.2. d Glazin g Configuration s fo r  Sout h Wall s

An invaluabl e ai d fo r  selectin g th e most  appropriat e passiv e

desig n i s a n understandin g o f  th e dynamic s o f  hea t  transfe r  throug h

wall s o f  variou s constructions .  Thi s understandin g ca n hel p develo p

an intuitiv e fee l  fo r  passiv e design .  I n winte r  ther e ar e tw o

primar y flow s o f  heat .  On e i s sola r  radiatio n int o th e building ;  th e othe r
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i s  hea t  los s fro m th e building .  Thes e tw o energ y flow s var y i n amoun t

and rate ,  dependin g o n outdoo r  weather ,  tim e o f  day ,  an d tim e o f  year .

For  example ,  th e rat e o f  sola r  radiatio n varie s fro m ver y hig h level s

when th e su n i s unobstructe d fro m shinin g throug h window s t o abou t

one-tent h o f  thi s leve l  whe n th e su n i s completel y obscure d i n a  dens e

fog .  Th e amoun t  o f  hea t  los s range s b y a  facto r  o f  3 0 betwee n well -

insulate d wall s an d singl e glass .

Standar d constructio n method s an d material s ca n b e use d t o reduc e

heat  loss ,  bu t  properly-use d glazin g ca n permi t  hea t  gains .  Th e

diagram s i n Figur e A- 6 simplisticall y sho w tha t  transparen t  glazin g

ca n b e adde d t o th e exterio r  o f  a  buildin g i n a  numbe r  o f  ways .  Th e

primar y effec t  o f  addin g glazin g t o existin g glazin g (Diagra m A )  i s t o

reduc e hea t  loss .  However ,  i t  reduce s admitte d sola r  energ y onl y

slightly .  Addin g glazin g t o th e prepare d wal l  surfac e o f  a  buildin g

(Diagra m B )  transform s th e wal l  int o a  sola r  collector ,  greatl y in -

creasin g th e flo w o f  sola r  energ y throug h i t  bu t  havin g littl e effec t

on hea t  loss .  Addin g a  laye r  o f  glazin g t o a n uninsulate d masonr y wal l

(Diagra m C )  greatl y reduce s hea t  los s an d greatl y increase s sola r

heat  gain .  When th e spac e betwee n th e glazin g an d th e wal l  i s  enlarge d

(Diagra m D ) ,  th e resultin g sunspac e temper s an d delay s th e effect s o f

outdoo r  weathe r  extreme s o n th e building' s interio r  whil e als o pro -

vidin g sola r  heat .

To elaborat e further ,  Diagra m A  represent s direc t  gai n systems .

Heat  transfe r  rate s an d amount s ar e hig h fo r  bot h sola r  radiatio n an d

heat  los s throug h a  singl e laye r  o f  glass .  A  secon d laye r  o f  glas s

reduce s sola r  heat  gai n b y abou t  1 0 t o 2 0 percent ,  bu t  i t  reduce s heat  los s
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Diagra m A ,  Direc t  Gai n System s

Figur e A-6 :  Glazin g configuration s fo r  sout h wall s o n ne w o r  existin g
building s (PUT) .
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Diagra m B ,  Convectiv e Loo p System s
Figur e A- 6 (cont'd.) :  Glazin g configuration s fo r  sout h wall s o n ne w o r

existin g building s (PUT) .
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Diagra m C ,  Therma l  Storag e Wall s

Figur e A- 6 (cont'd.) :  Glazin g configuration s fo r  sout h wall s o n ne w
or  existin g building s (PUT) .
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Diagra m D ,  Sunspace s

Figur e A- 6 (cont'd.) :  Glazin g configuration s fo r  sout h wall s o n
new o r  existin g building s (PUT) .
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by abou t  5 0 percent .  Addin g a  thir d laye r  o f  glas s reduce s sola r  hea t

gai n b y anothe r  1 0 t o 2 0 percen t  bu t  hea t  los s i s reduce d b y a n additiona l

one-third .  Fo r  al l  thre e windo w configurations ,  admitte d sola r  energy ,

as wel l  a s hea t  loss ,  track s outdoo r  weathe r  almos t  immediately .  Tha t

is ,  whe n th e su n i s shining ,  th e buildin g experience s hea t  gai n instantl y

and i n direc t  proportio n t o th e leve l  o f  sola r  radiation .  Hea t  los s

increase s wit h almos t  n o dela y a s th e indoo r  temperatur e increase s o r

th e outdoo r  temperatur e drops .

Diagra m B  represent s convectiv e loo p systems .  A  laye r  o f  glas s

or  plasti c i s adde d t o a n uninsulate d wal l  (R-4 )  an d t o tw o insulate d

wall s (R-1 3 an d R-28) .  Vent s ar e introduce d a t  th e botto m an d to p t o

permi t  thermocirculatio n o f  sola r  heate d ai r  int o th e building .

Prio r  t o bein g glazed ,  th e uninsulate d wal l  ha s smal l  bu t  measurabl e

amount s o f  admitte d sola r  energy .  Th e insulate d wall s yiel d littl e o r

no sola r  energy .  Th e uninsulate d wal l  ha s hig h hea t  losses ,  th e insulate d

wall s hav e ver y little .

Wit h th e additio n o f  th e glazin g an d th e resultin g convectiv e

loop ,  sola r  gai n i s increase d i n al l  thre e cases .  I n fact ,  daytim e

sola r  gain s throug h th e uninsulate d wal l  i s  th e bes t  o f  th e three ;

i t  ha s no t  onl y natura l  convectio n bu t  als o increase d conductio n gains .

I n contras t  t o th e immediat e respons e b y window s t o sunlight ,  thes e wall s

ar e relativel y sluggis h an d hav e somewha t  les s tota l  sola r  gain .
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For  th e uninsulate d wall ,  hea t  los s i s noticeabl y reduce d du e t o th e

additio n o f  th e ai r  spac e betwee n th e glazin g an d th e wall ;  th e tota l

heat  flo w resistanc e i s increase d fro m R- 4 t o approximatel y R-5 ,  a  2 5

percen t  increase .  Hea t  los s wil l  stil l  b e significan t  compare d t o

tha t  o f  insulate d walls ,  especiall y a t  nigh t  an d durin g cloud y weather .

For  th e insulate d walls ,  sola r  hea t  gai n i s significantl y increase d

by th e ne w laye r  o f  glazing ,  but  hea t  los s a t  nigh t  i s affecte d onl y

negligibly .  Daytim e hea t  los s i s reduce d becaus e o f  th e war m ai r  be -

twee n th e glas s an d th e wall .  Thi s ha s a  mino r  effec t  o n th e ne t  energ y

contributio n o f  th e wal l  t o th e building .

Diagra m C  represent s therma l  storag e walls .  A  laye r  o f  glas s o r

plasti c i s adde d t o th e exterio r  surfac e o f  a  soli d masonr y wall .  Th e

heat  i s delivere d t o th e buildin g b y conductio n throug h th e mass ,  an d

hea t  deliver y t o th e roo m i s delaye d b y severa l  hours .  I n man y applica -

tions ,  vent s ar e cu t  throug h th e to p an d botto m o f  th e wal l  t o provid e

a convectiv e loo p effect .  A s wit h th e convectiv e loo p walls ,  ther e i s

a sligh t  dela y compare d t o window s fro m th e tim e th e su n shine s o n th e

wal l  unti l  th e hea t  actuall y enter s th e space .  Simila r  als o t o con -

vectiv e loops ,  th e sola r  gai n i s no t  a s grea t  a s wit h window s sinc e

some hea t  i s los t  fro m th e ho t  wal l  throug h th e glas s t o th e outside .

Also ,  muc h o f  th e hea t  i s absorbe d b y th e masonry ,  whic h furthe r  slow s

th e responsivenes s o f  th e wal l  t o suppl y sola r  hea t  t o th e building .

The absorptio n o f  hea t  b y th e masonry ,  i n fact ,  greatl y delay s th e tim e
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when th e conducte d sola r  hea t  finall y enter s th e building .  Th e sola r

gain ,  therefore ,  i s  distribute d a t  lowe r  rate s ove r  a  longe r  perio d

of  time ,  whic h make s contro l  o f  excessiv e sola r  gai n a  lesse r  proble m

tha n wit h direc t  gai n systems .

When th e masonr y i s war m fro m th e sun ,  ther e i s n o heat  los s fro m th e

buildin g throug h th e wal l  t o th e outside .  Afte r  lon g period s o f  cold ,

cloud y weather ,  however ,  th e wal l  temperatur e ca n fal l  belo w roo m tempera -

ture ,  an d the n hea t  los s i s hig h sinc e concret e i s a  poo r  insulator .

Thi s proble m ca n b e solve d i n a  numbe r  o f  way s an d i s discusse d i n

Chapte r  C3 ,  Therma l  Storag e Walls .  I n an y case ,  th e hea t  los t  fro m

th e livin g spac e throug h a  glaze d mas s wal l  i s  les s tha n tha t  throug h

a comparabl e direc t  gai n glazin g system .

The vertica l  glazin g describe d i n th e exampl e abov e form s a

small ,  dea d ai r  spac e ove r  what  wa s th e exterio r  wal l  surface .  I f

th e glazin g i s instea d installe d i n a  lean-t o fashion ,  a s i n Diagra m

D,  th e smal l  ai r  spac e become s a  large r  are a tha t  ca n b e calle d a n

attache d sunspace .  Th e hea t  los s throug h th e wal l  i s  n o longe r  t o th e

outside ;  instea d i t  i s  t o thi s large r  ai r  spac e which ,  dependin g o n

th e adde d therma l  mass ,  i s mor e o r  les s usefu l  a s a  living/workin g space .

The glazin g ca n bea t  slope s othe r  tha n a  lean-t o shap e t o bette r

use th e insid e space .  I f  th e wal l  i n common wit h th e buildin g i s wood -

framed ,  a  sunspac e i s likel y t o experienc e wid e temperatur e fluctuations .
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I t  wil l  b e ho t  o n sunn y day s an d mil d o n cloud y days .  Some sunshin e

wil l  penetrat e directl y int o th e livin g spac e throug h an y window s

i n th e wal l  betwee n th e hous e an d sunspace .  Some sola r  hea t  wil l  b e

conducte d throug h th e wall ,  bu t  unles s th e wal l  i s  soli d masonry ,  thi s

contributio n wil l  b e relativel y small .  Vent s ca n b e introduce d a t

th e botto m an d to p o f  th e wal l  t o permi t  additiona l  hea t  t o ente r  th e

buildin g throug h th e thermocirculatio n o f  war m air .  Alternatively ,

a fa n ca n b e use d t o mechanicall y mov e th e war m air ,  althoug h thi s

i s seldo m necessary .  Th e war m ai r  ca n als o b e circulate d throug h a

grave l  be d t o stor e th e heat ,  i n whic h cas e a  fa n i s required .

At  nigh t  th e temperatur e o f  thi s sunspac e desig n wil l  dro p fairl y

quickly .  However ,  du e t o th e therma l  mas s o f  th e floor ,  th e tempera -

tur e level s of f  warme r  tha n th e outsid e ai r  an d the n drop s slowl y

compare d t o th e temperatur e o f  th e ai r  spac e i n a  convectiv e loo p

collector .  Durin g severel y col d weather ,  th e above-freezin g tempera -

ture s o f  th e floo r  wil l  moderat e th e sunspac e temperature ,  maintainin g

i t  abov e tha t  o f  th e outdoors .  Th e buildin g lose s hea t  t o thi s sun -

spac e rathe r  tha n t o th e outdoors .  Th e mas s o f  th e sunspac e floo r

help s t o modulat e th e effect s o n th e buildin g o f  extreme s o f  sunshin e

and col d weather .  Lik e a  therma l  storag e wall ,  th e sola r  gain s t o th e

buildin g ar e stretche d ou t  ove r  a  tim e longe r  tha n whil e th e su n i s

actuall y shining .  Als o lik e a  therma l  storag e wall ,  hea t  los s fro m

th e buildin g i s reduce d a t  nigh t  du e t o th e hea t  storag e capacit y

of  th e system .  A n additiona l  advantag e o f  th e sunspace s i s tha t  eve n
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durin g period s o f  cold ,  cloud y weathe r  (whe n direc t  gai n systems ,

therma l  storag e roo f  systems ,  an d therma l  storag e wall s ar e normall y

experiencin g larg e amount s o f  hea t  loss) ,  th e hea t  transfe r  fro m th e

groun d t o th e sunspac e enable s i t  t o ac t  a s a  buffe r  zone ,  thereb y

continuin g t o reduc e hea t  los s fro m th e building .
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A.2. f  A  Genera l  Approac h t o Evaluatin g Cost s

Give n thes e five ,  basi c passiv e sola r  energ y syste m types ,  no t  t o

mentio n th e dozen s o f  variation s an d permutations ,  ho w ca n th e de -

signe r  selec t  th e mos t  appropriat e syste m o r  combination s o f  system s

base d o n costs ? Althoug h th e answe r  i s difficult ,  a  fe w basi c observa -

tion s ca n hel p sor t  throug h th e seemin g maz e o f  complexity .

A direc t  gai n syste m ca n b e eithe r  th e leas t  costl y o r  th e mos t

costl y selection .  Fo r  example ,  i t  may b e th e leas t  costl y choic e 1 )  i f

a building' s south-facin g glas s are a ca n b e increase d simpl y b y de -

creasin g planne d glazin g o n th e east ,  west ,  an d nort h facades ,  2 )  i f

adde d mas s i s no t  neede d (becaus e th e buildin g i s t o b e buil t  o f

massiv e material s regardles s o f  whethe r  i t  i s  a  direc t  gai n syste m

or  not ,  o r  i f  i t  ca n b e permitte d t o fluctuat e widel y i n temperature ,

or  i f  th e glazin g are a i s smal l  enoug h tha t  th e norma l  buildin g mas s i s

sufficient) ,  an d 3 )  i f  i t  i s  i n a  mil d climat e s o tha t  movabl e insula -

tio n ove r  th e window s t o reduc e hea t  los s a t  nigh t  i s no t  necessary .

On th e othe r  hand ,  direc t  gai n system s ar e expensiv e 1 )  i f  addition -

al  south-facin g glas s result s i n significantl y greate r  cos t  tha n th e

wal l  tha t  woul d hav e bee n there ,  2 )  i f  grea t  expens e i s require d t o ad d

sufficien t  therma l  mas s t o kee p temperatur e fluctuation s withi n comfor t

limits ,  an d 3 )  i f  grea t  expens e i s require d t o reduc e hea t  los s

throug h th e glas s a t  nigh t  an d t o shad e i t  durin g th e summer .
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I f  a  south-facin g wal l  ca n b e easil y converte d t o a  convectiv e

loo p wal l  collecto r  throug h a  simpl e applicatio n o f  a  singl e laye r  o f

glazing ,  th e cos t  wil l  b e muc h les s tha n i f  a  specia l  suppor t  struc -

tur e mus t  b e built .  I f  th e convectiv e loo p collector s ar e size d t o

provid e onl y daytim e heatin g requirements ,  n o additiona l  therma l  mas s

i s needed .  Th e cos t  o f  th e convectiv e loop ,  then ,  wil l  b e primaril y th e

collectors .  Often ,  however ,  therma l  mas s mus t  be  adde d to  accommodat e

th e hea t  fro m th e convectiv e loo p collectors .  Sinc e th e mas s i s no t

directl y irradiate d b y th e sun ,  th e expose d surfac e area ,  an d therefor e

th e cost ,  o f  th e require d mas s ca n b e high .  Unlik e direct  gai n systems ,

however ,  n o additiona l  cos t  i s  involve d i n reducin g heat  los s fro m

th e collecto r  whe n th e su n i s no t  shinin g sinc e th e existin g insulate d

wal l  doe s tha t  anyway .

The cos t  o f  changin g a  masonr y wal l  int o a  therma l  storag e wal l

ca n var y greatly .  I n mil d climates ,  onl y singl e glazin g ma y b e

necessary ,  whil e i n col d climate s (greate r  tha n 6,00 0 degre e days )

eve n tripl e glazin g ma y b e bot h necessar y an d cost-effective .  Movabl e

insulatio n i s usuall y difficul t  t o justif y throug h conventiona l

economi c analysi s an d may b e difficul t  t o integrat e int o th e design .

Additiona l  structura l  costs ,  includin g large r  foundations ,  ar e ofte n

overlooked .  Althoug h perhap s negligible ,  o r  eve n nonexisten t  i n con -

structio n tha t  woul d hav e incorporate d a  heav y wal l  anywa y (suc h a s

adob e construction) ,  thes e cost s ca n b e hig h whe n incorporate d int o

light-fram e construction .  Multi-stor y storag e wall s ca n als o hav e

thes e highe r  hidde n costs .
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Often ,  too ,  th e floo r  are a tha t  mus t  b e buil t  t o accommodat e th e

therma l  storag e wal l  ca n var y greatly .  Fo r  example ,  a n 8 -  o r  12-inch -

thic k concret e wal l  may hav e n o additiona l  cos t  associate d wit h it ,

particularl y i f  th e wal l  woul d hav e bee n ther e anyway ,  whic h i s usuall y

th e cas e i f  i t  i s  supportin g th e roof .  On th e othe r  hand ,  fo r  free -

standin g wate r  wall s suc h a s fiberglas s tube s o r  55-gallo n drums ,

th e attributabl e cos t  du e t o th e los t  usabl e floo r  are a ca n b e severa l

dollar s pe r  squar e foo t  o f  glazing .

Sinc e not  nearl y a s muc h informatio n exist s abou t  therma l  storag e

roof s a s abou t  othe r  passiv e syste m types ,  cos t  evaluation s ar e eve n

R
more elusive .  A t  th e extrem e lo w end ,  i f  Harol d Hay' s "Skytherm "

hous e i n Atascadero ,  California ,  wer e buil t  i n larg e numbers ,  i t  woul d

cos t  n o mor e tha n conventiona l  housin g sinc e i t  require s n o backu p

heatin g o r  coolin g system s i n tha t  climate .  Accordin g t o Mr .  Hay ,

th e resultan t  cos t  saving s completel y pa y fo r  th e passiv e system .

On th e othe r  hand ,  therma l  storag e roof s ca n als o b e expensive .

Significan t  additiona l  structura l  wor k may b e require d t o suppor t

therma l  mass .  Movabl e insulatio n may nee d carefu l  detailin g t o ensur e

tigh t  fits .  I f  th e buildin g require s conventiona l  heatin g an d

coolin g equipment ,  th e cos t  associate d wit h th e therma l  storag e
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roo f  wil l  b e a n additional ,  rathe r  tha n substitute ,  cost .

A single-glaze d attache d sunspac e ma y cos t  onl y a  fe w dollar s i f

th e fram e i s buil t  o f  use d lumbe r  an d i f  th e glazin g i s thi n sheet s o f

plastic .  O n th e othe r  hand ,  commerciall y availabl e greenhouse s fo r

integratio n int o building s ar e usuall y costly .  However ,  sunspace s

ca n b e integrate d int o building s i n way s tha t  may reduc e cost s o f  othe r

buildin g components .  Fo r  example ,  i f  th e sunspac e i s protectin g wall s

tha t  woul d otherwis e b e expose d t o th e weather ,  th e wall s ca n b e

simplifie d an d th e cost s reduced .
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B. 1 PASSIV E DESIG N AND ENERGY CONSERVATION BASIC S

Passiv e sola r  heatin g an d coolin g method s exten d ou r  understandin g

of  energ y conservatio n an d o f  designin g with ,  rathe r  tha n against ,

nature .  Countles s page s hav e bee n writte n o n bot h th e philosoph y an d

th e application s o f  energ y conservatio n an d o f  climate-responsiv e an d

site-sensitiv e design .  Althoug h thi s subjec t  i s  not  discusse d i n detai l

here ,  a  fe w observation s o n th e relationshi p betwee n passiv e desig n

and conservatio n ar e i n order .

Energ y conservatio n i s th e bes t  firs t  ste p i n th e therma l  desig n

of  buildings .  Thi s make s sens e fro m bot h a n economi c an d a  practica l

engineerin g standpoint .  Th e procedur e fo r  determinin g th e optimu m

amount  o f  energ y conservatio n i s n o differen t  fo r  a  passiv e o r  activ e

sola r  hous e tha n fo r  an y othe r  building .  Insulatio n i s adde d unti l  a

poin t  o f  diminishin g return s i s reache d — tha t  is ,  unti l  th e cos t  o f

additiona l  insulatio n begin s t o excee d th e life-cycl e cos t  o f  th e fue l

tha t  th e adde d insulatio n wil l  save .  Th e sam e procedur e i s use d fo r

determinin g th e optimu m siz e o f  th e sola r  energ y syste m — it s siz e

i s increase d unti l  th e cos t  o f  additiona l  collectio n are a (includin g

al l  o f  th e associate d syste m costs )  begin s t o excee d th e life-cycl e

cos t  o f  th e fue l  t o b e save d fro m th e additiona l  collector .  Th e optimu m

mi x occur s whe n ther e i s a  three-wa y equality :  th e adde d cos t  o f  energ y

conservatio n equal s th e adde d cos t  o f  sola r  collectio n equal s th e life -

cycl e cos t  o f  th e fue l  t o b e save d b y either .
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Give n norma l  architectura l  an d geometrica l  constraints ,  i t  i s

difficul t  t o matc h th e appropriat e sola r  collectio n glazin g t o th e

buildin g withou t  energ y conservation .  Dependin g o n climate ,  a  glazin g

are a equa l  t o 2 0 t o 5 0 percen t  o f  th e floo r  are a i s require d t o reduc e

a well-insulate d (ASHRAE Standard s 90-7 5 o r  equivalent )  building' s

heatin g bil l  5 0 t o 8 0 percen t  wit h passiv e (o r  active )  sola r  energy .

Thus ,  th e collectio n glazin g cover s muc h o f  th e availabl e sout h facad e

of  th e building .  Achievin g a  hig h sola r  heatin g fractio n o n a  poorl y

insulate d buildin g woul d no t  b e feasibl e excep t  i n a  ver y mil d climate .

Additionally ,  b y reducin g energ y demand s throug h energ y conserva -

tion ,  conventiona l  energ y system s ca n b e reduce d i n siz e an d complexity .

For  example, ,  th e traditionall y elaborat e heat  distributio n syste m ma y

be eliminated .  Instead ,  a  centra l  spac e heate r  (through-the-wal l  type ,

beneath-the-floo r  type ,  o r  eve n a  woo d stove )  ca n heat  a  full-size d

house .

Energ y conservatio n ca n significantl y affect  passiv e syste m de -

sign .  A s a  resul t  o f  conservatio n measures ,  a  buildin g i s abl e t o b e

warmed b y lo w temperatur e heat .  Most  passiv e system s ar e lo w tempera -

tur e systems .  Th e sun' s energ y i s usuall y use d a t  lo w temperature s

rathe r  tha n high .  I n general ,  th e lowe r  th e temperature s tha t  a

sola r  energ y syste m provides ,  th e les s hea t  i s los t  t o th e outdoor s

and th e greate r  th e percentag e o f  th e sun' s heat  tha t  ca n b e full y

utilize d t o provid e comfort .
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Many designer s ar e finding ,  i n fact ,  tha t  whe n energ y conservatio n

and sola r  energ y system s (whethe r  activ e o r  passive )  ar e analyze d wit h

th e sam e economi c criteria ,  climat e determine s th e appropriat e mix .

I n cold ,  cloud y climates ,  energ y conservatio n measure s ar e usuall y mor e

cost-effectiv e tha n sola r  unti l  buildin g heatin g load s ar e reduce d

t o a  ver y smal l  fractio n o f  conventiona l  loads .  On th e othe r  hand ,

i n mild ,  sunn y climates ,  sola r  heatin g an d coolin g may b e mor e cost -

effectiv e tha n energ y conservatio n fo r  reducin g bot h fue l  bill s  an d

fossi l  fue l  use .

Regardles s o f  ho w fue l  bill s  ar e reduced ,  th e primar y purpos e o f

fue l  consumptio n fo r  heatin g an d coolin g i s t o kee p occupant s com -

fortable ,  no t  t o conditio n a  space .  Thi s ca n hav e importan t  desig n

implications .  Fo r  example ,  th e bette r  a  wal l  i s  insulated ,  th e highe r

wil l  b e it s interio r  surfac e temperatur e durin g col d weather .  Thi s

warmer  surfac e temperatur e allow s interio r  ai r  temperature s t o remai n

lowe r  an d stil l  provid e comfort ;  i n turn ,  hea t  los s i s reduce d t o th e

outsid e du e t o th e smalle r  differenc e betwee n th e indoo r  an d outdoo r

ai r  temperatures .  Thi s lowe r  hea t  los s reduce s th e siz e o f  th e heatin g

system s an d reduce s th e nee d t o delive r  hea t  t o th e building' s perimeter .

The huma n bod y use s thre e basi c mechanism s t o maintai n comfort :

convection ,  evaporation/respiration ,  an d radiation .  Ai r  temperature ,

humidity ,  ai r  speed ,  an d mea n radian t  temperatur e (MRT )  ar e parameter s

affecte d b y energ y conservatio n techniques ,  an d the y influenc e ho w th e

body use s it s comfor t  contro l  mechanisms .  Thes e parameter s an d mechanism s
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canno t  b e discusse d a t  lengt h here ,  bu t  du e t o th e deart h o f  informatio n

abou t  mea n radian t  temperatur e an d sinc e i t  i s  particularl y importan t

t o passiv e design ,  a  brie f  discussio n o f  i t  i s  i n order .

Mean radian t  temperatur e (MRT )  refer s t o th e averag e surfac e

temperature s o f  al l  th e surface s o f  a  space :  interio r  walls ,  windows ,

ceilings ,  floor s an d furniture .  Differen t  combination s o f  mea n radian t

temperatur e an d ai r  temperatur e ca n produc e th e sam e comfor t  sensa -

tion .  Th e followin g pair s o f  combine d number s produc e th e equivalen t

sensatio n o f  7 0 F  (HAG-2) .

The firs t  pai r  o f  numbers ,  fo r  example ,  indicat e tha t  i f  th e ai r

temperatur e i s 4 9 F  an d th e surface s o f  th e wall s an d othe r  surroundin g

surface s averag e 8 5 F ,  the n th e sensatio n wil l  b e 7 0 F .  Th e las t  pai r

of  number s reveal s tha t  i f  th e ai r  temperatur e i s 9 1 F  an d th e MRT o f

th e surroundin g surface s i s 5 5 F ,  th e comfor t  sensatio n wil l  b e simila r

t o tha t  experience d b y mos t  lightly-cla d occupant s a t  7 0 F  ai r  an d

surfac e temperature .
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MRT is crucial for providing comfort in passive solar design

since many passive systems rely on warm (or cool) surfaces to exchange

energy with the air.  For heating, the often-higher MRT's provide

comfort at lower air temperatures, hence saving energy through lower

infiltration and conduction.

B.2  SOLAR POSITION

The sun's position is designated by two angles (see Figure B-l).

Solar altitude, β , is the angle measured upward from the horizontal

to the sun.  It equals 0° when the sun is on the horizon and 90° when

the sun is directly overhead.  Solar azimuth, Φ, is the angle measured

in a horizontal plane from south to the projection of the sun on the

horizon.  It equals 0° at south, 90° at east and west, and 180° at

north (ASH-1). (Note that some references instead measure the

azimuth from the north.)
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Figure  B-l:  Measuring  the  sun's  position  —  the  solar  altitudeβ

is the angle between the sun and the horizon;  the

azimuth Φ is measured from true south (AND-1).
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The sun' s pat h acros s th e sk y varie s wit h th e tim e o f  year ,  bu t

i t  alway s follow s a  circula r  ar c acros s th e sk y dome .  Figur e B- 2

shows thre e diurna l  paths :  th e summer  solstic e (2 1 June) ,  th e verna l

equino x (2 1 March) ,  an d th e winte r  solstic e (2 1 December) .  Th e

number s i n circle s represen t  time s o f  day .

Sola r  altitutd e an d azimut h ca n b e determine d fo r  th e 21s t  da y

of  eac h mont h an d fo r  an y hou r  o f  th e da y b y usin g su n pat h diagrams .

A differen t  diagra m i s require d fo r  eac h latitude ,  althoug h inter -

polatio n betwee n graph s i s reasonabl y accurate .  Reprinte d i n Figur e

B- 3 i s a  representativ e diagra m fo r  40 °  N  latitude .  Othe r  diagram s

ar e i n Appendi x 5  an d i n reference s (RAM) ,  (BEN) ,  an d (MAZ-2) .  B y

usin g thi s diagram ,  fo r  example ,  on e ca n determin e th e sola r  altitud e

and azimut h a t  4:0 0 p.m .  sola r  tim e o n Apri l  2 1 i n Ne w Yor k Cit y (40°N) .

Locat e th e Apri l  line ,  th e dar k lin e runnin g left-to-righ t  numbere d

"IV "  (Apri l  i s  th e 4t h month) .  Nex t  locat e th e 4:0 0 p.m .  line ,  th e

dar k up-and-dow n lin e numbere d "4 . "  Th e intersectio n o f  thes e line s

indicate s th e sola r  position .  Sola r  altitud e i s rea d fro m th e concentri c

circles ;  i n thi s cas e i t  i s  3 0 .  Th e sola r  azimut h i s rea d fro m th e

radia l  lines ,  80° W i n thi s case .

A primar y applicatio n o f  sola r  angl e informatio n i s t o determin e

shadin g angle s fo r  window s an d collecto r  surfaces .  Shadin g shoul d

protec t  a  surfac e fro m excessiv e su n bu t  no t  fro m usefu l  sola r  energy .

The abov e reference s ar e excellen t  guide s fo r  designin g shadin g devices .
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TIME OF DAY

N

SUMMER
SOLSTICE

WINTER
SOLSTICE

Figur e B-2 :  Th e sun' s dail y pat h acros s th e sk y —
th e su n i s highe r  i n th e sk y i n summer
tha n i n winte r  du e t o th e til t  o f  th e
earth' s axi s (AND-1) .
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Figur e B-3 :  Su n pat h diagram ,  4 0 degree s N  latitud e (RAM) .
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Most ,  bu t  no t  all ,  passiv e sola r  heatin g method s us e vertica l

south-facin g surfaces .  Fortunately ,  mor e sola r  radiatio n strike s

a vertica l  surfac e durin g th e heatin g seaso n tha n durin g th e summer .

I n contrast ,  vertica l  surface s o f  othe r  orientation s hav e greate r  sola r

gai n durin g th e summer  tha n durin g th e winter .  Figur e B- 4 i s a  plo t

of  th e averag e sola r  radiatio n value s o n vertica l  wall s o f  variou s

orientation s i n Ne w Yor k Cit y (AND-2) .

The quantit y o f  sola r  radiatio n tha t  penetrate s a  south-facin g

windo w o n a n averag e sunn y da y i n th e winte r  i s greate r  tha n tha t

throug h th e sam e windo w o n a n averag e sunn y da y i n th e summer .  Ther e

ar e a  numbe r  o f  reason s fo r  this :

1.  Althoug h mor e daylight  hour s occu r  durin g th e summer

tha n durin g th e winter ,  ther e ar e mor e hour s o f  pos -

sibl e sunshin e o n a  south-facin g windo w i n winte r  tha n

i n summer .  Fo r  example ,  a t  3 5 nort h latitude ,  ther e

ar e 1 4 hour s o f  sunshin e o n Jun e 21 .  Bu t  sinc e th e su n

remain s nort h o f  eas t  unti l  afte r  8:3 0 a.m .  an d move s

t o nort h o f  wes t  befor e 3:3 0 p.m. ,  direc t  sunshin e

occur s fo r  onl y seve n hour s o n th e south-facin g wall .

On Decembe r  21 ,  however ,  th e su n i s o n th e sout h wal l

fo r  th e ful l  1 0 hour s tha t  i t  i s  abov e th e horizon .

2.  Th e intensit y o f  sola r  radiatio n o n a  surfac e per -

pendicula r  t o th e sun' s ray s i s greate r  i n th e win -
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Figur e B-4 :  Relativ e averag e sola r  radiatio n o n vertica l  wall s
i n Ne w Yor k Cit y (AND-2) .

B-5 4



te r  tha n i n th e summer .  Th e eart h i s slightl y close r

t o th e su n durin g th e winter ,  an d th e moistur e conten t

of  th e ai r  i s  not  a s great .

3.  Sinc e th e su n i s close r  t o th e horizo n durin g th e

winter ,  th e ray s strik e th e window s a t  mor e nearl y

righ t  angle s tha n the y d o i n th e summer  whe n th e

sun i s a t  a  highe r  altitude .  A t  35 °  north ,  15 0

unit s o f  energ y ma y strik e a  squar e foo t  o f  windo w

durin g a n averag e winte r  hour ;  durin g th e summer

thi s numbe r  woul d b e 10 0 units .

4.  Th e close r  th e sun' s ray s hi t  th e window s a t  righ t

angles ,  th e greate r  th e transmittanc e o f  th e

glazing .

5.  A  smal l  roo f  overhang ,  usuall y t o b e foun d abov e

a window ,  wil l  shiel d i t  fro m most  direct  summer

irradiation .

I n fact ,  abou t  twic e a s muc h sola r  radiatio n i s transmitte d throug h

unshade d south-facin g window s i n winte r  a s i n summer .  I f  th e window s

ar e shade d i n th e summer ,  th e differenc e i s significantl y greater .

Vertica l  surface s ar e mor e adaptabl e t o passiv e system s tha n

tilte d surface s suc h a s roofs .  Th e amount  o f  sola r  energ y strikin g

a south-facin g vertica l  surfac e i n norther n latitude s durin g th e
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winte r  i s almos t  identica l  t o tha t  strikin g a  steepl y tilte d surface .

Wit h reflectiv e surfaces ,  suc h a s snow ,  o n th e ground ,  a  south-facin g

vertica l  surfac e may actuall y receiv e mor e inciden t  energ y durin g th e

middl e o f  th e winte r  tha n a  south-facin g tilte d one .  Figur e B- 5

compare s inciden t  energ y o n south-facin g surface s o f  variou s tilt s

rangin g fro m vertica l  t o horizontal .  Th e curve s ar e fo r  40 °  N  latitude .

Not e tha t  durin g th e primar y heatin g months ,  fro m Octobe r  1  t o Marc h 15 ,

tilte d surface s gai n ver y littl e mor e tha n vertica l  surfaces .  I n fact ,

th e differenc e i s les s significan t  i n mor e norther n latitude s (AND-2) .

Keep i n min d als o tha t  tilte d surface s receiv e mor e sola r  irradiatio n

i n th e summer  an d ar e mor e difficul t  t o shad e tha n vertica l  surfaces .

Figur e B- 6 compare s th e dail y tota l  sk y radiatio n o n clea r  days ,

bot h o n eart h an d outsid e th e atmosphere ,  a t  42° N latitud e o n south -

facin g vertica l  surfaces .  Not e tha t  th e amoun t  o f  sola r  radiatio n o n

eart h fro m Octobe r  1  t o Marc h 1 5 fluctuate s ver y little ,  enablin g

south-facin g vertica l  surface s t o perfor m wel l  throughou t  th e heatin g

season .  I n th e sam e figur e ther e i s recorde d dail y radiatio n inciden t

upon a  south-facin g vertica l  surface ;  include d ar e weekl y mean s an d

th e minimu m an d maximu m records .  Thi s data ,  recorde d a t  Blu e Hill ,

Massachusetts ,  i s  representativ e o f  othe r  localitie s a t  abou t  42° N

latitud e tha t  hav e reasonabl y dust-fre e atmosphere s an d abou t  5 0 per -

cen t  possibl e sunshin e durin g Decembe r  an d January .  Unti l  recently ,

Blu e Hil l  Observatory ,  whic h bega n collectin g dat a i n 1945 ,  wa s th e

onl y weathe r  statio n i n th e countr y tha t  ha d recorde d dat a fo r  radia -

tio n receive d o n south-facin g vertica l  surfaces .
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Figur e B-5 :  South-facin g surfaces :  effec t  o f  til t  o n direc t
radiatio n fo r  40 °  N  latitud e (JOR) .
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Figur e B-6 :  Calculate d an d recorde d dail y radiatio n inciden t
upo n a  south-facin g vertica l  surfac e a t  Blu e Hil l
(nea r  Boston) ,  Massachusett s (JOR) .
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Figure s B- 7 an d B- 8 sho w th e estimate d averag e dail y sola r

and sk y radiatio n inciden t  upo n south-facin g vertica l  surface s i n th e

Unite d State s durin g Decembe r  an d January .  Significan t  groun d re -

flectio n of f  sno w i s no t  considered .

Observ e fro m thes e figure s tha t  a  relativel y smal l  amoun t  o f

radiatio n i s availabl e i n winte r  o n south-facin g vertica l  surface s i n

th e region s southeas t  o f  th e Grea t  Lake s an d th e Pacifi c  Northwest .

At  an y give n latitude ,  th e availabl e radiatio n i s greates t  i n thos e

state s west  o f  th e Mississipp i  River ,  an d i t  reache s a  maximu m i n

th e Rock y Mountains .  I n bot h Decembe r  an d January ,  th e maximu m ra -

diatio n i s foun d i n Colorad o an d Ne w Mexico .

Passiv e design s usuall y us e glazing s i n a  vertica l  rathe r  tha n

tilte d position .  Designin g wit h tilte d glazin g i s mor e difficult  sinc e

i t  tend s t o b e mor e costl y t o construc t  an d harde r  t o shade .  I t  i s

als o les s easil y insulate d a t  night .  On th e othe r  hand ,  roof s ar e

les s likel y tha n wall s t o b e shade d b y tree s an d othe r  buildings ,  an d

the y hav e larg e surface s fo r  collectin g sola r  energy .  Norma n Saunders ,

i n recognizin g bot h th e opportunitie s an d problem s o f  roofs ,  develope d

th e Sola r  Staircase TM (se e Figur e B-9) .  Th e Staircas e consist s o f

horizonta l  tread s tha t  ar e face d o n bot h side s wit h a  reflectiv e sur -

face .  Th e vertica l  riser s ar e transparent .  Thi s Staircase ,  whic h

extend s th e lengt h o f  th e roof ,  i s  locate d directl y belo w a  slopin g

shee t  o f  glas s o r  othe r  glazin g material .  Durin g th e winter ,  sun -
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Figur e B-7 :  Estimate d averag e sola r  an d sk y radiatio n
i n langleys *  pe r  da y inciden t  upo n a
south-facin g vertica l  surfac e i n
December  (JOR) .

* 1 Langle y =  3.6 9 Btu/ft 2
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Figur e B-8 : Estimate d averag e sola r  an d sk y radiatio n
i n Langleys *  pe r  da y incident  upo n a  south -
facin g vertica l  surfac e i n Januar y (JOR) .

2
* 1 Langle y =  3.6 9 Btu/f t
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ligh t  come s throug h th e firs t  laye r  o f  glas s an d reflect s of f  th e

horizonta l  tread s an d int o th e building .  Durin g th e summer ,  whe n th e

sun i s highe r  i n th e sky ,  mos t  o f  th e ligh t  i s  reflecte d fro m th e

building .  I n col d climate s (mor e tha n 5,00 0 degre e days )  a n inne r

glazin g laye r  belo w th e Staircas e cut s heat  los s eve n further .

B. 3 SITIN G

Sitin g issue s mus t  b e addresse d earl y i n th e desig n process .

I f  th e sit e doe s no t  hav e prope r  sola r  exposur e (slope d sharpl y nort h

or  darkl y shade d b y evergreen s o r  larg e buildings ,  fo r  example) ,  th e

buildin g designe d fo r  th e sit e als o ha s les s chanc e fo r  goo d sola r

exposure .  I n general ,  south-facin g facade s (includin g thos e eas t  an d

west  o f  south )  shoul d b e expose d t o sunligh t  durin g th e winte r  month s

and shade d durin g th e summer .

Sola r  lan d plannin g consideration s particularl y appropriat e t o

housin g subdivision s includ e th e following :

Lot  Orientatio n

Sout h facin g house s assur e lowe r  energ y consumptio n durin g

bot h summer  an d winter .  Figur e B-1 0 compare s th e sola r  ra -

diatio n o n vertica l  surface s deviatin g fro m th e south .

o
Surface s tha t  ar e oriente d u p t o 3 0 eas t  o r  wes t  o f  sout h

receiv e nearl y th e sam e amoun t  o f  sola r  radiatio n a s surface s

facin g du e south .  I n fact ,  mos t  theorist s o n th e subjec t
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Figur e B-10 :  Th e percentag e o f  sola r  radiatio n o n vertica l
wall s fo r  orientation s awa y fro m tru e sout h (AND-2 )
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of  hous e orientatio n sugges t  tha t  it s  principa l  facad e

shoul d b e withi n 22. 5 o f  du e sout h (betwee n south -

southeas t  an d south-southwest) ,  wit h du e sout h preferred .

I t  i s  muc h mor e importan t  tha t  window s b e oriente d sout h

tha n walls .  Victo r  Olgya y caution s agains t  conclusion s

tha t  generaliz e fo r  al l  locations .  Du e sout h ma y no t

alway s b e optimal ,  bu t  i t  wil l  almost  alway s b e bette r

tha n 30 °  eas t  o r  wes t  o f  i t  (OLG-1) .  Except  i n

comple x terrain ,  thi s lan d plannin g chang e i n sub -

division s ca n b e accomplishe d wit h littl e o r  n o in -

crease d development  costs .

Setbac k Flexibilit y  an d Minimu m Lo t  Siz e

Larg e lot s promot e spraw l  an d increas e th e surfac e

are a o f  asphalt-pave d acces s road s tha t  ar e ver y

hot  durin g th e summer .  The y als o increas e trave l

tim e an d distance ,  an d subsequent  energ y use .  Set -

bac k flexibilit y  permit s prope r  orientation .  I n

Davis ,  California ,  an d elsewhere ,  Planne d Unit  Developmen t

Zonin g an d othe r  innovativ e concept s permi t  hous e location s

on extrem e edge s o f  lot s t o achiev e prope r  orientation .

Sola r  Right s

I n mos t  constructio n situations ,  long-term ,  shade-fre e

sola r  acces s i s necessar y t o guarante e sola r  right s
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ove r  th e lif e o f  th e building .  Vegetatio n must  b e

properl y planne d t o permi t  acces s t o breeze s durin g th e

summer  an d t o sunligh t  durin g th e winter .

Stree t  Widt h

Nonporous ,  heat-absorbin g pavement s dramaticall y

affect  th e buil t  environment .  Althoug h prope r  land -

scapin g an d lan d plannin g ca n reduc e th e impac t  o f

suc h surfaces ,  stree t  desig n i s als o important .  Narro w

streets ,  fo r  example ,  sav e valuabl e lan d an d ca n b e

shade d mor e easily .  The y reduc e th e therma l  hea t

loa d o n peopl e usin g th e street s an d reduc e traffi c

speeds .  The y ar e mor e comfortabl e and ,  du e t o th e re -

sultin g slowe r  traffic ,  ar e ofte n safe r  fo r  bicyclists ,

pedestrians ,  an d motorists .  Parkin g bay s rathe r  tha n on -

stree t  parkin g ca n promot e shadin g bot h ove r  th e bay s

and ove r  th e narrowe r  streets .  Pedestria n an d bicycl e

system s ar e fa r  mor e readil y integrate d int o suc h a  plan .

Landscapin g

Prope r  vegetatio n an d landscapin g ca n provid e environ -

menta l  beauty ,  enhanc e comfort ,  an d sav e energy .  Larg e

deciduou s tree s suc h a s oak ,  hackberry ,  sycamore ,  ash ,

and mapl e provid e shade ,  evapo-transpiration ,  an d a
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quie t  beaut y tha t  give s olde r  neighborhood s muc h o f

thei r  characte r  an d livability .  The y als o she d thei r

leave s i n th e winte r  t o le t  th e war m su n in .

Prope r  landscapin g ca n hav e subtl e bu t  multiplyin g

effect s o n man y energy-consumin g activities .  Fo r

example ,  shadin g an d landscapin g ma y ofte n b e deter -

minin g factor s whe n peopl e decid e t o wal k o r  bicycl e

rathe r  tha n rid e i n air-conditione d cars .  Glaring ,

unshade d asphal t  create s desert-lik e microclimate s

i n th e summer .  I n addition ,  landscap e desig n tha t

encourage s hom e gardenin g save s energ y i n th e foo d

sector .  Fo r  eac h calori e o f  foo d produce d b y

U.S .  agriculture ,  1 0 calorie s ar e expended .  Home

garden s d o muc h better .

A futhe r  consideratio n fo r  sitin g i s orientation .  Knowin g

th e relativ e amount s o f  sola r  radiatio n strikin g variou s

facade s ca n ai d th e designe r  i n decidin g o n shap e an d orientatio n

of  building s an d th e locatio n o f  windows .  Buildin g orientation s ca n

be classifie d accordin g t o th e fou r  pla n diagram s i n Figur e B-ll .

Withi n thes e fou r  orientations ,  th e relationshi p betwee n floo r  are a

and wal l  are a hav e thre e basi c variations :

A.  Th e buildin g ha s facade s approximatel y equa l  i n area ;  i t

i s  represente d i n th e floo r  pla n b y a  square .

B.  Th e buildin g ha s facade s o f  greatl y differin g area s ( a
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Figur e B-ll :  Relativ e irradiatio n o n building s o f  differen t
shap e an d orientatio n — Januar y 21 ,  40° N latitude .
Liste d value s represen t  th e irradiatio n o n wall s
of  a  hypothetica l  buildin g wit h w  =  1  squar e foot .
To ge t  th e dail y irradiatio n o n a  buildin g o f
simila r  shap e wit h w  =  10 0 squar e feet ,  multipl y
thes e number s b y 10 0 {AND-1) .
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rati o o f  1  1/2: 1 o r  greater) ;  th e lon g axi s o f  th e rectangl e

i s i n th e directio n o f  th e compas s orientation ,  alon g th e

left-han d edg e o f  th e figure .

C.  Th e buildin g ha s facade s o f  greatl y differin g area s ( a

rati o o f  1  1/2: 1 o r  greater) ;  th e shor t  axi s o f  th e rectangl e

i s i n th e directio n o f  th e compas s orientation ,  alon g th e

left-han d edg e o f  th e figure .

Figur e B-l l  als o show s relativ e clea r  da y sola r  radiatio n o n

resultin g wal l  surface s fo r  combination s o f  orientation ,  shape ,  an d

floo r  an d wal l  area .  Th e relativ e value s ar e base d o n clea r  da y

sola r  irradiatio n value s fro m th e ASHRAE Handboo k o f  Fundamental s

1977 (ASH-2) .  Thi s sourc e contain s dat a fo r  numerou s latitudes .

I n th e "Total "  colum n o f  Figur e B-ll ,  th e tota l  sola r  irradiatio n

i n Januar y (3,21 0 Btu/day )  o n al l  fou r  wall s o f  a  buildin g wit h it s

lon g axi s oriente d i n th e east-wes t  directio n i s greate r  tha n fo r  a

buildin g oriente d north-sout h (2,668 )  o r  fo r  on e tha t  i s squar e (2,764) .

I n fact ,  east-wes t  i s th e best  o f  al l  variation s shown .  Th e leas t

sola r  radiatio n i s receive d b y th e squar e wit h facade s facin g north -

east ,  northwest ,  southeast,  an d southwest .

When th e floo r  are a o f  th e optima l  desig n i s doubled ,  th e sola r

gai n o f  3,21 0 Bt u increase s b y one-thir d (t o 4,61 2 Btu )  becaus e th e

perimete r  are a increase s b y onl y one-third .  I f  th e floo r  are a wer e

double d b y addin g a  secon d floor ,  th e perimete r  are a woul d double ,  a s

woul d th e sola r  gain ,  t o 6,42 0 Btu .
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Thi s summar y o f  relativ e sola r  radiatio n o n perimete r  wall s i s

a firs t  ste p i n determinin g floo r  are a configuration ,  orientation ,  an d

windo w placement .  A  mor e detaile d analysi s woul d tak e int o accoun t

th e actua l  weathe r  conditions ,  th e sola r  impac t  o n th e roof ,  th e varia -

tion s i n windo w locatio n an d size ,  th e effec t  o f  heat  loss ,  an d th e

implication s o f  window s fo r  natura l  lighting .

B. 4 LENGTH/WIDTH/HEIGHT RATIO S

I n additio n t o prope r  orientation ,  a  buildin g benefit s fro m optima l

ratio s o f  it s  lengt h t o widt h t o height .  Th e optimu m shap e lose s

th e minimu m amount  o f  outwar d movin g heat  an d gain s th e maximu m

amount  o f  sola r  hea t  i n th e winter ,  an d admit s th e minimu m amount

of  sola r  hea t  i n th e summer .  Olgya y ha s show n tha t  (OLG) :

•  I n th e uppe r  latitude s (40 °  N+) ,  sout h side s o f  building s

receiv e nearl y twic e a s muc h irradiatio n i n winte r  a s

i n summer .  Eas t  an d wes t  receiv e 2  1/ 2 time s mor e i n

summer  tha n i n winter .

•  I n th e lowe r  latitude s (35 °  N- )  th e winter-summe r  rati o

fo r  th e sout h side s o f  building s i s eve n larger .  Durin g

th e summer ,  eas t  an d wes t  wall s ca n gai n tw o o r  thre e

time s mor e heat  tha n thos e o n th e south .

•  Well-insulate d building s an d thos e wit h shadin g device s o n

th e sout h sid e sho w eve n greate r  variances ,  bu t  thos e wit h
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window s tha t  ar e smal l  o r  full y  shade d sho w less .

•  Th e squar e hous e i s probabl y not  th e 'optimum '  for m i n an y location .

•  Al l  space s elongate d o n th e north-sout h axi s wor k les s

efficientl y tha n th e squar e on e i n bot h winte r  an d summer .

•  Th e optimu m for m i n ever y cas e i s elongate d alon g th e

east-wes t  direction .

Beside s savin g energy ,  buildin g shap e involve s othe r  considerations .

For  instance ,  th e orientatio n o r  siz e o f  th e sit e ma y no t  accommodat e

th e optimu m shape ;  th e need s an d purpose s o f  th e buildin g ma y requir e

othe r  shapes ;  or ,  i f  natura l  lightin g i s desired ,  mor e perimete r

exterio r  surfac e area s an d roof s ma y b e neede d fo r  th e placement  o f

windows ,  clerestories ,  o r  skylights .

B. 5 DAYLIGHTIN G

The bonu s fro m natura l  daylightin g i n passiv e sola r  design s i s

impressive .  I n man y cases ,  sola r  glazin g ma y sav e mor e energ y an d

money b y reducin g th e nee d fo r  artificia l  lightin g tha n i t  save s

by reducin g fue l  bills .

J.W.  Griffith ,  pas t  president  o f  th e Illuminatin g Engineerin g

Society ,  reporte d o n lightin g studie s a t  Souther n Methodis t  Univer -

sit y (GRI-1) :
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"Ther e i s a  considerabl e los s o f  contras t  fro m overhea d
lightin g whe n compare d t o . . .  sidewal l  lightin g systems .
I f  i t  take s 1 0 t o 1 5 percen t  mor e illuminatio n t o mak e
up fo r  eac h 1  percen t  los s o f  contrast ,  most  o f  thes e
task s woul d requir e tw o t o thre e time s a s muc h illumina -
tion .  . .  fro m overhea d source s (a s from )  sidewal l  lighting. "

I n a  197 7 ASHRAE report ,  Mr .  Griffit h sai d (GRI-2) :

"Dayligh t  illuminatio n fro m window s ha s bee n show n t o
be thre e t o fou r  time s a s effectiv e i n increasin g visua l
performanc e a s equa l  illuminatio n fro m conventiona l
electri c lightin g i f  properl y utilized. "

Year s ago ,  classroo m seatin g i n man y elementar y school s wa s

arrange d s o tha t  dayligh t  fro m sidewal l  window s woul d com e i n ove r

righ t  shoulder s o f  left-hande d peopl e an d ove r  lef t  shoulder s o f

right-hande d people .  Thi s kep t  glarin g ligh t  source s ou t  o f  what

illuminatin g engineer s cal l  th e offendin g o r  glar e zone .  A s lightin g

contras t  increases ,  visua l  performanc e improve s rapidly .

Sufficien t  windo w are a t o delive r  72 0 lumen s o f  "direct "  sidewal l

windo w daylight  i n plac e o f  180 0 lumen s fro m a n overhea d incandescen t

electri c lam p wil l  sav e energ y an d mone y i n a  variet y o f  ways .  Fo r

example ,  i n a n air-conditione d offic e i t  reduce s th e electri c lightin g

loa d o n th e air-conditionin g syste m b y 9 3 percent .

Natura l  lightin g systems ,  however ,  ar e relativel y difficul t  t o

desig n an d engineer ;  th e Illuminatin g Engineerin g Societ y Handboo k

and othe r  industr y source s contai n daylightin g technique s an d

guideline s (IES) .
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Cl  DIREC T GAI N

Cl. a INTRODUCTION

By fa r  th e mos t  common wa y sola r  energ y i s use d fo r  heatin g building s

i s it s penetratio n throug h th e window s o f  ou r  country' s 70,000,00 0

buildings .  Without  it ,  th e U.S .  woul d us e a n additiona l  2  t o 3  percen t

more nonrenewabl e energy .  Window s var y considerabl y i n thei r  therma l

performance ,  however .  Loosely-fitting ,  single-glaze d windows ,  fo r

example ,  usuall y los e mor e hea t  tha n the y admi t  i n th e for m o f  sola r

heat  gain .  On th e othe r  hand ,  a  properl y designe d windo w facin g south ,

wit h perhap s a  reflectiv e surfac e o n th e groun d (suc h a s sno w o r  a n

aluminize d mirrore d surface )  an d wit h mean s o f  reducin g hea t  los s sig -

nificantl y a t  nigh t  (suc h a s movabl e insulation )  ,  ca n suppl y mor e sola r

energ y t o a  buildin g tha n a  goo d activ e sola r  collecto r  o f  th e sam e

surfac e area .  Fo r  example ,  properl y designe d sola r  collector s ar e

supplyin g betwee n 50,00 0 an d 115,00 0 Bt u pe r  squar e foo t  o f  surfac e

are a pe r  heatin g seaso n i n a  climat e o f  5 0 percen t  possibl e sunshine .

(Thi s i s equivalen t  t o th e energ y fro m 1/ 2 t o 1 ¼ gallo n o f  hom e heatin g

oi l  o r  fro m 1 5 t o 3 5 kWh o f  electricity. )  Winter-lon g sola r  gai n throug h a

squar e foo t  o f  south-facing ,  double-pane d glas s i n th e sam e climat e i s abou t

140,00 0 Btu .  Annua l  conductio n hea t  los s (ignorin g ai r  infiltra -

tio n fo r  th e moment )  i s  abou t  70,00 0 Bt u i n a  5,00 0 degre e da y climate .

The ne t  contributio n t o th e building ,  then ,  i s 70,00 0 Bt u (140,00 0 sola r

gai n les s 70,00 0 hea t  loss) .  Therefore ,  ordinar y double-glazed ,  south -

facin g window s ca n "produce "  abou t  th e sam e amount  o f  hea t  pe r  squar e

foo t  a s sola r  collectors .  Reflector s wil l  boos t  hea t  productio n i n

bot h designs .  Movabl e insulatio n an d tripl e glazin g ca n dramaticall y

reduc e hea t  los s fro m windows ,  greatl y boostin g thei r  ne t  energ y gain .
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I n colde r  an d cloudie r  climates ,  window s wil l  provid e les s tha n

70,00 0 Btu ,  an d i n warme r  an d sunnie r  locations ,  mor e tha n 100,00 0 Btu .

Anothe r  importan t  facto r  determinin g th e amoun t  o f  energ y provide d i s

th e siz e o f  th e windo w are a compare d wit h th e heatin g load .  Th e large r

th e are a compare d wit h th e heatin g load ,  th e mor e excess ,  waste d sola r

hea t  an d th e lowe r  i s th e contributio n b y eac h squar e foo t  o f  window .

Althoug h knowledg e i n othe r  area s o f  sola r  technolog y ha s vastl y

increased ,  knowledg e o f  th e therma l  performanc e o f  glaze d surface s i s

relativel y undeveloped .  Althoug h ASHRAE ha s produce d Sola r  Heat  Gai n

Facto r  table s t o assis t  i n sizin g ai r  conditionin g equipment ,  corres -

pondin g table s d o no t  exis t  fo r  determinin g th e tota l  seasona l  hea t

gai n throug h window s o f  variou s types ,  o f  variou s orientations ,  an d i n

variou s location s o f  th e country .  Fortunately ,  hea t  los s throug h th e

window s i s fairl y  easil y understood ;  yet ,  mor e need s t o b e learned .

Even a s ther e i s a  deart h o f  knowledg e regardin g sola r  gai n throug h

windows ,  eve n les s i s understoo d o f  ho w tha t  ligh t  energ y i s reflected ,

transformed ,  reradiated ,  an d ultimatel y distribute d onc e i t  enter s a

building .  Thi s lac k o f  understandin g ha s resulte d in ,  an d continue s t o

resul t  in ,  significan t  error s i n th e wa y glas s i s integrate d int o th e

fabri c o f  buildings .  Eve n today ,  man y passivel y sola r  heate d building s

tha t  rel y primaril y o n th e direc t  gai n o f  sunligh t  throug h south-facin g

glas s an d ar e designe d b y knowledgeabl e passiv e sola r  buildin g designer s

do a  poo r  jo b o f  satisfyin g huma n comfor t  (an d othe r  needs )  o f  th e

building' s occupants .  Althoug h th e mos t  thermally-elegan t  direc t  gai n

syste m ca n perfor m lik e a  finel y tune d machin e an d satisf y huma n com -

for t  t o a  hig h degree ,  a n improperl y designe d direc t  gai n syste m ca n

creat e discomfort .
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The design criteria fo r  properl y designe d direc t  gai n system s in -

clud e th e following :

1.  Th e timin g mus t  b e right ;  th e su n mus t  ente r  th e

buildin g a t  th e righ t  tim e o f  year .  (Corollary :

th e su n mus t  b e kep t  ou t  a t  th e righ t  tim e o f  da y

and year ;  i.e. ,  sola r  hea t  gai n must  correspon d

t o th e comfor t  need s o f  th e building' s occupants. )

2.  Th e amoun t  o f  sola r  hea t  gai n must  correspon d t o

th e need s o f  th e occupants .  Therefore ,  th e need s

of  th e occupant s must  b e clearl y understoo d an d

accounte d for .  Whil e som e occupant s ma y permi t

a wid e rang e o f  temperatur e fluctuations ,  th e

designe r  shoul d no t  necessaril y  coun t  o n i t  an d

make excuse s fo r  a  poorl y engineere d direct  gai n

system .

3.  Th e righ t  typ e o f  glazin g shoul d b e used .  Clea r

glas s ha s it s place ,  bu t  s o als o d o clea r  an d trans -

lucen t  material s suc h a s diffusin g glass ,  plasti c

films ,  fiberglass-base d glazings ,  an d acrylics .

Reflectiv e glazing s ma y b e appropriat e fo r  re -

ducin g unwante d sola r  gains .

4.  Hea t  los s bac k throug h th e glazin g shoul d b e re -

duce d t o a s lo w a  leve l  a s possible .
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5.  Th e manne r  i n whic h sunligh t  enter s th e buildin g

must  b e compatibl e wit h th e progra m need s o f  th e

buildin g (i.e. ,  th e occupants) .  Fo r  example ,

many activitie s ar e no t  amenabl e t o direc t  sola r

gain .  Man y peopl e simpl y d o no t  lik e workin g i n

direc t  sunlight .  I n fact ,  nort h ligh t  i s  ofte n

preferred .  S o also ,  i n mos t  cases ,  lightin g fro m

th e sid e assist s i n prope r  distributio n o f  ligh t

throughou t  a  space ,  reducin g glare .  However ,  to o

much o r  improperl y designe d glas s ca n contribut e

significantl y t o glare .  To o muc h glas s ca n als o

infring e o n privac y insid e a  buildin g spac e b y

creatin g a  "fishbowl "  effect .

Cl. b SOLAR GAI N

A growin g awarenes s indicate s tha t  direc t  gai n system s ar e easie r

t o desig n i f  the y ar e size d t o provid e onl y a  limite d portio n o f  th e

heatin g load .  Fo r  system s designe d t o onl y satisf y daytim e heatin g

requirements ,  usuall y aroun d 3 0 percent ,  necessar y glas s area s ca n b e

easil y incorporate d int o most  buildin g facades .  Althoug h hea t  storag e

requirement s shoul d no t  b e ignored ,  the y ar e no t  th e overwhelmin g

consideratio n tha t  the y ar e a t  hig h (5 0 t o 8 0 percent )  sola r  fractions .

Most  o f  th e othe r  problem s associate d wit h direc t  gai n system s ar e als o

reduced .
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Establishin g th e allowabl e interio r  temperatur e fluctuation s

durin g a  sunn y winte r  da y i s th e firs t  ste p fo r  determinin g th e larges t

desire d windo w area .  Dou g Balcom b describe s th e subsequen t  analysis. *

Glas s are a i n exces s o f  th e resultin g siz e wil l  admi t  unnecessar y an d

undesirabl e energy ,  an d wil l  reduc e yearl y fue l  bill s  onl y slightly .

I n som e cases ,  additiona l  are a ca n actuall y increas e fue l  bills .

The glas s shoul d b e place d facin g a s clos e t o sout h a s possible .

Sinc e shadin g i s mor e difficul t  durin g th e summer ,  avoi d deviation s

fro m du e sout h beyon d southeas t  an d southwest .  However ,  eve n i n col d

climates ,  eas t  an d west  glas s area s ca n admit  somewha t  mor e sola r  energ y

durin g th e winte r  tha n the y lose ,  assumin g therma l  shade s cove r  th e win -

dows a t  night  t o reduc e hea t  loss .

Glas s place d verticall y admit s nearl y a s muc h hea t  durin g th e winte r

as glas s a t  th e tilte d angle s tha t  ar e optimu m fo r  man y activ e syste m

collectors .  However ,  tilte d glas s i s difficult  t o shad e durin g th e

summer;  lef t  unshaded ,  i t  admit s unwante d heat .  I n addition ,  larg e area s

of  tilte d glazin g ma y b e difficul t  t o integrat e int o a  building' s over -

al l  design ;  tilte d glazin g i s noticeabl y mor e difficul t  t o kee p clea n

and (possibly )  undamage d b y flyin g objects .  Man y code s requir e th e

us e o f  tempere d glas s i n al l  tilte d configuration s locate d abov e occupie d

space .

Windo w are a shoul d b e incorporate d int o th e wall s an d roof s o f

building s t o distribut e th e hea t  t o a s muc h o f  th e buildin g a s possible .

*Se e Passiv e Sola r  Desig n Analysi s b y J .  Dougla s Balcomb .
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Usually ,  th e best  mean s o f  doin g thi s i s fo r  al l  room s t o hav e south-facin g

glass .  T o reac h norther n rooms ,  vertica l  clerestor y window s fo r

easie r  summer  shadin g ar e preferre d ove r  slopin g skylights .  Sawtoot h

roof s distribut e sout h su n throughou t  interio r  portion s o f  large-roofe d

buildings .

A principa l  consideratio n i n locatin g window s i s t o enhanc e th e

exposur e o f  th e therma l  mas s t o direc t  sunlight .  Fo r  example ,  i f  th e

buildin g ha s heav y floor s an d walls ,  window s shoul d b e place d s o tha t  a s

much floo r  an d wal l  surfac e a s possibl e i s bathe d i n light .  Translucen t

glas s wit h goo d transmittanc e wil l  scatte r  th e ligh t  throug h th e space ,

distributin g th e hea t  t o man y surface s a t  once .  Thi s ca n bot h kee p

interio r  temperature s dow n an d improv e th e lightin g quality .  Trans -

lucen t  surface s produc e mor e glare ,  an d thi s must  b e considere d i n

thei r  design .

I n th e fina l  design ,  thes e man y therma l  consideration s must  b e

blende d wit h aesthetic s an d wit h th e overal l  purpose s o f  th e building .

Cl. c THERMAL MASS

Usin g mas s heat  storag e i n th e desig n o f  residentia l  building s

i s a s ol d a s th e concep t  o f  shelte r  itself .  Fo r  centurie s massiv e

adob e India n dwelling s i n th e southwester n Unite d State s hav e tempere d

th e effect s o f  wid e fluctuation s i n dail y temperature s o n interio r
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comfor t  conditions .  Th e centercor e fireplac e an d heart h mas s o f  Ne w

Englan d home s store s hea t  fro m th e fir e durin g th e da y an d slowl y re -

lease s tha t  hea t  a t  nigh t  t o kee p th e house s war m a s th e fir e dies .

A differen t  phenomeno n i s represente d b y eac h o f  th e abov e tw o

examples .  I n th e cas e o f  th e adob e structures ,  th e hig h mas s exterio r

wall s soa k u p larg e amount s o f  sunligh t  lik e a  bi g therma l  sponge .  A s

thei r  exterio r  surface s war m durin g th e day ,  th e hea t  slowl y move s throug h

th e adob e a s eac h successiv e inc h i s warme d b y th e inwar d wav e o f

heat .

Under  steady-stat e conditions ,  i.e. ,  whe n th e indoo r  an d outdoo r

temperature s ar e stabl e fo r  lon g period s o f  time ,  th e temperatur e o f

th e masonr y materia l  (suc h a s adob e an d concrete )  als o become s stable .

Under  thes e conditions ,  th e masonr y material s ar e poo r  insulators ;

hea t  flow s easil y throug h them .  If ,  however ,  eithe r  th e indoo r

temperatur e o r  th e outdoo r  temperatur e o r  bot h fluctuates ,  s o mus t

th e masonry .  Eac h successiv e laye r  o f  th e masonr y mas s mus t  firs t

chang e temperatur e befor e passin g exces s therma l  energ y o n t o th e nex t

laye r  i n line ,  an d thi s slo w proces s somewha t  impede s hea t  flow .

An advantag e o f  masonr y a s heat  storag e materia l  i s  tha t  eac h

laye r  ca n stor e a  larg e amount  o f  heat .  Thus ,  i f  th e su n i s shinin g

on a  masonr y wall ,  th e masonr y facin g th e su n i s warme d befor e i t

transfer s hea t  inward .  The n th e nex t  laye r  i s warme d b y th e surfac e

laye r  an d s o on .  Th e resul t  i n th e adob e dwelling s i s tha t  outdoo r
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temperature s ca n fluctuat e widel y whil e th e indoo r  temperature s

remai n relativel y stable .  (Se e Figur e Cl-1. )

I n contras t  t o th e hig h therma l  mas s o f  th e adob e building s

tha t  "spong e up "  th e sun' s energy ,  th e therma l  storag e o f  th e Colonial s

absorb s interio r  heat ,  storin g exces s daytim e energ y fo r  us e a t

night .  Mos t  o f  thi s store d hea t  i s release d t o th e buildin g befor e

escapin g throug h it s exterio r  skin .

The therma l  mas s nee d not  b e a t  th e cente r  o f  th e roo m a s

lon g a s i t  i s  insulate d fro m th e outdoors .  I t  i s  importan t  tha t  a s

th e roo m heat s u p fro m th e sun ,  th e masonr y absorb s th e hea t  an d

lose s a s littl e o f  i t  t o th e outsid e a s possible .  Althoug h havin g

th e mas s entirel y withi n th e spac e assure s tha t  ever y store d Bt u

i s firs t  use d b y th e building ,  heav y insulatio n o n th e exterio r

surfac e ca n provid e a  simila r  effect .
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Figure Cl-1: Diagrammatic daily temperature profiles through
a thick, masonry wall (PUT).
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The wav e o f  hea t  throug h th e masonr y wall s i s simila r  t o th e hea t

waves throug h sunbathe d adob e walls .  Th e temperatur e o f  masonr y adjacen t

t o exterior-mounte d insulatio n fluctuate s ver y littl e du e t o th e smal l

R-valu e o f  th e masonr y compare d t o th e large r  R-valu e o f  th e insulation .

Therefore ,  whe n outdoo r  temperature s change ,  mos t  o f  th e temperatur e

fluctuation s i n th e wal l  occu r  i n th e insulatio n befor e reachin g

th e concrete .  Th e masonry ,  then ,  change s temperatur e a s th e buildin g

change s temperature ,  addin g t o it s therma l  capacity .

Mountin g insulatio n o n th e outsid e o f  th e concret e entail s

detailin g problems .  I n som e cases ,  thi s may cos t  mor e tha n interior -

mounte d insulation .  Th e cost-benefi t  o f  exterio r  insulatio n mus t  b e

analyze d o n a  cas e b y cas e basis .

Althoug h fluctuation s i n roo m temperatur e caus e therma l  mas s t o

chang e temperature ,  th e therma l  mas s ca n b e raise d t o a  highe r  tempera -

tur e an d ca n stor e mor e hea t  b y direc t  exposur e t o sunlight .

Of  course ,  th e primar y reason s fo r  incorporatin g therma l  mas s

int o building s ar e t o tempe r  th e effect s o f  larg e amount s o f  sunligh t

enterin g a  buildin g o n th e indoo r  temperatur e b y absorbin g th e exces s

therma l  energ y fo r  late r  us e whe n th e su n i s no t  shinin g int o th e

building .
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Generally ,  th e mor e therma l  mas s th e better .  Th e greate r  th e ex -

posur e o f  th e mas s t o sola r  irradiation ,  th e smalle r  wil l  b e th e interio r

temperatur e fluctuations .

The effect s o f  fluctuatin g outdoo r  temperature s o n indoo r  tempera -

ture s ar e show n i n Figure s Cl-2 ,  Cl-3 ,  an d Cl-4 .  Fo r  example ,  th e

effec t  a  shar p dro p i n outdoo r  temperatur e ha s o n th e indoo r  temperatur e

of  variou s type s o f  building s i s show n i n Figur e Cl-2 .  Not e tha t  a n

unheated ,  lightweigh t  buildin g (e.g. ,  wood-framed )  drop s i n temperatur e

relativel y quickl y eve n i f  i t  i s  well-insulated .  A  heavy ,  massive ,  well -

insulate d structur e built  o f  concrete ,  brick ,  o r  ston e maintain s it s

temperatur e ove r  a  longe r  perio d o f  time .  (Th e insulatio n shoul d b e

locate d outsid e th e therma l  mass. )  Th e thir d indoo r  ai r  temperatur e

shown i n th e figur e i s fo r  a  buildin g tha t  not  onl y contain s a great

dea l  o f  hea t  storag e capacit y but  als o i s burie d int o th e sid e o f  a

hil l  o r  i s  covere d wit h earth .  Th e temperatur e drop s ver y slowl y an d

level s of f  a t  a  temperatur e clos e t o th e earth's .

Durin g th e summer ,  th e opposit e condition s prevail .  I f  th e buildin g

i s shade d s o tha t  littl e direct  sola r  irradiatio n penetrates ,  th e hea t

gai n wil l  b e limite d primaril y t o conductio n throug h th e roof ,  walls ,

and window s — i n effect ,  a  revers e heat  loss .  When outsid e ai r  i s  cool -
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Figur e C1-2 :  Effec t  o f  a  dro p i n outdoo r  temperatur e o n indoo r
temperatur e fo r  variou s constructio n types , assumin g
no sourc e o f  hea t  energ y withi n th e buildin g (AND-2) .
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Figur e Cl-3 : Effec t  o f  a  ris e i n outdoo r  temperatur e o n indoo r
temperatur e fo r  variou s constructio n types ,
assumin g n o sourc e o f  coolin g energ y withi n th e
buildin g (AND-2) .
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Figur e Cl-4 : Effec t  o f  fluctuation s i n outdoo r  temperatur e o n
indoo r  temperatur e fo r  variou s constructio n types ,
assumin g n o sourc e o f  heatin g o r  coolin g energ y withi n
th e buildin g (AND-2) .
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er  a t  night  tha n i t  i s  durin g th e day ,  ventilatio n o f  tha t  ai r  int o

th e building ,  eithe r  naturall y throug h opening s suc h a s vent s o r  window s

or  mechanicall y wit h fans ,  ca n coo l  th e therma l  mass ,  delayin g th e

need fo r  daytim e ai r  conditioning .  (Se e Figur e Cl-3. )  Th e saving s i s

not  usuall y sufficien t  t o justif y expensiv e therma l  mas s an d i s usuall y

regarde d a s a  summer  bonu s o f  th e passiv e heatin g system .

Figur e Cl- 4 combine s th e effect s o f  risin g an d fallin g outdoo r

temperatures .  Withou t  an y interna l  source s o f  hea t  suc h a s furnace s

and stoves ,  th e insid e ai r  temperatur e o f  th e lightweigh t  buildin g

fluctuate s widely ,  an d th e ai r  temperatur e o f  th e earth-embedde d

buildin g remain s almos t  constant .  Notic e tha t  increase d buildin g mas s

not  onl y attenuate s th e amplitud e o f  th e temperatur e fluctuation s but

als o cause s a  longe r  tim e la g betwee n fluctuatin g interio r  an d exterio r

temperatures .

Al l  material s var y i n thei r  heat  storag e capacity .  Th e abilit y  o f

a materia l  t o stor e heat  i s measure d b y "specifi c  heat, "  th e numbe r

of  Bt u require d t o rais e on e poun d o f  th e materia l  1  degre e F  i n

temperature .  Water ,  fo r  example ,  ha s a  specifi c  hea t  o f  1.0 ,  whic h

means tha t  on e Bt u i s require d t o rais e on e poun d o f  wate r  on e degree .

The poun d o f  water ,  i n turn ,  release s on e Bt u whe n i t  drop s on e degree .

The specifi c  heat s o f  th e variou s material s tha t  migh t  b e con -

sidere d i n th e constructio n o f  building s ar e liste d i n Appendi x 2 .

Not e tha t  concret e (specifi c  hea t  o f  0.2 )  store s onl y one-fift h th e

energ y store d b y th e sam e weight  o f  water .  However ,  th e densit y o f
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concret e i s greate r  tha n th e densit y o f  water .  Th e secon d colum n o f

th e tabl e show s th e relativ e densities .  T o obtai n a  material' s  hea t

capacit y pe r  cubi c foot ,  multipl y it s specifi c  hea t  b y it s density .

The product ,  whic h i s th e hea t  capacit y pe r  cubi c foot ,  i s  liste d i n

th e thir d column .  Not e tha t  th e densit y o f  wate r  i s leas t  amon g th e

material s liste d but  tha t  it s  hea t  capacit y pe r  cubi c foo t  i s  stil l

highest  becaus e o f  it s  hig h specifi c  heat .  I n spit e o f  th e lo w specifi c

hea t  o f  concrete ,  it s  heav y weight  compensate s somewhat ,  an d i t  store s

considerabl e heat  (2 8 Bt u pe r  cubi c foo t  pe r  degre e F  fo r  concret e

versu s 62. 4 fo r  water) .

The effectivenes s o f  a  building' s therma l  mas s shoul d no t  b e take n

fo r  granted .  Designin g t o permi t  direc t  sola r  irradiatio n t o strik e

th e therma l  mas s ca n greatl y interfer e wit h a  building' s progra m require -

ments .  Fo r  example ,  man y peopl e prefe r  t o clos e thei r  drape s t o kee p ou t

th e sun' s direc t  rays .  Ver y often ,  th e therma l  mas s i s covere d wit h othe r

materials ,  suc h a s carpe t  ove r  concret e floors ,  tha t  nearl y negat e it s

therma l  storag e effectiveness .

The effectivenes s o f  therma l  mas s als o depend s o n it s location .  I f

th e mas s i s locate d i n direc t  sunlight ,  i t  i s  heate d withou t  th e roo m ai r

bein g heate d i n th e process .  Th e temperatur e o f  th e mass ,  therefore ,  i s

not  limite d b y th e temperatur e swing s tolerabl e i n th e livin g area .  Th e

opposit e situatio n occur s whe n th e mas s i s locate d i n a  bac k roo m com -

pletel y remove d fro m direc t  su n effects .  I n thi s case ,  th e sola r  hea t

firs t  mus t  b e transferre d t o th e roo m ai r  an d the n th e war m ai r  heat s

th e mass .  Thi s two-ste p proces s i s muc h les s effectiv e tha n directl y
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heatin g th e mass .  I n fact ,  a  genera l  rule-of-thum b i s tha t  fou r  time s

as muc h mas s i s require d t o stor e th e sam e amoun t  o f  hea t  i f  th e mas s

i s heate d indirectl y (b y roo m air )  rathe r  tha n directly .  Mas s tha t

lie s withi n a  direc t  gai n space ,  suc h a s th e enclosin g wall s o f  tha t

space ,  receive s som e hea t  directl y a s a  resul t  o f  scattere d sunligh t  an d

infrare d heatin g b y lightweigh t  object s i n th e space .  Th e effectivenes s

of  thi s mas s lie s somewher e i n between ,  dependin g o n color ,  location ,  an d

th e sunligh t  scatterin g characteristic s o f  bot h th e roo m an d th e glazing .

An alternativ e t o direct  sola r  irradiatio n throug h clea r  glazin g

i s glazin g tha t  diffuse s th e ligh t  an d distribute s i t  ove r  al l  o f  th e

interio r  surfaces .  Althoug h particula r  surface s may no t  ge t  undul y warm ,

suc h dispersio n o f  sola r  radiatio n mor e readil y assure s a n eve n hea t

distributio n t o al l  surfaces ,  resultin g i n mor e eve n temperatures .  I t

als o result s i n smalle r  fluctuation s i n th e temperature s o f  a  particula r

mass.  Heat  movemen t  int o th e mas s i s accomplishe d muc h mor e quickl y

withou t  overheatin g th e space .  Glar e ma y b e wors e wit h thi s syste m

tha n wit h clea r  glazing .

Ed Mazri a an d other s hav e analyze d thes e effects .  Wit h larg e sur -

fac e area s t o absor b th e heat ,  roo m ai r  temperatur e fluctuation s ar e

moderated .  Figure s Cl-5 ,  6  an d 7  sho w thre e differen t  syste m types .

Syste m 1  represent s a  directl y expose d interio r  therma l  mas s surfac e

are a o f  1. 5 time s th e are a o f  glass .  Syste m 2  ha s thre e time s th e

are a i n direc t  sunlight ,  an d Syste m 3  ha s nin e time s th e area .  Syste m

3 i s typica l  o f  space s constructe d o f  masonr y material s an d translucen t

glazing .  I n compute r  simulations ,  Syste m 3  maintain s th e highest
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Syste m 1

Expose d surfac e are a =  1. 5 ×  glas s are a

Syste m 2

Expose d surfac e are a =  3  ×  glas s are a

Syste m 3

Expose d surfac e are a =  9  ×  glas s are a

Figure s Cl-5,6 ,  an d 7 :  Thre e differen t  syste m type s (MAZ-1 )
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minimu m ai r  temperature s an d th e smalles t  dail y temperatur e fluctuations .

Bot h System s 1  an d 2  require d som e ventilatio n t o prevent  overheatin g

durin g th e day .  Th e design s wer e fo r  8-inch-thic k wall s an d floors ;

glas s are a wa s 2 5 percen t  o f  th e floo r  area .  Th e overal l  heat  los s

of  th e buildin g wa s i n th e rang e o f  1 0 t o 1 2 Btu/ft 2 -degre e da y (MAZ-1) .

Each hea t  storag e materia l  ha s a  differen t  effec t  o n interio r

temperatur e fluctuations .  Th e highe r  th e conductivit y o f  th e therma l

mass,  th e mor e readil y i t  absorb s heat  an d th e smalle r  th e temperatur e

fluctuates .  E d Mazri a ha s simulate d th e performanc e o f  concret e (stone) ,

bric k (common) ,  bric k (magnesiu m additives) ,  adobe ,  an d wate r  (con -

taine d i n cans ,  representin g a n "isothermal "  mass) .  Thes e material s

hav e th e physica l  propertie s liste d i n Figur e Cl-8 .

Figur e Cl- 9 show s interio r  temperatur e profile s fo r  th e fiv e

differen t  type s o f  therma l  mas s i n Mazria' s Syste m 2 .  Th e therma l

storag e material s ar e 8  inche s thic k (MAZ-1) .  Th e larges t  interio r

ai r  temperatur e fluctuation s occu r  usin g adobe ,  whic h ha s th e poorest

conductivity .  Th e best  performance ,  resultin g i n th e smalles t

temperatur e fluctuations ,  occur s usin g bric k havin g magnesiu m additive s

and usin g conventiona l  buildin g materials .  Wate r  ("isothermal" )  i s

bette r  tha n an y o f  th e common constructio n materials .

Rule s o f  thum b fo r  therma l  mas s siz e hav e bee n established .

I f  th e mas s i s directl y irradiate d b y sola r  energy ,  eac h squar e foo t

of  th e glas s require s enoug h mas s t o stor e 3 0 Bt u fo r  eac h degre e F

chang e i n temperature .  (Se e Dou g Balcomb' s Passiv e Sola r  Desig n Analysis. )
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Figure Cl-8:  Thermal storage material properties (MAZ-1)

Cl-92
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Figur e Cl-9 :  Compariso n o f  material s (MAZ-1) .
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For  mas s expose d onl y t o heate d roo m air ,  fou r  time s a s muc h i s required .

Concret e store s roughl y 3 0 Btu/ft 3 fo r  eac h degre e chang e i n temperature ,

and wate r  62. 4 Btu/ft 3.

When th e mas s i s i n direc t  sunlight ,  th e temperatur e swin g o f  th e

roo m ai r  wil l  b e approximatel y hal f  th e temperatur e swin g o f  th e storage .

I f  th e mas s i s no t  directl y irradiated ,  th e temperatur e swin g o f  th e

roo m ai r  wil l  b e approximatel y twic e th e temperatur e swin g o f  th e

storage .

I f  les s storag e i s used ,  th e temperatur e swin g o f  th e roo m ai r  wil l

increase .  Thi s may decreas e comfor t  an d increas e hea t  los s fro m th e

buildin g (especiall y i f  th e occupant s ope n window s t o reduc e th e over -

heating )  .  Conversely ,  mor e mas s wil l  increas e th e comfor t  an d efficienc y

of  th e passiv e system .

The effectivnes s o f  mas s depend s o n it s thicknes s an d o n it s therma l

conductivity .  Th e mas s tha t  i s locate d a t  dept h i s no t  nearl y a s ef -

fectiv e a s th e mas s a t  th e surfac e becaus e i t  i s  insulate d fro m th e

roo m b y th e surfac e layers .  Fo r  example ,  i f  th e wal l  i s  concrete ,  the n

mass withi n 4  inche s o f  th e surfac e i s nearl y a s effectiv e a s mas s a t

th e surface ;  bu t  beyon d a  dept h o f  abou t  8  inche s th e mas s i s almos t

completel y ineffective .  (Se e Figur e Cl-10. )
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Effectiv e therma l  storag e pe r  squar e foo t
of  surfac e are a o f  non-sola r  irradiate d
mass material s liste d an d thickness ,  t .
Fre e standin g wall ,  t  =  2 L
Back insulate d wall ,  t  = L

Figur e Cl-1 0 (MIC )
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The actua l  performanc e o f  a  therma l  mas s syste m designe d t o us e

sola r  energ y input s t o mee t  spac e heatin g need s ca n b e measure d i n

tw o ways :

1)  Fractiona l  Saving s

2)  Fractiona l  Utilizatio n

Fractiona l  saving s i s th e rati o o f  th e energ y saving s (du e t o usefu l

sola r  gains )  t o th e heatin g o r  coolin g loa d befor e solar .  Fractiona l

utilizatio n i s th e rati o o f  usefu l  sola r  gain s use d t o mee t  th e heatin g

or  coolin g loa d t o th e tota l  availabl e inciden t  sola r  radiation .

When assessin g cost-benefits ,  fractiona l  saving s i s mor e commonl y

used .  However ,  fo r  understandin g th e behavio r  o f  differen t  therma l  mas s

systems ,  fractiona l  utilizatio n i s mor e informative .  Thi s rati o in -

dicate s th e efficienc y wit h whic h th e mas s convert s availabl e sola r

radiatio n t o usefu l  sola r  energ y fo r  heatin g o r  cooling .

For  an y rati o o f  availabl e sola r  radiatio n t o gros s heatin g o r

coolin g load s (solar-loa d ratio) ,  th e actua l  performanc e o f  th e syste m

i s dependent  o n th e tota l  mas s hea t  storag e capacit y an d o n th e mas s

effectiveness .  Th e mas s effectivenes s facto r  (M e)  i s  define d a s th e

rati o o f  heat  storag e actuall y achieve d t o th e maximu m possibl e hea t

storage .

I n a n idealize d system ,  th e mas s effectivenes s i s 10 0 percent ,  an d

th e syste m performanc e i s a  straight-lin e functio n o f  solar-loa d rati o
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(se e Figur e Cl-11) .  If ,  fo r  example ,  i n thes e case s th e availabl e

sola r  radiatio n i s hal f  th e heatin g load ,  th e solar-loa d rati o i s 0. 5

(5 0 percent) ,  an d th e fractiona l  utilizatio n i s 1. 0 (10 0 percent) .

Al l  o f  th e sola r  radiatio n ca n b e use d t o reduc e th e spac e heatin g load .

For  les s tha n perfect  system s i n whic h th e mas s effectivenes s i s

les s tha n 10 0 percent ,  th e actua l  performanc e wil l  b e lower .  Sinc e

heat  transfe r  int o th e mas s i s les s tha n perfect ,  som e overheatin g o f

th e spac e wil l  occur .  Highe r  spac e temperature s mea n tha t  extr a heat

i s los t  t o ambient ,  and ,  therefore ,  les s energ y wil l  b e availabl e t o

fulfil l  heatin g need s durin g th e evening .

For  an y give n therma l  mas s syste m ( a give n storag e capacit y an d mas s

effectiveness) ,  th e fractiona l  saving s wil l  increas e towar d 1. 0 an d th e

fractiona l  utilizatio n wil l  decreas e towar d 0  a s th e solar-loa d rati o

increases .  Th e graph s i n Figur e C1-1 1 qualitativel y sho w thi s relation -

shi p fo r  storag e system s o f  different  mas s effectivenesses .

When th e solar-loa d rati o i s small ,  th e fractiona l  utilizatio n

tend s t o b e goo d sinc e ther e exist s a  relativel y larg e heatin g loa d t o

whic h sola r  gain s ca n b e immediatel y applie d withou t  nee d fo r  storage .

Sinc e storag e play s a  smal l  rol e a t  thi s point ,  difference s i n mas s

effectivenesse s amon g differen t  system s ar e les s important .  A s

shown i n Figur e C1-11 ,  syste m performanc e i s no t  a  functio n o f

mass effectivenesse s a t  solar—loa d ratio s belo w 0.25 .
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Figur e Cl-11 :  Sensitivit y o f  therma l  mas s syste m performance ,
diagrammati c (TEA) .
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As th e solar-loa d rati o increases ,  th e fractiona l  utilizatio n

fo r  al l  system s (excep t  th e perfec t  storag e system )  drop s off .

Fractiona l  saving s increas e mor e an d mor e slowl y a s i t  become s mor e

difficult  t o stor e th e sola r  energ y gain s unti l  the y ar e useful .

An exampl e wil l  illustrat e thi s point .  Tak e tw o well-insulate d

house s i n Concord ,  Ne w Hampshire .  On e ha s 11 1 squar e fee t  o f  south -

facin g windows ,  an d th e othe r  ha s almos t  twic e thi s windo w are a (221) .  Further -

more ,  assum e tha t  o n a  monthl y basi s th e mas s effectivenes s o f  th e

storag e syste m fo r  bot h house s i s 10 0 percent .  Thi s implie s tha t  al l

th e availabl e sola r  radiatio n ca n b e use d u p t o th e poin t  wher e th e

monthl y heat  loa d i s met .  Non e ca n b e save d fo r  th e followin g month .

Figure s C1-1 2 an d C1-1 3 sho w th e performanc e o f  th e tw o houses .  Not e

tha t  i n hous e on e th e availabl e sola r  radiatio n exceed s th e hous e

heatin g requirement  fro m May throug h October .  Durin g thes e months ,

th e utilizatio n i s les s tha n 1. 0 (no t  al l  o f  th e sola r  radiatio n i s

useful) .  Th e fractiona l  saving s i n thi s cas e i s 0.37 ,  an d th e fractiona l

utilizatio n i s 0.56 .

I n hous e tw o (wit h th e large r  windo w area) ,  th e availabl e sola r

radiatio n exceed s th e heatin g loa d fro m Apri l  throug h October .  I n thi s

case ,  Apri l  i s  adde d t o th e lis t  o f  month s whe n no t  al l  o f  th e sola r

radiatio n ca n b e usefull y applie d t o th e heatin g load .  Th e fractiona l

saving s fo r  thi s hous e i s 0.66 .  Not e tha t  thi s i s no t  twic e th e frac -

tiona l  saving s fo r  hous e one ,  an d th e fractiona l  utilizatio n i s les s

(0.49 )  tha n tha t  fo r  hous e one .  Thi s mean s tha t  th e secon d 11 0 squar e
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Mont h

Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec

Averag e
Dail y
Radiatio n

536
609
602
544
482
460
472
523
606
665
473

Monthl y
Inciden t
Radiatio n

1.8 4 (10 6Btu )
1.8 9
2.0 7
1.8 1
1.6 6
1.5 3
1.6 2
1.8 0
2.0 2
2.2 9
1.5 8

Monthl y
Heat
Load

7.3 6 (10 6Btu )
6.1 3
5.0 6
2.2 7
0
0
0
0
0
1.3 4
3.5 8

Solar -
Load
Rati o

0.2 5
0.3 1
0.4 1
0.8 0
—
—
—
—
—

1.7 1
0.4 4

Usefu l
Heat

1.8 4 (10 6Btu )
1.8 9
2.0 7
1.8 1
0
0
0
0
0
1.3 4
1.5 8

Figur e Cl-12 : Monthl y performanc e o f  11 1 squar e fee t  o f  windo w are a
on a  well-insulate d hous e i n Concord ,  Ne w Hampshire .
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Fractiona l  Saving s =

Fractiona l  Utilizatio n =

Productivit y = = 108,108 B t u / f t 2 yr

= 0.37

= 0.56



Mont h

Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec

Averag e
Dail y
Radiatio n

536
609
602
544
482
460
472
523
606
665
473
427

Btu/ft 2 da y

Monthl y
Inciden t
Radiatio n

3.6 7 (10 6Btu )
3.7 7
4.1 2
3.6 1
3.3 0
3.0 5
3.2 3
3.5 8
4.0 2
4.5 6
3.1 4
2.9 3

Monthl y
Heat
Load

7.3 6 (10 6Btu )
6.1 3
5.0 6
2.2 7
0
0
0
0
0
1.3 4
3.5 8
6.5 3

Solar -
Load
Rati o

0.5 0
0.6 2
0.8 1
1.5 9
—
—
—
—
—

3.4 0
0.8 8
0.4 5

Usefu l
Heat

3.6 7 (10 6Btu )
3.7 7
4.1 2
2.2 7
0
0
0
0
0
1.3 4
3.1 4
2.9 3

Fractiona l  Saving s

Fractional Utilization =

Productivit y

21.2 4
42.9 8

= 0.4 9

= 96,10 9 Btu/ft 2 y r

Figur e C1-13 : Monthl y performanc e o f  22 1 squar e fee t  o f  windo w are a o n a
well-insulate d hous e i n Concord ,  Ne w Hampshire .
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fee t  o f  window s adde d t o hous e tw o ar e no t  performin g a s wel l  a s th e

firs t  11 1 squar e feet .  Thi s tren d continue s a s windo w are a i s added .

Variation s i n th e fractiona l  utilizatio n cause d b y th e efficiencie s

of  differen t  therma l  mas s system s become s mor e obviou s a s th e solar-loa d

rati o increases .  Th e fina l  cost-effectivenes s become s mor e sensitiv e

t o thes e variation s tha n a t  lo w solar-loa d ratios .  A t  larg e solar-loa d

ratios ,  th e overal l  effectivenes s o f  a  therma l  mas s syste m ca n trans -

lat e t o substantia l  difference s i n absolut e energ y savings .  System s tha t

combin e lo w hea t  capacit y an d lo w mas s effectivenes s wil l  reduc e pur -

chase d energ y consumptio n les s tha n system s tha t  combin e hig h heat  capa -

citie s an d hig h mas s effectivenes s factors .

The firs t  cos t  o f  system s wit h larg e hea t  capacit y an d hig h

mass effectivenes s may b e stee p s o tha t  th e mos t  cost-effectiv e syste m

i s not  alway s th e on e tha t  produce s th e highes t  utilizatio n factor .

However ,  i f  th e fractiona l  utilizatio n i s ver y low ,  a s wil l  b e th e cas e

wit h littl e o r  n o mas s a t  hig h solar-loa d ratios ,  the n th e reductio n

i n conventiona l  energ y us e wil l  b e agai n insignificant .  Therefore ,

at  moderate-to-hig h solar-loa d ratios ,  therma l  mas s system s o f  ade -

quat e capacit y an d effectivenes s shoul d b e use d t o kee p th e utilizatio n

and fractiona l  saving s high .

Sinc e mas s i s heav y an d sinc e floor s ar e adjacen t  t o windows ,  a

common metho d fo r  storin g hea t  i n a  direc t  gai n syste m i s i n th e floor .
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Yet  eve n th e bes t  floor s designe d fo r  sola r  exposur e ar e ver y ofte n

covere d o r  shade d b y rug s an d furniture ,  an d ca n b e rarel y counte d o n

fo r  hea t  storage .  I f  no t  directl y expose d t o th e sun ,  floor s stor e

littl e hea t  a s th e roo m fluctuate s i n temperatur e sinc e convectivel y

couple d hea t  transferre d downwar d i s generall y low .

I n an y case ,  th e floo r  nee d no t  b e thicke r  tha n 4  inches .  Addition -

al  thicknes s save s onl y marginall y mor e heat .  Dramati c thicknesses ,

fo r  exampl e severa l  fee t  o f  eart h toppe d b y a  floo r  slab ,  wil l  hav e a

temperin g effec t  o n interio r  temperature s durin g long ,  cold ,  cloud y

spells ,  bu t  th e extr a cos t  ca n b e rarel y justifie d solel y o n th e basi s

of  reduce d fue l  bills .  Nevertheless ,  i n combinatio n wit h extremel y

tigh t  construction ,  thes e extra-thic k floor s ca n enabl e building s t o

coas t  throug h ba d weathe r  wit h littl e o r  n o backu p heat  i f  temperature s

ar e permitte d t o drop .

Therma l  mas s i s ofte n costl y an d it s inclusio n ca n inconvenienc e

th e constructio n process .  Fo r  example ,  extr a floo r  are a ma y b e neede d

t o accommodat e thic k masonr y walls .  I f  th e us e o f  mas s require s a

differen t  typ e o f  constructio n tha n normal ,  thi s ma y jeopardiz e th e

building' s sale .

Remote therma l  mas s i n th e for m o f  grave l  bed s ha s bee n use d i n

an attemp t  t o counterac t  thes e problems .  Grave l  bed s ar e ofte n 2

fee t  dee p an d ar e usuall y locate d beneat h th e floo r  sla b o f  th e building .

Overheate d roo m ai r  i s  blow n horizontall y throug h th e bed .  Th e hea t

rise s throug h th e floo r  sla b directl y int o th e space .  Unfortunately ,
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due t o th e moderat e temperature s o f  overheate d rooms ,  larg e volume s o f

ai r  mus t  b e moved .  Thi s require s larg e fan s an d considerabl e energy .

Also ,  th e temperatur e o f  th e grave l  be d increase s s o slightl y tha t  i t

store s littl e heat .  Grave l  bed s ar e no t  advise d fo r  direc t  gai n system s

unles s roo m ai r  temperature s i n th e 80' s an d 90' s ca n b e stored .  Bu t

the y ca n b e considere d fo r  attache d sunspace s an d ar e discusse d i n

more detai l  i n Chapte r  C5 .

On-site ,  indigenous ,  loca l  buildin g material s shoul d no t  b e under -

estimate d a s a  mean s o f  simpl y an d les s expensivel y addin g larg e

quantitie s o f  mas s t o buildings .  Loca l  material s requir e les s energ y

t o transport .  Adob e building s i n th e Southwes t  demonstrat e som e o f  th e

possibilities .  Thi s typ e o f  regiona l  approac h t o buildin g desig n wil l

hel p rela x th e deman d o n othe r  mor e depletabl e resource s suc h a s

wood,  metals ,  an d plastic s (PLI) .

C1. d MOVABLE INSULATIO N

An inescapabl e fac t  o f  buildin g therma l  performanc e i s th e hig h

hea t  los s rat e o f  glas s compare d t o th e lo w rat e fo r  well-insulate d

walls .  I n fact ,  a  singl e shee t  o f  glas s ha s a  hea t  los s rat e o f  clos e

t o 3 0 time s tha t  o f  a  high-qualit y wall .  Insulatin g glas s ha s one -

hal f  th e hea t  los s rat e o f  singl e glas s and ,  i f  facin g south ,  gain s

more hea t  tha n i t  lose s durin g th e winte r  nearl y everywher e i n th e

country .
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Reducin g heat  los s throug h glas s i s on e o f  th e bes t  way s t o im -

prov e th e performanc e o f  direct  gai n systems .  Addin g layer s o f  glazin g

i s on e o f  th e bes t  alternatives ,  especiall y i n col d climates .  I n cli -

mate s o f  mor e tha n 5,00 0 degre e days ,  tripl e glazin g i s justifiabl e b y

many method s o f  economi c analysis .  Althoug h eac h laye r  o f  glas s als o

block s 1 0 t o 2 0 percent  o f  th e sola r  gain ,  mor e tha n thre e layer s i s sometime s

cost-effectiv e i n col d climates ,  especiall y i f  installe d inexpensively .  Multi-layere d

glazin g system s (fou r  an d eve n five )  tha t  us e hig h transmittanc e glazing s

(u p t o 0.97 )  ar e becomin g available .  Lo w hea t  los s glazing s ar e als o

bein g developed .  Chapte r  E ,  fo r  example ,  describe s th e Heat  Mirror TM ,

an ultra-thi n coatin g applie d t o bot h side s o f  a  plasti c film .

Insulatin g th e glas s a t  nigh t  i s growin g i n popularity .  Th e

essenc e o f  th e concep t  i s transformin g a  hig h hea t  los s windo w tha t

gain s larg e quantitie s o f  sola r  heat  durin g th e da y int o a  lo w hea t

los s wal l  a t  night .  Th e numbe r  an d rang e o f  choice s i s larg e (SHU-2) .

Example s include :

•  Sheet s o f  rigi d insulatio n manuall y inserte d a t  nigh t  an d

remove d i n th e mornin g

•  Roller-shad e device s usin g woo d o r  plasti c slat s suc h a s thos e

commonl y use d i n man y Europea n countrie s

•  Frame d an d hinge d insulatio n panel s

•  Roller-lik e shad e device s o f  on e o r  mor e sheet s o f  aluminize d

mylar ,  sometime s i n combinatio n wit h clot h an d othe r  material s
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•  Sun-powere d louvres ,  suc h a s Skylid TM ,  tha t  automaticall y ope n

when th e su n shine s an d clos e whe n i t  doesn' t

TM

•  Mechanically-powere d systems ,  suc h a s Beadwal l  ,  tha t  us e

blower s t o fil l  th e ai r  spac e betwee n tw o layer s o f  glazin g

wit h insulatin g bead s a t  nigh t

The R-value s o f  mos t  movabl e insulatin g device s rang e fro m 4  t o

10.  Figur e C1-14  show s th e effec t  o n th e U-valu e o f  different  glazin g

system s whe n movabl e insulatio n i s added .  Als o liste d ar e U-value s

tha t  ar e average s fo r  glazing s covere d b y insulatio n durin g different

amount s o f  time .  Mor e degre e day s occu r  a t  night  tha n durin g th e day ;

therefore ,  approximatel y two-third s o f  th e dail y degre e day s occu r

when th e movabl e insualtio n i s i n plac e fo r  1 2 hour s a t  night .  Abou t

three-fourth s occu r  whe n i t  i s  i n plac e 1 6 ou t  o f  th e ful l  2 4 hours .

To fin d th e annua l  reductio n i n conductio n hea t  los s usin g movabl e

insulation ,  multipl y th e resultin g differenc e i n th e U-valu e time s th e

number  o f  degre e day s time s 2 4 hour s pe r  day .  Th e equatio n is :

where :

2
E i s th e annua l  energ y saving s i n Btu/f t  yr ;

2
Ug1 i s  th e U-valu e o f  th e glas s withou t  insulation ,  i n Btu/h r  f t  F ;

Ua i s  th e averag e U-valu e o f  th e glas s wit h th e insulatio n i n

plac e par t  o f  th e time .
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Sola r  Transmissio n Value s

Nomina l  Sola r  "Transmittance "

Approximat e Seasona l
Transmittanc e

U-value s (winter)* *

Nomina l  U-valu e

Wit h R- 4 Insulatin g Cove r

Averag e U-valu e wit h R- 4
Cover  i n Place ,  1 6 hr/da y
(3/ 4 o f  th e degre e days )

Averag e U-valu e wit h R- 4
Cover  i n Place ,  1 2 hr/da y
(2/3 )  o f  th e degre e days )

Wit h R-1 0 Insulatin g Cove r

Averag e U-valu e wit h R-1 0
Cover  i n Place ,  1 6 hr/da y
(3/ 4 o f  th e degre e days )

Averag e U-valu e wit h R-1 0
Cover  i n Place ,  1 2 hr/da y
(2/ 3 o f  th e degre e days )

Single *
Glas s

0.8 7

0.80-0.8 5

1.1 5

0.2 1

0.4 5

0.5 2

0.0 9

0.3 6

0.4 4

Doubl e
Glas s

0.7 6

0.64-0.7 2

0.5 5

0.1 7

0.2 7

0.2 9

0.08 5

0.2 0

0.2 4

Tripl e
Glas s

0.6 6

0.51-0.6 1

0.3 5

0.1 4

0.2 0

0.2 1

0.07 8

0.1 5

0.1 7

* f o r 1 /8 - i nch grade B window g lass o n l y .
* * va lues a re s l i g h t l y d i f f e r e n t i n summer.

Figur e C1-14 :  U-value s fo r  glazin g wit h movabl e insulation .

C1-10 7



For  example ,  suppos e tha t  a n R-1 0 pane l  i s  considere d fo r  doubl e

glazin g i n Minneapolis .  I t  i s  assume d tha t  th e insulatio n wil l  b e i n

plac e two-third s o f  th e time .  Fro m Figur e C1-14 ,  th e U-valu e o f  th e

glass ,  U g1 ,  i s  0.5 5 Btu/h r  ft 2 F .  U a i s  0.24 .  Minneapoli s average s

8382 degre e day s pe r  year .  Th e abov e equatio n becomes :

E =  (0.5 5 -  0.24 )  (8382 )  (24 )  =  62,36 2 Btu/ft 2 y r

Thi s i s roughl y equivalen t  t o th e heatin g energ y obtaine d fro m

18 kWh o f  electri c resistanc e heating ,  1  gallo n o f  oi l  burne d i n a

poorl y adjuste d furnace ,  o r  1  squar e foo t  o f  a n activ e sola r  collecto r

of  averag e design .  A  tight-fittin g shutte r  als o reduce s ai r  infiltra -

tio n losse s an d raise s th e mea n radian t  temperatur e an d correspondin g

feelin g o f  comfort .

Glas s lose s hea t  a t  a  rat e directl y relate d t o th e temperatur e o f

th e ai r  spac e betwee n i t  an d th e shutter .  Man y insulatin g shutter s

do no t  sav e a s muc h energ y a s the y theoreticall y shoul d becaus e the y

do no t  sea l  tightl y whe n closed .  A s a  result ,  roo m ai r  find s it s wa y

betwee n th e glas s an d th e shutter ,  an d th e temperatur e o f  th e ai r

spac e increases .  Subsequen t  hea t  los s i s greater ,  an d th e insulatin g

effec t  o f  th e shutte r  i s diminished .

A fe w cautionin g word s ar e i n order.  Insulatin g materia l  o n th e

insid e surfac e o f  on e o r  mor e layer s o f  glas s i s simila r  i n desig n t o

a flat-plat e collector .  I t  wil l  ge t  ho t  whe n th e su n hit s it ,  an d
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therma l  stresse s ca n caus e glas s breakage .  Th e mor e tightl y th e

shutte r  fits ,  th e hotte r  th e glas s wil l  become .  A  highl y reflectiv e

surfac e o n th e materia l  facin g th e glas s i s th e bes t  solutio n but  ma y

not  b e foolproof .

Anothe r  cautio n i s t o bewar e o f  condensation .  I f  th e insulatio n

i s locate d o n th e indoo r  sid e o f  th e glazing ,  the n th e insid e glas s

surfac e wil l  b e onl y slightl y abov e outsid e ai r  temperature .  Conden -

satio n o f  moistur e ou t  o f  th e ai r  betwee n th e insulatio n an d th e glazin g

i s probable ,  especiall y i f  th e insid e humidit y i s hig h an d th e outsid e

ai r  temperatur e i s low .  Wate r  droplet s o r  ic e wil l  for m o n th e glass .

I n on e installatio n i n Swede n (Termero c House )  thi s cause d suc h a

proble m tha t  th e insulatio n wa s removed .

Insulatio n may als o b e locate d outsid e th e glazin g (o r  i n rar e

case s betwee n th e glasse s i n doubl e glazin g a s i n Beadwall )  wit h

resultin g advantage s an d disadvantages .  I f  th e insulatio n i s outsid e

th e glazing ,  the n tigh t  sealin g i s eve n mor e importan t  du e t o win d an d

infiltratio n o f  outsid e ai r  int o th e spac e betwee n th e insulatio n an d

th e glazing .  Operatio n o f  th e movabl e insulatio n i s mor e difficult .

However ,  becaus e th e insulatio n i s outside ,  th e inne r  glas s surfac e

remain s war m an d condensatio n i s no t  a  problem .  Also ,  a s a  shad e i n

th e summer ,  th e insulatio n i s muc h mor e effectiv e i f  i t  i s  locate d

outside .  Th e overheatin g proble m describe d abov e doe s no t  occur .

C1-10 9



The desig n o f  th e south-facin g glazin g syste m affect s th e contribu -

tio n t o th e heatin g loa d tha t  sola r  ca n provid e wit h th e assistanc e o f

th e therma l  mass .  A s Figur e C1-1 5 indicates ,  withou t  nigh t  insulation ,

singl e glazing ,  regardles s o f  size ,  ca n provid e u p t o onl y 3 0 percen t

of  th e heatin g needs ,  eve n wit h unlimite d storage .  Doubl e glazin g

dramaticall y improve s th e annua l  sola r  hea t  fraction ,  bu t  nigh t  insula -

tio n i s eve n mor e important .

C1. e EXAMPLES OF DIREC T GAI N BUILDING S

C1.e. 1 Davi d Wright' s House ,  Sant a Fe ,  Ne w Mexic o

Direc t  gai n i s throug h th e sout h sid e o f  thi s semi-cylindrica l

hous e whic h ha s 38 4 squar e fee t  o f  insulatin g glass .  Ther e ar e fe w

window s elsewhere .  Seventeen-inch-thic k adob e wall s an d a  2-foot -

thic k adob e floo r  ar e insulate d o n th e outsid e b y 2  inche s o f  poly -

urethan e foam .  Th e hous e lose s abou t  13,00 0 Bt u pe r  degre e day .  On

a clea r  Januar y day ,  a s muc h a s 500,00 0 Bt u ente r  th e hous e throug h th e

sout h windows .  Th e temperatur e o f  th e hous e i s permitte d t o fluctuat e

betwee n 6 0 t o 8 0 F .  Thi s fluctuation ,  i n combinatio n wit h th e larg e

expans e o f  glas s an d larg e volum e o f  therma l  mass ,  permit s 9 0 percen t

of  th e heatin g need s t o b e satisfie d b y sola r  i n th e 620 0 degre e da y

climat e o f  Sant a Fe ,  Ne w Mexico .

At  night ,  heat  los s throug h th e south-facin g glas s i s reduce d b y

folding ,  insulatin g shutter s mad e o f  2-inch-thic k foa m insulatio n covere d
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Figur e Cl-15 : The siz e o f  th e annua l  sola r  heat
fractio n varie s wit h th e desig n o f  th e
glazin g syste m an d wit h th e amoun t  o f
heat  storag e capacit y tha t  i s  couple d
t o th e glazin g syste m (MAZ-1) .
Origina l  figur e b y Balcomb .

C1-11 1



wit h canvas .  (Se e Figur e Cl-16. )  Sinc e th e shutter s hav e n o sid e

seal ,  the y ar e no t  a s effectiv e a s the y woul d b e i f  tightl y sealed .

C1.e. 2 St .  George' s School ,  Wallasey ,  Englan d

St .  George' s Schoo l  i s  locate d o n th e wes t  coas t  o f  Englan d a t

53.4 °  nort h latitude .  Despit e rathe r  poo r  winte r  sola r  conditions ,

i t  annex  ha s operate d wit h nearl y n o backu p hea t  sinc e 1962 .  Mor e

tha n hal f  it s  hea t  come s fro m th e double-glaze d sout h wall ,  23 0 fee t

by 2 7 feet .  Approximatel y one-thir d o f  th e hea t  come s fro m th e

electri c lightin g an d th e balanc e fro m th e metaboli c hea t  o f  th e

students .  Th e tw o layer s o f  glas s ar e space d 2 4 inche s apart ,  per -

mittin g entr y betwee n the m fo r  repair s an d othe r  operations .  Th e inne r

glas s ha s a  ripple d surface ,  diffusin g th e penetratin g ligh t  t o th e floor ,

walls ,  ceilings ,  student s an d furniture .  Severa l  operabl e window s

wit h clea r  glas s provid e bot h a  vie w an d ventilation .  Ther e i s

no movabl e insulation .  (Se e Figur e C1-17. )

The buildin g ha s considerabl e therma l  mass .  Th e floor s ar e 9 -

t o 10-inch-thic k concrete .  Th e partition s ar e 9-inc h brick ,  a s i s th e

uppe r  portio n o f  th e nort h wall .  Th e slopin g roo f  i s 7-inc h concrete .

Fiv e inche s o f  expande d polystyren e ar e outsid e th e slopin g ceiling .

The light s ar e operate d o n a  timer ,  typicall y fro m 6:0 0 a.m .  t o

8:0 0 p.m. ,  an d ar e use d a s littl e a s possibl e i n th e summer .
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Figur e C1-16 :  A  hous e b y Davi d Wright ,  Sant a Fe ,  Ne w Mexic o (AND-1 )
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Figur e Cl-17 :  St.George' s Schoo l  Annex ,  Wallasey ,  Englan d (PER )
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Ther e i s n o mechanica l  ventilatio n o f  fres h air .  Window s an d vent s

ar e relie d upo n entirely ,  wit h mixe d success .  On e limitatio n o f  thi s

syste m i s nois e fro m student s i n th e corridors ,  preventin g openin g

of  vent s fo r  cross-ventilatio n fro m variou s classrooms .  Student s an d

teacher s us e differen t  amount s o f  clothin g a s necessary .  Thi s adjust -

ment  i n clothin g occur s almos t  automatically .

C1.e. 3 MI T Sola r  Buildin g V ,  Cambridge ,  Massachusett s

Larg e interio r  temperatur e swings ,  adequat e amount s o f  therma l

mass,  an d heat  los s throug h larg e expanse s o f  south-facin g glas s ar e

basi c problem s i n direc t  gai n systems .  I n 197 8 th e Massachusett s

Institut e o f  Technolog y (MIT )  complete d it s Sola r  Buildin g V  i n

Cambridge ,  Massachusetts ,  t o demonstrat e ne w solution s t o thes e

problems .  (Se e Figur e C1-18. )

The 86 6 squar e foo t  buildin g use s thre e ne w material s tha t  hav e

been unde r  developmen t  fo r  severa l  years .  Th e firs t  tw o — Hea t  Mirror TM

and phase-chang e ceilin g tile s — ar e describe d i n Chapte r  E .  Briefly ,

th e thin-filme d Heat  Mirror TM i s  a  transparen t  insulatio n that ,  whe n

applie d t o th e building' s 18 0 squar e fee t  o f  sout h glass ,  admit s sola r

hea t  an d greatl y reduce s hea t  los s b y reflectin g heat  bac k int o th e

building .

The ceilin g tiles ,  1.2 5 inche s thick ,  hav e tw o layer s o f  a  Glauber' s

sal t  mixture ,  eac h 3/ 8 inche s thick .  Th e tile s absor b heat ,  meltin g
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Figur e Cl-18 : The sout h facad e o f  MI T Sola r
Buildin g V  i n Cambridge ,  Massa -
chusett s (MAH)  .
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th e salt s a t  7 3 F .  Th e salt s freez e a s the y slowl y releas e thei r

store d heat  t o th e buildin g a t  night .

The thir d produc t  i s a  mirrore d Venetia n blind-typ e louvr e tha t

reflect s th e sola r  irradiatio n u p t o th e ceilin g tiles .  I t  als o

reduce s glar e problem s an d send s natura l  lightin g dee p int o th e roo m

as som e o f  th e ligh t  reflect s of f  th e ceiling .  Figur e C1-1 9 show s th e

operatio n o f  thes e thre e components .

Thi s direct  gai n syste m i s expecte d t o provid e abou t  7 5 percent

of  th e annua l  heatin g need s o f  th e building .  Durin g Februar y 1978 ,

interio r  temperature s range d fro m th e lo w 60' s t o 7 4 F .
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Figur e C1-19 : Component  Operation .  Th e half-inch-wid e sola r
louver s ar e sandwiche d betwee n th e doubl e glazin g
jus t  insid e th e Hea t  Mirror. ™ Thei r  concav e shap e
direct s ligh t  towar d th e ceilin g (1) ,  wher e risin g
roo m heat  i s als o collected .  Th e tile s hol d heat
when temperature s ar e abov e 7 3 F  (2) ;  i t  i s  re -
lease d whe n th e roo m cool s (3 )  a s phase-chang e
salt s recrystaliz e (MAH) .
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C2 CONVECTIVE LOOPS

C2. a INTRODUCTION

Of  th e fiv e majo r  type s o f  passiv e heatin g system s feature d i n

thi s Handbook ,  convectiv e loop s ar e th e onl y one s tha t  d o no t  los e

hea t  whe n th e su n i s no t  shinin g (provide d th e desig n include s revers e

flo w preventio n devices )  an d ar e mos t  simila r  t o conventiona l  activ e

systems .

Secon d t o direc t  gain ,  convectiv e loop s ar e th e most  widesprea d

applicatio n o f  sola r  heatin g i n th e world .  Hundred s o f  thousand s o f

thermosiphonin g wate r  heater s hav e bee n use d fo r  decades .  I n a  domes -

ti c ho t  wate r  system ,  th e sola r  collecto r  i s a t  a n elevatio n belo w

tha t  o f  a  hot  wate r  tank .  (Se e Figur e C2-1. )  Warmed liqui d rise s

throug h th e collecto r  an d u p t o th e wate r  tan k wher e i t  i s  stored .

I n som e systems ,  a n electri c heatin g element  i s locate d i n th e to p

thir d o f  th e tan k t o boos t  th e temperatur e o f  th e wate r  whe n clou d

cove r  prevent s th e su n fro m providin g th e require d amoun t  o f  heat .

I n othe r  systems ,  th e sola r  tan k serve s t o preheat  th e wate r  prio r  t o

fina l  heatin g i n a  conventiona l  wate r  heater .  Thermosiphonin g system s

can provid e mos t  o f  th e domesti c ho t  wate r  throughou t  th e yea r  i n th e

souther n states .  I n th e north ,  freez e protectio n i s a  majo r  concern .

As convectiv e loop s becom e bette r  understood ,  the y wil l  b e use d

more widely .  A  significan t  applicatio n wil l  b e thei r  us e a s wal l  panel s

C2-11 9



HOT WATER
OUTLET

COLD WATER
INLET

Figur e C2-1 :  Convectiv e loop :  wate r  heatin g (PUT )
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t o complemen t  south-facin g window s i n supplyin g sola r  heat  directl y

t o buildings .  Th e amoun t  o f  supplementa l  therma l  mas s wil l  depen d

on th e correlatio n betwee n th e heatin g need s o f  th e buildin g an d th e

amount  o f  heat  supplie d b y th e panels .  Fo r  example ,  man y existin g

building s hav e hig h hea t  los s rate s compare d t o availabl e sola r  gain s

on south-facin g wal l  surfaces .  Th e surface s ca n b e converte d t o

convectiv e loo p panel s tha t  suppl y sola r  heat  onl y whe n th e su n shine s

and whe n th e buildin g need s heating .  I n conventiona l  wood-framed ,

residentia l  construction ,  u p t o 2 5 percent  o f  th e heatin g loa d ca n b e

supplie d i n thi s manne r  withou t  supplementa l  therma l  storage .

C2. b DESIG N FUNDAMENTALS

C2.b. l  Basi c Syste m Desig n

A convectiv e loo p pane l  i s  simila r  t o a n activ e flat-plat e

collector .  A  laye r  o r  tw o o f  glas s o r  plasti c cover s a  blac k

absorber .  Dependin g o n th e design ,  th e ai r  ma y flo w i n a  channe l

i n fron t  o f  o r  behin d th e absorber .  Th e ai r  ma y als o flo w throug h

th e absorbe r  i f  th e absorbe r  i s perforated .  Th e collecto r  i s backe d

by insulation .

I n Figur e C2- 2 th e convectiv e loo p collecto r  i s mounte d o n o r

i s integra l  wit h th e wall .  Opening s a t  th e botto m an d to p o f  th e

wal l  permi t  convectiv e airflo w fro m th e building ,  throug h th e hot

collector ,  an d bac k t o th e building .
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Figur e C2-2 : A convectiv e loo p wall-mounte d
collecto r  (MOR-1) .

( H =  midpoin t  o f  openin g a t  botto m
of  wal l  t o midpoin t  o f  openin g a t
to p o f  wall. )
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The slowl y movin g ai r  mus t  com e i n contac t  wit h a s muc h absorbe r

surfac e are a a s possibl e withou t  bein g slowe d to o much .  I n fact ,  th e

amount  o f  heat  transfe r  fro m th e absorbe r  t o th e flowin g ai r  i s  i n

direc t  proportio n t o th e hea t  transfe r  coefficient ,  h .  Typica l

value s fo r  h  i n convectiv e loo p system s rang e fro m 1  t o 3  Btu/ h ft 2 F .

Stev e Bae r  an d other s hav e use d u p t o si x layer s o f  expande d

meta l  lath .  Th e ai r  rise s i n fron t  o f  th e lath ,  passe s throug h it ,

and leave s th e collecto r  throug h a  channe l  behin d th e lath .  (Se e

Figur e C2-3. )  Th e valu e fo r  h  i n thi s desig n i s about  3 .

A fla t  o r  corrugate d meta l  surfac e ha s a  hea t  transfe r  coeffi -

cien t  o f  les s tha n 2  i n convectiv e loo p panels .

Thes e collector s shoul d b e constructe d a s carefull y a s activ e

collectors .  Exposed ,  unglaze d portion s shoul d b e well-insulated ,

particularl y th e uppe r  area s whic h ar e likel y t o b e hottest .  Avoi d

th e us e o f  polystyren e insulatio n i n th e collecto r  a s i t  ha s a  melt -

in g temperatur e o f  abou t  18 0 F .  I f  th e collecto r  stagnate s durin g

a sunn y day ,  it s temperatur e ca n reac h ove r  30 0 F .  Wood constructio n

i s usuall y satisfactory ,  but  us e onl y good-grad e lumber s an d mak e

sur e tha t  an y shrinkag e wil l  occu r  evenl y throughou t  th e frame .

Allo w a  3/16-inc h slac k aroun d eac h piec e o f  glazin g an d generousl y

appl y silicon e caul k (MOR-2) .
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Figur e C2-3 :  Typica l  airflo w throug h a  convectiv e
loo p collecto r  wit h expande d meta l
lat h a s th e absorbe r  (MOR-1) .
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The storag e syste m must  b e designe d t o maximiz e heat  transfe r

fro m th e ai r  strea m t o th e storag e materia l  withou t  noticeabl y

reducin g airflow .  Rock s wit h smal l  diameter s hav e larg e amount s of

surfac e are a fo r  absorbin g heat  an d yet  hav e passage s fo r  airflow .

The cross-sectiona l  are a o f  th e rockbe d receivin g ai r  fro m th e

collecto r  shoul d rang e fro m 5 0 t o 7 5 percent  o f  th e surfac e are a

of  th e collector .

The rock s shoul d b e clos e t o unifor m i n siz e (i.e. ,  d o no t  mi x

1-inc h wit h 4-inch) .  Th e war m ai r  fro m th e collecto r  shoul d flo w

down throug h th e rocks ,  an d th e suppl y ai r  t o th e hous e shoul d flo w

i n th e revers e direction .  Optimu m roc k siz e depend s o n rockbe d

depth .  Bae r  recommend s grave l  a s smal l  a s 1  inc h fo r  rockbed s

tha t  ar e 2  fee t  dee p an d u p t o 6  inche s fo r  depth s o f  4  fee t

(BAE-1) .  However ,  fo r  best  hea t  transfer ,  be d depth s i n activ e sys -

tems ar e normall y a t  leas t  2 0 roc k diameters .  Tha t  is ,  i f  th e roc k

i s 4  inche s i n diameter ,  th e be d shoul d b e a t  leas t  6  ½ fee t  dee p

t o remov e mos t  o f  th e hea t  fro m th e ai r  befor e i t  return s t o th e

collector .  Thi s shoul d b e considere d a  maximu m dept h fo r  convectiv e

loo p rockbeds .

C2.b. 2 Airflo w

"Designin g a  convectiv e ai r  loo p syste m i s a
somewhat  trick y an d difficul t  task .  I f  yo u
aren' t  ver y respectfu l  o f  th e th e wil l  o f  th e
air ,  th e syste m won' t  work. "  (BAE-1 )
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As wit h activ e collectors ,  th e hotte r  th e absorber ,  th e greate r

th e hea t  los s an d th e lowe r  th e collector' s efficiency .  Goo d airflo w

keep s th e absorbe r  coo l  an d transport s th e maximu m possibl e amoun t

of  hea t  int o th e building .  Flo w channel s shoul d b e a s larg e a s pos -

sible ,  an d bend s an d turn s i n th e duct s shoul d b e minimized .

I n contras t  t o conventiona l  ai r  heatin g collector s i n whic h th e

ai r  strea m i s powere d b y a  fa n an d th e ai r  channe l  i s  onl y ½ inc h t o

1 inc h deep ,  th e ai r  strea m pas t  th e absorber s i n a  convectiv e loo p

i s usuall y fro m 3  t o 6  inche s deep .  I n fact ,  Stev e Baer' s rule-of -

thum b i s tha t  i t  b e 1/1 5 th e vertica l  lengt h o f  th e collector .  Other s

sugges t  1/20 .  Therefore ,  i f  th e collecto r  i s 1 5 fee t  long ,  th e ai r

strea m shoul d b e 8  t o 1 2 inche s deep .  Bae r  als o recommend s tha t  th e ai r

duct s t o an d fro m th e collecto r  hav e a  cross-sectiona l  are a o f  about

5 percen t  o f  th e collecto r  area .  Thus ,  i f  th e are a o f  th e collecto r

i s 15 0 squar e feet ,  th e cross-sectiona l  are a o f  th e ai r  duc t  t o an d

fro m th e rockbe d shoul d b e abou t  7  ½ squar e fee t  (BAE-2) .

Convectiv e airflo w i s create d b y a  differenc e i n temperatur e

betwee n th e tw o side s o f  th e loo p (fo r  example ,  th e differenc e

betwee n th e averag e temperatur e i n th e collecto r  an d th e averag e

temperatur e o f  th e adjacen t  room) .  I t  i s  als o affecte d b y th e heigh t

of  th e loop .
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To obtai n th e best  airflo w o f  th e syste m i n Figur e C2-2 ,  i t  i s

necessar y to :

•  Increas e th e temperatur e o f  th e collector ,  C U

•  Decreas e th e temperatur e o f  th e room ,  C D

•  Increas e th e heigh t  o f  th e column s

The pressur e drivin g th e airflo w i s obtaine d fro m th e followin g

equation :

*Temperatur e scal e o n whic h th e zer o poin t  i s  absolut e zer o (-46 0 F )
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H = P

where :

i s th e averag e temperatur e a t  U ,  i n F ;

i s th e averag e temperatur e a t  D ,  i n F ;

H i s th e heigh t  o f  th e ai r  column ,  i n inches ;  an d

P i s th e resultin g drivin g pressure ,  i n inche s o f  air .

The 46 0 degre e figur e convert s th e denominato r  t o th e absolut e

temperatur e scale. *

The resultin g pressur e drivin g th e airflo w i n Figur e C2- 2 i s

calculate d a s follows :

Suppos e th e collecto r  i s 8  fee t  (9 6 inches )  tall .

It s  averag e temperatur e i s 12 0 F .  Th e averag e

roo m temperatur e i s 7 0 F .  Th e pressur e drivin g

th e ai r  is :



This is equivalent to about 0.0075 inches of water pressure.

In a properly designed thermosiphoning collector with unrestricted

vent openings,  flow rates can be as high as 5 cubic feet per min-

ute per square foot of collector on clear sunny days.  This is  a-

bout two times the flow rate of most active air systems.  Figure

C2-4 is a graph that plots the flow rate against the difference in

air temperature between hot and cold sides of the loop.  The larger

the Δt, the greater the flow rate.  This relationship, in fact, helps

to regulate the airflow.  The greater the solar radiation, the hotter

the collector and the faster the airflow.  During non-sunny hours

when the temperature drops,  the airflow stops completely.  Figure

C2-4 also plots the effect of restricted airflow when vent sizes are

reduced to one-half and one-fourth the sizes recommended above.

For two identical "half-wall" collectors positioned as shown

in Figure C2-5,  the collector in B will show better efficiences

because the entire C
U
 side is hot, whereas the lower half of C

U
 in

A is cool air.  Thus the average Δt in B is greater than Δt in A,

and the flow rate will be better in B.

The vertical height* (not simply the length) of the collector

should be at least 6 feet to obtain the necessary stack (chimney)

effect.  It should be tilted at a pitch of no less than a 45° angle

*measured vertically from the middle of the bottom opening to the middle

of the top opening.
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Figur e C2-4 :  Flo w rate s throug h convectiv e loop s fo r  vent
opening s o f  variou s size s (MOR-3) .
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Figur e C2-5 :  Alternativ e configuration s fo r  half-wal l
collector s (MOR-1) .
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wit h th e ground ,  bot h t o best  receiv e th e su n an d t o allo w th e ai r

t o flo w freel y upward .

An alternativ e flo w pat h fo r  th e ai r  throug h a  thermosiphonin g

collecto r  i s show n i n Figur e C2-6 .  Here ,  i n effect ,  th e collecto r

i s double-glazed .  Th e incomin g coo l  ai r  flow s dow n th e fron t  channe l

betwee n th e exterio r  an d th e interio r  glazing s an d rise s b y convec -

tio n u p th e bac k channe l  betwee n th e inne r  glazin g an d th e absorbe r

plate .  Th e primar y advantag e o f  thi s revers e geometr y i s tha t  th e

hot  ai r  ca n b e ducte d unde r  a  masonr y floo r  befor e enterin g th e

buildin g withou t  requirin g complicate d duc t  work .  Thi s floo r  ca n

the n ac t  a s a  radian t  heatin g element .  Th e efficienc y o f  thi s

collecto r  i s nearl y identica l  t o tha t  o f  th e conventiona l  thermo -

siphonin g desig n (MOR-3 )  (SAT) .

I n a n improperl y designe d system ,  revers e convectio n ca n occu r

when th e collecto r  i s cool .  A  coo l  collecto r  ca n dra w hea t  fro m th e

hous e o r  fro m storage .  U p t o 2 0 percent  o f  th e heat  gaine d durin g a

sunn y da y ca n b e lost  throug h thi s proces s b y th e followin g da y (MOR-3 )

Thre e primar y method s preven t  revers e convectio n automatically .

One i s t o buil d th e collecto r  i n a  locatio n belo w th e hea t  storag e

and belo w th e house .  A  secon d i s t o instal l  backdraf t  damper s tha t

automaticall y clos e whe n ai r  flow s i n th e wron g direction .  Th e

collecto r  designe d fo r  existin g wall s i n Figur e C2- 7 use s lightweight ,

thi n plasti c film .  War m airflo w gentl y pushe s th e damper s open .
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Figur e C2-6 : Center-glaze d collecto r  wit h masonr y
floo r  hea t  storag e (MOR-1) .
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Figur e C2-6 :  Center-glaze d collecto r  wit h masonr y
floo r  hea t  storag e (MOR-1) .
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Figur e C2-7 :  Simplifie d constructio n detail s —
convectiv e loo p collecto r  fo r  existin g
walls .  Not e plasti c backdraf t  dampe r  (MOR-1 )
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Revers e coo l  airflo w cause s th e plasti c t o fal l  bac k agains t  th e

screene d opening ,  stoppin g airflow .  Ideally ,  bot h to p an d botto m

vent s shoul d b e equippe d wit h suc h dampers .

Figur e C2- 8 show s th e thir d metho d o f  minimizin g revers e con -

vection .  Bot h th e intak e an d outle t  vent s ar e nea r  th e to p o f  th e

panel .  Th e bac k o f  th e absorbe r  i s insulate d (abou t  R-4 )  an d i s

centere d betwee n th e glazin g an d th e walls .  Inle t  coo l  ai r  drop s

int o th e channe l  behin d th e absorber .  Th e sola r  heate d ai r  rise s i n

th e fron t  channel .  Durin g no-su n conditions ,  th e ai r  i n bot h chan -

nel s cool s an d settle s t o th e botto m o f  th e "U-tube" .  Onl y mino r

revers e convectio n occurs .

The mai n offic e buildin g o f  th e Nationa l  Scientifi c  Researc h

Cente r  i n Odeillo ,  France ,  no w mor e tha n te n year s old ,  use s thi s

typ e o f  thermosiphonin g wal l  pane l  i n combinatio n wit h windows .

Together ,  th e window s an d wal l  panel s contribut e abou t  5 0 percent  o f

th e building' s heat .  (Se e Figur e C2-9. )  N o provisio n ha s bee n mad e t o

stor e th e hea t  othe r  tha n i n th e building' s therma l  mass ,  whic h i s

reinforce d poure d concrete .  Th e panel s ar e designe d t o b e easil y

close d an d "turne d off "  durin g war m weather .  Thei r  desig n allow s

coo l  ai r  t o settl e t o th e botto m o f  th e ai r  passage s an d inhibit s

revers e thermocirculatio n o f  col d ai r  i n th e panel s a t  nigh t  bac k

int o th e building .
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Figur e C2-8 :  A  "U-tube "  collecto r  designe d t o effectivel y preven t
revers e convectio n (BA/PUT) .
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WINDOW

GLASS

COLLECTOR PLATE

COOL AIR

CONCRETE FLOOR

INSULATION

Figur e C2-9 :  Odeill o Offic e Building :  thermo -
siphonin g wal l  pane l  (HON) .
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C2.b. 3 Application s

Convectiv e loo p air-heatin g collector s ar e bes t  suite d t o struc -

ture s wher e th e heatin g loa d i s larg e compare d t o th e collecto r  area .

I f  al l  o f  th e hea t  ca n b e use d immediatel y b y th e building ,  additiona l

therma l  storage ,  whic h ca n increas e th e tota l  syste m cost ,  is  un -

necessary .  An d an y therma l  storag e adde d wil l  necessaril y  b e indirec t

(i.e. ,  no t  a s effectiv e a s directl y irradiate d mass) .  School s an d

low-ris e offic e building s ar e example s o f  suc h structures .  Th e intermit -

tent ,  predominatnl y daytime-onl y us e o f  thes e building s matche s th e

collectors '  dail y heatin g cycle .  Th e ai r  heater s ca n als o b e use d i n

bot h single-famil y an d multi-famil y housing .  Additiona l  therma l  mas s

may b e required .  Without  it ,  th e lo w heatin g load s (especiall y i n

well-insulate d housing )  mea n tha t  a  smalle r  fractio n o f  th e building' s

tota l  hea t  ca n b e supplied .

Architecturally ,  convectiv e loo p collectors ,  wit h thei r  conven -

tiona l  wal l  constructio n an d glass-surface d appearance ,  ar e well-suite d

fo r  integratio n int o most  ne w commercia l  construction .  Wit h mino r

desig n modifications ,  th e heate r  ca n b e a  cost-effectiv e retrofi t

applicatio n ove r  existin g exterio r  walls .

Cost s

Firs t  cost s fo r  convectiv e loo p collector s depen d primaril y o n

labor .  Mos t  material s ar e supplie d b y a  numbe r  o f  competitiv e manu -

facturer s an d ar e widel y available .  Fo r  manufacture d panels ,  initia l

sho p fabricatio n cost s ma y b e hig h give n th e unconventionalit y o f
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th e product ,  bu t  th e contracto r  wil l  valu e it s convenience .  Esti -

mate s o f  installe d cos t  rang e fro m $4.5 0 t o $18.0 0 pe r  squar e foot ,

dependin g o n constructio n method s an d buildin g types .  Operatin g

cost s ar e nonexistent ,  an d maintenanc e cost s shoul d b e ver y low .

Therma l  Performanc e

Performanc e depend s largel y o n th e delicat e natura l  convectio n

current s se t  u p i n th e system .  Airflo w i s lo w t o nonexistent  a t

time s o f  littl e o r  n o sun ,  bu t  i t  increase s rapidl y unde r  sunn y

conditions .  Flo w rate s ar e generall y highe r  tha n i n therma l  storag e

wall s (u p t o 5  cubi c fee t  pe r  minut e pe r  squar e foo t  o f  collecto r

wer e note d earlier) .  Th e resultin g outpu t  o f  9 0 Btu/h r  ft 2 repre -

sent s collectio n efficienc y durin g goo d sunshin e condition s simila r  t o

tha t  o f  lo w temperature ,  flat-plat e collector s use d i n standar d activ e

syste m designs .

The chie f  determinan t  o f  overal l  performanc e i s th e rati o o f

th e building' s heatin g loa d t o collecto r  area .  Pe r  uni t  are a o f

collector ,  effectiv e performanc e deteriorate s rapidl y wit h increas -

in g collecto r  size .  Estimate s o f  usefu l  delivere d energ y usin g sim -

plifie d analyse s rang e fro m 30,00 0 t o 120,00 0 Bt u pe r  squar e foo t

per  heatin g season .  Th e hig h number s i n thi s rang e ar e typicall y

associate d wit h lo w sola r  heatin g fraction s an d sunn y climates ,  an d

th e lo w number s wit h hig h sola r  heatin g fraction s o r  ver y cloud y

climates .  80,00 0 Bt u pe r  squar e foo t  pe r  heatin g seaso n i s typica l
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i n moderat e climate s suc h a s Boston ,  Massachusetts ,  whe n th e sola r

contributio n i s 4 0 percen t  o f  th e heatin g load .  Th e outpu t  o f  th e

collector s drop s t o 50,00 0 Bt u whe n size d t o provid e 6 0 percent  o f

th e load .

To increas e sola r  performance ,  increas e therma l  mas s t o stor e

exces s sola r  hea t  effectively .  T o maximiz e syste m performance ,

especiall y i n well-insulate d (lo w loa d buildings) ,  additiona l  hea t

storage ,  suc h a s doublin g th e thicknes s o f  gypsu m board ,  shoul d b e

considered .  Overheating ,  wit h resultin g poore r  performanc e an d

lowe r  comfor t  levels ,  may resul t  wheneve r  system s ar e designe d t o

provid e ove r  3 0 percen t  o f  th e seasona l  load .

Economic s

Based o n a  capita l  recover y fractio n o f  1 0 percent ,  combine d

performance s an d first-cos t  estimate s establis h a  probabl e energ y

cos t  betwee n a  hig h o f  $18.0 0 an d a  lo w o f  $10.0 0 pe r  millio n Btu .

Thi s i s a n extremel y economica l  rang e whe n compare d t o curren t

$17.5 0 pe r  millio n Bt u fo r  6c/kW h electricity .  Futur e conven -

tiona l  energ y cost s ar e sur e t o increase .  Energ y cos t  estimate s

fo r  specifi c  citie s ar e show n i n Figur e C2-10 .
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Cit y

For t  Worth ,  Texa s

Medford ,  Orego n

Boston ,  Massachusett s

Madison ,  Wisconsi n

Boulder ,  Colorad o

Btu/ft 2 y r ( 1 )

51,00 0

61,00 0

63 ,00 0

80,00 0

96,00 0

Cost/MMBtu (2 )

$17.2 5

$15.2 5

$14.2 5

$12.7 0

$10.4 0

(1 )  Delivere d energ y level s ar e average s o f  estimate s
prepare d b y Tota l  Environmenta l  Action ,  Inc .  fo r
fou r  differen t  buildin g type s an d variou s buildin g
load/syste m siz e ratios .

(2 )  Effectiv e energ y cost s ar e obtaine d b y applyin g a  capita l
recover y facto r  o f  1 0 percen t  t o a n averag e firs t
cos t  estimate .

Figur e C2-10 :  Delivere d energ y an d associate d cost s fo r
convectiv e loo p ai r  collector s (HON) .
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C2. c A  CONVECTIVE LOOP COLLECTOR

The ai r  heate r  i n Figur e C2-1 1 ha s a n exterio r  glazin g tha t

cover s a  composit e wal l  consistin g o f  th e absorbe r  plate ,  rigi d

insulation ,  an d interio r  finish .  Trim ,  ai r  grill s  an d backdraf t

damper s complet e th e design .  It s lo w mass ,  insulate d constructio n

wil l  caus e i t  t o underg o greate r  temperatur e fluctuation s tha n

therma l  walls .  Consequently ,  sealants ,  glazings ,  an d othe r  materi -

al s mus t  withstan d greate r  therma l  ranges .

Thi s desig n use s tempere d insulatin g glass .  Econom y o f  instal -

latio n an d availabilit y  fo r  replacemen t  i s assure d b y usin g stoc k

size s manufacture d fo r  slidin g glas s door s (normall y 3 4 ×  76 ,  3 4

× 90 ,  4 6 ×  76 ,  o r  4 6 ×  9 0 inches) .  Th e glazin g support s shoul d

minimiz e therma l  contac t  wit h th e absorbe r  behin d th e glazing .

Thi s particula r  desig n double s a s a  wood-framed ,  structura l  wall ;

th e glazin g detail s ar e als o wood ,  a  natura l  insulatin g material .

The cor e o f  th e wal l  i f  highl y insulated .  Th e interio r  sur -

fac e ca n b e a  conventiona l  interio r  finish .

The absorbe r  plat e i s corrugate d meta l  siding ,  a  readil y avail -

abl e buildin g materia l  tha t  ca n b e purchase d complet e wit h compat -

ibl e fastener s an d pre-forme d EDPM o r  neopren e closur e strips .

Thi s simplifie s constructio n o f  a n airtight ,  durabl e convectiv e loo p

heater .  Th e rib s provid e structura l  stability .  Spac e th e plat e th e

prope r  distanc e fro m th e wall .  Fo r  a n 8  foo t  hig h panel ,  th e rule -

of-thum b call s fo r  5  t o 6  inches .
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3 , 4 5

(Behin d collecto r  plate )

1 INSULATIN G GLASS

2 WALL FRAMING

3 METAL ABSORBER PLAT E

4 INSULATIN G CORE

5 INTERIO R FINIS H

6 CONTINUOUS AI R VENTS

(backdraf t  damper s required .  Se e Figur e C2-12 )

Figur e C2-1 1 :  A  typica l  thermosiphonin g ai r  collecto r  (HON) .
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The absorbe r  plat e i s mill-finishe d aluminu m an d mus t  b e pre -

pare d fo r  paintin g wit h a n etchin g cleaner ;  pre-painte d aluminu m i s

availabl e fro m som e suppliers .  Th e recommende d finis h i s a  thi n

coa t  o f  fla t  blac k ename l  suc h a s th e hig h temperatur e spra y paint s

commonl y use d fo r  woo d stoves ,  barbequ e grills ,  an d engin e blocks .

The pane l  i s  vente d t o th e heate d spac e throug h a  full-widt h

registe r  tha t  provide s manua l  contro l  o f  th e airflow .  Continuou s

linea r  diffuser s normall y availabl e fo r  commercia l  HVAC system s ca n

be used .

Backdraft s a t  nigh t  o r  durin g cold ,  cloud y weathe r  ca n b e pre -

vente d b y usin g ver y lightweigh t  ( 1 mil )  plasti c film ,  one-wa y dam -

pers .  Th e exampl e i n Figur e C2-1 2 must  b e speciall y fabricate d

The plasti c fil m i s attache d wit h double-side d adhesiv e tap e t o a

punche d o r  die-cut  24-gaug e galvanize d sheet .

C2. d HEAT COLLECTION AN D STORAGE SYSTEMS

Convectiv e loo p system s shoul d includ e heat  storag e i f  the y

ar e larg e enoug h t o suppl y mor e tha n 2 5 t o 3 0 percen t  o f  a  building' s heat .

Some hea t  ca n b e store d withi n th e enclosin g wall s o f  a  building .

but  thi s i s quit e limite d sinc e th e hea t  transfe r  fro m warme d ai r

t o th e interio r  wal l  surface s i s fairl y  poo r  an d especiall y poo r  t o

th e floor .  Th e amoun t  o f  hea t  store d depend s directl y o n th e roo m
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SHEET METAL FRAME

1.5 MIL POLYETHYLENE
TAPED TO FRAME

AIR FLOW PERMITTED

AIR FLOW PREVENTED

Figur e C2-12 :  A  Backdraf t  dampe r  desig n fo r  a
thermosiphonin g collecto r  (HON) .
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ai r  temperatur e swing ,  an d s o th e occupants '  toleranc e t o tempera -

tur e fluctuation s mus t  b e considered .  I n a  residenc e fo r  a n elderl y

couple ,  fo r  example ,  a  swin g o f  5  t o 8  F  may b e th e toleranc e limit ,

wherea s 2 0 F  o r  mor e may b e acceptabl e i n a  warehouse .  Th e followin g

char t  give s a n indicatio n o f  th e dail y heat  storag e capabilit y  o f

some wal l  material s pe r  degre e o f  roo m ai r  temperatur e swin g pe r

squar e foo t  o f  wal l  surface :

sheetroc k ½ in .  thic k 0.8 4 Btu/ft 2 .  F

bric k 4  in .  thic k 3.6 0 Btu/ft 2 .  F

concret e 4  in .  thic k 4.4 0 Btu/ft 2 .  F

concret e 8  in .  thic k 4.2 0 Btu/ft 2 .  F

Thus ,  i f  a  100 0 squar e foo t  house ,  whic h ha s 100 0 squar e fee t

of  interio r  sheetroc k surface ,  ha s a  1 0 F  temperatur e swing ,  th e

heat  store d (an d released )  dail y is :

(1000 )  ×  (10 )  ×  (.84 )  =  840 0 Bt u

Thi s i s not  muc h storag e compare d t o a n averag e dail y heat

loa d o f  perhap s 400,00 0 Bt u fo r  suc h a  hous e i n midwinte r  (outdoo r

temperature s i n th e 30's) .  Th e situatio n i s somewha t  bette r  i f  th e

surface s ar e 4-inc h bric k o r  concrete ,  i n whic h cas e perhap s 1 0

percent  o f  th e dail y heat  loa d ma y b e stored .  Becaus e downwar d hea t

exchang e t o th e floo r  i s s o poor ,  flo w mas s shoul d not  b e include d

i n suc h a  calculation .
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Anothe r  optio n fo r  hea t  storag e i s t o us e a  rockbe d (a s i n th e

cas e o f  th e Pau l  Davi s hous e discusse d later) .  I n thi s case ,

th e storag e i s separat e fro m th e building .  Th e storag e shoul d con -

tai n a t  leas t  20 0 pound s o f  roc k pe r  squar e foo t  o f  collector .  I t

shoul d b e locate d a s hig h abov e th e collecto r  a s possible ,  bu t  belo w

th e hous e (MOR-2) .  Thes e system s wil l  collec t  an d delive r  3 0 percent

of  th e sola r  irradiatio n tha t  strike s the m i n col d climates ,  an d 5 0

percen t  i n mil d climates .

C2. e EXAMPLES OF CONVECTIVE LOOP SYSTEMS

C2.e. l  Davi s House ,  Albuquerque ,  Ne w Mexic o

The Davi s Hous e ha s use d a  convectiv e loo p air-heatin g collec -

to r  i n combinatio n wit h a  rockbe d sinc e 1972 .  Th e syste m wa s desig -

ned b y Stev e Baer .  Airflo w i s show n i n Figur e C2-13 .  Th e collecto r

(3 6 fee t  wide ,  1 2 fee t  long )  i s incorporate d int o th e suppor t  struc -

tur e o f  th e porc h a t  a n elevatio n belo w tha t  o f  th e house .  A  singl e

laye r  o f  glas s cover s th e absorber ,  whic h consist s o f  si x layer s o f

expande d meta l  lath .  War m ai r  rise s throug h th e collector ,  becomin g

heate d i n th e process .  Fro m ther e i t  travel s throug h th e rockbe d

(1 0 fee t  wide ,  4  fee t  deep )  locate d belo w th e porc h an d containin g

330 pound s o f  fist-siz e roc k pe r  squar e foo t  o f  collector .  A s th e

ai r  move s throug h th e rocks ,  i t  lose s it s hea t  an d fall s bac k t o th e

collecto r  inlet .
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COLLECTOR

METAL
LATH

Figur e C2-13 :  Th e Davi s Hous e — ai r  thermosiphonin g plu s rockbe d (HON)
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At  night ,  a  dampe r  betwee n th e collecto r  an d storag e i s close d

t o prevent  convection .  Floo r  register s allo w a  convectio n loo p t o

heat  th e hous e fro m storage .  I f  th e hous e need s heat  durin g th e day ,

th e floo r  register s admi t  hot  ai r  fro m th e collector ,  bypassin g stor -

age .

Thi s syste m supplie s ove r  hal f  o f  th e heatin g loa d o f  thi s

1,00 0 squar e foo t  house .  Storag e i s sufficien t  t o carr y throug h

tw o gra y winte r  days .  Th e backu p i s woo d heat .

C2.e. 2 Th e Jone s House ,  Sant a Fe ,  Ne w Mexic o

Thi s 2,65 0 squar e foo t  hous e combine s a  convectiv e loo p fo r

collectin g an d storin g sola r  heat  wit h a  force d ai r  distributio n

syste m (HUN) .  Th e collecto r  i s 3 4 fee t  wid e an d 1 8 fee t  long .  Th e

absorbe r  i s thre e layer s o f  3/8-inc h mes h wir e lat h se t  o n to p o f

blac k galvanize d sheetmeta l  pans .  A  singl e laye r  o f  fiber-reinforce d

plasti c cover s th e absorber .  Thirt y ton s o f  ½ t o 3  inc h diam -

eter ,  washe d gravel ,  o r  10 0 pound s pe r  squar e foo t  o f  collector ,  fil l

th e 4-foot-dee p rockbed .  (Se e Figure s C2-1 A an d C2-15. )

Behin d th e collecto r  an d nex t  t o th e rockbe d i s a  greenhouse .

Portion s o f  th e absorbe r  an d collecto r  backin g wer e intentionall y

omitte d durin g constructio n t o permi t  ligh t  t o enter .  Th e greenhous e

act s a s th e retur n ai r  plenu m sinc e th e air ,  whic h move s slowl y bu t

i n larg e volumes ,  mus t  pas s throug h i t  enrout e fro m storag e t o th e

collector .
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Figur e C2-14 :  Th e Jone s Hous e — Sant a Fe ,  Ne w Mexic o
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Figur e C2-15 :  Th e Jone s Hous e — cross-sectio n o f  th e
sola r  syste m (HUN-1) .
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The performanc e o f  th e syste m i s bein g monitore d b y Lo s Alamo s

Scientifi c  Laboratories .  Th e result s o f  a  representative ,  tw o wee k

period ,  fro m Decembe r  26 ,  197 8 t o Januar y 8 ,  1979 ,  ar e i n grap h for m

i n Figur e C2-16 .  Fro m Decembe r  2 9 t o Decembe r  31 ,  th e weathe r  wa s

cloud y (to p curve) ,  an d al l  o f  th e hea t  fro m th e rockbe d wa s deplete d

(uppe r  cente r  se t  o f  fou r  curves) .  Th e outle t  temperature s o f  th e

collecto r  (lowe r  cente r  se t  o f  tw o curves )  soare d t o mor e tha n 17 0 F

durin g sunn y weathe r  an d heate d th e to p o f  th e rockbe d t o nearl y 15 0 F .

The rockbe d i s nearl y empt y o f  hea t  eac h morning .  Th e greenhous e

temperatur e is ,  wit h rar e exceptions ,  i n th e rang e fo r  supportin g

plant  growth .

A 1,00 0 cf m fan ,  i n respons e t o a  hous e thermostat ,  supplie s

sola r  hea t  b y drawin g ai r  fro m th e to p o f  th e rockbed .  Retur n ai r

fro m th e hous e enter s th e rockbe d a t  th e bottom .  Ai r  distributio n t o

th e hous e i s throug h a  conventiona l  duc t  system .  A  1 5 k W electri c

stri p heate r  provide s backup ,  bu t  i t  wa s no t  nee d i n th e firs t

winte r  o f  operatio n whic h bega n i n Februar y 1978 .  Th e tota l

installe d cos t  o f  th e sola r  syste m wa s $12.2 2 pe r  squar e foo t  o f

collecto r  o r  abou t  $6,500 .

C2.e. 3 A  Thermocirculatio n Wate r  Heate r

Zomeworks ,  Inc. ,  Albuquerque ,  Ne w Mexic o manufacture s a

passiv e sola r  domesti c hot  wate r  syste m tha t  operate s b y thermocircu -

lation .  I t  consist s o f  a  6 6 gallon ,  glass-line d storag e tan k wit h a n
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Figur e C2-16 : Representativ e performanc e o f  th e convectiv e loo p
syste m o f  th e Jone s Residence ,  Dec-Jan ,  1978-79 .
Prepare d b y Lo s Alamo s Scientifi c  Laboratorie s (SAN )
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integra l  hea t  exchanger ,  tw o 1 7 squar e foo t  collector s wit h low -

iro n singl e glazing ,  an d a n expansio n tan k an d relie f  valve .  Th e

heat  transfe r  flui d i n th e collecto r  loo p i s a  nontoxi c antifreeze .

The storag e tan k i s positione d abov e th e collectors .  When

sunshin e heat s th e sola r  collectors ,  a  therma l  gradient  develops ,

and th e antifreez e rise s an d give s u p it s hea t  t o th e wate r  i n th e

storag e tank .  Afte r  doin g so ,  i t  cool s an d sink s t o th e collector s

again .  Thi s syste m require s n o pum p t o mov e th e flui d throug h th e

collecto r  loop .  Figur e C2-1 7 show s a  typica l  system .  Some manu -

facturer s no w mak e simila r  system s tha t  us e Freon TM rathe r  tha n wate r

or  anti-freez e a s a  hea t  transfe r  fluid .
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Figur e C2-17 :  Zomework s thermocirculatio n ho t  wate r  heater .
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C3 THERMAL STORAGE WALLS

C3. a INTRODUCTION

Therma l  storag e wall s are ,  i n man y ways ,  a  combinatio n o f  bot h direc t

gai n system s an d convectiv e loops .  However ,  therma l  storag e wall s

compensat e fo r  man y o f  thos e systems '  disadvantage s b y placin g th e heat

storag e mas s betwee n th e glas s an d th e spac e t o b e heated .  Fo r  example ,

many direc t  gai n house s overheat ,  a  resul t  o f  eithe r  insufficien t  therma l

mass t o absor b th e heat  o r  incorrectly-place d mas s du e t o poo r  buildin g

design .  Further ,  becaus e th e mas s i n convectiv e loo p system s canno t

be directl y heated ,  convectiv e loop s requir e larg e amount s o f  heat  storag e

t o suppl y mor e tha n 3 0 percen t  o f  th e heatin g demand .  However ,  heat

gai n ca n b e controlle d mor e readil y tha n i n direc t  gai n system s b y

openin g an d closin g vent s manuall y o r  automatically .  Thus ,  therma l  stor -

age wall s simplif y comfor t  control .

Per  uni t  o f  therma l  storag e mas s used ,  th e therma l  storag e wal l

makes bes t  us e o f  th e material .  Thi s i s becaus e th e temperatur e swin g

i n th e materia l  i s  greatest .  Temperatur e swing s i n th e heate d spac e

ca n stil l  b e relativel y small .

C3. b THERMAL STORAGE WALL SYSTEMS

C3.b. l  Basi c Design s

Ther e ar e tw o type s o f  therma l  storag e walls .  On e use s heav y

masonr y materia l  (concrete ,  adobe ,  brick ,  etc. )  abou t  1  foo t  thick .
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The wal l  i s  painte d a  dar k colo r  an d heat s a s th e su n passe s throug h

th e glazin g an d strike s it .  Usually ,  bu t  not  necessarily ,  vent s ar e

place d a t  th e botto m an d top .  I f  vent s ar e used ,  coo l  roo m ai r  i s  draw n

i n a t  th e bottom ,  rise s i n th e war m spac e betwee n th e mas s an d th e

glazing ,  an d enter s th e roo m throug h th e to p vents .  Suc h system s ar e

usuall y calle d "Tromb e walls "  afte r  Felix  Tromb e o f  Odeillo ,  France ,  wh o

wit h architec t  Jacque s Miche l  substantiall y  booste d thei r  developmen t

i n th e 1960' s b y buildin g severa l  home s incorporatin g thi s desig n i n

th e Pyrenees .  Th e concep t  wa s originate d an d patente d b y E.L .  Mors e

of  Salem ,  Massachusetts ,  i n th e 1880's .  Hi s walls ,  complet e wit h to p an d

botto m dampers ,  use d slat e covere d b y glass .

The secon d genera l  typ e o f  therma l  storag e wal l  use s water .  A n

exampl e o f  a  waterwal l  i n Figur e C3- 1 use s module s o f  cas t  fiberglass -

reinforce d polyester .  Th e blac k module s ar e abou t  8  fee t  long ,  2

fee t  high ,  an d 1 6 t o 2 0 inche s wide .  The y nest  insid e on e anothe r

durin g transpor t  fro m factor y t o sit e (E 3E) .

I n som e instances ,  waterwall s ar e mor e convenien t  t o us e tha n

concrete .  Becaus e wate r  maintain s a  mor e unifor m temperatur e through -

out  th e thicknes s o f  th e wall ,  it s  absorptio n surfac e remain s a t  a

lowe r  temperatur e tha n th e absorptio n surface s o f  Tromb e walls .

Thi s i s th e primar y reaso n tha t  waterwall s ar e slightl y mor e efficien t

tha n Tromb e walls .
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Figur e C3-1 :  Waterwal l  module s b y On e Design ,  Inc .  (MAL )
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C3.b. 2 Desig n Variation s

Figur e C3- 2 combine s movabl e insulatio n wit h a  concret e therma l

storag e wall .  Beadwall ,  reflectiv e Myla r  rolle r  shades ,  an d hinge d o r

slidin g insulatin g shutter s hav e bee n used .  Th e economi c valu e o f

movabl e insulatio n i n passiv e system s increase s a s th e climat e be -

comes mor e severe .  However ,  most  concret e storag e wal l  system s t o

dat e hav e not  use d movabl e insulatio n becaus e i t  increase s firs t  cost s

and i s inconvenient .  Tripl e glazin g i s regarde d increasingl y a s a n

alternative .

Anothe r  variatio n i s t o us e therma l  storag e wall s t o induc e ventila -

tion .  Damper s ar e positione d a s show n i n Figur e C3-3 .  Th e sola r  heate d

ai r  betwee n th e glas s an d th e war m concret e i s exhauste d throug h th e vent ,

creatin g a  "chimne y effect. "  Thi s draw s war m roo m ai r  t o th e bas e o f

th e collector ,  an d coo l  outdoo r  ai r  enter s th e hous e throug h vent s i n

othe r  exterio r  walls .  Thi s syste m shoul d no t  b e considere d unles s th e

damper s ca n b e close d tightl y durin g th e winte r  sinc e ai r  leak s ca n b e

a majo r  sourc e o f  heat  loss .

An alternativ e t o th e soli d concret e wal l  facin g sout h i s Vertica l

Sola r  Louvers ,  a  se t  o f  rectangula r  column s situate d directl y behin d

south-facin g glazin g an d oriente d i n th e southeast-northwes t  direction .

The Louver s admi t  mornin g sunligh t  an d sola r  hea t  int o th e buildin g

and stor e hea t  fro m th e afternoo n su n i n th e masonry .  (Se e Figur e C3-4. )
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Figur e C3-2 :  Movabl e insulatio n wit h a  concret e therma l  storag e
wal l  (nighttim e operation )  (HON) .
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Figur e C3-3 :  Therma l  storag e wal l  — coolin g (HON) .
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Figur e C3-4 :  Vertica l  sola r  louver s (BIE) .
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I n a  sense ,  thi s syste m combine s direc t  gai n an d Tromb e wall .

I t  ca n quickl y heat  th e buildin g earl y i n th e mornin g throug h direc t

gain ,  an d th e wal l  column s ca n absor b afternoo n hea t  fro m th e sun .  Thi s

syste m als o permit s acces s t o th e glazin g syste m fo r  cleanin g an d main -

tenanc e an d mor e -readil y allow s th e us e o f  movabl e insulatio n betwee n

th e glazin g an d th e walls .

Not e tha t  th e hea t  wav e throug h th e concret e louver s wil l  b e de -

laye d b y severa l  hour s du e t o thei r  westerl y orientation .  Th e mai n

disadvantag e o f  thi s syste m i s tha t  th e louver s protrud e int o th e livin g

spac e (BIE) .

Figur e C3- 5 i s a n exampl e o f  on e typ e o f  wate r  wall .  Thi s system ,

TM

calle d Drumwall ,  wa s firs t  develope d b y Stev e Bae r  o f  Zomework s Corpora -

tion .  I t  use s 55-gallo n drum s fille d wit h water .  Insulatin g panel s

hinge d a t  th e bas e o f  eac h wal l  cove r  th e singl e laye r  o f  glas s a t  nigh t

t o reduc e hea t  loss .  When th e panel s ar e ope n an d lyin g fla t  o n th e

ground ,  th e aluminu m surfac e reflect s additiona l  sola r  irradiatio n ont o

th e drums .  Durin g th e summer ,  th e panel s i n th e close d positio n shad e

th e glass .

The wate r  wal l  i n Figur e C3- 6 use s water-fille d vertica l  tubes .

As a n adde d leve l  o f  comfor t  control ,  th e tube s ar e separate d fro m th e

livin g spac e b y a  wal l  throug h whic h roo m ai r  ca n pas s an d swee p pas t

th e war m tubes .  A  fa n control s th e flo w o f  air .  A  therma l  curtai n

close s betwee n th e tube s an d th e glas s a t  nigh t  t o reduc e hea t  loss .
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Figur e C3-5 : Hand-operate d insulatin g shutte r  wit h wate r  dru m storag e
by Zomework s Corporatio n (HON) .
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GLAZING

THERMAL CURTAIN

WATER STORAGE

Figur e C3-6 :  Therma l  curtai n wit h wate r  tub e storag e b y Kalwal l
Corporatio n (HON) .

C3-16 4



Figur e C3- 7 give s th e heat  storag e capacit y fo r  cylindrica l  tube s

of  variou s diameters .  Corrugated ,  galvanize d culvert s an d fiberglas s

reinforce d polyeste r  ar e th e mos t  commonl y use d cylinders .

To overcom e th e hig h cos t  o f  concret e an d a t  th e sam e tim e stor e

larg e amount s o f  heat ,  Wayn e an d Susa n Nichols ,  designer/builder s i n

Sant a Fe ,  Ne w Mexico ,  develope d a  "water-loade d Tromb e wall. "  I t  con -

sist s o f  cas t  concret e tanks ,  4× 8 fee t  ×  1 0 inche s (outsid e dimen -

sions) ;  th e tan k wal l  i s  2  inche s thick ,  leavin g a  6-inc h cavity .

Afte r  th e wal l  i s  installed ,  a  plasti c ba g fille d wit h wate r  an d seale d i s

place d i n th e cavity .  A t  nigh t  th e single-glaze d wal l  i s  covere d out -

sid e b y a  Stev e Baer-styl e hinged ,  insulating ,  reflectin g shutter .

Dat a take n o n th e wal l  indicat e tha t  th e therma l  resistanc e o f  th e

outsid e 2-inc h concret e wal l  i s  to o great  durin g th e changin g mode .

Temperatur e difference s o f  4 0 F  ar e observe d acros s thi s wall .  Tempera -

tur e difference s acros s th e wate r  an d inne r  wal l  ar e smal l  ( 5 F  o r  less) .

The Nichol s hav e conclude d tha t  wall s o f  thi s typ e shoul d b e thicke r  fo r

more hea t  storag e an d tha t  th e oute r  wal l  shoul d b e meta l  t o reduc e th e

resistanc e t o heat  flow .

New material s an d component s ar e bein g develope d fo r  therma l

storag e walls .  Fo r  example ,  paraffi n an d othe r  phase-chang e material s

ar e bein g explore d a s substitute s fo r  th e heav y weigh t  o f  concret e

and water .  Thes e an d othe r  advance s ar e covere d i n Chapte r  E .
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Tube Diamete r

Volume/lin .  f t

Weigh t  o f
containe d
water/lin .  f t

Heat  storag e
capacity /
lin .  f t

8 in .

0.3 4 ft 3

21. 7 lb s

21. 7 Btu/ F

12 in .

0.78 8 ft 3

49 lb s

49 Btu/ F

18 in .

1.7 7 ft 3

110 lb s

110 Btu/ F

24 in .

3.1 4 ft 3

196 lb s

196 Btu/ F

Figur e C3- 7 :  Heat  storag e capacit y pe r  linea r  foo t  o f
cylindrica l  container s o f  wate r  fo r  therma l
storage .
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C3. c DESIG N CHARACTERISTCS

C3.C. 1 Buildin g Integratio n

Therma l  storag e wall s provid e temperatur e stabilit y  i n passiv e

building s an d ar e appropriat e fo r  a  variet y o f  buildin g types .  Th e

ai r  vent s fo r  thermocirculatio n somewha t  contro l  th e tim e whe n heat  i s

delivere d t o th e space .  Sinc e th e wal l  i s  opaque ,  i t  eliminate s th e

excessiv e glar e associate d wit h direc t  sunlight .  Ultraviolet  damag e t o

good s an d furnishing s i s avoided ,  whic h i s particularl y advantageou s

i f  use d i n retai l  store s an d commercia l  buildings .  Tromb e wall s ar e

fir e resistant .  The y provid e securit y fo r  warehouse s an d manufacturin g

plant s an d structura l  stabilit y  i n hig h ris e construction .  Finis h

detail s ca n b e ver y roug h t o sui t  manufacturin g an d industria l  applica -

tions ,  ye t  the y ca n b e mor e polishe d t o fi t  residentia l  designs .

Windows place d a t  suitabl e interval s wil l  provid e daylightin g an d

giv e th e occupant s visua l  contac t  wit h thei r  environment .

C3.C. 2 Cost s

Firs t  cost s var y wit h difference s i n constructio n an d detailin g

of  th e therma l  storag e wal l  an d th e exterio r  glazing .  Wher e poure d

concret e an d masonr y bloc k constructio n abov e grad e ar e common,  th e

wal l  i s  generall y inexpensive .  I f  a n experience d subcontracto r  i s

available ,  o r  i f  material s ca n b e obtaine d cheapl y throug h loca l

suppliers ,  th e exterio r  glazin g wil l  b e low-cost .  Othe r  type s o f

therma l  storag e walls ,  includin g waterwalls ,  ar e comparabl e i n

price .
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Cost  estimate s prepare d fo r  th e Tromb e wal l  desig n describe d i n

Sectio n C3. d (wit h plaste r  interio r  finish )  var y fro m a  lo w o f  $1 1

per  squar e foo t  t o a  hig h o f  $27.0 0 pe r  squar e foo t  i n 198 0 dollars .

To obtai n a  tru e ne t  additiona l  cos t  fo r  passiv e sola r  heating ,  th e

cos t  o f  conventiona l  constructio n tha t  i s replace d b y th e therma l

wal l  shoul d b e subtracted .  Sinc e th e most  expensiv e conventiona l  resi -

dentia l  exterio r  wall ,  includin g insulatio n an d interio r  finish ,

usuall y run s betwee n $2.5 0 t o $4.0 0 pe r  squar e foot ,  th e tru e firs t

cos t  o f  th e Tromb e wal l  i s  estimate d a t  $9.0 0 t o $15.0 0 pe r  squar e foot .

Operatin g cost s fo r  thes e wall s ar e zero ,  an d littl e o r  n o mainten -

anc e i s required .  Maintenanc e i n man y climate s i s comparabl e t o tha t

fo r  viny l  siding :  occasiona l  (ever y 2  t o 4  years )  washin g o f  th e

exterio r  glazin g i s advised .  Hars h industria l  environment s may degrad e

plasti c glazing ;  "refinishing "  coating s ar e availabl e fro m leadin g

manufacturer s an d may b e applie d o n a  3 -  t o 5-yea r  basis .

C3.C. 3 Therma l  Performanc e

Thermally ,  thes e wall s perfor m reliably .  Hea t  losses ,  eve n unde r

worst  conditions ,  ar e not  ver y differen t  fro m thos e experience d wit h

conventiona l  construction .  Th e overal l  U-valu e o f  0.2 3 (revers e

thermocirculatio n prevented )  enable s thes e wall s t o meet  ASHRAE 90-7 5

standard s fo r  single-famil y residence s locate d i n climate s no t  exceedin g

5200 degre e days .  I f  sola r  gain s ar e considered ,  the y ar e net  hea t

producers .  I n a  sense ,  then ,  thi s result s i n a  negativ e U-valu e ove r  th e

cours e o f  th e heatin g season .
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Sola r  energ y collectio n take s plac e a t  lo w t o moderat e temperatures ,

generall y no t  exceedin g 15 0 F  fo r  Tromb e wall s an d lowe r  fo r  waterwalls .

Thi s provide s goo d instantaneou s efficiencie s (generall y comparabl e t o

activ e syste m flat-plat e collectors) .  Excep t  i n th e dee p south ,  th e

vertica l  sout h wal l  orientatio n result s i n goo d winte r  heatin g performanc e

and minima l  summer  overheating .  Ai r  i s  delivere d t o th e roo m a t  moderat e

temperature s throug h th e vents ,  generall y no t  exceedin g 9 0 F  (o r  tempera -

ture s 2 0 t o 3 0 F  highe r  tha n th e roo m ai r  enterin g th e spac e betwee n th e

glazin g an d th e wall) .  Norma l  airflo w i s approximatel y 1  cf m pe r

squar e foot .

Althoug h ther e ar e man y way s t o analyz e th e benefit s o f  therma l

storag e wall s o f  variou s thicknesses ,  6  t o 1 2 inche s i s th e optimu m

rang e fo r  bot h Tromb e wall s an d waterwalls .

Figur e C3- 8 show s th e calculate d seven-da y temperatur e fluctua -

tion s o f  th e roo m sid e an d sun-sid e surface s o f  thre e Tromb e wall s

withou t  vent s i n Lo s Alamos ,  Ne w Mexico .  Th e rati o o f  th e buildin g

loa d t o th e glas s are a i s 0. 5 Btu/ h ft 2 F .  On e wal l  i s  6  inche s thick ,

anothe r  12 ,  an d th e thir d 24 .  Th e dail y fluctuation s o n th e insid e

wal l  surfac e ar e markedl y different  fo r  th e thre e cases .  The y ar e

ver y pronounced ,  4 5 F ,  fo r  th e thi n wal l  an d nonexisten t  fo r  th e thic k

wall .  Th e long-ter m effec t  o f  tw o day s o f  cloud y weathe r  i s observe d

on th e insid e o f  th e thic k wal l  a s a  1 0 F  variation .
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Figur e C3-8 :  Tim e response ,  masonr y wall ,  1-wee k perio d (BAL )
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The ne t  annua l  therma l  contributio n o f  differen t  thicknesse s o f

wall s i s no t  markedl y different .  (Se e Figur e C3-9. )  Th e 1-foot -

thic k wal l  i s  th e bes t  o f  th e three ,  givin g a n annua l  sola r  heatin g

contributio n o f  6 8 percent .  Althoug h th e ne t  contribution s o f  th e

thi n wal l  an d thic k wal l  case s ar e nearl y th e same ,  th e amoun t  o f  therma l

contro l  require d t o limi t  fluctuatin g roo m temperature s i s less .  Not e

tha t  th e sola r  fractio n continue s t o increas e fo r  waterwall s o f  in -

creasin g thicknesse s (represente d b y th e curv e o f  infinit e conductivity) .

Trombe wall s ca n b e different  thicknesse s fo r  differen t  tim e delay s

of  th e hea t  wav e fro m th e hot ,  sunn y sid e t o th e roo m side .  I n general ,

a buildin g ca n b e heate d b y direc t  gai n o r  convectiv e loo p system s durin g

th e da y an d the n b y th e therma l  storag e wal l  a t  night .  Figur e C3-1 0

give s th e variatio n i n insid e surfac e temperatur e swin g an d th e tim e de -

la y betwee n th e irradiatio n an d th e occurrenc e o f  pea k temperature s o n

th e insid e surface .  Thes e characteristic s ar e fo r  a  double-glaze d soli d

concret e wal l  durin g sunn y days .

Dependin g o n th e hea t  storag e capacit y o f  a  house ,  heat  fro m th e

wal l  may not  b e neede d unti l  fa r  int o th e night .  Thi s ma y cal l  fo r  a

thic k wall ,  perhap s a s muc h a s 1 8 inches ,  sinc e i t  wil l  b e wel l  pas t

midnigh t  befor e roo m temperature s begi n t o drop .

I n commercia l  design ,  o n th e othe r  hand ,  heat  ma y b e neede d durin g

th e day .  Fo r  example ,  mos t  academi c building s ar e restricte d t o

daytim e use .  Unles s ther e i s sufficien t  hea t  durin g th e da y fro m people ,
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Figur e C3-9 : Annua l  sola r  fractio n provide d b y therma l
storag e wall s o f  differen t  conductivit y an d thicknes s (BAL )

(Note :  Therma l  conductivit y o f  1. 0 represent s th e therma l  mas s wal l
(Tromb e wall) ;  infinit y represent s water ;  0. 5 probabl y represent s a
concret e bloc k wall. )
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Wall
Thicknes s

(inches )

8

12

16

20

24

Insid e Surfac e
Temperatur e Swin g

(F )

27

13

6. 5

3. 0

1. 3

Tim e o f  Temperatur e
Peak a t  Insid e Surfac e

6:0 0 p m

8:0 0 p m

10:3 0 p m

1:3 0 a m

4:3 0 a m

Figur e C3-10 :  Characteristic s o f  a  soli d concret e
wal l  durin g sunn y day s wit h outsid e
doubl e glazin g (Volum e I I  o f  thi s
Handbook) .
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lights ,  an d direc t  gai n throug h windows ,  th e wal l  shoul d b e a s thi n a s

possible .  In  fact ,  a  Tromb e wal l  may be  a  poo r  choice ,  an d a  thermosi -

phonin g collecto r  o r  eve n a n activ e collecto r  wit h n o storag e woul d b e

better .  Alternatively ,  heat  fro m th e Tromb e wal l  ca n b e use d a t  nigh t

durin g temperatur e setbac k conditions .

Figur e C3-1 1 show s th e annua l  percen t  o f  sola r  heatin g fo r  variou s

citie s i n th e countr y fro m variou s type s o f  therma l  storag e walls :

wate r  wall s (WW) ;  soli d wall s withou t  vent s (SW) ;  Tromb e wall s wit h

vent s an d wit h backdraft  damper s t o preven t  revers e thermocirculatio n (TW) ;

Trombe wall s wit h vent s opene d a t  al l  time s (TW(A)) ;  an d Tromb e wall s

wit h thermostati c ven t  contro l  (TW(B)) .

The calculation s ar e fo r  a  therma l  storag e mas s o f  4 5 Btu/ft 2 F

glas s are a (1 8 inche s o f  concret e o r  8. 6 inche s o f  water) .  N o night

insulatio n i s used .  Al l  therma l  storag e wal l  design s see m t o b e viabl e

fo r  sola r  heatin g i n al l  climate s studied .  Not e tha t  particularl y i n

col d climate s suc h a s Madiso n an d Bismark ,  th e preventio n o f  revers e

thermocirculatio n throug h th e vent s i s a n importan t  par t  o f  th e design .

Thermostati c contro l  o f  th e vent s doe s littl e t o improv e th e heatin g per -

formanc e bu t  doe s reduc e th e tendenc y fo r  th e vent s t o overhea t  th e

buildin g durin g mild ,  sunn y weather .  Night  insulatio n dramaticall y

improve s performanc e o f  therma l  storag e walls ,  especiall y i n col d

climates .  Th e R-value ,  an d therefor e th e pane l  construction ,  nee d

not  b e substantial .  A n R  o f  4  t o 6  wil l  provid e abou t  7 5 percen t  o f

th e heat  los s reductio n o f  R-9 .  Onl y rarel y wil l  R-value s highe r  tha n
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Annual  Percen t  Sola r  Heatin g

Cit y

Sant a Mari a

Dodge Cit y

Bismarc k

Bosto n

Albuquerqu e

Fresn o

Madiso n

Nashvill e

Medfor d

WW

99. 0

77. 6

49. 8

60. 0

90. 8

85. 5

43. 1

68. 2

59. 0

SW

98. 0

69. 1

41. 3

49. 8

84. 4

82. 4

35. 2

60. 7

53. 3

TW

97. 9

71. 8

46. 4

56. 8

84. 1

83. 3

41. 6

65. 2

56. 1

TW(A)

97. 3

62. 8

31. 1

44. 9

81. 8

78. 0

24. 7

54. 1

42. 2

TW (B )

98. 0

73. 6

47. 6

56 . 7

87 . 5

83. 4

42. 0

65 .  4

56. 8

,- ,  . .  .  , ,  TW(A) :  Tromb e wal l  w/vent s ope n a t  al l  time s
WW:  Wate r  wal l  TW(B) :  Tromb e wal l  w/thermostati c ven t  contro l
SW:  Soli d wal l  (n o vents )  TW:  Tromb e wal l  (n o rev .  ven t  flow )

Figur e C3-11 : Annual  result s fo r  variou s therma l  storag e wal l
configuration s i n variou s climate s (BAL) .  (Not e
tha t  thes e ar e Sola r  Heatin g Fractio n values ,
not  Sola r  Saving s Fractions) .
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9 b e economicall y warranted .  A  simpl e tim e cloc k i s th e onl y contro l

necessar y fo r  openin g an d closin g th e insulation .

I n nearl y al l  climates ,  therma l  wall s shoul d hav e a t  leas t  tw o glazings .

An alternativ e t o movabl e insulatio n i n col d climate s i s a n additiona l  glazin g

laye r  o r  two .  Movabl e insulatio n wit h mor e tha n tw o glazing s i s rarel y

economical .  Multipl e glazing s hav e a  greate r  effec t  o n performanc e a t  highe r

sola r  loa d fraction s tha n a t  lowe r  ones .

Of  course ,  th e rea l  measur e o f  performanc e i s annua l  energ y saving s b y th e

sola r  wall .  Annua l  value s fo r  2 5 citie s ar e give n i n Figur e C3-12 .  Th e cas e

i s fo r  th e 18-inch-thic k Tromb e wal l  wit h n o revers e thermocirculation .  Th e

ven t  siz e i s 0.07 4 squar e fee t  (10. 5 squar e inches )  fo r  eac h linea r  foo t  o f

wall .  Th e heatin g loa d coefficien t  o f  th e buildin g varie s wit h climate .  Th e

allowabl e temperatur e rang e i n th e spac e i s 1 0 F ,  fro m 6 5 t o 7 5 F .  Nigh t

insulatio n i s use d i n th e colde r  climates .

The lo w annua l  saving s fo r  reall y sunn y climates ,  suc h a s E l  Paso ,  Texas ,

and Phoenix ,  Arizona ,  ar e du e t o th e shor t  heatin g seaso n an d th e fac t  tha t

nigh t  insulatio n wa s no t  used .

C3.C. 4 Economic s

Estimate s o f  hea t  energ y outpu t  an d cos t  pe r  millio n Bt u ar e show n fo r

representativ e citie s i n Figur e C3-13 .  Fo r  compariso n wit h
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Case:  1 8 in .  Tromb e
Thermal  cond u
Heat  Capacit y
Vent  Siz e =  0
Temperatur e b

Los Alamos ,  N M
El  Paso ,  T X
Ft .  worth ,  T X
Madison ,  WS
Albuquerque ,  N M
Phoenix ,  A Z
Lak e Charles ,  L A
Fresno ,  C A
Medford ,  OR
Bismarck ,  N D
New York ,  N Y
Tallahassee ,  F L
Dodge City ,  K S
Nashville ,  T N
Sant a Maria ,  C A
Boston ,  MA
Charleston ,  S C
Los Angeles ,  C A
Seattle ,  WA
Denver ,  C O
Edmonton ,  AL B
Vancouver ,  B C
Winnepeg ,  MAN
Ottawa ,  ONT
Dartmouth ,  N S

Wall ;  N o revers e thermocirculatio n
ctivit y =  1  Btu/ft/h r  F
= 3 0 Btu/ft 3 F

.7 4 ft 2/f t  o f  wal l  lengt h (eac h vent )
and =  6 5 F  t o 7 5 F

6359
2678
2382
7730
4292
1552
1498
2650
4930
9044
4848
1563
5046
3696
3053
5621
2146
1819
5185
6016

10268
5515

10679
8735
7361

Yes
No
No

Yes
No
No
No
No

Yes
Yes
Yes
No

Yes
No
No

Yes
No
No

Yes
Yes
Yes
Yes
Yes
Yes
Yes

Note :  Nigh t  Insulatio n use d fo r  greate r  tha n
Performanc e i s
inconvenienc e

much improve d wit h nigh t
ar e greater .

20
30
30
20
20
40
40
30
30
20
20
40
20
20
30
20
30
40
20
20
20
20
20
20
20

70
57
49
48
56
65
50
51
49
47
57
55
70
42
67
55
52
70
60
72
46
57
45
49
52

89,00 0
45,70 0
35,00 0
74,20 0
48,10 0
40,40 0
30,00 0
40,50 0
72,50 0
85,00 0
55,30 0
34,40 0
70,60 0
31,00 0
61,40 0
61,80 0
33,50 0
50,90 0
62,20 0
86,60 0
94,50 0
62,90 0
96,10 0
85,60 0
76,60 0

4500 DD.  Thi s wa s arbitrary .
insulation , but  cos t and

Figur e C3-12 : Annual  energ y saving s b y therma l  storag e walls .
Dat a generate d b y J .  D .  Balcom b base d o n Appendi x
F o f  Vol .  I I  o f  thi s Handbook .
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Cit y

For t  Worth ,  Texa s

Madison ,  Wisconsi n

Boston ,  Massachusett s

Medford ,  Orego n

Los Angeles ,  Californi a

Denver ,  Colorad o

Btu/ft 2 y r

35,00 0

74,20 0

61,80 0

72,50 0

50,90 0

86,60 0

Cost/MMBt u

$28.9 0

$20.4 7

$24.5 8

$20.9 5

$19.8 9

$17.54

1)  Thes e estimate s wer e prepare d b y J .  Dougla s Balcom b a t  Lo s
Alamo s Scientifi c  Laboratories ,  base d o n dat a fro m Fig .
C3-1 2 usin g installatio n an d life-cycl e cos t  dat a fro m
(HON) .  I t  wa s assume d tha t  th e cos t  o f  th e Tromb e wal l
wit h nigh t  insulatio n i s 50 % greate r  tha n withou t  it .

2)  Thes e figure s ar e th e effectiv e energ y cos t  obtaine d b y
applyin g a  capita l  recover y facto r  o f  10 % (correspondin g t o
a 7-1/2 % interes t  rat e an d a  2 0 yea r  term )  t o estimate d
firs t  costs .

Figur e C3-13 : Saved energ y an d associate d cost s fo r
Trombe walls .
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curren t  conventiona l  energ y costs ,  conside r  th e following :  electricit y

at  6c/kW h i s equivalen t  t o a n energ y cos t  o f  $17.6 0 pe r  millio n Btu ;

number  2  fue l  oi l  burne d a t  a  seasona l  efficienc y o f  0.5 0 a t  $1.0 0 a  gallo n

result s i n a n energ y cos t  o f  $14.2 8 pe r  millio n Btu .  Actua l  performanc e

wil l  var y wit h th e rati o o f  syste m siz e t o buildin g load .  Futur e conven -

tiona l  energ y cost s wil l  b e muc h higher .  Lik e al l  sola r  energ y systems ,

oversize d therma l  storag e wall s wil l  b e les s cost-effective .  Withi n architectur -

al  constraint s o f  norma l  buildin g designs ,  however ,  i t  i s  difficul t  t o

oversiz e thes e systems ,  an d th e performanc e estimate s provide d ar e

representativ e fo r  initia l  projec t  development .

C3. d A  BASI C TROMBE WALL CONFIGURATION

Althoug h a  variet y o f  Tromb e wall s hav e bee n buil t  an d althoug h

th e desig n ca n b e optimize d fo r  specifi c  climates ,  th e desig n i n Figur e

C3-1 4 i s basi c an d cost-effectiv e fo r  heatin g i n mos t  o f  th e Unite d

States .  Th e modula r  dimension s an d particula r  constructio n detail s

use d her e shoul d hel p t o simplif y th e task s o f  designer s an d builders .

Althoug h thi s drawin g ha s bee n prepare d t o sho w man y detail s an d speci -

fi c  dimensions ,  th e exac t  configuratio n o f  a  Tromb e wal l  may var y

considerabl y without  adversel y affectin g it s performance .

C3.d. l  Material s

Thi s basi c desig n consist s o f  a n oute r  glazin g system ,  a n inne r

therma l  energ y storag e wall ,  backdraf t  damper s fo r  airflo w control ,  an d
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SOLAR

RADIATION

TROMBE WALL

1 EXTERIOR GLAZIN G SYSTEM

2 10-INC H CONCRETE WALL

3 AI R VENTS

4 FOUNDATION INSULATIO N

Figur e C3-14 :  Tromb e wal l  desig n (HON )
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variou s optiona l  tri m an d structura l  integratio n details .

The oute r  curtai n wall/windo w wal l  syste m i s aluminu m framin g i n

combinatio n wit h tw o layer s o f  glas s o r  translucen t  o r  semi-transparen t

low-cos t  plastic .  Unlik e a  direc t  gai n passiv e system ,  view s

out  ar e no t  possible ;  view s in ,  showin g th e roug h concret e wal l  surface ,

may b e undesirable .  Maximu m syste m temperatures ,  eve n unde r  stagnatio n

conditions ,  rang e fro m 15 0 t o 18 0 F ,  wel l  belo w th e stagnatio n temperature s

of  meta l  flat-plat e collectors .  Heat  resistan t  plastic s easil y withstan d

th e lowe r  temperature s experience d b y th e glazing .

The therma l  storag e wal l  i s  concrete ,  eithe r  cast-in-plac e o r  lai d

wit h soli d concret e masonr y unit s an d concret e mortar .  Th e concret e

shoul d b e regula r  ston e concret e (abou t  14 0 lbs/ft 3 )  ;  lightweigh t  aggre -

gate s shoul d not  b e used .  When ,  a s i n mos t  cases ,  th e Tromb e wal l  serve s

als o a s a  structura l  wall ,  th e necessar y reinforcin g wir e o r  ba r  an d

any structura l  anchor s ca n b e adde d withou t  alterin g th e wall' s  sola r

performanc e characteristics .  I n general ,  th e junctio n betwee n th e inne r

storag e wal l  an d th e foundation ,  floors ,  adjacen t  sid e walls ,  an d roo f

shoul d b e treate d a s norma l  construction .  A  primar y exceptio n i s t o

eliminat e o r  chang e detail s tha t  permit  direc t  conductio n o f  heat  t o

masonr y o r  meta l  expose d t o th e weather .  Fo r  thi s reason ,  th e concret e

wal l  i s  thermall y isolate d fro m th e meta l  fram e o f  th e glazin g syste m

by woode n blockin g an d fro m adjacen t  conventiona l  concret e constructio n

by preforme d viny l  o r  rubbe r  contro l  joints .  Foundation s directl y belo w

Trombe wall s shoul d b e protecte d wit h rigi d insulatio n i n th e sam e wa y
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as ar e perimete r  heatin g system s i n slab-on-grad e construction .

Backdraf t  damper s serv e th e sam e functio n a s backdraf t  damper s i n

HVAC systems ,  tha t  o f  preventin g ai r  circulatio n i n th e "wrong "  direction .

However ,  i n Tromb e walls ,  slowl y risin g sola r  heate d ai r  i n th e cavit y

betwee n th e concret e wal l  an d th e glazin g exert s a  sligh t  pressur e t o

ope n the m whil e fallin g coo l  ai r  exert s a  sligh t  revers e pressure ,  forcin g

the m t o close .  N o on e commerciall y supplie s thes e dampers ,  an d presen t

installation s us e eithe r  custom-fabricate d damper s (se e Figur e C2-12 )  o r

do without .  I n man y cases ,  a s discusse d earlier ,  vent s nee d no t  b e used .

Any interio r  finis h o n th e Tromb e wal l  mus t  not  preven t  it s heat

fro m reachin g th e room .  Conventiona l  architectura l  concret e finis h suc h

as expose d aggregat e an d sandblaste d o r  brushe d surface s may b e used .

The surfac e may b e seale d an d painte d an y color.  A  plasti c ski m coa t

or  plaste r  may b e used .  However ,  shee t  materials ,  suc h a s woo d o r

hardwoo d panelin g shoul d no t  b e used .  Gypsu m boar d ca n b e use d onl y

i f  excellen t  continuou s contac t  betwee n th e boar d an d th e wal l  ca n b e

obtained ,  a  difficul t  tas k indeed .

The exterio r  surfac e shoul d b e cleanse d wit h a  masonr y cleane r

prio r  t o painting .  Althoug h an y dar k colo r  may b e use d o n particularl y

rough-texture d walls ,  fla t  blac k pain t  i s  preferred .
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C3.d. 2 Desig n

The concret e storag e wal l  i n thi s basi c desig n i s 1 0 inche s thic k

and nominall y 8  fee t  high .  A  7-foot ,  10-inc h heigh t  i s suitabl e fo r

cast-in-plac e construction .  Wall s ca n b e an y length .  Vent  holes ,

i f  used ,  shoul d b e provide d a t  interval s acros s th e entir e length .

Vent  hole s i n concret e bloc k wall s ar e nominall y 3  5/ 8 inche s b y

15 5/ 8 inches .  Singl e block s ar e lef t  ou t  o f  lowe r  an d uppe r  courses .

I n poure d concret e walls ,  4-inc h b y 15-inc h opening s ar e preferred .

The tota l  cross-sectiona l  are a o f  th e vent s (uppe r  plu s lower )  nee d

not  b e greate r  tha n on e percent  o f  th e tota l  wal l  area .  Th e uppe r  an d

lowe r  vent s ar e place d a s clos e t o th e ceilin g an d floo r  a s i s practical ,

and i n n o cas e shoul d th e vertica l  distanc e betwee n vent s b e les s tha n

6 feet .  Decorativ e grill s  o r  register s ar e installe d ove r  thes e opening s

on th e interio r  face .  Th e lowe r  gril l  include s th e backdraf t  damper .

The exterio r  glazin g syste m i s mounte d 3  t o 4  inche s awa y fro m th e

oute r  darkene d concret e surface .  Wher e th e aluminu m glazin g support s

ar e attache d t o th e wall ,  woo d o r  othe r  insulatin g materia l  shoul d b e

use d a s a  therma l  separator .  Th e glazin g shoul d exten d abov e an d be -

lo w th e fac e o f  th e storag e wall ,  full y  exposin g i t  t o th e sun .  Sinc e

glazin g i s th e weathe r  ski n o f  th e building ,  i t  mus t  b e airtigh t  an d

wate r  resistent .

Trombe wall s withou t  vent s ar e easie r  t o buil d i f  window s ar e in -

corporate d int o th e wall .  Th e direc t  gai n throug h thes e window s wil l

heat  th e buildin g durin g th e day .  Simultaneously ,  th e Tromb e wal l  wil l
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stor e th e day' s hea t  fo r  us e durin g th e night .  Figur e C3-1 5 i s a n exampl e

of  suc h a  wall .  Thi s wal l  i s  use d i n th e "Brookhave n House, "  designe d

by Tota l  Environmenta l  Action ,  Inc. ,  fo r  Brookhave n Nationa l  Laboratorie s

unde r  a  DOE contract .  Th e wal l  consist s o f  tw o layer s o f  pavin g bric k

covere d b y triple-glazed ,  floa t  glas s panel s mounte d i n mille d woo d strips .

I n th e summertim e whe n th e su n i s hig h i n th e sky ,  th e wal l  i s  shade d b y

a retractabl e canva s awning .

C3.d. 3 Constructio n an d Installatio n

Buildin g th e Tromb e wal l  describe d i n Figur e C3-14  normall y require s onl y

genera l  contractin g skills .  Dependin g o n contracto r  preference ,  th e

installatio n o f  th e glazin g syste m ca n usuall y b e handle d b y th e manu -

facturer' s representative .  Thi s enable s th e buildin g owne r  t o obtai n

a bette r  warrant y o n it s weather-tightness .  Th e storag e wal l  shoul d

be constructe d a t  th e lowes t  cos t  possibl e give n th e thermal ,  structural ,

and interio r  finis h requirement s outline d above .  I f  th e contracto r  o r

hi s subcontractor s normall y us e poure d concret e onl y i n foundatio n wor k

or  i f  multi-stor y installation s ar e planned ,  th e soli d masonr y uni t  wal l

i s  usuall y preferred .

Work schedulin g present s n o proble m i f  th e contracto r  carefull y

review s constructio n requirement s i n advance .  Th e glazin g syste m i s

usuall y fabricate d t o sit e dimensions ;  therefore ,  t o avoi d delay s i n

closin g th e building ,  thes e dimension s shoul d b e establishe d earl y i n

constructio n an d order s shoul d b e place d earl y fo r  th e glazing .  Con -
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Figur e C3-15 :  Th e Brookhave n Hous e (TEA-2 )
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cret e finishin g wor k ma y requir e th e appropriat e trade s o n th e jo b sit e

at  othe r  tha n th e norma l  times .

C3.  e  EXAMPLES

C3.e. 1 Benedictin e Monastery ,  Pecos ,  Ne w Mexic o

Ten mile s sout h o f  Sant a Fe ,  Ne w Mexico ,  a  9,32 0 squar e foo t

office/warehous e buildin g fo r  th e boo k publishin g operation s o f  a

Benedictin e Monaster y combine s direc t  gai n wit h a  Drumwall TM (Figur e C3-16 )

The sout h surfac e i s almost  entirel y glass ;  windo w are a i s 1,35 6

squar e fee t  wit h 44 0 squar e fee t  o f  Drumwall .  Th e Drumwal l  consist s

of  13 8 oi l  drum s enclose d i n a n insulate d cabinet .  Th e to p o f  th e cabine t

i s a  counterto p wor k surfac e i n th e 2,66 0 squar e foo t  offices .  Th e hea t

passe s b y natura l  convectio n throug h vent s i n th e cabinet ,  eliminatin g

th e nee d fo r  fans .

Insulatin g panel s ar e hinge d t o th e exterio r  bas e o f  th e wall .

I n th e louvered ,  horizonta l  position ,  the y reflec t  additiona l  sola r

radiatio n ont o th e Drumwall .  I n th e raise d position ,  the y reduc e hea t

loss .  Durin g th e summer ,  the y shad e th e wall .

The 4,90 0 squar e foo t  warehous e i s heate d b y direct  gai n throug h

clerestor y windows .  Exces s war m ai r  fro m th e office s i s occasionall y

vente d int o th e warehouse .  (Se e Figur e C3-17. )  Th e buildin g i s masonr y
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Figur e C3-16 :  Th e Benedictin e Monaster y Warehous e (STR) .
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Figur e C3-17 :  A  cross-sectio n o f  th e Benedictin e Monaster y
Warehous e showin g th e sola r  heatin g system s (SAN )

C3-18 8

Warehouse
VentsOffice

Vent



wit h rigi d foa m insulatio n applie d t o th e exterio r  surface .

The su n provide s 9 0 percen t  o f  th e heat .  Th e offic e ha s a  tempera -

tur e swin g o f  1 5 F ,  wit h a n averag e lo w o f  6 3 F .  Th e warehous e ha s a

temperatur e swin g o f  1 0 F ,  wit h a n averag e lo w o f  4 8 F .

C3.e. 2 Th e Kelbaug h House ,  Princeton ,  Ne w Jerse y

Architec t  Dou g Kelbaugh ,  Princeton ,  Ne w Jersey ,  designe d hi s ow n

two-stor y Tromb e wal l  hous e (Figur e C3-18) .  North ,  eas t  an d wes t  wall s

ar e standar d woo d fram e censtructio n an d hav e minima l  windo w areas .

Windows o n th e sout h sid e ar e incorporate d int o th e Tromb e wall .  Th e

Trombe wal l  als o incorporate s a  standard ,  commerciall y availabl e green -

house .  Th e tota l  sout h wal l  collectio n area ,  includin g th e greenhous e

and a  two-stor y Tromb e wall ,  i s  60 0 squar e feet .  (Se e Figur e C3-19. )

Usin g conventiona l  hea t  los s analyses ,  th e desig n loa d i s 65,00 0

Btu/hr .  Th e empiricall y determine d loa d i s 56,300 .  Estimate d con -

sumptio n o f  ga s i n th e backu p heatin g syste m wa s 12 1 cc f  durin g a  450 0

degre e da y winter .  Actua l  consumptio n durin g it s firs t  winte r  o f  opera -

tio n (wit h 450 0 degre e days )  wa s 33 8 cc f  an d durin g it s secon d year ,

246 cc f  (555 6 degre e days) .

Indoo r  temperatur e swing s wer e 3  t o 6  F  durin g a  24-hou r  cycle .

The seasona l  lo w an d hig h temperature s wer e 5 8 an d 6 8 F  downstair s
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Figur e C3-18 :  Dou g Kelbaugh' s hous e — sout h elevatio n (KEL-1 )
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Figur e C3-19 :  A  cross-sectio n o f  th e Kelbaug h hous e
showin g hea t  flow s (SAN) .

C3-19 1



and 6 2 an d 7 2 upstairs .  Th e estimate d average s wer e 6 3 F  downstair s

and 6 7 F  upstairs .  (Actua l  comfor t  level s wer e somewha t  highe r  du e

t o th e radian t  warmt h fro m th e Tromb e wall. )

I n additio n t o th e vent s a t  th e to p o f  th e Tromb e wall ,  fou r  fan s

ar e use d t o ventilat e th e wal l  durin g th e summer .  Th e wall ,  i n turn ,

ventilate s th e entir e hous e b y pullin g ai r  acros s th e room s fro m window s

on th e nort h wal l  (KEL-1 )  (KEL-2 )  (KEL-3) .
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C4 THERMAL STORAGE ROOFS

C4. a INTRODUCTION

I n man y respect s therma l  storag e roof s (roo f  ponds )  ar e simila r

t o therma l  storag e walls :  th e collecto r  an d hea t  storag e ar e part

of  th e sam e unit .

Roof  pond s consis t  o f  waterbed-lik e transparen t  bag s fille d wit h

wate r  that ,  whe n expose d t o sola r  irradiation ,  collect ,  store ,  an d

distribut e heat .  Thi s hea t  passe s downwar d fro m th e supportin g meta l

ceilin g t o th e livin g space ,  gentl y warmin g it .  I n th e summer ,  heat

passe s upwar d t o th e ceilin g an d int o th e water-fille d "thermo-ponds" ,

coolin g th e house .  The n durin g th e night ,  th e wate r  give s u p it s

hea t  t o th e sk y b y therma l  radiation ,  convection ,  an d evaporation .

Movabl e insulatio n i s use d t o enhanc e th e roo f  pond' s performance .

(Se e Figur e C4-1. )

Water  ca n stor e mor e energ y pe r  uni t  weigh t  tha n othe r  common

buildin g materials ,  an d roo f  pond s typicall y hav e wate r  depth s o f  8

t o 1 2 inches .  Becaus e o f  th e fre e convectio n o f  wate r  withi n a  wate r

bag ,  th e bag s operat e isothermally ,  thereb y quickl y transferin g an y

temperatur e gai n (o r  loss )  t o th e buildin g space .  Thi s i s quit e

differen t  fro m concret e therma l  storag e wall s tha t  exhibi t  a  tim e

la g effect  fro m th e tim e th e oute r  surfac e change s temperatur e t o

th e tim e whe n th e inne r  surfac e changes .
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Figur e C4-1 :  "Skytherm" R therma l  storag e roofs :  summer
and winte r  operatio n (HON) .
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Initially ,  i t  may see m tha t  th e lac k o f  a  time-dela y woul d b e a

seriou s disadvantag e o f  roo f  pond s sinc e i t  woul d eliminat e th e

natura l  diurna l  cycling .  However ,  th e movabl e insulatio n largel y

control s th e roo f  pond' s temperature .  Th e temperatur e drop s a s lo w

as 6 5 F  i n summer  an d i s permitte d t o clim b a s hig h a s 8 5 F  i n th e

winter .  Typica l  day-lon g heat  collectio n efficienc y i s 4 5 percent

(YEL-3) .  Les s tha n hal f  o f  th e heat  i s transferre d downwar d int o

th e house ;  th e remainde r  i s los t  throug h an d aroun d th e close d insu -

latio n panels .

C4. b BASI C SYSTEM CONFIGURATION

Therma l  storag e roof s hav e bee n buil t  i n tw o basi c configura -

tions :  fla t  an d south-sloping .  Generall y th e fla t  roo f  syste m i s

use d i n th e lowe r  latitude s wher e th e su n rise s hig h enoug h i n winte r

t o bath e th e pond s wit h sufficien t  sola r  irradiation .  I n mor e north -

er n latitudes ,  south-slopin g glazin g admit s th e low-angle d sola r

irradiatio n an d shed s snow .  Th e roo f  ponds ,  however ,  li e fla t  abov e

th e ceilin g o f  th e house .  Th e othe r  surface s o f  th e spac e tha t  i s

forme d ar e well-insulate d an d ar e face d wit h reflectiv e foil .
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C4. c EXAMPLES

C4. c Th e Atascader o Hous e

Figur e C4- 2 i s a  cross-sectiona l  vie w o f  th e roo f  pon d an d

movabl e insulatio n syste m use d o n a  hous e i n Atascadero ,  California ,

designe d b y Harol d Ha y (NIL) .  Th e hous e wa s designe d accordin g t o

earthquak e codes .  Th e ceilin g o f  th e approximatel y 1,10 0 squar e fee t

of  livin g spac e i s completel y covere d wit h 8  inche s o f  water .  Th e

wate r  i s seale d i n clea r  ultraviolet-inhibited ,  2 0 mil ,  polyvinyl -

chlorid e wate r  bag s a s shown .  Underneat h thes e 53,60 0 pound s o f  wate r

i s a  laye r  o f  blac k polyethylen e t o hel p absor b sola r  irradiatio n a t

th e botto m o f  th e bags .  Aditionally ,  a n ai r  cel l  o f  inflate d clea r

plasti c shee t  abov e th e wate r  bag s enhance s th e greenhous e effec t

durin g th e heatin g season .  Thi s ai r  cel l  i s  deflate d i n th e summer

month s t o enhanc e radiativ e cooling .  A  4 0 mi l  stee l  dec k roof/ceilin g

support s th e wate r  bag s an d provide s goo d heat  transfe r  t o an d fro m th e

livin g space .  Abov e th e roo f  ponds ,  a  syste m o f  movabl e insulatin g

panel s i s mounte d o n horizonta l  stee l  tracks .  Th e insulatio n i s 2

inche s o f  rigi d polyurethan e face d o n bot h side s wit h aluminu m foil .

The panel s ar e move d b y a  1/ 6 h p moto r  operatin g abou t  1 0 minute s

per  day .

Therma l  storag e roof s ar e uniqu e i n tha t  the y ar e th e onl y passiv e

sola r  heatin g syste m tha t  ca n als o provid e substantia l  coolin g effects .

Withi n th e building ,  comfor t  i s  accomplishe d b y radiatio n t o th e coo l
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U.V. INHIBITED CLEAR .018"  PVC

Figur e C4-2 : Cros s sectio n o f  wate r  ba g an d pane l
Syste m (NIL) .
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ceilin g wit h combination s o f  night-sk y radiation ,  night  ai r  convec -

tion ,  and ,  whe n th e wate r  bag s ar e covere d wit h additiona l  water ,  b y

evaporativ e cooling .

Figur e C4- 3 show s th e overal l  performanc e fo r  a  9  mont h perio d

afte r  construction .  A s th e figur e indicates ,  onl y smal l  variation s

occurre d i n indoo r  temperature .  Durin g th e winte r  an d summer ,  temper -

ature s typicall y fluctuate d betwee n 6 6 an d 7 3 F  whil e th e outdoo r

averag e dail y temperatur e fluctuate d betwee n 4 7 an d 8 2 F  throughou t

th e entir e year .  Thi s hous e i s 10 0 percen t  sola r  heate d an d coole d

and ha s n o backu p system .  Occupant s hav e foun d th e heatin g an d cool -

in g t o b e "superior "  t o conventiona l  system s previousl y experience d

(NIL) .

Clou d cove r  an d relativ e humidit y wil l  reduc e radiativ e heat

transfe r  t o th e sky ;  clea r  skie s an d lo w relativ e humidit y permi t  th e

best  hea t  transfe r  rates .  I t  i s  best  i f  th e wate r  bag s "see "  th e

entir e nigh t  sk y — th e fla t  configuratio n i n th e Atascader o hous e

does this .  Th e south-slopin g glazin g configuratio n doe s no t  se e th e

entir e nigh t  sky ,  no r  doe s th e glazin g easil y transmi t  heat .  There -

fore ,  radiativ e hea t  transfe r  t o th e sk y i s poor .  However ,  thi s

desig n i s intende d fo r  us e i n norther n latitude s wher e coolin g i s no t

essential .
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Figur e C4-3 :  Monthl y averag e temperature s o f  th e
Atascader o Hous e (NIL) .
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C4.d. 2 Th e Winter s Hous e

A variatio n o n th e hous e a t  Atascader o wa s designe d b y Joh n

Hammond an d built  i n Winters ,  California .  Winter s ha s approximatel y

260 0 heatin g degre e day s an d 130 0 coolin g degre e day s pe r  year .  Th e

averag e temperatur e i n th e hottest  summer  mont h (July )  i s  7 8 F  wit h

an averag e dail y maximu m o f  9 7 F  an d a n averag e dail y minimu m o f  5 9 F .

I n th e coldes t  winte r  mont h (January )  th e averag e temperatur e i s 4 5 F

wit h a n averag e dail y maximu m o f  54. 5 F  an d a n averag e dail y minimu m

of  3 5 F .  Th e 1,25 0 foo t  hous e i s wood-frame d o n a  concret e slab .

Wall s an d ceiling s ar e R-1 1 an d R-1 9 respectively .  Window s ar e single -

pane d wit h movabl e insulatin g shutters .  Ther e ar e approximatel y 12 0

squar e fee t  o f  south-facin g window s an d approximatel y 10 0 squar e fee t

of  window s o n th e othe r  thre e walls .

Runnin g th e lengt h o f  th e cente r  o f  th e hous e ar e a  serie s o f  6

fee t  b y 8  fee t  b y 1 2 inc h dee p galvanize d stee l  pan s coate d wit h ta r

on th e inside .  The y cove r  one-thir d o f  th e roo f  are a an d hol d approx -

imatel y 13,20 0 pound s o f  water .  Th e botto m o f  th e pan s for m th e ceil -

in g o f  th e house .  Th e pan s hav e a  viny l  cove r  t o preven t  evaporatio n

and t o reduc e hea t  loss .  Eight-foot-squar e insulate d lid s cove r  th e

pans (se e Figur e C4-4) .  Conventiona l  hydrauli c piston s ope n an d clos e

th e lids .
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Figur e C4-4 :  Th e Winter s Hous e
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The hous e wa s complete d in  1975 .  Eve n durin g th e hottes t  summer

weather ,  th e maximu m interio r  temperatur e ha s no t  exceede d 7 8 F .

Coolin g i s obtaine d bot h b y ventilatin g th e hous e a t  nigh t  an d b y

openin g th e lid s s o th e pond s ca n radiat e t o th e coo l  nigh t  sky .  A s

wit h th e south-slopin g glazin g configuratio n describe d earlier ,  night -

tim e radiativ e coolin g i s somewha t  inhibite d b y th e angle d lids .

The performanc e o f  th e hous e wa s closel y monitored .  Durin g th e

winte r  o f  197 5 -  197 6 n o auxiliar y heatin g wa s use d excep t  fo r  occa -

siona l  fire s i n a  Frankli n stove .  Th e natura l  ga s spac e heate r  wa s

neve r  used .  Durin g a  typica l  day ,  th e temperatur e fluctuatio n wa s

betwee n 3  an d 7  degrees .  Th e averag e dail y maximu m wa s abov e 7 0 F

and th e averag e dail y minimu m wa s abov e 6 5 F  (HAM) .  Chapte r  D2. d

discusse s radiativ e coolin g i n mor e detail .
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C5 ATTACHED SUNSPACES

C5. a INTRODUCTION

Perhap s th e greates t  disadvantag e o f  direc t  gai n system s i s th e

potentia l  i n poorl y designe d system s fo r  wid e fluctuation s i n indoo r

temperatures .  However ,  i f  wid e fluctuation s ca n b e permitted ,  reducin g

th e therma l  mas s wil l  substantiall y  reduc e th e cost s o f  direc t  gai n sys -

tems .  Similarly ,  th e therma l  mas s require d t o tempe r  wid e temperatur e

fluctuation s i n commercia l  greenhouse s (fro m ove r  10 0 F  o n a  cold ,

sunn y da y an d droppin g dramaticall y a t  night )  i s  usuall y expensive .  A

mechanica l  syste m t o circulat e th e overheate d ai r  t o a  grave l  be d fo r

late r  us e i s als o expensive .  Fortunately ,  som e space s i n building s ca n

easil y tolerat e wider-than-norma l  temperatur e fluctuations ,  an d extr a

effort s t o moderat e the m ma y b e unnecessary .  Example s o f  suc h space s

includ e greenhouses ,  atriums ,  sunporches ,  an d garages .  A  south-facing ,

glaze d corrido r  i s a n exampl e i n large r  buildings .

Althoug h buildin g cost s ar e hig h eve n fo r  suc h ver y simpl e an d un -

refine d spaces ,  thes e space s ca n tak e significan t  advantag e o f  th e sun' s

energy .  Althoug h i n som e sens e thes e ar e stil l  direc t  gai n systems ,

th e ter m "Attache d Sunspace "  designate s space s tha t  fluctuat e widel y

i n temperatur e becaus e o f  th e direc t  gai n o f  th e sun .  Th e overheate d ai r

can b e use d immediatel y t o hel p hea t  th e adjacen t  building ,  o r  i t  ca n

be store d fo r  late r  us e whe n th e su n i s n o longe r  shining .  A t  virtuall y

al l  time s o f  th e day ,  th e attache d sunspac e ha s a n indoo r  temperatur e

highe r  tha n th e outdoo r  temperature .  Suc h highe r  temperature s ten d t o
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moderat e th e hea t  los s fro m th e building .  Wit h th e sunspac e bot h supplyin g

sola r  heat  an d reducin g hea t  los s b y actin g a s a  buffe r  zone ,  tha t  portio n

of  th e buildin g adjacent  t o th e sunspac e "sees "  a  milde r  outdoo r  climate .

Ordinar y south-facin g buffe r  zone s ca n b e change d t o sunspace s b y

addin g south-facin g transparen t  surfaces .  Thi s spac e can ,  i n turn ,

provid e sola r  hea t  t o th e attache d building .  Buffe r  zone s i n othe r  orien -

tation s ca n hav e a  similar ,  but  no t  s o dramatic ,  effect .

North-facin g buffe r  zones ,  althoug h not  providin g sola r  heat ,

wil l  hav e temperature s betwee n thos e o f  th e indoor s an d th e outdoors ,

resultin g i n a  moderatio n o f  hea t  los s fro m th e adjacen t  building .

Placemen t  o f  auxiliar y space s aroun d th e building ,  suc h a s garages ,

corridors ,  restrooms ,  an d othe r  area s not  requirin g constan t  temperatures ,

i s becomin g a n increasingl y importan t  optio n fo r  conservin g energy .

East -  an d west-facin g buffe r  zone s ca n b e regarde d a s sunspace s

but  wil l  not  provid e a s muc h energ y a s south-facin g buffe r  zones ,  an d

the y ma y hav e seriou s overheatin g problem s i n summer .  A n east-facin g

greenhous e ca n provid e earl y da y sunlight ,  heat ,  an d humidity .  Wit h

moderat e amount s o f  therma l  mas s reducin g th e spee d wit h whic h th e

spac e cools ,  i t  ca n continu e t o ac t  a s a  buffe r  zon e throughou t  th e

res t  o f  th e day .  Th e eas t  sid e o f  th e building ,  adjacent  t o thi s

sunspace ,  ma y b e th e kin d o f  spac e tha t  require s highe r  temperature s

earl y i n th e da y an d permit s coole r  temperature s a t  night .  Kitchen s

ar e ofte n suc h spaces .  On th e othe r  hand ,  livin g room s an d bedroom s

migh t  remai n coo l  durin g th e da y an d becom e war m i n th e afternoo n fro m
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th e hea t  gaine d fro m west-facin g sunspaces .  I n an y case ,  th e livin g

pattern s o f  th e occupant s shoul d b e considered .  Eas t  an d wes t  buffe r

zone s shoul d no t  us e ver y muc h eas t  o r  west  glas s sinc e th e hig h sola r

gain s i n th e summer  wil l  caus e sever e overheating .

Althoug h sunspace s ca n b e relativel y simpl e t o build ,  i t  ma y b e

expensiv e t o brin g th e constructio n t o th e sam e leve l  o f  qualit y an d

durabilit y  a s th e res t  o f  th e building .  Fo r  example ,  i t  i s  possibl e t o

buil d a  simpl e lightweigh t  fram e ont o a  hous e t o suppor t  thin-fil m plastics .

The resultin g enclosur e wil l  b e a n excellen t  sunspac e an d provid e con -

siderabl e hea t  t o th e building .  Th e temporar y natur e o f  th e structur e

(compare d wit h th e constructio n o f  th e res t  o f  th e building) ,  th e

lac k o f  permanen t  an d fir m foundations ,  an d th e tenuou s connection s t o

th e building ,  detrac t  littl e fro m th e therma l  performance .  On th e othe r

hand ,  commercial-qualit y construction ,  couple d wit h commercially-avail -

abl e greenhous e structures ,  ca n b e expensive .  I n general ,  sunspace s

ar e mos t  economica l  whe n the y hav e purpose s i n additio n t o providin g hea t

and ar e buil t  t o a  standar d o f  qualit y tha t  wil l  enhanc e th e appraise d

valu e o f  th e building .  I n man y urba n an d suburba n locations ,  zonin g

or  aestheti c regulation s effectivel y prohibi t  th e constructio n o f  th e leas t

expensiv e sunspaces .

An importan t  functio n o f  sunspace s ca n b e th e growt h o f  garde n an d

hous e plants .  I f  plan t  growt h i s important ,  desig n consideration s in -

creas e i n complexity .  Glazin g types ,  temperatur e fluctuations ,  humidit y

levels ,  an d auxiliar y hea t  mus t  b e viewe d differently .
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For  example ,  cold-weathe r  plants ,  suc h a s th e lettuc e an d cabbage ,

ca n tolerat e cold ,  sometime s mildl y freezin g temperatures .  Fe w hous e

plant s tolerat e freezin g temperatures ,  bu t  man y ca n endur e rathe r  coo l

temperatures .  O n th e othe r  hand ,  a  fe w plant s requir e stabl e o r  hig h

temperatures .  When suc h condition s ar e needed ,  i t  i s  difficul t  fo r

th e sunpsac e t o provid e exces s amount s o f  energ y t o th e adjacent  building .

Althoug h ther e frequentl y wil l  b e exces s sola r  hea t  durin g sunn y weather ,

greenhouse s i n mos t  climate s wil l  requir e othe r  hea t  t o maintai n hig h

or  stabl e temperature s durin g long ,  cold ,  cloud y spells .  Multiple -

laye r  glazing s (u p t o thre e an d four )  hav e bee n use d t o reduc e th e us e

of  auxiliar y energy .  Also ,  movabl e insulatio n may b e use d t o cove r  th e

singl e o r  doubl e glazin g a t  night  o r  durin g cloud y weather .

Warm groun d temperatur e an d prope r  ligh t  level s ar e th e tw o mos t

critica l  element s fo r  successfu l  plant  growth .  Multiple-layere d glazin g

ca n reduc e ligh t  levels .  Thi s i s a  crucia l  issu e i n cloud y climates ,

particularl y thos e havin g les s tha n 5 0 percen t  possibl e sunshine .  Cir -

culatio n o f  overheate d sunspac e ai r  throug h grave l  bed s unde r  th e plant s

ca n rais e plantin g be d temperatures ,  increasin g growt h rate s o f  mos t  plants .

Althoug h informatio n regardin g plan t  influenc e o n th e microclimat e

of  a  sunspac e i s greatl y lacking ,  evaporatio n o f  wate r  fro m plantin g bed s

and transpiratio n b y th e plant s ar e tw o factor s know n t o significantl y

influenc e thi s microclimate .  Th e resultin g humidit y ca n affec t  therma l

performanc e sinc e larg e amount s o f  energ y ar e require d t o evaporat e
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wate r  (approximatel y 1,00 0 Bt u pe r  poun d o f  water) .  I n fact ,  pea k tempera -

ture s ca n b e significantl y reduced .  Excessivel y humi d air ,  couple d

wit h potentiall y  unpleasan t  odors ,  may ,  i n som e cases ,  mak e i t  undesir -

abl e t o circulat e overheate d greenhous e ai r  int o th e building .  On

th e othe r  hand ,  th e odor-cleansin g capabilitie s o f  plant s an d th e moist

ai r  ar e ofte n considere d benefit s o f  hous e plants .

Greenhous e environment s ar e rathe r  comple x ecologica l  systems .

Unexpected ,  an d ofte n undesirable ,  plan t  an d anima l  growt h i s sur e t o

proliferate .  Man y greenhouses ,  built  ont o existin g house s t o provid e

bot h sola r  hea t  an d vegetabl e production ,  hav e ha d significan t  insec t

and plan t  diseas e problems .  Althoug h littl e i s ye t  know n abou t  suc h poten -

tia l  problems ,  preliminar y finding s indicat e tha t  th e mor e comple x th e

ecolog y o f  th e sunspace ,  th e mor e likel y a  natura l  balanc e ca n eventuall y

be achieved .

C5. b CONTROLLING HEAT FLOWS

C5.b. l  Reducin g Heat  Los s

Singl e Glazin g

For  maximu m ligh t  transmission ,  whethe r  fo r  plan t  growt h o r  fo r

sola r  heatin g buildings ,  singl e glas s o r  plasti c i s preferre d a s a  glazin g

fo r  sunspaces .  However ,  a  singl e laye r  lose s extraordinar y amount s o f

heat .  A  properl y designe d sunspac e wit h singl e glazin g an d adequat e

therma l  mass ,  an d attache d t o a  building ,  wil l  successfull y sta y abov e
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freezin g th e entir e winte r  (withou t  backu p heat )  an d provid e hea t  t o a

buildin g i n climate s wher e temperature s rarel y dro p belo w zer o an d wher e

th e su n shine s a t  leas t  hal f  th e time .  I n colde r  climates ,  wit h th e

same 5 0 percent  possibl e sunshine ,  th e sunspac e wil l  continu e t o provid e

exces s amount s o f  hea t  t o th e buildin g durin g sunn y weather ,  bu t  auxiliar y

heat  wil l  b e neede d t o kee p th e sunspac e fro m freezin g durin g long ,

cold ,  cloud y spells .

Doubl e Glazin g

Most  sunspace s ar e built  wit h doubl e glazin g an d withou t  additiona l

method s fo r  reducin g heat  loss .  However ,  heat  los s i s stil l  high .  Fo r

th e sam e condition s describe d above ,  a  properl y designed ,  double-glazed ,

attache d sunspac e i n a  5 0 percen t  possibl e sunshin e climat e wil l  re -

mai n abov e freezin g th e entir e winte r  i n al l  but  th e coldes t  continenta l

U.S .  climates .  However ,  i f  hea t  conservatio n an d productio n i s desire d

beyon d merel y keepin g th e sunspac e abov e freezin g t o assis t  plan t  growth ,

additiona l  layer s ar e necessar y i n mos t  climate s o f  greate r  tha n 600 0

degre e day s pe r  year .

Tripl e an d Quadrupl e Glazin g

Each additiona l  laye r  o f  glazin g tend s t o requir e increasingl y com -

plex  desig n decisions .  I n orde r  t o maintai n sufficientl y hig h level s

of  ligh t  transmission ,  th e thir d an d fourt h layer s mus t  b e a  ver y clea r

fil m o r  ver y clea r  glass .  Particula r  car e mus t  b e take n t o prevent

structura l  damag e fro m potentia l  condensatio n o f  moistur e betwee n glazings .
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Ligh t  transmissio n o f  th e composit e layer s shoul d b e i n exces s o f  6 5 per -

cent .  U-value s fo r  tripl e an d quadrupl e glazin g ca n b e a s lo w a s 0.3 5

and 0.2 4 Btu/h r  ft 2 F ,  respectively .

Movabl e Insulatio n

Movabl e insulatio n i s necessar y t o permi t  maximu m level s o f  sun -

shin e an d minima l  hea t  los s a t  night .  A s wit h direc t  gai n system s

wher e th e insulatio n i s applie d t o ordinar y buildin g glazing ,  thi s pre -

sent s numerou s desig n constraints .  Th e most  critica l  i s  placemen t  o f

th e insulatio n durin g th e da y whe n i t  i s  no t  coverin g th e glazing .  A

secon d significan t  issu e i s th e potentia l  interferenc e o f  plan t  lif e

wit h th e movemen t  o f  th e insulation .  A  thir d i s obtainin g a  tigh t  fi t

when th e insulatio n i s coverin g th e glazing .  A  fourt h majo r  considera -

tio n i s cost .  Thes e fou r  issue s ar e simila r  t o thos e fo r  movabl e insula -

tio n i n direc t  gai n systems .

Additiona l  consideration s includ e vulnerabilit y  t o mol d an d othe r

plan t  growth ,  t o unwelcom e insec t  life ,  an d t o long-ter m deca y i n bot h

therma l  performanc e an d physica l  integrit y fro m hig h moistur e levels .

Designer s ar e increasingl y realizin g th e advantage s o f  "embedding "

th e sunspac e int o th e building .  B y s o wrappin g th e buildin g aroun d th e

sunspace ,  man y advantage s accrue :

1.  Heat  los s fro m bot h th e sunspac e an d buildin g i s

significantl y reduced .
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2.  Hea t  i s easil y transferre d directl y fro m th e sunspac e

t o a  larg e portio n o f  th e buildin g adjoinin g it .

3.  Larg e amount s o f  natura l  lightin g ca n penetrat e dee p

withi n a  buildin g tha t  migh t  otherwis e rel y entirel y

on artificia l  light .  Hea t  los s throug h th e glas s int o

th e sunspac e i s negligible .

4.  Th e sunspac e i s easil y heate d b y th e buildin g throug h

th e larg e amoun t  o f  wal l  surfac e common t o both .

5.  I n suc h a  location ,  th e sunspac e i s mor e likel y t o b e

incorporate d a s par t  o f  a n expande d livin g space .

6.  Th e buildin g itsel f  ca n b e built  mor e compactly ,  whil e

th e wal l  are a tha t  i t  ha s i n common wit h th e sunspac e ca n

provid e a  feelin g o f  larg e exterio r  surfac e area .

7.  Buildin g cost s ar e somewhat  reduce d compare d t o sun -

space s attache d t o th e sout h sid e o f  buildings .  Fo r

example ,  th e common wall s betwee n th e sunspac e an d th e

buildin g ar e les s costl y tha n thos e expose d t o th e

outdoors .  I n addition ,  thei r  foundation s d o no t  nee d

protectio n fro m fros t  and ,  therefore ,  d o no t  nee d t o

be as  deep .  Th e compac t  buildin g desig n result s

i n les s perimete r  foundatio n wor k an d les s tota l

exterio r  area .

Atti c spac e i s ofte n a  practica l  locatio n fo r  a  sunspace .

The roo f  i s frame d i n a  conventiona l  manner .  Th e sout h slop e i s glazed .
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End wall s an d north-slopin g surfaces ,  a s wel l  a s th e floor ,  ar e well -

insulated .  Th e surface s ar e the n covere d wit h a  dar k surfac e suc h a s

black-painte d plywood ;  othe r  les s durabl e material s wil l  do .  When th e

hous e call s fo r  heat ,  a  thermosta t  trigger s a  fa n t o circulat e sola r

heate d sunspac e ai r  fro m th e atti c  t o th e house .  I f  th e onl y purpos e

of  th e sola r  atti c  i s  t o provid e heat  t o th e house ,  th e choic e o f  glazin g

i s relativel y unimportant .  A  singl e laye r  o f  glas s o r  plasti c i s

sufficient .  However ,  i f  th e sunspac e i s t o hav e othe r  functions ,  suc h

as growin g food ,  measure s t o kee p th e temperature s fro m droppin g to o lo w

at  nigh t  mus t  b e introduced .

C5.b. 2 Ventilatio n

Even th e mos t  well-designe d sunspace s wil l  requir e ventilatio n

durin g intens e sunshin e an d ho t  weather .  Eve n durin g winte r  heatin g

conditions ,  som e controlle d ventilatio n may b e require d t o reduc e

humidit y an d t o maintai n norma l  carbo n dioxid e levels .  I f  mechanica l

ventilatio n i s used ,  i t  shoul d b e abl e t o accommodat e u p t o si x ai r

change s pe r  hou r  t o preven t  extrem e overheating .

Natura l  ventilatio n i s preferre d t o energy-consumin g mechanica l

ventilation .  Exhaus t  vent s shoul d b e a s clos e t o th e ridg e a s

possibl e an d intak e vent s a s lo w a s possible .  Airflo w rate s and ,  i n

turn ,  necessar y vent  size s ca n b e estimated .  Th e velocit y o f  th e air ,

V,  i n fee t  pe r  minute ,  i s  approximately :
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V = 486

where :  h  i s th e distanc e betwee n th e intak e ven t  an d th e

exhaust  vent ,  i n feet ;

t u i s  th e averag e temperatur e a t  th e exhaus t  vent ,

i n degree s F ;  an d

t D i s  th e averag e temperatur e a t  th e intak e vent ,

i n degree s F .

For  example ,  i f  th e outdoo r  temperatur e i s 8 5 F ,  an d th e desire d

temperatur e a t  th e pea k o f  th e sunspac e exhaustin g throug h th e ven t  i s

no highe r  tha n 10 0 F ,  an d th e heigh t  i s 1 0 feet ,  the n th e velocit y is :

The formul a i s base d o n a  unifor m cross-sectiona l  are a o f  th e air -

flo w path .  Sinc e a  sunspac e taper s a t  th e top ,  onl y one-hal f  th e value ,

or  13 0 ft/mi n shoul d b e used .  Eac h squar e foo t  o f  vent ,  therefore ,

wil l  permi t  th e flo w o f  13 0 cubi c fee t  pe r  minute .  Th e hea t  capacit y o f

ai r  i s  0.01 8 Btu/ft 3 F .  Therefore ,  th e amoun t  o f  hea t  exhauste d throug h

one squar e foo t  o f  ven t  pe r  hou r  is :

(13 0 f t 3 /m in)×(1 5 F )× (0 .01 8 Btu/ft 3 F ) × ( 6 0 m in ) = 210 6 Btu/h r  f t 2

A representativ e valu e fo r  hea t  gai n throug h glas s i s 20 0 Btu/h r  ft 2 .

Therefore ,  eac h squar e foo t  o f  ven t  ca n accommodat e 1 0 squar e fee t  o f

C5-21 3

h ( t u - tD )

tD + 460°

V = 486 10(100-85)

85 + 460

= 255 f t / m i n



glass .  Hea t  storag e capacit y wil l  tempe r  th e amoun t  o f  hea t  tha t  mus t

be vented .  Mos t  sunspace s perfor m wel l  wit h a  squar e foo t  o f  vent  fo r

eac h 2 0 t o 3 0 squar e fee t  o f  glass .

C5.b. 3 Therma l  Storag e

The floo r  i s th e easies t  an d mos t  obviou s plac e t o locat e therma l

mass i n sunspaces .  Whethe r  o f  eart h o r  o f  manmade material s suc h a s

concret e o r  tile s (lai d directl y ont o th e earth) ,  th e floo r  ha s a  vas t

storag e capacit y an d thu s moderate s temperatur e fluctuations .  Founda -

tio n wall s shoul d b e insulate d dow n t o th e footer s — t o R-1 2 i n col d

climates ,  i f  possible .  Th e floo r  shoul d no t  b e insulate d fro m contac t

wit h th e groun d sinc e th e groun d i s a  sourc e o f  hea t  whe n sunspac e

temperature s dro p belo w groun d temperatures .

Wall s betwee n th e sunspac e an d th e buildin g ar e b y fa r  th e mos t

effectiv e wa y t o includ e therma l  mas s i n ne w construction .  Thes e wall s

receiv e ful l  sunshin e durin g th e winte r  month s an d conduc t  som e o f

thei r  heat  int o th e house ;  th e reminin g hea t  warm s th e sunspace .  A

singl e glazin g cove r  ove r  th e wal l  wil l  tra p mor e hea t  fo r  th e building ,

keepin g th e sunspac e cooler .  Thes e wall s ar e easil y shade d durin g

th e summer .  Most  o f  th e desig n guideline s fo r  conventiona l  therma l

storag e wall s appl y whe n use d i n sunspaces .

Container s o f  wate r  wil l  als o provid e therma l  mass .  Tw o t o 4

gallon s pe r  squar e foo t  o f  sout h glas s i s adequate ,  dependin g o n th e

tolerabl e temperatur e swings .
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The circulatio n o f  war m (an d ofte n humid )  sunspac e ai r  throug h grave l

beds i s stil l  i n th e explorator y stages ,  an d littl e quantifiabl e infor -

matio n is  available .  As  wit h remot e grave l  beds ,  discusse d in  th e direct

gai n section ,  airflo w i s i n on e directio n only .  Ai r  circulatio n fro m th e

buildin g throug h th e grave l  be d i s unnecessary .  I n fact ,  i n som e cases ,

i t  may b e undesirabl e sinc e th e ai r  wil l  ofte n b e to o humid .  I f  th e

grave l  be d i s locate d underneat h a n uninsulate d floo r  slab ,  th e hea t  wil l

conduc t  throug h th e sla b an d radiat e an d convect  int o th e building .

I n col d climate s wit h les s tha n 5 0 percen t  possibl e sunshine ,  th e

sunspac e wil l  probabl y nee d th e exces s hea t  a t  night .  I f  th e grave l

beds ar e locate d beneat h th e plantin g beds ,  th e warme d grave l  wil l  hea t

th e soils ,  aidin g plan t  growth .  I n som e sunspaces ,  th e sam e grave l

bed i s use d durin g th e summer ;  a  fa n circulate s coo l  night  ai r  throug h

th e grave l  be d wher e i t  i s  store d fo r  us e durin g th e day .  Th e energ y

saving s o f  thi s application ,  however ,  ha s yet  t o b e substantiated .

Ordinar y washe d grave l  o f  1  t o 2  inche s i n diamete r  i s appropriat e

fo r  mos t  situations .  I f  th e grave l  i s  th e onl y therma l  mas s i n th e

sunspac e (excep t  th e floor) ,  approximatel y 2  cubi c fee t  pe r  squar e

foo t  o f  south-facin g apertur e i s required .  Th e grave l  nee d no t  b e

more tha n 2  t o 3  fee t  deep .  Th e ai r  shoul d flo w a s show n i n Figur e C5-1 .

For  sunspace s havin g n o othe r  therma l  mass ,  approximatel y 1 0 f t  /mi n

per  squar e foo t  o f  south-facin g apertur e wil l  b e require d t o kee p

temperature s fro m risin g abov e 8 5 F .  Th e right  fa n siz e fo r  thi s
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Figur e C5-1 : Preferre d configuratio n fo r  horizonta l  grave l  bed s
under  floo r  slab s an d plantin g bed s (PUT) .
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amount  o f  airflo w throug h grave l  bed s o f  th e configuratio n i n Figur e C5- 1

i s i n th e rang e o f  1/ 4 h p pe r  50 0 ft 3/min .

I n man y designs ,  th e sunspac e i s onl y larg e enoug h t o suppl y u p t o

20 percen t  o f  th e heatin g need s o f  th e buildin g (th e daytim e load s only) ,

and th e exchang e o f  ai r  betwee n th e sunspac e an d buildin g i s no t  con -

sidere d undesirable .  I n suc h cases ,  n o therma l  mas s i s neede d i n th e

sunspace .  Instead ,  exces s heat  i s circulate d t o th e buildin g durin g th e

day .  A t  night ,  buildin g heat ,  i f  desired ,  i s circulate d t o th e sunspace .

C5. c METHODS O F HEAT TRANSFER FROM SUNSPACE T O BUILDIN G

The fou r  basi c method s fo r  transferrin g therma l  energ y fro m sun -

space s int o building s ar e (se e Figur e C5-2 )  :

I .  Direct  sola r  transmissio n

II .  Direct  ai r  exchang e

III .  Conductio n throug h common wall s

•  Massiv e wall s

•  Fram e constructio n

IV .  Storag e i n an d transfe r  fro m grave l  bed s

Althoug h eac h o f  thes e basi c theme s i s discusse d separatel y here ,

the y ca n als o b e use d i n combinations .  Fo r  example ,  i n additio n t o a

common hea t  storag e wal l  t o conduc t  hea t  fro m th e sunspac e t o th e

building ,  force d o r  natura l  airflo w (direc t  ai r  exchange )  ca n b e use d

t o supplemen t  heat  transfer .
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A DIRECT SOLAR TRANSMISSION

B NATURAL  DIRECT AIR EXCHANGE

C FORCED(FAN) DIRECT AIR EXCHANGE

D CONDUCTION THROUGH WALLS

E AIR CIRCULATION TO GRAVEL BED

Figur e C5-2 :  Hea t  transfe r  method s — sunspac e t o buildin g (PUT )
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I .  Direct  Sola r  Transmissio n (Figur e C5-2A )

Some portio n o f  th e common wal l  betwee n th e sunspac e an d th e buildin g

i s frequentl y glass .  Dependin g o n th e design ,  a  significan t  percentag e

of  th e ligh t  tha t  penetrate s th e sunspac e ca n ente r  th e buildin g directl y

throug h thi s common glass ,  especiall y whe n th e su n i s lo w i n th e sk y

durin g winte r  months .  Bot h therma l  mas s an d plant s ca n intercep t  suf -

ficien t  amount s o f  energ y t o maintai n sunspac e temperature s an d sustai n

health y plan t  growth .  Th e resultin g environmen t  act s a s a  buffe r  zone ,

reducin g heat  los s throug h th e glass .  A  properl y designe d sunspac e als o

help s shad e th e glas s durin g th e summer  t o hel p kee p th e buildin g cool .

Warm greenhous e ai r  ca n b e vente d b y natura l  convectio n t o th e outside .

The vente d ai r  ca n induc e natura l  ventilatio n throug h th e buildin g int o

th e sunspace .

Whethe r  th e common glas s i s single -  o r  double-glaze d depend s o n

th e strateg y fo r  maintainin g ai r  temperature s i n th e sunspace .  If ,

fo r  example ,  th e sunspac e i s expecte d t o remai n abov e 4 5 F  mos t  o f  th e

time ,  heat  los s throug h th e glas s t o th e temperat e environmen t  o f  a  sun -

spac e wil l  b e small ,  an d singl e glazin g wil l  suffice .  I n fact ,  wha t

hea t  los s ther e i s wil l  hel p kee p th e sunspac e abov e th e desire d 4 5 F .

Doubl e glazin g i s recommende d whe n ai r  temperature s i n th e sunspac e ar e

likel y t o dro p belo w 4 5 F  fo r  lon g period s o f  time .  Fo r  example ,

i f  th e spac e i s permitte d t o freez e s o frequentl y tha t  onl y col d weathe r

vegetable s (suc h a s th e cabbag e family )  ar e abl e t o grow ,  doubl e glazin g

i s a  logica l  choic e fo r  limitin g hea t  los s fro m th e buildin g t o th e

sunspace .
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Whethe r  singl e o r  doubl e glazed ,  thi s common glas s wal l  i s  protecte d

fro m outdoo r  weathe r  b y th e sunspace ,  makin g th e highest-qualit y construc -

tio n unnecessar y an d reducin g buildin g costs .

II .  Direc t  Ai r  Exchang e (Figure s C5-2 B an d 2C )

Sunspac e hea t  ca n b e transferre d directl y t o th e buildin g i n tw o

primar y ways :  b y natura l  ai r  convectio n o r  wit h fans .

Ofte n ther e ma y b e n o common wal l  betwee n th e sunspac e an d th e

building .  Instead ,  device s a s simpl e a s curtain s ca n b e use d t o

separat e th e sunspac e thermall y an d physicall y fro m th e buildin g a s

desired .  I f  common wall s ar e used ,  however ,  larg e window s an d door s

ca n b e opene d an d close d automaticall y o r  manuall y t o permi t  natura l

ai r  convection .  Th e greate r  th e vertica l  distanc e betwee n th e vents ,

and th e warme r  th e sunspace ,  th e greate r  th e airflow .

Heat  transfe r  rate s ca n b e compute d approximatel y a s follows :

Btu/ h =1 .0 8 (ft 3/min )  (t S -  t b)

where :

ft 3/mi n i s cubi c fee t  pe r  minut e o f  airflo w betwee n th e buildin g

and th e sunspace ,

t S i s  th e temperatur e o f  th e sunspac e a t  th e inle t  t o th e

building ,  F

t b i s  th e temperatur e o f  th e buildin g a t  th e inle t  t o th e

sunspace ,  F ,
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A i s th e are a o f  th e outle t  ven t  opening s i n squar e feet ,  an d

h is  th e vertica l  distanc e betwee n th e ven t  openings ,  ft .

Variou s strategie s ca n operat e a  fa n fo r  transferrin g war m ai r

t o th e building :

1.  Manually :  Th e fa n ca n b e turne d o n o r  of f  accordin g t o th e

observation s o f  th e user .

2.  Electri c Cloc k Switch :  A t  a  certai n tim e ever y day ,  th e fa n

automaticall y come s o n an d a t  anothe r  time ,  automaticall y

switche s off .

3.  Temperatur e Senso r  Control :  When th e sunspac e reache s a

certai n temperature ,  th e fa n switche s on ;  whe n i t  drop s belo w

a certai n temperature ,  i t  switche s off .  A  thermosta t  i n th e

buildin g can ,  i f  necessary ,  overrid e th e sunspac e senso r

t o kee p th e buildin g fro m becomin g overheated .  Automaticall y

dumpin g hea t  t o th e outsid e ma y b e required .

Fans ca n direct  th e ai r  t o location s i n th e building ,  suc h a s

th e nort h side ,  tha t  woul d not  otherwis e receiv e sola r  heat .  I n larg e

buildings ,  sunspac e ai r  migh t  b e use d a s a  sourc e o f  war m fres h ai r  fo r

ventilatio n o r  a s makeu p ai r  t o exhaus t  fans .

Moistur e content ,  odors ,  an d insect s mus t  b e considere d whe n

evaluatin g thi s metho d o f  transferrin g sunspac e hea t  t o th e building .

Althoug h man y sunspace s wil l  b e relativel y dry ,  other s wil l  b e ver y

mois t  i f  larg e amount s o f  wate r  ar e use d fo r  plants .
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III .  Conductio n Throug h Common Wall s (Figur e C5-2D )

•  Massiv e Wall s

A mas s wal l  effectivel y connect s a  sunspac e t o th e adjacen t  building .

The wal l  shoul d no t  b e insulated .  I n effect ,  th e wal l  function s ver y

much lik e a  Tromb e wal l  — th e sun' s hea t  i s absorbe d o n th e sunspace -

facin g surfac e an d i s conducte d t o th e insid e wher e i t  i s  radiate d an d

convecte d t o th e space .  Th e mas s o f  th e wal l  buffer s th e interio r  o f

th e buildin g fro m th e extreme s o f  th e sunspace .  Thi s mas s effec t  work s

equall y wel l  i n th e summer  t o buffe r  th e buildin g fro m th e daytim e

high s i n th e sunspace ;  shadin g wil l  preven t  th e wal l  fro m deliverin g heat

t o th e interio r  o f  th e building .  Desig n consideration s fo r  th e mas s

wal l  — thicknes s an d materia l  choice s — ar e simila r  t o thos e fo r

Trombe walls .  I n effect ,  th e sunspac e represent s a n expansio n o f  th e

vertica l  ai r  spac e o n th e Tromb e wal l  desig n t o functio n a s a  usefu l

space .

•  Fram e Constructio n

I n general ,  common wall s betwee n th e buildin g an d th e sunspac e

need littl e o r  n o insulation .  Significan t  exception s ar e wall s ex -

pose d t o th e su n durin g th e summer  an d throug h whic h hea t  gai n i s

undesirable .  Durin g th e winter ,  onl y smal l  amount s o f  hea t  wil l  b e

conducte d int o th e hous e throug h wood-fram e walls ,  eve n i f  the y ar e

poorl y insulated .
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IV .  Storag e I n an d Transfe r  Fro m Grave l  Bed s (Figur e C5-2E )

As describe d i n th e sectio n o n therma l  storag e i n sunspaces ,

overheate d sunspac e ai r  ca n b e blow n b y fan s throug h grave l  beds .  Thes e

grave l  bed s may b e locate d i n th e buildin g unde r  uninsulate d floo r  slabs .

Heat  radiate s u p throug h th e floo r  sla b directl y int o th e roo m t o b e

heated .  Du e t o th e lo w (6 5 t o 7 5 F )  temperature s i n th e grave l  beds ,

th e room s wil l  no t  overheat ,  an d controllin g th e radiatio n throug h

th e sla b fro m th e grave l  be d i s unnecessary .  Th e fan s ca n b e lef t  of f

durin g mil d weather .  Althoug h usin g fan s t o circulat e ai r  fro m grave l

beds t o th e buildin g rathe r  tha n lettin g i t  radiat e throug h th e floo r

i s tempting ,  thi s i s ineffectiv e becaus e o f  th e relativel y lo w storag e

temperatures .  Radian t  floo r  heatin g i s a  muc h mor e effectiv e an d com -

fortabl e metho d o f  distributin g th e hea t  t o th e building .

Moistur e must  b e kep t  ou t  o f  grave l  beds ,  jus t  a s i t  mus t  b e

kep t  awa y fro m floo r  slabs .  Sinc e temperature s i n grave l  bed s ar e

simila r  t o thos e i n th e building ,  insulatio n level s nee d t o b e onl y

slightl y i n exces s o f  wha t  the y woul d b e fo r  floo r  slab s i n goo d energ y

conservin g construction .

C5. d A  COMPROMISE SUNSPACE DESIG N

I t  i s  difficult  t o sor t  throug h th e confusin g multitud e o f  desig n

option s fo r  attache d sunspaces .  Fe w engineerin g detail s hav e bee n

analyze d i n sufficien t  dept h t o develo p soun d rule s o f  thumb .  Th e
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thermodynamic s ar e s o complicate d tha t  the y preclud e eas y analysi s fo r  us e

i n th e architectura l  desig n process .  Figur e C5- 3 i s a  "compromis e sunspac e

design. "  I t  i s  applicabl e i n mos t  U.S .  climate s an d satisfie s man y

possibl e use s o f  sunspaces .  Althoug h it s ne t  energ y contributio n t o th e

buildin g wil l  var y dependin g o n climat e use ,  i t  i s  a  goo d compromise .

C5. e EXAMPLES

C5.e. l  Uni t  I:Firs t  Villag e

Uni t  I  (se e Figur e C5-4 )  i s locate d i n Firs t  Village ,  a  small ,

planne d environmenta l  communit y designe d an d buil t  b y Susa n an d Wayn e

Nichol s si x mile s sout h o f  Sant a Fe ,  Ne w Mexico .  Th e basi c floo r  pla n o f

th e 2300-square-foot ,  two-stor y hom e (Figur e C5-5 )  wrap s th e livin g

spac e aroun d a  triangular-shaped ,  20-foot-hig h greenhous e locate d o n

th e sout h sid e o f  th e building .  Th e sout h wal l  an d th e roo f  o f  th e

greenhous e ar e tw o layer s o f  glas s totalin g 40 9 squar e feet .  Th e roo f

i s mounte d a t  a  5 0 angle .  Th e wall s i n common wit h th e hous e ar e

adobe .  Th e wal l  i s  1 4 inche s thic k a t  th e firs t  floo r  leve l  an d 1 0

inche s thic k a t  th e uppe r  level .

Sola r  heat  i s absorbe d b y th e wal l  durin g th e da y an d work s it s

way throug h th e wal l  int o th e livin g space s a t  night .  Th e wal l  tend s

t o averag e th e fluctuation s betwee n th e surfac e temperatur e o n th e darkene d

adob e mas s wal l  durin g th e da y an d th e temperatur e i n th e unshuttere d

greenhous e a t  night .  On a  sunn y winte r  day ,  th e outsid e surfac e
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Summer  temperature s ca n b e kep t  clos e t o outdoo r
temperature s wit h adequat e ventilation .  Mechanica l
ventilatio n and/o r  shadin g wil l  b e neede d i n hot ,
humi d climates .
Winte r  temperature s ar e likel y t o b e a s follows :
Up t o 800 0 D D an d mor e
tha n 70 % possibl e sunshine :
Up t o 800 0 D D an d les s
tha n 70 % possibl e sunshine :
More tha n 800 0 D D an d mor e (
tha n 70 % possibl e sunshine :
More tha n 800 0 D D an d mor e
tha n 70 % possibl e sunshine :

45 -  8 5 F

35 -  8 5 F wit h occasiona l  nee d fo r
auxiliar y hea t

Up t o 8 5 F  wit h frequen t  nee d fo r
auxiliar y hea t

Figur e C5-3 : A compromis e sunspac e desig n fo r  man y climate s an d
many use s (PUT) .
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Figur e C5-4 :  Uni t  I ,  Firs t  Villag e (STO )
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temperatur e o f  th e wal l  ca n b e a s hig h a s 11 0 F ,  an d i t  ca n dro p t o

45 F  o n a  ver y col d ( 0 F )  winte r  night .  Th e averag e surfac e tempera -

tur e i s about  8 0 F .

Exces s heat  fro m th e greenhous e ca n b e circulate d b y tw o 1/ 3

horsepowe r  fan s throug h tw o grave l  bed s locate d beneat h th e hous e

(se e Figur e C5-6) .  Th e air ,  approximatel y 2  ½ ft 3/mi n pe r  squar e foo t

of  glass ,  i s  the n circulate d bac k t o th e greenhouse .  Th e hea t  store d

i n th e grave l  conduct s throug h th e 7-inc h floo r  slab ,  whic h i s covere d

wit h quarr y tile .  On e horizonta l  rockbe d i s locate d underneat h th e

livin g roo m an d th e othe r  unde r  th e dinin g room .  Th e bed s ar e 2  fee t

deep an d 1 0 fee t  wide .  On e i s 1 9 fee t  long ;  th e othe r  i s 1 5 fee t  long .

The grave l  bed s contai n a  tota l  o f  2 4 cubi c yard s o f  3 -  t o 6-inc h

roun d riverbe d rock .  Floo r  temperature s rang e betwee n 7 5 F  durin g sunn y

weathe r  t o abou t  6 5 F  afte r  a  cloud y spell .  Baseboar d electri c heater s

wit h individua l  thermostat s provid e backu p hea t  i n eac h room .

Cool  indoo r  summer  temperature s ar e maintaine d i n severa l  ways .

Firs t  th e adob e mas s wal l  i s  almos t  totall y shade d b y th e balcon y ove r

th e firs t  floo r  an d b y th e roo f  ove r  th e second .  Th e larg e therma l

mass o f  th e house ,  alon g wit h th e mil d averag e summer  temperature s i n

Sant a F e (abou t  7 5 F )  an d th e larg e day/nigh t  fluctuation s i n outdoo r

temperatur e (3 5 F ) ,  keep s indoo r  temperature s comfortable .  Althoug h

th e greenhous e temperature s var y greatl y (6 5 t o 9 5 F ) ,  ai r  vents ,

windows ,  an d door s ca n b e opene d nea r  th e bas e o f  th e greenhouse ,  an d
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a larg e ven t  windo w a t  th e highes t  poin t  ca n b e opene d t o allo w th e

war m ai r  t o exhaust .  Greenhous e interio r  temperature s rarel y excee d

exterio r  temperatures .

Figur e C5- 7 show s a  plo t  o f  dat a gathere d durin g th e perio d fro m

December  26 ,  197 8 t o Januar y 8 ,  1979 .  Thes e dat a ar e generall y repre -

sentativ e o f  th e lowes t  outsid e temperature s normall y experience d i n th e

Sant a F e are a an d illustrat e th e therma l  stabilit y  o f  th e house ,  th e

temperatur e fluctuation s o f  th e sunspace ,  an d th e consumptio n o f  elec -

tri c heat .  Durin g mos t  o f  th e winter ,  interna l  temperature s bot h up -

stair s an d downstair s normall y hol d i n th e uppe r  60's ,  an d th e grave l

beds (whic h suppl y hea t  throug h th e floors )  normall y maintai n a  tempera -

tur e o f  6 8 t o 7 2 F  o n sunn y days .

The pea k temperatur e fo r  th e lowe r  leve l  i n th e livin g roo m o f

th e hous e durin g th e summer  wa s 7 6 F ,  despit e pea k outdoo r  temperature s

of  9 5 F .  Pea k afternoo n temperature s o f  8 5 F  hav e bee n recorde d i n th e

upstair s bedrooms ,  bu t  the y quickl y dro p afte r  sunse t  t o 7 0 F  o r  less .

Doug Balcomb ,  th e presen t  owner ,  estimate s tha t  th e sunspac e

save s ove r  $50 0 a  yea r  i n heatin g costs ;  quotin g Balcomb ,  "I t  work s

al l  th e time .  I  simpl y tak e i t  fo r  granted .  Th e su n wil l  hea t  i t  fo r

as lon g a s th e hous e stands .  I t  i s  ver y comfortable ,  ver y stabl e i n

temperatur e i n th e livin g area ,  an d use s almos t  n o auxiliar y heat .

Over  a n entir e 1-yea r  perio d i n ou r  600 0 degre e da y climate ,  my

auxiliar y heatin g energ y amounte d t o 85 7 kWh ,  whic h i s a  tota l  o f

abou t  $38 .  An d I  hav e a  prett y hous e an d goo d green s i n th e bargain! "
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Figur e C5- 7 :  Representativ e performanc e o f  Uni t  I ,  Firs t  Village ,
Dec t o Ja n 1978-1979 .  Prepare d b y Lo s Alamo s Scientifi c
Laboratorie s (SAN) .

C5-23 1

531 7

BASEBOAR D HEATERSTOTAL ELECTRIC POWER

AMBIENT

GREEN HOUSE CENTER AIRDINING ROOM AIR

FLOOR,ABOVE EAST EDGE OF ROCK BED

INSOLATION

UPPER RAKE: 3 / 4 INCH FROM OUTSIDE

1 INCH FROM INSIDE

FLOOR,  ABOVE CENTER OF ROCK BE D



C5.e. 2 Th e Coo k Hous e

The Coo k House ,  designe d b y Da n Scull y o f  Tota l  Environmenta l

Action ,  Inc. ,  i s  a  1950-square-foot ,  fou r  bedroo m hom e o n a  sout h

slopin g hil l  abov e Lak e Georg e i n Ticonderoga ,  Ne w Yor k (Figur e C5-8) .

Resemblin g a  well-insulated ,  solar-absorbin g reincarnatio n o f  a

steamboat ,  th e pro w i s burie d int o th e protectiv e hill .  Interio r

partition s expose d directl y t o sunligh t  fro m th e centra l  skyligh t

ar e singl e layer s o f  glass .  Behin d the m ar e 12-inch-diamete r  translu -

cen t  fiberglas s tube s fille d wit h water .  Beadwall R insulate s th e

skyligh t  a t  night .

A double-glaze d greenhous e lie s t o th e sout h o f  th e mai n fLoor ;

single-glaze d slidin g door s separat e th e two .  Twelve-inch-diamete r

tube s o f  wate r  stan d i n fron t  o f  th e glas s o n th e greenhous e sid e o f

th e wall .

Two set s o f  movabl e insulatio n cove r  th e greenhous e glas s a t  night .

(Figur e C5-9. )  Insulatio n panel s fo r  th e tilte d glazin g pivo t  a t  th e to p

fo r  eas y movement .  Fo r  th e vertica l  glass ,  insulatio n panel s ar e

mounte d i n track s simila r  t o thos e o f  double-hun g windows .

Bot h set s o f  panel s ar e 1-inc h polystyren e insulatio n face d o n

bot h side s wit h 1/8-inc h masonite .  Th e complete d assembl y i s frame d

i n wood .
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Sout h Elevatio n

Figur e C5-8 :  Th e Coo k Hous e (SCU) .
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Figur e C5-9 :  Th e Coo k Hous e — movabl e insulatio n detai l  (PUT )
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D PASSIV E SOLAR COOLING

D. 1 INTRODUCTION

Jus t  a s ther e i s a  distinctio n betwee n activ e an d passiv e sola r

heating ,  s o als o ther e i s on e betwee n activ e an d passiv e sola r  cooling .

Althoug h man y passiv e sola r  coolin g technique s ar e not  strictl y "solar, "

the y ar e include d her e t o represen t  coolin g method s tha t  requir e littl e

or  n o mechnica l  power .

Fortunately ,  i n virtuall y al l  climates ,  building s ca n b e designe d

and constructe d no t  onl y t o reduc e buildin g temperature s but ,  i n mos t

case s t o eliminat e completel y th e nee d fo r  mechanica l  coolin g method s

by usin g passiv e method s instead .

By fa r  th e mos t  importan t  an d firs t  ste p i s sola r  contro l  — keepin g

th e sun' s energ y fro m hittin g an d enterin g th e building .  Othe r  method s

discusse d her e include :

Convectiv e coolin g

Evaporativ e coolin g

Radiativ e coolin g

Groun d coolin g

The state-of-the-ar t  fo r  passiv e coolin g lag s tha t  o f  sola r  heating .

Necessar y climati c dat a fo r  makin g wis e decision s ar e sparse .  Analytica l

code s ar e nearl y nonexistent .  Littl e hardwar e i s available .  Th e shor t

lengt h o f  thi s chapte r  i s indicativ e o f  th e situation .  A s o f  thi s writing ,

th e U.S .  Departmen t  o f  Energ y ha s a  smal l  bu t  importan t  R&D progra m i n

thi s area .
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D. 2 COOLING TECHNIQUES

D.2. a Sola r  Contro l

The leas t  costl y ye t  most  effectiv e mean s o f  "sola r  cooling "  i s

keepin g th e sun' s energ y ou t  o f  th e buildng .  Th e most  effectiv e wa y t o

kee p th e sun' s energ y ou t  i s t o kee p it s ray s fro m strikin g th e buildin g

by shadin g th e windows ,  walls ,  an d roof .  I n fact ,  wher e monthl y mea n

temperatur e average s ar e les s tha n 8 0 F ,  controllin g sola r  hea t  gai n

can virtuall y eliminat e th e nee d fo r  othe r  form s o f  cooling .  Figure s

D-1 an d D- 2 ar e map s showin g th e norma l  dail y averag e temperature s fo r

Jul y an d August .  A s a n approximation ,  th e ban d o f  th e U.S .  alon g th e

80°  lin e indicate s th e geographica l  limi t  wher e th e us e o f  sola r  contro l

can eliminat e th e nee d fo r  othe r  form s o f  cooling .

Most  technique s fo r  reducin g hea t  los s fro m residence s durin g th e

winte r  ar e als o effectiv e fo r  reducin g unwante d hea t  gai n durin g th e

summer.  Fo r  example ,  heavil y insulate d wall s permi t  ver y littl e hea t

penetratio n durin g th e summer .  S o also ,  multi-layere d window s reduc e

heat  flo w int o th e buildin g durin g ho t  weather .  Weatherstrippin g re -

strict s uncontrolle d ho t  airflo w int o th e building .  Prope r  orienta -

tio n o f  windows ,  especiall y minimizatio n o f  eas t  an d wes t  glazin g i n

favo r  o f  winter-heat-gainin g sout h glass ,  i s  mos t  importan t  i n reducin g

summer  sola r  hea t  gain .  Wher e eas t  o r  wes t  glazin g i s used ,  i t  i s

especiall y importan t  t o shad e i t  effectively ,  a  difficul t  jo b becaus e

of  th e lo w an d variabl e su n angles ;  vertical ,  movabl e device s may wor k

th e best .
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Shadin g wall s an d roof s i s critica l  i n man y ho t  climates .  Heavil y

insulate d wall s an d roof s nee d les s shadin g tha n poorl y insulate d ones .

However ,  i n general ,  th e bette r  th e insulation ,  th e highe r  th e exterio r

surfac e temperature s o f  th e sun-struc k wall s an d roof .

Light-colore d surface s ca n als o b e use d t o reduc e hea t  gain .  A

dar k sunli t  roo f  ma y b e 6 0 t o 8 0 F  hotte r  tha n a  ligh t  roof .  Again ,

heav y insulatio n reduce s th e nee d fo r  suc h considerations .

The shap e o f  a  surfac e ca n als o affec t  hea t  gain .  Muc h o f  th e hea t

tha t  escape s fro m a  ho t  surfac e i s cause d b y th e flo w o f  ai r  acros s it .

Many surface s ca n induc e thei r  ow n natura l  convectio n current s du e t o

thei r  shape .  Exposur e t o breeze s help s considerably .

Althoug h shadin g th e buildin g i s important ,  shadin g window s i s

fa r  mor e so .  Informatio n i s abundan t  o n controllin g sola r  hea t  gain .

The mos t  significan t  source s includ e th e 197 7 ASHRAE Handboo k o f  Funda -

mentals ;  Sola r  Contro l  an d Shadin g Device s b y Alada r  an d Victo r  Olgyay ;

and Architectura l  Graphi c Standard s b y C.G .  Ramse y an d B.R .  Sleepe r

(ASH)  (OLG )  (RAM) .

The mos t  effectiv e shadin g prevent s th e su n fro m strikin g th e buildin g

and employ s device s suc h a s overhang s o r  awning s o n th e outsid e o f

buildings .  Unfortunately ,  th e amoun t  o f  shadin g tha t  fixe d overhang s

provid e coincide s wit h th e season s o f  th e su n rathe r  tha n wit h th e

climati c seasons .  Th e middl e o f  th e sun' s summer  i s Jun e 21 ,  th e
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solstice ,  bu t  th e hottes t  weathe r  occur s fro m th e en d o f  Jul y t o th e

end o f  August  whe n th e su n i s lowe r  i n th e sky .  A  fixe d overhan g de -

signe d fo r  optima l  shadin g o n Augus t  1 0 cause s th e sam e shado w o n May 1 .

The overhan g designe d fo r  optima l  shadin g o n Septembe r  21 ,  whe n th e wea -

the r  i s stil l  somewha t  war m an d sola r  hea t  gai n i s unwelcome ,  cause s th e

same shadin g o n Marc h 2 1 whe n th e weathe r  i s coole r  an d th e sola r  hea t

gai n i s welcome .

Shadin g fro m deciduou s vegetatio n mor e closel y follow s th e climati c

season s and ,  therefore ,  th e energ y need s o f  buildings .  On Marc h 21 ,  fo r

example ,  mos t  tree s ar e bar e an d sunligh t  wil l  pas s readily .  On Septem -

ber  21 ,  however ,  th e tree s ar e stil l  ful l  an d provid e necessar y shading .

Deciduou s tree s i n fron t  o f  south-facin g window s ca n provid e shad e fro m

th e intens e midda y summer  sun .  A n overhangin g trelli s  wit h a  climbin g

vin e tha t  shed s it s leave s i n winte r  i s a n excellen t  alternative .  However ,

a deciduou s tre e completel y bar e o f  leave s stil l  block s 2 0 t o 4 0 percen t

of  th e sun' s direc t  radiation ,  reducin g sola r  gai n proportionately .

Thi s ma y b e to o sever e a  penalt y i n a  col d climate .

Operabl e shadin g device s ar e eve n mor e versatil e an d adaptabl e t o

human comfort .  Bu t  suc h device s attache d t o th e outside s o f  building s

ar e difficul t  t o maintain ,  an d most  design s deteriorat e rapidly .  Effort s

t o mak e the m mor e durabl e ar e usuall y unsuccessful .  However ,  wit h risin g

fue l  price s an d greate r  emphasi s o n shading ,  increase d effort s hav e bee n

made t o produc e bette r  operabl e shadin g devices .  Awning s ar e perhap s th e
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simples t  an d mos t  reliabl e operabl e devices ,  bu t  thei r  aestheti c appea l

i s limited .  Th e requiremen t  fo r  huma n participatio n (operatio n o f  th e

devices )  i n providin g comfor t  shoul d no t  necessaril y  b e considere d a

drawback .

Shadin g east -  an d west-facin g glas s i s difficult  becaus e whe n th e

sun i s i n th e easter n an d wester n skies ,  i t  i s  a t  a  lo w altitud e i n

bot h summer  an d winte r  (Figur e D-3) .  Overhang s d o no t  preven t  th e pene -

tratio n o f  th e su n durin g th e summer  an y mor e tha n the y d o durin g th e

winter .  Vertica l  louvre s o r  othe r  vertica l  extension s o f  th e buildin g

ar e probabl y th e bes t  mean s o f  shadin g suc h glass .

Where vie w an d ligh t  ar e importan t  o n eas t  an d wes t  facades ,

windo w are a ca n b e minimize d b y usin g eye-level ,  shallow ,  horizonta l

window s unde r  dee p overhangs .  Th e tim e durin g whic h th e su n penetrate s

th e window s i s short ,  an d th e sola r  impac t  i s minimized .

One metho d o f  shadin g glas s o n eas t  an d wes t  wall s i s t o orien t  th e

glas s t o fac e eithe r  nort h o r  south .  B y facin g th e glas s north ,  onl y

th e indirect :  irradiatio n wil l  b e admitted ,  a  favorabl e lightin g effec t

fo r  man y huma n tasks .  B y facin g th e glas s south ,  however ,  sola r  hea t  i s

admitte d durin g th e winter .  Figur e D- 4 show s a  metho d fo r  orientin g

th e glas s towar d th e sout h t o provid e ful l  shadin g durin g th e summer .

The notio n o f  Shadin g Coefficien t  i s  importan t  i n comparin g th e

relativ e effectivenes s o f  variou s shadin g devices .  B y definition ,  a
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Figur e D-3 :  Su n angle s fo r  variou s dates ,  directions ,  an d
times ,  40° N latitud e (AND-2) .
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SIDE
SHADING

Figur e D-4 :  Sawtoot h arrangemen t  fo r  window s o n th e wes t
facad e o f  a  buildin g allowin g sola r  hea t  gai n
durin g th e winte r  bu t  excludin g i t  durin g th e
summer  (AND-2) .
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singl e laye r  o f  clear ,  double-strengt h glas s ha s a  Shadin g Coefficien t

of  1.00 .  Th e Shadin g Coefficien t  fo r  an y othe r  glazin g syste m i n

combinatio n wit h shadin g device s i s th e rati o o f  th e sola r  hea t  gai n

throug h tha t  syste m t o th e sola r  hea t  gai n throug h th e double -

strengt h glas s unde r  th e sam e sola r  conditions .  Thus ,  sola r  gai n

throug h a  glazin g syste m i s th e produc t  o f  it s  Shadin g Coefficien t

time s th e sola r  gai n fo r  clear ,  double-strengt h glass .  Figur e D- 5

shows som e typica l  Shadin g Coefficient s fo r  variou s shadin g conditions .

Usin g differen t  type s o f  glas s fo r  differen t  su n orientation s i s

one metho d o f  su n control .  Wher e reducin g hea t  gai n i s critical ,

heat-absorbin g an d -reflectin g glas s ca n help ,  especiall y o n eas t  an d

west  facades .  Th e importan t  factor s t o conside r  i n thei r  us e in -

clud e th e following :

1.  Suc h glas s reduce s sola r  hea t  gain ;  althoug h thi s ca n b e

an advantag e i n th e summer ,  i t  i s  a s muc h (o r  more )  o f

a disadvantag e i n th e winter .

2.  Excep t  fo r  glar e control ,  heat-absorbin g an d -reflectin g

glas s ar e almos t  alway s unnecessar y o n north ,  north-north -

east ,  an d north-northwes t  orientations .  Littl e sola r  hea t

i s gaine d o n thes e facade s excep t  i n th e latitude s sout h

o
of  3 0 N ,  wher e the y migh t  b e considered .

3.  I n almos t  al l  latitudes ,  excep t  thos e nort h o f  40°N ,  heat -

absorbin g an d -reflectin g glas s usuall y shoul d no t  b e con -

sidere d fo r  south-facin g window s (excep t  a s a  mean s o f
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SHADING COEFFICIENTS FOR VARIOUS SHADING CONDITIONS

1.0

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

1/8" CLEAR DOUBLE-STRENGTH GLASS, UNSHADED

1/4" CLEAR PLATE GLASS, UNSHADED

CLEAR INSULATING, GLASS, TWO PANES 1/4" PLATE, UNSHADED

CLEAR GLASS WITH DARK INTERIOR DRAPERIES
1/4" HEAT-ABSORBING PLATE GLASS, UNSHADED

-1/2" HEAVY DUTY GREY HEAT ABSORBING GLASS WITH DARK
INTERIOR DRAPERIES OR MEDIUM VENETIAN BLINDS

0.0

1/4" SILVER REFLECTIVE GLASS, UNSHADED

1/4" SILVER REFLECTIVE GLASS WITH INTERIOR VENETIAN
BLINDS OR DRAPERIES

CLEAR GLASS WITH EXTERIOR SHADING DEVICE

Figur e D-5 :  Shadin g coefficient s fo r  variou s shadin g con -
dition s (AND-1) .
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controllin g glar e o r  excludin g winte r  sola r  heat ,  i f  ne -

cessary ,  e.g. ,  i n larg e offic e buildings) .  Th e hea t  gai n

throug h south-facin g glas s i s relativel y smal l  i n th e

summer  (se e Figur e D-6) .

4.  Vegetatio n an d operabl e shadin g device s ar e mor e sensibl e

solution s tha n heat-absorbin g o r  -reflectin g glas s fo r

south ,  southeast ,  an d southwes t  orientations .  Shadin g

device s ar e mos t  effectiv e o n th e exterio r  o f  th e building ;

thos e betwee n tw o layer s o f  glas s (suc h a s Venetia n blinds )

ar e th e nex t  most  effective ;  an d interio r  device s suc h a s

blinds ,  shade s an d draperie s ar e leas t  effectiv e sinc e the y

sto p th e sun' s ray s after ,  instea d o f  before ,  the y hav e

penetrate d th e buildin g (se e Figur e D-7) .  Eve n so ,  highl y

reflectiv e device s ar e onl y slightl y les s effectiv e o n th e

insid e tha n betwee n th e tw o layer s o f  glass .  Tha t  is ,  sinc e

a highl y reflectiv e devic e i s effectiv e anywher e it' s

placed ,  it' s  locatio n i s no t  a s importan t  a s th e locatio n o f

shadin g device s tha t  ar e not  reflective .

5.  Some advertisement s fo r  heat-absorbin g an d -reflectin g

glas s sugges t  tha t  thes e product s wil l  reduc e bot h th e initia l

cos t  o f  air-conditionin g equipmen t  an d th e cos t  o f  it s  opera -

tion ,  especiall y a s i t  affect s energ y consumption .  Th e

savings ,  however ,  ar e usuall y obtaine d b y comparin g cost s

wit h thos e fo r  all-glas s building s rathe r  tha n thos e fo r

building s alread y designe d t o conserv e energy .  Rarel y
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Figur e D-6 :  Consideration s fo r  glas s type s fo r  variou s
orientation s o f  window s (approximation s fo r
Continenta l  Unite d States )  (AND-2) .
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Exterior
Overhang

BETWEEN-GLASS INTERIOR

Venetian blinds

MOST EFFECTIVE LEAST EFFECTIVE

Figur e D-7 :  Possibl e location s fo r  shadin g device s (AND-2 )
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i s  i t  mentione d tha t  substantia l  saving s coul d b e achieve d

by switchin g t o opaque ,  well-insulate d wall s wit h reduce d

glas s area s o n th e north ,  east ,  an d west  wall s an d t o a  well -

designe d buildin g tha t  allow s th e su n t o penetrat e throug h

th e sout h glas s durin g th e winte r  wit h shadin g durin g th e

summer.

Al l  fou r  (o r  more )  facade s o f  building s nee d not ,  an d i n fac t

shoul d not ,  b e o f  identica l  appearance .  Thi s i s particularl y tru e

of  building s tha t  us e larg e area s o f  glass .  Althoug h ther e may b e

economic ,  social ,  an d persona l  reason s fo r  buildin g glas s boxes ,

glas s clearl y ha s bee n misuse d a s a  desig n element .

Larg e building s wit h smal l  exterio r  wal l  an d roo f  area s com -

pare d t o larg e amount s o f  interio r  floo r  are a ofte n requir e air -

conditionin g year-round .  Thi s i s becaus e tremendou s amount s o f

interna l  hea t  ar e generate d fro m th e activitie s o f  people ,  burnin g

lights ,  an d operatio n o f  equipment .  Th e us e o f  glas s tha t  i s shade d

12 month s a  yea r  instea d o f  onl y durin g th e summer  wil l  b e th e mos t

successfu l  solutio n i n thes e buildings .  Ever y effor t  shoul d b e mad e

t o reduc e th e amount  o f  hea t  tha t  i s  produce d b y light s an d machines .

The mos t  energy-consciou s design s fo r  suc h building s no w commonl y

emplo y wast e hea t  recover y system s tha t  remov e hea t  fro m overheate d

area s an d delive r  i t  t o thos e tha t  nee d it .  Heat  not  immediatel y

require d may b e store d fo r  late r  retrieval .  Th e dependenc e o n
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artificia l  lightin g shoul d b e reduce d b y usin g mor e natura l  lightin g

(throug h windows) ,  b y lowerin g lightin g levels ,  o r  b y placin g lightin g

fixture s directl y wher e ligh t  i s  neede d (tas k lighting) .

Designer s shoul d als o conside r  th e shadin g effect s o f  building s

on on e anothe r  an d o n th e surroundin g environment ,  i.e. ,  whethe r  th e

shadin g occur s o n building s tha t  directl y o r  indirectl y us e th e sun' s

heat  o r  light ,  o r  o n wil d vegetatio n o r  garden s tha t  nee d su n i n orde r

t o grow .

D.2. b Convectiv e Coolin g

At  temperature s belo w 10 0 F ,  th e movement  o f  ai r  acros s huma n

ski n create s a  coolin g sensatio n cause d b y heat  leavin g th e ski n

throug h convectio n an d th e evaporatio n o f  persipiration .  Ai r

movement  u p t o 5 0 fee t  pe r  minut e goe s unnoticed .  Ove r  20 0 fee t

per  minute ,  i t  become s annoying .  Movement  abov e 30 0 fee t  pe r

minut e adversel y affect s healt h an d reduce s indoo r  wor k efficienc y (OLG) .

The mos t  common wa y t o creat e ai r  movement  withou t  usin g

mechanica l  powe r  i s t o ope n window s an d allo w breeze s t o blo w int o a

building .  Thi s simpl e concep t  i s ofte n forgotten .  Althoug h a n ope n

windo w ca n admi t  dust ,  pollen ,  and ,  i n man y cases ,  war m air ,  it s

coolin g effec t  shoul d not  b e underestimated .  Prope r  windo w locatio n
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ca n ai d natura l  ventilation .  Th e ai r  inle t  locatio n govern s th e air -

flo w patter n i n th e building .  A n inle t  windo w hig h i n th e wal l  wil l

creat e a n airflo w abov e th e livin g area .  Lowe r  opening s wil l  direc t

th e ai r  throug h th e occupie d area .  Th e outle t  locatio n ha s almos t  n o

effec t  bu t  shoul d b e a s larg e a s possible ,  muc h large r  tha n th e inle t  (OLG) .

"Deep "  plan s (e.g. ,  tw o t o thre e room s stacke d "i n series, "  an d ver y

large ,  dee p offices )  ar e notorioul y difficult  t o ventilat e usin g window s

only .

Land plannin g als o influence s natura l  ventilatio n throug h buildings .

Natura l  breeze s shoul d not  b e blocke d fro m enterin g buildings .  Buildin g

shape ,  prope r  clusterin g o f  buildings ,  an d othe r  landscapin g feature s

suc h a s vegetatio n an d fence s ca n enhanc e natura l  win d flo w pattern s (GUY) .

The "stack "  effec t  i n building s ca n induc e ventilatio n eve n whe n

ther e i s n o breeze .  Thi s occur s whe n war m ai r  rise s t o th e to p o f  a

tal l  space .  A n openin g a t  th e to p naturall y exhaust s th e war m ai r  whil e

opening s a t  floo r  leve l  admi t  outdoo r  ai r  t o replac e it .  Natura l

ventilatio n ca n b e furthe r  induce d b y usin g belvederes ,  win d vanes ,

and win d scoops .

I n Figur e D-8 ,  a  sola r  collecto r  exhaust s it s ho t  ai r  t o th e out -

door s an d pull s hous e ai r  thorug h it ,  creatin g natura l  ventilation .

Many variation s o f  thi s "sola r  chimney "  hav e bee n use d widel y i n th e

pas t  an d ar e bein g develope d agai n today .  I n som e activ e sola r  syste m

design s tha t  us e ai r  a s th e heat  transfe r  medium ,  th e collector s ar e
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Figur e D-8 :  A  wal l  desig n i s a  sola r  collecto r  t o induc e
ventilatio n throug h a  buildin g (CRO )  (PUT) .
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vente d t o th e outsid e durin g th e hot  summer  weather ,  pullin g buildin g

ai r  throug h the m t o induc e ventilation .

I n designin g fo r  stack-effec t  ventilation ,  th e greates t  airflo w i s

achieve d b y maximizin g bot h th e height  o f  th e stac k an d th e tempera -

tur e o f  ai r  i n th e stack .  Recal l  tha t  th e airflo w i s proportiona l  t o

th e inle t  are a an d t o th e squar e roo t  o f  th e height  time s th e averag e

temperatur e differenc e a s follow s (se e Chapte r  C5) :

ft 3/min .  =  9.6 A

where :  ft 3 /min .  i s  cubi c fee t  pe r  minut e o f  airflo w

A i s th e are a o f  th e inlet s i n ft 2

h i s th e height  i n fee t  betwee n inlet s an d outlet s

t 1 i s  th e averag e temperatur e o f  th e ai r  i n th e
"chimney, "  F

t 2 i s  th e averag e temperatur e o f  th e retur n ai r
(normall y jus t  th e ambient  outsid e temperature), F

Thus ,  i t  i s  bette r  t o ad d hea t  (presumabl y usin g a  passiv e air -

heatin g collector )  a t  th e botto m o f  th e chimne y o r  stac k tha n a t  th e

top .  I n thi s wa y th e entir e colum n o f  ai r  i n th e chimne y i s hot ,

creatin g th e buoyanc y require d t o caus e th e ai r  t o flow .

The expressio n give n abov e mus t  b e adjuste d i f  outle t  size s ar e

appreciabl y differen t  tha n inle t  size s accordin g t o th e followin g ratios :
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5
4
3
2
1
3/ 4

1/2
1/4

A common fixtur e i n Irania n architectur e i s th e win d towe r  (o r

win d catcher )  tha t  harnesse s th e prevailin g summer  wind s t o coo l  a

buildin g b y firs t  coolin g th e ai r  an d the n circulatin g i t  throug h th e

building .  Win d tower s resembl e chimney s wit h on e en d i n th e basement

and th e othe r  en d risin g wel l  abov e th e roof .

When th e ai r  i n an d aroun d th e towe r  change s temperature ,  it s

densit y als o changes .  Th e differenc e i n densit y create s a  draf t  tha t

pull s ai r  eithe r  u p o r  dow n throug h th e tower.  Door s ope n int o th e

basement  a t  th e lowe r  par t  o f  th e towe r  an d int o a  centra l  hal l  o n

th e mai n floor .  B y openin g an d closin g thes e an d othe r  doors ,

airflo w throug h differen t  part s o f  th e buildin g i s controlled .

Wind condition s an d tim e o f  da y contro l  th e tower' s operation .

Durin g th e da y th e towe r  wall s absor b sola r  heat .  Th e thic k wall s o f

th e towe r  provid e sufficien t  heat  storag e capacit y an d hea t  transfe r

capacit y t o war m th e ai r  a t  th e to p o f  th e tower.  Th e warme r  ai r  i s
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les s dense ,  ai r  pressur e a t  th e to p o f  th e towe r  i s reduced ,  an d a n

upwar d draf t  i s  created .  Ai r  i n th e buildin g i s draw n u p throug h th e

tower ,  an d coo l  outdoo r  ai r  i s  pulle d int o th e buildin g throug h

door s an d windows .

When ther e i s wind ,  th e ai r  i s  force d i n th e opposit e directio n

down th e chimney .  Althoug h th e coo l  nigh t  ai r  i s  warme d slightl y

by th e warme d towe r  walls ,  th e coolin g ca n stil l  brin g th e temperatur e

i n th e buildin g clos e t o tha t  o f  th e outdoors .

Durin g cal m days ,  th e towe r  operatio n i s th e revers e o f  th e

chimney .  Th e wall s a t  th e uppe r  part  o f  th e towe r  ar e coole d fro m

th e previou s night .  Th e ho t  outsid e ai r  cool s an d become s dense r  whe n

i t  come s i n contac t  wit h th e coo l  walls ,  an d th e coo l  ai r  sink s dow n

int o th e tower ,  creatin g a  downdraft .  Th e coo l  ai r  enter s th e buildin g

at  th e botto m o f  th e tower ;  roo m ai r  exit s throug h door s an d windows .

When ther e i s win d durin g th e day ,  th e rat e o f  downdraf t  increases .

The coolin g effec t  wil l  increas e i f  th e operatio n o f  a  win d

towe r  i s combine d wit h evaporatio n o f  wate r  fro m pool s an d fountains .

Therma l  mas s i n building s ca n b e advantageou s i n area s wher e

nighttim e temperature s dro p belo w comfor t  levels .  Suc h temperature s

belo w th e comfor t  rang e ar e ofte n calle d "temperature s o f  opportunity. "

The coo l  lat e nigh t  an d earl y mornin g ai r  ca n b e circulate d throug h

a building .  Th e coolnes s i s "stored "  i n therma l  mas s fo r  us e durin g
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th e day .  Mechanica l  system s tha t  us e outdoo r  ai r  fo r  comfor t  purpose s

ar e ofte n terme d "economize r  cycles. "

An alternativ e t o therma l  mas s insid e th e buildin g i s a  fa n

circulatin g nigh t  ai r  throug h a  roc k storag e bed .  Durin g th e day ,

roo m ai r  i s  circulate d throug h th e coo l  rockbed ,  coolin g th e building .

Figur e D- 9 show s th e insid e ai r  temperatur e o f  a  night-air -

coole d offic e buildin g nea r  Davis ,  California ,  tha t  fluctuate s fro m a

lo w o f  6 5 F  (th e lo w nighttim e outdoo r  temperature )  t o a  hig h o f

nearl y 8 0 F .  Meanwhile ,  outdoo r  daytim e temperature s soa r  wel l  ove r

100 F .

Where mea n dail y temperature s dro p t o les s tha n 6 0 t o 6 5 F ,

nighttim e ventilatio n i n combinatio n wit h therma l  mas s shoul d b e

seriousl y considered .  Figure s D-1 0 an d D-1 1 ar e U.S .  map s o f  norma l

dail y minimu m temperature s fo r  th e month s o f  Jul y an d August .  A s

an approximation ,  th e ban d alon g th e 6 5 F  lin e indicate s th e limita -

tion s o f  nigh t  ai r  cooling .

D.2. c Evaporativ e Coolin g

Evaporatio n o f  wate r  ca n provid e comfort .  When th e dr y bul b

temperatur e o f  ai r  i s  highe r  tha n th e wet  bul b temperature ,  humidifi -

catio n wil l  coo l  it .  Th e coolin g effec t  o f  movin g ai r  i s  enhance d i f
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Figur e D-9 :  Indoo r  temperatur e fluctuation s o f  a n offic e
buildin g i n Davis ,  California ,  coole d b y th e
circulatio n o f  nighttim e outdoo r  ai r  (BAI) .
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i t  contact s wate r  prio r  t o passin g i n contac t  wit h people .  Althoug h

evaporatin g wate r  int o th e ai r  occur s i n man y ways ,  th e most  importan t

i s t o hav e larg e water-to-ai r  surfac e contac t  an d t o increas e th e

turbulenc e o r  movement  o f  wate r  i n contac t  wit h th e air .  Fo r  example ,

larg e shallo w pond s increas e surfac e contact .  Movin g stream s an d

spray s fro m wate r  fountain s increas e turbulenc e an d surfac e area .

Ai r  blowin g acros s th e surfac e o f  th e wate r  ca n d o both .

Mechanica l  evaporativ e cooler s ca n increas e thi s evaporativ e

coolin g effect ,  usuall y wit h a n energ y requiremen t  substantiall y  be -

lo w conventiona l  compressio n an d absorptio n ai r  conditioning .

Evaporativ e coolin g ca n als o kee p roof s o f  building s cool .  Floode d

roofs ,  roo f  sprays ,  an d roo f  pond s hav e bee n use d successfull y i n sever e

coolin g climate s suc h a s Arizon a an d Florida.

I n fact ,  wate r  perform s tw o functions :  i t  protect s th e roo f

material s fro m ultraviole t  damage ,  an d i t  cool s th e roo f  throug h th e

evaporatio n o f  water .  Th e most  importan t  effec t  i s  th e evaporatio n

of  water .  Fo r  a n evaporatio n rat e o f  1 0 t o 1 5 inche s pe r  month ,  a

coolin g rat e averagin g betwee n 11 5 t o 17 5 Btu/ft 2 pe r  da y ca n b e

obtaine d (SEL) .

Wind i s a  prim e facto r  i n th e rat e o f  evaporation .  Therefore ,

win d flow s acros s th e roo f  pond s should ,  i f  possible ,  b e enhanced .
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Prope r  li p an d edg e desig n i s critica l  t o preven t  a  separatio n o f  win d

flo w fro m th e surface ,  wit h th e subsequen t  reductio n i n evaporatio n

rat e (GEI) .  Onl y crud e calculation s o f  evaporativ e coolin g potentia l

ar e possibl e becaus e o f  limite d dat a o n win d speed .  However ,  wher e

win d spee d i s known ,  roug h approximation s o f  evaporativ e coolin g effect s

ar e possible .

Some problem s associate d wit h evaporativ e coolin g includ e insec t

and plant  growt h an d a  build-u p o f  salts ,  suc h a s lime ,  o n evaporativ e

surfaces .

Water  spray s ar e effectiv e i n preventin g temperatur e build-u p o n

rooftop s o n ho t  summer  day s (YEL-2) .  Fo r  example ,  durin g th e intens e

sunshin e o f  Arizon a summers ,  sprayin g horizonta l  roof s approximatel y

40 second s ou t  o f  eac h minut e keep s th e roo f  surfac e withi n 5 F  o f

th e ambien t  dr y bul b temperature .  Durin g earl y mornin g an d afternoo n

hours ,  sprayin g reduce s roo f  temperature s wel l  belo w th e dr y bul b

temperatur e t o withi n a  fe w degree s o f  th e we t  bul b temperature .

Approximatel y 0. 3 pound s o f  wate r  pe r  squar e foo t  o f  roo f  surfac e i s

neede d t o accomplis h this .  Assumin g tha t  th e powe r  require d t o pum p

th e spra y mus t  b e charge d agains t  th e coolin g proces s an d tha t  1 0 ps i

i s neede d t o mak e th e spray s functio n properly ,  approximatel y 0.0 1 h p

(7.4 6 watts )  o f  powe r  i s require d pe r  100 0 squar e fee t  o f  roo f  area .

The coolin g effec t  i s  approximatel y 30 0 Btu/h r  f t 2 (88,00 0 watts )  (YEL-2) .
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The coolin g capacit y o f  spraye d roof s a t  night  ha s no t  ye t  bee n

explore d i n detail .  Interes t  i n roo f  spray s ha s bee n primaril y t o

offse t  sola r  effects .  However ,  evaporatio n fro m roo f  pond s ca n pro -

duc e a  significan t  coolin g effect .  Evaporatio n o f  11. 4 pound s o f

wate r  a n hou r  a t  7 5 F  produce s th e equivalen t  o f  1  to n o f  refrigera -

tio n (YEL-2 )  (YEL-3) .

D.2. d Radiativ e Coolin g

A constan t  exchang e o f  therma l  energ y occur s betwee n object s

tha t  ca n "see "  eac h other .  A  ne t  transfe r  o f  energ y occur s fro m th e

warmer  objec t  t o th e coole r  object .  Th e earth ,  fo r  example ,  radiate s

hea t  t o clea r  nigh t  skie s tha t  ar e ver y col d eve n durin g ho t  weather .

The nort h sk y ca n als o b e quit e coo l  durin g th e day .  Thi s radiatio n

t o th e sk y i s primaril y a t  wavelength s betwee n 6  an d 1 5 micron s (BUD) .

One o f  th e bes t  source s o f  engineerin g dat a an d analyse s o f

radiativ e coolin g i s a  publicatio n b y Raymon d W.  Bliss ,  Jr. ,

"Atmospheri c Radiatio n Nea r  th e Surfac e o f  th e Ground :  A  Summary

fo r  Engineers "  (BLI) .  Figur e D-1 2 show s th e ne t  radiativ e ex -

change ,  R ,  (i.e. ,  th e ne t  radiativ e losses )  fro m a n exposed ,  thermall y

black ,  horizonta l  surfac e a t  ai r  temperature .  I t  provide s estimate s

of  heat  (radiation )  los s rate s fro m a  horizonta l  surfac e t o th e

sky .  First ,  determin e an y tw o o f  th e thre e parameters :  ai r  tempera -

ture ,  humidit y level ,  an d dewpoint .  Not e tha t  th e grap h show s tha t
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Figur e D-12 :  Typica l  value s o f  radiatio n los s fro m horizonta l
surface s t o th e sk y a t  se a leve l  (BLI) .
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th e heat  los s rat e (coolin g effect )  i s  usuall y betwee n 1 5 t o 3 0

Btu/h r  ft 2 .  Durin g a  10-hou r  night ,  th e tota l  coolin g effec t  i s  be -

twee n 15 0 t o 30 0 Btu/ft 2 .  Not e tha t  thi s rang e hold s i n man y

climates ,  makin g nigh t  radiativ e coolin g widel y applicable .  However ,

i t  i s  fa r  les s effectiv e i n humi d climate s wher e th e dewpoin t  i s

high .  Radiativ e coolin g effect s i n suc h climate s hav e yet  t o b e

substantiated .  T o b e effective ,  th e radiatin g surfac e must  b e

carefull y protecte d fro m th e warmin g effect s o f  breezes .

Thi s ca n b e compare d wit h a  goo d sola r  hea t  collectio n syste m tha t

produce s a s man y a s 1,00 0 Btu/ft 2 durin g a  sunn y da y an d a n averag e

of  20 0 t o 50 0 Btu/ft 2 a  da y durin g a  heatin g season .

Most  outgoin g radiatio n t o th e sk y occur s a t  night .  Th e amoun t

of  radiatio n varie s greatl y fro m on e par t  o f  th e sk y t o another ,

fro m 10 0 percen t  possibl e directl y overhea d a t  th e zenit h t o virtuall y

none a t  th e horizon .  Th e most  effectiv e radian t  coolin g surfac e i s

horizontal .  Obstruction s suc h a s tree s an d wall s reduc e nigh t  sk y

coolin g (BAI) .

A vertica l  surfac e wit h n o obstruction s yield s abou t  4 0 percen t

of  th e radian t  coolin g o f  a  horizonta l  surface .  Fo r  additiona l  in -

formatio n o n radiativ e coolin g se e th e followin g references :  (ABR )

(BAI )  (BAR )  (BRO )  (  DUB)  (GEI )  (KEL )  (KNO )  (NEU )  (PIT )  (PLE )  (REI )

(SEL) .
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Probabl y th e classi c radiativ e coolin g concep t  wa s firs t  develope d

by Joh n Yellot t  an d Harol d Hay .  Ha y continue d it s development  an d

calle d i t  "Skytherm." R "Skytherm" R use s roo f  pond s wit h wate r  con -

taine d i n blac k plasti c bags .  (Se e furthe r  discussion s o f  thi s con -

cep t  i n Chapte r  C4 ,  Therma l  Storag e Roofs. )  Th e wate r  cool s b y noc -

turna l  radiation .  Durin g th e day ,  th e pond s ar e shade d b y slidin g

panel s abov e them .

The coole d wate r  cool s th e hous e b y absorbin g roo m hea t  throug h

th e meta l  ceiling .  Th e bag s ca n b e floode d wit h wate r  t o provid e

additiona l  coolin g b y evaporation .  Wit h onl y sligh t  input s o f  mechanica l

power ,  60 0 t o 130 0 Btu/ft 2 ca n b e dissipate d durin g a  summer  nigh t

t o th e sk y throug h a  combinatio n o f  radiatio n an d evaporatio n (ROB) .

Thi s syste m ha s successfull y an d comfortabl y 10 0 percen t  coole d

a hous e i n Atascadero ,  Californi a (Figur e D-13) .  Annua l  temperatur e

profiles ,  insid e an d outside ,  ar e show n i n Figur e D-1 4 fo r  a n earlie r

prototyp e havin g simila r  performanc e characteristics .

Figure s D-1 5 t o D-1 7 sho w thre e example s o f  desig n concept s

usin g radiativ e cooling .  Figur e D-1 5 i s a  hous e develope d i n 197 5

by Joh n Hammond i n Winters ,  California .  I t  i s  a  for m o f  th e roo f

pond system .  Th e percentag e o f  roo f  covere d b y th e syste m i s smaller ,

and th e slidin g insulatio n panel s ar e replace d b y a  hinge d pane l

powere d b y a  hydrauli c ram .  Eve n durin g th e hottes t  weather ,  th e

ai r  temperatur e i n thi s hous e ha s no t  exceede d 7 8 F .
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Figur e D-13 :  Harol d Hay' s Atascader o Hous e (SAN )
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Cross-section of ceiling ponds.

Figur e D-14 :  Natura l  ai r  conditionin g (YEL-3 )
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HAMMOND HOUSE

INSULATED LID

HYDRAULIC RAM

WATER BAGS

TEMP
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Figur e D-15 :  Joh n Hammond House :  diagra m (to p an d
performanc e record s (th e desig n i s a  modifi -
catio n o f  th e "Skytherm" R radiativ e coolin g
system )  (BAI) .
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The "Coo l  Pool "  concept ,  Figur e D-16 ,  wa s develope d an d teste d

by Livin g System s i n Davis ,  Indio ,  an d Sacramento ,  California .  Th e

roo f  pon d radiate s it s hea t  t o th e sky .  Th e cooles t  wate r  settle s

down int o th e radiant  wal l  panel ,  coolin g th e house .

Davi d Bainbridg e use d a  thermosipho n coo l  sla b concep t  (Figur e D-17) .

Havin g th e tan k o n th e groun d leve l  make s maintenanc e easier .  A

modificatio n o f  thi s concep t  i s a  nocturna l  ai r  coolin g syste m bein g

develope d fo r  integratio n int o th e structur e o f  a  building .  Th e

heat  dissipato r  i s a  sil l  wal l  incline d 45 °  t o th e sk y wit h a  ducte d

meta l  plat e an d a  selectiv e cold-bod y surfac e coatin g (se e Figur e D-18) .

The war m roo m ai r  i s  ducte d throug h th e heat  dissipato r  whe n i t  i s

cooled .  Fro m there ,  i t  passe s throug h duct s i n a  concret e floo r

sla b tha t  "stores "  th e coolness .  Airflo w ca n b e enhance d b y usin g

fans .  A  researc h progra m o n thi s subjec t  i s  bein g funde d b y th e

U.S .  Departmen t  o f  Energy .  Thi s syste m ca n b e easil y integrate d int o

multi-stor y construction .  Wit h modifications ,  sola r  heatin g ca n b e

include d i n thi s system .

Othe r  radiativ e coolin g concept s ar e mentione d in  Chapte r  C4 ,

Therma l  Storag e Roofs .
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Figur e D-16 :  Th e Coo l  Poo l  concep t  b y Livin g Systems :
performanc e (top )  an d schemati c desig n
(BAI) .
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THERMOSIPHON SLAB

NORTH

Figur e D-17 :  A  thermosipho n coo l  sla b concep t  b y Livin g
System s (BAI) .
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Figur e D-18 : A nocturna l  ai r  coolin g syste m fo r  multi-stor y
building s (PIN )  .
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D.2. e Groun d Coolin g

Sinc e th e groun d i s nearl y alway s coole r  tha n th e ai r  whe n

coolin g i s required ,  th e mor e a  buildin g i s i n contac t  wit h th e ground ,

th e coole r  i t  wil l  be .  Situatin g a  buildin g belo w grad e o r  int o

th e sid e o f  a  hil l  i s  th e easies t  wa y t o obtai n mor e groun d contact .

Bermin g eart h a s hig h a s possibl e o r  coverin g building s wit h eart h

ar e additiona l  ways .  Hig h level s o f  comfort  an d seren e quie t  usuall y

accompan y well-designe d undergroun d housing .

Undergroun d housin g i n col d climate s require s well-insulate d

wall s i n contac t  wit h th e ground .  Th e insulatio n keep s th e interio r

surfac e o f  th e wall s war m an d dry .  I n hot  climates ,  th e wall s i n

contact  wit h th e eart h shoul d remai n uninsulated .  Th e resultin g coo l

interio r  surfac e wil l  ten d t o b e dam p fro m condensation ,  especiall y

i n humi d climates .  Particula r  car e shoul d b e take n t o waterproo f

th e surfac e o f  th e wal l  i n contac t  wit h th e ground .

D. 3 PEAK LOAD REDUCTION

Natura l  coolin g an d natura l  energ y storag e i n a  building' s mas s

ca n significantl y reduc e pea k coolin g load s an d therefor e lowe r  th e

need fo r  ne w powe r  plants .  Fo r  example ,  approximatel y 5 0 squar e fee t

of  west-facin g glass ,  unprotecte d fro m th e intensit y o f  sola r  radiation ,
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increase s th e coolin g deman d b y 1  to n o f  ai r  conditionin g equipment .

Thi s require s approximatel y 2  kilowatt s o f  electrica l  generatin g

capacity .  Sinc e thi s deman d occur s durin g th e summer  peak ,  prope r

placemen t  o f  glas s ca n reduc e pea k demands .

So also ,  therma l  mas s ca n absor b hea t  durin g th e day ,  delayin g

th e nee d fo r  coolin g unti l  afte r  th e afternoon' s pea k demand .  Durin g

th e late r  hours ,  th e require d coolin g ca n b e delivere d a t  lowe r

rates ,  reducin g require d equipmen t  size .

Othe r  mean s o f  reducin g coolin g load s ca n als o reduc e pea k

loads .  Frequently ,  electrica l  coolin g ca n b e eliminate d entirely .

I n addition ,  natura l  coolin g system s tha t  incorporat e therma l  mass ,

suc h a s roo f  pon d concepts ,  ca n b e integrate d wit h off-pea k coolin g

systems .  I n general ,  i f  th e require d mechanica l  equipmen t  i s operate d

at  nigh t  t o "store "  coolin g fo r  us e durin g th e day ,  th e coolin g equip -

ment  operate s mor e efficientl y an d avoid s electrica l  consumptio n durin g

peak hours .

D. 4 APPLICATION S T O LARGE BUILDING S

As wit h passiv e sola r  heating ,  passiv e coolin g nee d not  b e

limite d t o residential-scal e structures .  Perhap s th e firs t  ste p

towar d makin g larg e building s compatibl e wit h passiv e coolin g i s t o

decreas e th e coolin g loa d o f  th e building .  I n man y cases ,  majo r
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saving s ca n b e realize d wit h natura l  lightin g an d natura l  ventilatio n b y

increasin g th e exterio r  surfac e are a o f  th e building .  Wis e therma l

desig n o f  th e increase d externa l  wal l  are a (b y usin g hig h level s o f

insulatio n an d thermall y efficien t  glazin g systems )  ca n compensate .

The potentia l  annua l  energ y saving s fro m th e integratio n o f  natura l

lightin g wit h winte r  sola r  hea t  gai n an d summer  natura l  ventilatio n

shoul d not  b e underestimated .

Passiv e coolin g method s present  severa l  challenge s whe n applie d

t o larg e buildings .  Fo r  example ,  i t  i s  difficul t  t o provid e suffi -

cien t  amount s o f  airflo w throug h th e buildin g durin g nighttim e

ventilation .  Wit h th e relativel y war m wate r  resultin g fro m th e

radiativ e an d evaporativ e coolin g effects ,  th e challeng e i s t o coo l

effectively .  Most  mechnica l  system s ar e designe d t o coo l  usin g

wate r  belo w 6 5 F .

Nigh t  Ai r  Ventilatio n

The large r  th e building ,  th e mor e likel y i t  i s  tha t  mechanicall y

drive n fan s wil l  b e require d t o circulat e coo l  nigh t  air .  Th e electrica l

consumptio n o f  thes e larg e fan s mus t  no t  excee d tha t  o f  conventiona l

coolin g systems .  Analytica l  method s t o determin e th e ne t  coolin g

effec t  o f  night  ai r  ventialtio n o n a  seasona l  basi s stil l  nee d t o

be developed .  However ,  estimate s ca n b e made .

As a  genera l  guidelin e fo r  building s i n climate s suc h a s Sacra -

mento ,  California ,  1  ft 3/mi n pe r  squar e foo t  o f  floo r  are a ca n provid e
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abou t  3 5 Bt u o f  coolin g pe r  da y pe r  squar e foo t  o f  floo r  area .  Buildin g

mass shoul d b e abou t  4 0 pound s pe r  squar e foo t  o f  floo r  area ,  wit h a n

expose d surfac e are a o f  abou t  1  3/ 4 ft 2 pe r  squar e foo t  o f  floo r  area .

Large r  airflow s ar e desirable .  Airflow s o f  3  t o 4  ft 3/min .  pe r  squar e

foo t  o r  larger ,  i n combinatio n wit h interio r  buildin g mas s o f  7 5 t o 15 0

pound s pe r  squar e foo t  o f  floo r  area ,  ca n provid e abou t  10 0 Bt u o f

coolin g pe r  da y pe r  squar e foo t  o f  floo r  area .  Simila r  coolin g effect s

of  th e buildin g mas s fo r  othe r  area s o f  th e countr y wil l  occu r  wher e

th e minimu m dail y temperatur e i s 6 0 t o 6 5 F  o r  belo w durin g mos t  o f

th e coolin g season .  Th e buildin g mas s will ,  fo r  thi s sam e temperatur e

range ,  b e coole d t o 6 5 t o 7 0 F  (ROB) .
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E NE W DEVELOPMENTS FOR FUTURE USE

E. 1 SUNTEK

Sunte k Researc h Associate s i n Cort e Madera ,  California ,  i s

developin g thre e buildin g material s specificall y fo r  passiv e sys -

tems (CHA) .

E.1. a Transparent  Insulation ™ (Hea t  Mirror )

Transparent  Insulatio n reduce s hea t  los s throug h window s an d

skylight s an d fro m greenhouse s an d sola r  collectors .  Th e primar y

component s i n thes e material s ar e hea t  mirro r  coating s tha t  ar e trans -

parent  t o shor t  wavelengt h sola r  radiatio n an d reflectiv e t o long -

wave infrare d radiation .  Thes e coating s ar e abou t  1,00 0 atom s thic k

and ca n b e attache d t o an y plasti c film .  When use d wit h a  dea d

ai r  space ,  the y hav e insulatin g propertie s equivalen t  t o abou t  1

inc h o f  plasti c foa m o r  glas s woo l  insulation .  When coate d ont o

bot h side s o f  a  plasti c film ,  th e heat  mirro r  ha s a  sola r  trans -

mittanc e o f  8 1 percen t  an d a n emittanc e o f  0.11 .  Wit h dea d ai r

space s o n bot h o f  it s  sides ,  it s therma l  conductanc e i s 0.1 3

Btu/h r  ft 2 F .  Thes e coating s stil l  suffe r  fro m shor t  lifetime s

and hig h costs ,  an d the y ar e stil l  i n th e developmen t  stage .
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TM
E.1. b Optica l  Shutte r  (Clou d Gel )

Optica l  Shutte r  material s var y thei r  transmissio n o f  sola r

radiatio n a s the y chang e temperature .  Suc h material s ca n b e use d

i n windows ,  greenhouses ,  an d othe r  glazin g area s t o preven t  over -

heating .  Th e produc t  "Clou d Gel "  i s  a  plasti c fil m laminate d

betwee n tw o sheet s o f  glas s o r  tw o film s o f  plastic .  I t  i s  trans -

parent  an d indistinguishabl e fro m ordinar y plasti c unti l  i t  i s

heate d abov e a  certai n critica l  temperature .  A t  tha t  poin t  i t

turn s int o a n opaqu e whit e tha t  reflect s ligh t  withou t  absorbin g

it .  It s sola r  transmittanc e drop s t o 1 5 percent .  A s soo n a s th e

fil m cool s belo w it s critica l  temperature ,  i t  become s transparen t

again .  Th e chang e fro m clea r  t o whit e t o clea r  occur s instant -

aneousl y ove r  a  temperatur e rang e o f  onl y 3  F .  Th e critica l  temper -

atur e ca n b e tune d t o an y valu e betwee n 3 2 an d 21 2 F  b y adjustin g

th e proportion s o f  it s  constituents .  Th e material s continu e t o b e

difficult  t o fabricat e an d ar e expensive .

TM
E.1. c Thermocret e

Thermocret e i s a  structura l  concret e tha t  i s  fille d wit h a

phase-chang e materia l  fo r  hea t  storage .  Th e mai n ingredien t  i s

calciu m chloride ,  th e materia l  use d fo r  meltin g ic e of f  streets .

The materia l  permeate s th e fin e pore s i n th e foame d concret e blocks ,

whic h ar e seale d wit h a  plasti c coating .  A s th e phase-chang e

materia l  melts ,  th e concret e block ,  without  changin g temperature ,
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store s twent y time s mor e hea t  tha n ordinar y block .  Th e materia l  ca n

als o b e package d a s a  1-inc h -thic k til e fo r  walls ,  floor s an d ceil -

ings .

Futur e development s i n packagin g eutecti c salt s i n concret e

ar e promisin g fo r  hea t  storag e i n bot h passiv e an d activ e systems .

Stratificatio n an d supercoolin g d o no t  occur .  Th e ver y fin e con -

cret e particle s ac t  a s seed s fo r  crysta l  growt h whe n th e temperatur e

fall s t o th e freezin g poin t  o f  th e salt .  Moreover ,  th e concret e

act s a s a  chea p structura l  container .  I f  thes e buildin g system s

can b e mass-produce d inexpensivel y an d seale d reliably ,  the y wil l

provid e ne w approache s t o hea t  storag e desig n — wall s o r  floor s

receivin g direc t  sunlight ,  stack s o f  hollo w cor e block s fo r  ampl e

heat  storag e i n activ e systems '  interio r  walls ,  an d partition s

buil t  fro m hollow-cor e block s throug h whic h sola r  heate d ai r  coul d

be blown .  Th e buildin g itsel f  coul d stor e million s o f  Bt u wit h onl y

a smal l  temperatur e rise .  Long-ter m heat  storag e woul d b e th e rule ,

not  th e exception .

Figur e E- 1 show s a n integratio n o f  th e Thermocrete ™ wit h

th e Hea t  Mirro r  an d Clou d Gel .  I t  i s  essentiall y  a  therma l  mas s

wal l  wit h insulatio n alway s i n place ;  n o movin g part s ar e require d

t o insulat e th e wal l  a t  night .  Therma l  performanc e i s no t

necessaril y  bette r  tha n full-thic k therma l  storag e walls .  Chem-

ica l  compatibilit y  betwee n th e sal t  an d th e concret e mus t  b e achieved ,

and th e cos t  must  b e reduced .
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THERMOCRETE BLOCK

Air Passage

CLOUD GEL.

HEAT MIRROR.

CLEAR PLASTIC

in

FRAME

Figur e E-1 :  Bloc k fo r  passiv e heatin g an d coolin g wal l  (CHA-2) .
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E. 2 THERMAL STORAGE

Phase-chang e system s othe r  tha n Thermocrete TM ar e bein g developed .

One exampl e i s th e integratio n o f  a  laye r  o f  phase-chang e materia l  wit h

a laye r  o f  insulatio n int o a  se t  o f  louvers .  Th e se t  o f  louver s i s

locate d behin d south-facin g glas s i n plac e o f  th e therma l  storag e

wall .  Durin g a  sunn y day ,  thes e phase-chang e material s absor b heat .

At  nigh t  th e louve r  pivots ,  an d th e phase-chang e materia l  release s it s

hea t  t o th e room .  Th e insulation ,  whic h i s no w betwee n th e phase -

chang e materia l  an d th e glass ,  reduce s heat  los s fro m th e phase-chang e

materia l  t o th e outside .

Durin g th e summer ,  th e phase-chang e materia l  ca n absor b exces s

hea t  fro m th e buildin g durin g th e day .  A  reflectiv e surfac e o n th e

insulatio n wil l  furthe r  reduc e sola r  hea t  gain .  A t  night ,  th e louve r

i s reversed ,  an d th e phase-chang e materia l  release s som e o f  it s heat

t o th e outside .  Not e tha t  fo r  suc h a n application ,  th e glazin g mus t

be transparen t  t o long-wav e infrare d (ASK )  (E 3E) .

E.2. a Paraffi n

Eikonix  Corporatio n i s developin g a  metho d fo r  passiv e hea t

storag e usin g Paraffi n (HAU) .  Mixture s o f  steari c acid ,  paraffin ,

and dye s ar e encapsulate d i n bot h poroplasti c an d clea r  polycarbonat e

plasti c sheets .  Th e 1/4-inch-thic k assemblie s stor e u p t o 8 0 Bt u pe r

squar e foot .  Multipl e layer s may replac e th e heav y material s i n
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conventiona l  therma l  storag e walls .

E.2. b Sal t  Hydrate s

Dr .  Mari a Telke s i s developin g a  therma l  storag e wal l  tha t  use s

phase-chang e material s (Glauber' s salt )  containe d i n 1.5-inch-diamete r

tubes .  Th e tube s ar e locate d behin d a  polyhedra l  wal l  tha t  transmit s

more tha n 8 0 percen t  o f  th e sola r  energ y tha t  strike s it .  Th e wal l

als o ha s a n insulatin g valu e equa l  t o tha t  o f  1-inch-thic k foa m

insulation .  (Se e Figur e E-2. )  Behin d th e phase-chang e material s i s

an insulatin g wall .

The sal t  hydrat e weigh s abou t  1 0 pound s pe r  squar e foo t  o f  wal l

are a an d ca n stor e u p t o 1,00 0 Bt u pe r  squar e foot .  Preliminar y

estimate s plac e th e cos t  o f  th e wal l  structur e a t  les s tha n $ 4 pe r

squar e foot ,  includin g bot h th e polyhedra l  insulatin g glazin g an d

therma l  storag e wall .  Th e ai m i s t o develo p complet e wal l  structure s

i n th e for m o f  modula r  panels ,  perhap s 4  fee t  × 8  fee t  × 2  inche s

thic k an d weighin g les s tha n 2 0 pounds .

Glauber' s sal t  i s  availabl e i n practicall y unlimite d quantitie s

i n th e for m o f  anhydrou s sodiu m sulphat e a t  a  cos t  a s lo w a s $2 0 pe r

ton .  I t  i s  mad e int o sodiu m sulphat e decahydrat e b y addin g th e

appropriat e amoun t  o f  wate r  (5 6 percent) .  Nucleatin g an d thickenin g

agent s ar e adde d t o maintai n larg e number s o f  freeze/tha w cycles .

The norma l  meltin g point  o f  Glauber' s sal t  i s  8 9 F .  However ,  wit h
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Figur e E-2 :  Cutawa y o f  a  therma l  storag e wal l  usin g phase-chang e
material s (FAU) .

E-28 3

AIR OUT

INSULATION

COLLECTOR AND
STORAGE MEDIUM

GLAZING

POLYHEDRAL WALL

FAN FOR FORCED
CONVECTION

AIR IN



variou s additive s tha t  for m eutectic s wit h involve d phase-chang e

reactions ,  th e meltin g point  drop s int o th e 7 0 t o 7 5 F  range .

E.2. c Calciu m Chlorid e Hexahydrat e

The Do w Chemica l  Company i s investigatin g calciu m chlorid e

hexahydrat e (CaCl 26H2O) ,  a  low-cos t  phase-chang e material .  It s

meltin g poin t  i s  8 1 F  wit h a  heat-of-fusio n o f  8 2 Bt u pe r  pound .

As a  solid ,  it s  specifi c  heat  i s 0.3 4 Bt u pe r  degre e F ;  a s a  liqui d

it s specifi c  hea t  i s 0.53 .  It s specifi c  gravit y i s 1.7 1 whe n froze n

and 1.5 4 whe n melted .  Projecte d cos t  i s les s tha n 1 0 cent s a

pound .  Do w Cornin g i s testin g therma l  energ y storag e unit s con -

sistin g o f  closet s fille d wit h 1 -  t o 2.5-inch-diamete r  tube s en -

capsulatin g th e calciu m chlorid e hexahydrate .  Sixteen-ounc e poly -

ethylen e bottle s ar e als o bein g used .  Heat  transfe r  i s b y direc t

sola r  gai n o r  b y th e flo w o f  ai r  fro m eithe r  a  sola r  collecto r  o r

an overheate d roo m (FAU) .

E.2. d Hea t  Pipe s

Basically ,  a  heat  pip e i s a  high-performanc e therma l  conductor .

I t  ca n tak e smal l  temperatur e difference s i n a  passiv e syste m an d

move hea t  rapidl y int o storage .  I t  conduct s heat  i n on e directio n

only ,  a  thermi c diod e effect .  Therefore ,  i t  ca n mov e hea t  int o
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storag e bu t  wil l  no t  conduc t  i t  bac k ou t  i n th e sam e direction .

The basi c principl e o f  hea t  pip e operatio n i s show n i n Figur e E-3 .

I t  i s  essentiall y  a  hollo w tub e seale d a t  th e ends .  Prio r  t o sealin g

i t  i s  partiall y  fille d wit h a  workin g flui d suc h a s Freo n ,  ammonia ,

or  water .  Th e pip e transfer s hea t  throug h evaporatio n an d condensa -

tion .  A s show n i n Figur e E-3 ,  th e hea t  pip e i s angle d t o tak e advan -

tag e o f  gravity .  When th e flui d i s i n th e liqui d state ,  i t  collect s

near  th e botto m o f  th e hea t  pipe .  When th e hea t  pip e i s warme d (e.g. ,

by sola r  irradiation) ,  som e o f  thi s liqui d evaporates .  Th e vapo r

travel s u p th e hea t  pip e t o th e slightl y coole r  uppe r  end .  Th e liqui d

condenses ,  givin g u p it s heat ,  an d drain s b y gravit y bac k t o th e botto m

of  th e pip e wher e th e proces s repeats .

An exampl e o f  a  heat-pipe-augmente d passiv e syste m i s show n i n

Figur e E-4 .  A n absorbe r  plat e collect s th e sola r  heat ;  hea t  pipe s ar e

attache d t o th e absorbe r  plat e an d pas s throug h insulatio n tha t  separate s

th e absorbe r  fro m th e storag e wall ,  whic h i n thi s cas e i s water .  Th e

heat  pipe s transfe r  hea t  fro m th e war m absorbe r  t o th e coo l  storage .

At  night ,  however ,  whe n th e absorbe r  i s coole r  tha n storage ,  th e

hea t  canno t  transfe r  i n th e othe r  directio n becaus e th e liqui d i s a t

th e en d o f  th e hea t  pip e i n contac t  wit h th e absorbe r  an d canno t  b e

warmed b y th e storage .

I n compute r  simulation s b y Battell e Columbu s Laboratories ,  a

well-designe d single-glaze d heat  pip e syste m i n Columbus ,  Ohio ,
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Figur e E-3 :  Schemati c o f  hea t  pip e operatio n (COR )
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Figur e E-4 :  Hea t  pip e augmente d wate r  wal l  concep t  (COR) .
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produce s mor e tha n twic e th e usefu l  heatin g outpu t  o f  a  conventiona l

6-inch-thic k double-glaze d wate r  wall .

Thre e heat  pip e application s ar e bein g develope d t o reduc e re -

lianc e o n mechanicall y operate d systems :

1.  I n liqui d o r  air-heatin g collectors ,  hea t  pipe s ma y mov e

th e hea t  fro m th e absorbe r  plat e t o a  hea t  transpor t  mani -

fold ,  eliminatin g liqui d o r  ai r  circulatio n throug h th e

collectors .

2.  Heat  pipe s may transpor t  hea t  fro m th e collector s t o

storag e o r  t o th e distributio n system ,  replacin g th e

conventiona l  fa n an d pumped-base d transpor t  loops .

3.  A t  night ,  hea t  pipe s ca n remov e hea t  fro m insid e th e

buildin g an d transpor t  i t  t o externa l  radiators .

The principa l  barrie r  t o usin g hea t  pipe s ha s bee n hig h cost .

E. 3 THERMIC DIOD E

Thermi c diod e sola r  panel s combin e al l  th e element s o f  a  complet e

sola r  energ y syste m (collectors ,  controls ,  storage ,  hea t  exchangers ,

ducting )  int o a  4-foo t  b y 8-foo t  module .  The y hav e n o movin g part s

and nee d n o externa l  power .  (Se e Figur e E-5. )

E-28 8



Figur e E-5 :  Thermi c diod e sola r  pane l  (KAS )
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Each pane l  i s  compose d o f  tw o layers :  a  thi n sola r  absorber /

collecto r  formin g th e outsid e o f  th e buildin g an d a  thicke r  hea t

storag e laye r  o n th e buildin g sid e o f  th e panel .  The y ar e separate d

by insulatio n s o tha t  littl e hea t  ca n b e conducte d fro m on e t o an -

other .  Bot h ar e fille d wit h water .  Tubin g connect s th e layer s a t

th e to p an d bottom .  When th e su n heat s th e wate r  i n th e oute r  panel ,

tha t  wate r  reache s a  highe r  temperatur e tha n th e storag e water .  Th e

wate r  convect s fro m th e collecto r  t o storag e throug h a  chec k valv e

inserte d int o th e uppe r  connectin g tube s betwee n th e panels .  Th e

chec k valv e i s a  thermi c diod e i n tha t  i t  permit s th e war m wate r

t o mov e fro m th e collecto r  t o th e storag e bu t  prevent s revers e ther -

mocirculation ;  thi s keep s th e war m storag e wate r  fro m flowin g i n th e

opposit e directio n a t  night  whe n th e collecto r  pane l  surfac e i s

cold .  (Se e Figur e E-6. )

The panel ,  develope d b y MI T professo r  Shaw n Buckley ,  i s  i n

manufacturin g prototyp e stages .  I t  consist s o f  a n aluminum-skinned ,

plastic-backe d sola r  collecto r  panel ,  foam-fille d pape r  honeycom b

insulation ,  an d a  molde d fiberglas s storage/hea t  exchang e layer.

Pressure-activ e adhesiv e bind s al l  thre e together .  Roo m ai r  i s  heate d

by flowin g throug h vent s a t  th e botto m o f  th e panel .  Th e ai r  come s

i n contac t  wit h th e war m storage/hea t  exchang e laye r  an d return s

bac k int o th e roo m throug h th e vent s a t  th e to p o f  th e wal l  (KAS) .
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Figur e E-6 :  Operatio n o f  th e thermi c diod e (one-wa y heat  flo w
valve )  (KAS) .
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GLOSSARY

Activ e syste m -  sola r  heatin g o r  coolin g syste m tha t  require s externa l
mechanica l  powe r  t o transfe r  therma l  energy .

Altitud e -  th e angula r  distanc e fro m th e horizo n t o th e sun .

ASHRAE -  abbreviatio n fo r  th e America n Societ y o f  Heating ,  Air -
Conditioning ,  an d Refrigeratin g Engineers .

Auxiliar y heat  -  th e heat  provide d b y a  conventiona l  heatin g syste m
fo r  period s o f  cloudines s o r  intens e col d whe n a  sola r  heatin g
syste m i s no t  sufficient .

Azimut h -  th e angula r  distanc e betwee n th e sout h an d th e point  o n th e
horizo n directl y belo w th e sun .

Bt u (Britis h therma l  unit )  -  th e quantit y o f  heat  neede d t o rais e th e
temperatur e o f  1  poun d o f  wate r  1  degre e Fahrenheit .

Calori e -  th e quantit y o f  heat  neede d t o rais e th e temperatur e o f  1
gra m o f  wate r  1  C .

Coefficien t  o f  hea t  transmissio n (U-value )  -  th e rat e o f  hea t  flo w i n
Bt u pe r  hou r  throug h a  squar e foo t  o f  wal l  o r  othe r  buildin g surfac e
when th e differenc e betwee n th e indoo r  an d outdoo r  ai r  temperature s
i s 1  F .

Degree-da y -  a  unit  tha t  represent s a  1 F  deviatio n fro m som e fixe d
referenc e poin t  (usuall y 6 5 F )  i n th e mea n dail y outdoo r  temper -
ature .  I f  th e averag e outdoo r  temperatur e i s 4 0 F  fo r  on e day ,
the n twenty-fiv e (6 5 minu s 40 )  degre e day s result .  Use d t o deter -
min e th e deman d o f  a  heatin g seaso n fo r  differen t  locales .

Double-glaze d -  covere d b y tw o pane s o f  glas s o r  othe r  transparen t
material .

DOE -  U.S .  Departmen t  o f  Energy .  Responsibl e fo r  commercial ,  insti -
tutional ,  an d industria l  sola r  demonstratio n program s an d fo r  th e
genera l  coordinatio n o f  Federa l  sola r  energ y researc h an d develop -
ment .

Emittanc e -  a  measur e o f  th e abilit y  o f  a  materia l  t o giv e of f  therma l
radiation .

Eutecti c salt s - a  grou p o f  material s tha t  mel t  a t  lo w temperatures ,
absorbin g larg e quantitie s o f  heat .  A s the y re-crystallize ,  the y
releas e tha t  heat .  Use d fo r  storin g sola r  energ y a s heat .
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Glauber' s sal t  -  sodiu m sulfat e (Na 2SO4·  10H 2O) .  A n eutecti c sal t
tha t  melt s a t  9 0 F  an d absorb s abou t  10 4 Bt u pe r  poun d a s i t  doe s so .

Gravit y convectio n -  th e natura l  movement  o f  hea t  throug h a  bod y o f
flui d tha t  occur s whe n a  war m flui d rise s an d coo l  flui d sink s
unde r  th e influenc e o f  gravity .

HUD -  U.S .  Departmen t  o f  Housin g an d Urba n Development .  Responsibl e
fo r  residentia l  sola r  demonstratio n programs .

Heat  capacit y -  a  propert y o f  a  material ,  define d a s th e quantit y o f
hea t  neede d t o rais e th e temperatur e o f  on e cubi c foo t  o f  materia l
1 F .

Irradiatio n -  sola r  radiation ,  direct ,  diffus e an d reflected ,  tha t
strike s a  surface .

Nocturna l  coolin g -  th e coolin g o f  a  buildin g o r  heat  storag e devic e
by th e radiatio n o f  heat  t o th e nigh t  sky .

Resistanc e (R-value )  -  a  measur e o f  th e tendenc y o f  a  materia l  t o
retar d th e flo w o f  heat .

Retrofittin g -  th e applicatio n o f  a  sola r  heatin g o r  coolin g syste m
t o a n existin g building .

Shadin g Coefficien t  -  th e rati o o f  th e sola r  heat  gai n throug h a
specifi c  glazin g syste m unde r  a  give n se t  o f  conditions ,  t o th e
tota l  sola r  hea t  gai n throug h a  singl e laye r  o f  clear ,  double -
strengt h glas s unde r  th e sam e conditions .

Shadin g mas k -  a  sectio n o f  a  circl e tha t  i s  characteristi c o f  a
particula r  shadin g device .  Thi s mas k i s superimpose d o n a  circula r
pat h diagra m t o determin e th e tim e o f  da y an d th e month s o f  th e
yea r  whe n a  windo w wil l  b e shade d b y th e device .

Sola r  hous e (sola r  tempere d house )  -  a  dwellin g tha t  obtain s a  larg e
part ,  thoug h no t  necessaril y  all ,  o f  it s  heat  fro m th e sun .

Specifi c  hea t  -  th e quantit y o f  heat ,  i n Btu ,  neede d t o rais e th e
temperatur e o f  1  poun d o f  materia l  1  degre e Fahrenheit .

Sun pat h diagra m -  a  circula r  projectio n o f  th e sk y vault ,  simila r  t o
a map ,  tha t  ca n b e use d t o determin e sola r  position s an d t o calculat e
shading .

Therma l  mas s -  mas s include d i n a  sola r  syste m fo r  th e purpos e o f
storin g heat .

Thermosiphonin g -  se e Gravit y convection .
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U-valu e -  se e Coefficien t  o f  heat  transmission .

Thermocirculatio n -  se e Gravit y convection .

Vapor  barrie r  -  a  laye r  o f  material ,  imperviou s t o wate r  i n th e vapo r
state ,  use d t o preven t  condensatio n o f  wate r  withi n insulation .

Veilin g reflectio n -  a  blindin g o r  obscurin g glare .
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Appendi x 1 :  Propertie s o f  Glazin g Material s (TEM) .

Water whit e glas s
"Solatex "  (ASG)
Float glass

Windo w glas s

Thicknes s
(In.)

0.125

0.125

0.090
(ASG SS Lustra-glass )

Sunlit e Premiu m
II (Kalwall )
Filo n w/Tedla r
(Vistro n Corp. )
Flexiguar d 7410
( 3M )

Tedlar
(Dupont )

Teflo n FEP 100A
(Dupont )

Swedcas t 300

0.040

- -

7 mil

4 mil

1 mil

0.125
Acryli c (Swedlo w Inc.)

Lucit e Acryli c
(Dupont )
Tuffak-Twlnwal l
(Rhom & Hass)

Acrylit e SDP
(Cyro )

Sun-lit e
Insulate d Panels
(Kalwall )

Solar Glass
Panels (ASG)

0.125

- -

- -

- -

Cost
($/ft2)

0.99

2.35

1.80

0.60

1.00

0.38

0.05

0.58

0.81

1.14

1.25
(2 layers)

2.15
(2 layers)

2.50
(2 layers)

2.99
(2 layers)

Transmittanc e

0.90

0.84

0.91

0.88

0.86

089

0.95

0.96

093

0.92

Equiv.
to 0.89
for 1 layer
Equiv.
to 0.93
for 1 layer

Equiv.
to 0.88
for 1 layer

Equiv.
to 0.90
for 1 layer

Weight/Are a
(Ib/ft 2)

1.60

1.60

1.20

029

0.25

0.053

0029

0.02

077

0.73

025

1.00

07

4.5

Therma l
Expansio n
(oF-1x10-3)

0.47

0.47

0.47

2.00

2.30

2.80

5.85

4

4

3.3

4

0.47

Ease in
Handlin g

Poor

Poor

Poor

Excellent

Very good

Fair

Fair

Poor

Excellent

Very good

Very good

Very good

Good

Poor

Strengt h

Good (tempered)

Good (tempered)

Poor (non-
tempered)

Very good

Very good

Good

Good, some
embrittlement

Fair, not for
exterior
glazing
Very good

Very good

High impact
strength fatigue
cracking

Good

Good

Good

Sheet Size
(ft )

2. 3. or
4x8
4x8

4x7

4 or 5
width rolls
4.25x16

4x150
roll

up to 5.33
width roll
(64 in.)

4.83 width
roll (58 in.)

9 wide

4x8

4x8

6x6

4x8
4x10
4x12
4x14
3 or 4x6
3 or 4x8

Remark s

Very durable—no
degradation

Very durable—no
degradation
Fragile

Maximum temperature
300°F
Maximum temperature
300°F
Maximum temperature
275°F

4-5 yr. lifetime at
150°F

Maximum temperature
300°F

Maximum service
temperature 200°F

Maximum temperature
200°F
5% reduction in
transmittance over
5 years
Maximum temperature
230°F

Maximum temperature
300°F

Very durable
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Appendi x 1 ,  cont'd .  Glazin g Selectio n

When choosin g material s fo r  a  passiv e system ,  th e mos t  importan t

consideration s ar e appearance ,  durability ,  performance ,  an d cost .

Sinc e th e glazin g i s th e fac e o f  a  system ,  th e glazin g materia l  ha s

a larg e overal l  impact .  Whethe r  th e glazin g i s clea r  o r  cloudy ,

shin y o r  dull ,  fla t  o r  bowed ,  al l  dramaticall y affec t  th e appearanc e

of  th e system .  Durabilit y  i s  a  critica l  factor ,  sinc e th e glazin g

provide s th e outermos t  barrie r  t o water ,  col d air ,  ultraviole t  radia -

tion ,  an d long-ter m weathering .  Finally ,  th e transmittanc e (bot h short -

and long-wave )  o f  th e glazin g directl y affect s th e overal l  efficienc y

of  th e system .

Althoug h man y factor s influenc e th e selectio n o f  a  prope r  glazin g

fo r  a  passiv e system ,  th e choic e i s not  a s crucia l  a s fo r  activ e

collector s sinc e th e condition s ar e not  a s demanding .  Th e temperature s

reache d b y a  Tromb e wall ,  fo r  example ,  ar e no t  a s hig h a s thos e b y

a stagnatin g activ e collecto r  sinc e th e Tromb e wal l  mas s ha s a  moderatin g
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effec t  o n pea k sola r  gains .  On th e othe r  hand ,  th e glazin g fo r  a

convectiv e loo p collecto r  shoul d mee t  th e sam e requirement s a s thos e

fo r  activ e collector s sinc e th e therma l  mas s o f  th e convectiv e loo p

absorbe r  plat e i s usuall y simila r  t o tha t  o f  activ e collectors .  A

stagnatin g convectiv e loo p collecto r  coul d b e expecte d t o reac h pea k

temperature s clos e t o thos e reache d b y stagnatin g activ e collectors .

The mos t  desirabl e qualitie s i n a  glazin g materia l  ar e 1 )  re -

sistanc e t o degradatio n fro m heat ,  light ,  an d weather ,  2 )  hig h trans -

mittanc e o f  sola r  radiatio n an d lo w transmittanc e o f  infra-re d o r

therma l  radiation ,  3 )  lo w cost ,  4 )  eas e o f  handlin g an d fabrication ,

and 5 )  attractiv e appearance .

Glas s

Glas s i s ofte n mor e expensiv e tha n othe r  glazin g materials ,  bu t

when al l  factor s ar e take n int o account ,  i t  i s  a  popula r  choice .  Glas s

can b e purchase d eithe r  tempere d o r  non-tempered .  Althoug h non -

tempere d glas s i s les s expensive ,  fully-tempere d glas s i s usuall y

preferre d du e t o it s greate r  resistanc e t o breakage ;  whe n i t  doe s

brea k i t  produce s onl y tin y fragment s instea d o f  dangerou s shards .

For  hig h transmittanc e th e recommende d glas s i s th e fully -

tempere d "wate r  white "  shee t  glas s whic h ha s a  ver y lo w iro n oxid e

conten t  (0.0 1 percent )  an d thu s th e highes t  transmittanc e (9 1 percen t
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fo r  al l  thicknesses) .  Tempere d floa t  glas s i s les s expensiv e bu t  ha s

a highe r  iro n oxid e conten t  (0.1 2 percent )  an d a  transmittanc e betwee n

79 percent  an d 8 6 percent ,  dependin g o n th e thicknes s (fo r  thi s example ,

betwee n 1/ 4 inc h an d 1/ 8 inch) .  Variou s low-iro n tempere d floa t  glasse s

ar e manufactured ;  one ,  fo r  example ,  ha s a n iro n conten t  o f  0.0 5 percen t

and a  transmittanc e tha t  varie s betwee n 8 8 an d 8 9 percent  fo r  thick -

nesse s o f  3/1 6 inc h t o 1/ 8 inch .  A s th e iro n content  decreases ,  th e

dependenc e o f  transmittanc e o n thicknes s als o decreases .  Windo w glas s

(non-tempered )  ha s a  lo w iro n oxid e conten t  an d a  transmittanc e o f

91 percent ;  however ,  it s  us e shoul d b e limite d t o lo w stres s applica -

tion s suc h a s vertica l  windo w glazing .

Glas s i s rigid ,  attractive ,  highl y durable ,  an d resistant  t o

weatherin g an d chemica l  an d ligh t  deterioration .  Unfortunately ,  it s

hig h densit y (weight )  make s i t  difficult  t o handle .

The pric e o f  glas s varie s significantl y dependin g o n th e vendor ,

th e location ,  an d th e amoun t  purchased .  Tempere d low-iro n shee t

glas s (water-white )  usuall y ha s th e sam e retai l  pric e a s floa t  glass ,

roughl y $ 2 t o $2.5 0 pe r  squar e foot .  However ,  th e pric e ma y b e reduce d

as muc h a s 5 0 percent  whe n buyin g i n larg e quantitie s directl y fro m th e

manufacturer .
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Fiberglass-Reinforce d Polyeste r

Severa l  manufacturer s hav e develope d fiberglass-reinforce d

polyeste r  (FRP )  glazin g material s tha t  ar e formulate d t o resis t  ultra -

viole t  an d therma l  degradation .  Althoug h FR P glazing s appea r  cloudy ,

thei r  sola r  transmittanc e (8 4 t o 9 0 percent )  i s  onl y slightl y les s tha n

tha t  o f  low-iro n glass .

Some FR P glazing s ar e availabl e i n fla t  sheet s o r  i n 4 -  an d 5-foot -

wid e roll s an d i n thicknesse s o f  0.024 ,  0.04 0 an d 0.06 0 inches .  Mos t

FRP' s ar e eas y t o cut ,  drill ,  an d install .  However ,  tw o problem s ar e

ofte n apparent .  On e i s a  wav y appearanc e du e t o bucklin g fro m expansion .

Thes e material s hav e a  relativel y larg e coefficien t  o f  therma l  ex -

pansion .  Th e proble m ma y becom e progressivel y wors e a s th e materia l

continue s t o underg o therma l  cycling .  I n orde r  t o minimiz e thi s problem ,

at  leas t  on e manufacture r  ha s develope d double-glaze d panel s wher e th e

FRP i s "stretched "  ont o an "  aluminu m frame .  Th e theor y i s tha t  sinc e

aluminu m an d th e FR P hav e nearl y th e sam e coefficien t  o f  therma l

expansion ,  th e glazin g wil l  b e tigh t  regardles s o f  th e temperature .

Thes e panel s reduc e bu t  d o no t  entirel y eliminat e th e wav y effect .

Some FRP' s ar e availabl e i n a  corrugate d for m tha t  als o reduce s buckling .

The secon d potentia l  proble m relate s t o therma l  degradatio n a t

hig h temperatures .  Some FRP' s experienc e losse s i n transmissio n o f

1 percent ,  3  percent ,  an d 1 1 percen t  whe n expose d t o temperature s o f

150 F ,  20 0 F ,  an d 30 0 F ,  respectively ,  fo r  30 0 hours .  Fo r  mos t
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passiv e application s thi s wil l  no t  b e a  problem ,  bu t  fo r  some ,  suc h a s

non-vente d therma l  storag e walls ,  i t  mus t  b e considere d seriously .

The FR P glazing s ar e particularl y suitabl e fo r  greenhous e an d

sunspac e application s wher e th e operatin g temperature s ar e lowe r  than ,

fo r  instance ,  a  stagnatin g Tromb e wall .  Do-it-yourselfer s wil l

appreciat e thei r  eas e o f  handling .

Film s

Plasti c film s offe r  hig h transmittanc e an d ar e relativel y in -

expensive .  Althoug h som e plasti c film s hav e a n excellent  resistanc e

t o temperature ,  a  hig h coefficient  o f  expansio n mak e the m ten d t o

sag a t  highe r  temperatures .  The y ca n als o b e difficul t  t o sea l  an d

handle ,  bowin g betwee n support s an d sticking -  t o certai n surface s

due t o a  tendenc y t o acquir e a n electrostati c charge .  I n addition ,

the y ma y b e relativel y transparen t  t o infrare d radiation ,  thu s

reducin g sola r  collectio n efficiency .

Embrittlemen t  i n som e plasti c film s i s cause d b y direct  ex -

posur e t o ultraviole t  radiation ,  an d thi s effec t  i s  tremendousl y

accelerate d a t  highe r  temperatures .  Use d a t  lo w temperatures ,

the y ma y las t  4  t o 5  year s befor e embrittlement  i s likel y t o occur .

Any ho t  spot s (e.g. ,  nea r  a  hot  meta l  support )  may embrittl e muc h

earlier .  Recentl y develope d film s ar e expecte d t o b e les s susceptibl e

t o ultraviole t  degradation .
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One type of plastic film is often heat-shrunk in order to make it taut

and thus improve its appearance and its useful life.  As a result of

heating, two effects occur.  First, upon heating, temporary expansion

takes place at a level determined by the coefficient of thermal expan-

sion.  Second, as it cools, it shrinks permanently.  Because the two

effects are opposite, one cannot observe the extent of the shrinkage

until the material has cooled.  As a result, the shrinkage is often

too great, and the tension in the film warps the frame.  Perhaps the

safest procedure is to not artificially shrink the material but to

install it and let the shrinkage occur slowly as a result of normal

operating temperatures.

One major disadvantage of all thin plastic films is their signi-

ficant transmittance of long-wave thermal radiation, between 4 and

2  μm.  This reduces efficiency by increasing the heat loss through

the glazing.  Glass has a transmittance in this region of less than 1

percent, but the transmittance for the films ranges from 17 percent

to 57 percent.

Clear Thermoplastics

Rigid plastic glazings have high impact and fracture resistance,

ease of handling and fabrication, and attractive appearance.  Most of

the products can be categorized as either acrylics or polycarbonates.
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Acrylic s hav e a  slightl y highe r  transmittanc e tha n tempere d water-whit e

glas s an d exhibi t  goo d resistanc e t o ultraviole t  ligh t  an d weathering .

They ar e usuall y clea r  an d ar e a s attractiv e a s glas s i f  the y ar e no t

scratched .

Acrylic s d o suffe r  problem s a t  highe r  temperatures ,  but ,  exceptin g

stagnatin g Tromb e wall s an d convectiv e loo p collectors ,  thi s shoul d

not  b e a  concer n fo r  mos t  passiv e applications .  Thes e plastic s hav e

a larg e coefficien t  o f  therma l  expansion ,  tendin g t o bo w i n o n th e

hot  sid e an d exertin g sever e stresse s o n th e glazin g supports .  Thi s

effec t  ca n b e reduce d b y employin g a  mountin g detai l  tha t  allow s free -

dom o f  movement ,  bu t  thi s i s a t  th e expens e o f  creatin g a  mor e

critica l  sealin g detail .

Polycarbonate s ar e stronge r  an d ca n operat e a t  highe r  temperature s

tha n acrylics ,  bu t  the y hav e lowe r  transmittanc e an d suffe r  fro m ultra -

viole t  degradatio n (yellowin g upo n prolonge d exposur e to  th e sun) .

Polycarbonate s als o hav e a  hig h coefficien t  o f  therma l  expansio n an d

ten d t o bo w inwar d a t  highe r  temperatures .

Insulatin g Panel s

Some glazin g material s ar e manufacture d i n doubl e laye r  "insulating "

panel s tha t  consis t  o f  a  rigi d sandwic h o f  tw o glazin g layer s wit h a n

ai r  spac e between .  Th e highe r  initia l  cos t  o f  thes e component s ma y
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be offse t  b y th e substantia l  labo r  saving s durin g installation .

Althoug h a  pane l  usin g polycarbonat e materia l  ca n b e relativel y

inexpensive ,  i t  ha s th e sam e seriou s disadvantage s o f  an y polycarbonate :

ultraviolet  degradation ,  lo w transmittance ,  an d a  larg e coefficien t

of  therma l  expansion .  Likewise ,  panel s usin g acrylic s hav e th e dis -

advantage s associate d wit h acrylics :  a  lo w meltin g poin t  an d a  ver y

larg e coefficien t  o f  therma l  expansion .

One manufacture r  sell s doubl e sola r  glas s panel s tha t  ar e designe d

specificall y fo r  sola r  applications .  Tw o layer s o f  glas s ar e hermeticall y

seale d wit h a  half-inc h dessicate d ai r  spac e between .  Th e edge s ar e

seale d wit h a  combinatio n o f  polyisobutylen e an d silicon e caul k an d

ar e designe d t o tolerat e hig h temperatures .  I f  purchase d directl y fro m

th e manufacturer ,  the y ar e relativel y inexpensive .

A seriou s consideratio n whe n usin g an y plasti c glazin g materia l

i n eithe r  passiv e o r  activ e system s i s th e possibl e fir e an d fum e

inhalatio n dangers .  Thi s consideratio n i s particularl y importan t

i n system s wher e ai r  i s  move d fro m behin d th e plasti c glazin g an d dis -

tribute d t o th e livin g area .
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Appendi x 2 : Specifi c  Heat s an d Heat  Capacitie s
of  Material s (o n a n equa l  volum e basis) .

Materia l

Copper
Aluminu m
Asphal t
Glas s
Whit e Oa k
Limeston e
Gypsum
Sand
Whit e Pin e
Whit e Fi r
Cla y
Ai r  (7 5 F )
Water
Iron ,  Scra p
Concret e
Bric k
Marbl e

Specifi c  Hea t
(Btu/l b F )

0.09 2
0.21 4
0.2 2
0.1 8
0.5 7
0.21 7
0.2 6
0.19 1
0.6 7
0.6 5
0.2 2
0.2 4
1.0 0
0.11 2
0.2 7
0.2 0
0.2 1

Densit y
(lb/ft 3)

556
171
132
154
47

103
78
94. 6
27
27
63
0.07 5

62. 5
489
140
140
180

Heat  Capacit y
(Btu/ft 3 F )

51. 2
36. 6
29. 0
27. 7
26. 8
22. 4
20. 3
18. 1
18. 1
17. 6
13. 9
0.01 8

62. 5
55
38
28
38
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Appendi x 3 :  Mea n Number  o f  Hour s o f  Sunshin e (AND-1) .
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Appendi x 4 :  Mea n Monthl y Tota l  Hour s o f  Sunshin e Map -  Januar y (USD )
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Appendix  4 ,  cont'd. :  Mea n Monthl y Tota l  Hour s o f  Sunshin e Map -  Februar y

MEA N MONTHL Y TOTAL HOURS OF SUNSHINE,
FEBRUARY
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Appendi x 4 ,  cont'd. :  Mea n Monthl y Tota l  Hour s o f  Sunshin e Map -  Marc h

MEA N MONTHL Y TOTA L HOURS OF SUNSHINE
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Appendix  4 ,  cont'd. :  Mea n Monthl y Tota l  Hour s o f  Sunshin e Map -  Apri l
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Appendix  4 ,  cont'd. :  Mea n Monthl y Tota l  Hour s o f  Sunshin e Map -  May

MEAN MONTHL Y TOTAL HOURS OF SUNSHINE,
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Appendi x 4 ,  cont'd. :  Mea n Monthl y Tota l  Hour s o f  Sunshin e Map -  Jun e

MEA N MONTHL Y TOTA L HOURS OF SUNSHINE,
JUNE
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Appendix  4 ,  cont'd. :  Mea n Monthl y Tota l  Hour s o f  Sunshin e -  Jul y
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MEA N MONTHL Y TOTA L HOURS OF SUNSHINE
JULY



Appendi x 4 ,  cont'd. :  Mea n Monthl y Tota l  Hour s o f  Sunshin e -  Augus t

MEAN MONTHL Y TOTAL HOURS OF SUNSHINE.
AUGUST
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Appendix  4 ,  cont'd. :  Mea n Monthl y Tota l  Hour s o f  Sunshin e -  Septembe r

MEAN MONTHLY TOTAL HOURS OF SUNSHINE
_ SEPTEMBER
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Appendi x 4 ,  cont'd. :  Mea n Monthl y Tota l  Hour s o f  Sunshin e -  Octobe r

MEA N MONTHL Y TOTA L HOURS OF SUNSHINE \
OCTOBER
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Appendix 4, c o n t ' d .: Mean Monthly Total Hours of Sunshine - November

MEAN MONTHLY TOTAL HOURS OF SUNSHINE
NOVEMBER
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Appendi x 4 ,  cont'd. :  Mea n Monthl y Tota l  Hour s o f  Sunshin e -  Decembe r

MEAN MONTHLY TOTAL HOURS OF SUNSHINE,
i' DECEMBER
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Appendi x 5 :  Su n Pat h Diagram s (RAM )

24 degree s N  latitud e 28 degree s N  latitud e

32 degree s N  latitud e 36 degree s N  latitud e
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Sun Pat h Diagrams ,  cont'd .

44 degree s N  latitud e 48 degree s N  latitud e

52 degree s N  latitud e
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Appendi x 6 :  Conversio n Factor s

1 Bt u

1 Btu/l b F

1 Btu/h r

1 Btu/h r  ft 2 F

1 Btu/h r  f t  F

1 cf m

1 f t

1 ft/mi n

1 f t 2

1 f t 3

1 h p

1 i n H 2O

1 kWh

1 l b

1 mile/h r

1 ps i

1 U.S .  ga l

1 f t 3

1 foo t  o f  wate r

1 foo t  o f  wate r

1 gallo n o f  wate r

1 kWh

1 ther m

1 to n o f  refrigeratio n

= 1.0550 6 k J

= 4.186 8 kJ/k g ° C

= 0.29 3 W

= 5.67 8 W/m2 ° C

= 1.73 1 W/ m ° C

= 0.47194 7 liter/ s

= 0.304 8 m

= 0.00050 8 m/ s

= 0.092 9 m 2

= 28.316 8 liter s

= 0.745 7 k W

=249.089 ,  liter s

= 3. 6 MJ

= 0.45359 2 k g

= 0.4470 4 m/ s

= 6.8947 6 kP a

= 3.7854 4 liter s

= 7.4 8 ga l

= 0.433 5 ps i

= 0.8826 5 i n o f  H g

= 8.345 3 l b

= 341 3 Bt u

= 100,00 0 Bt u

= 12,00 0 Bt u
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Appendi x 7:  Cos t  of  Energ y (AND-1 )

The followin g char t  help s calculat e th e actua l  cos t  o f  providin g heat .

I t  convert s th e uni t  pric e o f  th e energ y sourc e — whethe r  gas ,  oil ,  o r

electricit y — int o th e cos t  pe r  millio n Bt u produce d insid e th e building ,

Typically ,  onl y 5 0 t o 7 5 percen t  o f  th e hea t  conten t  o f  ga s o r  oi l  i s

delivere d insid e th e building .  Th e res t  goe s u p th e chimney .  Elec -

trica l  resistanc e heatin g i s 10 0 percen t  efficient .

1)  Fin d th e poin t  o n th e appropriat e vertica l
scal e tha t  correspond s t o th e retai l  pric e
of  th e fue l  — fo r  example ,  oi l  a t  $1.00 /
gallo n (o r  equivalently ,  electricit y a t
$0.025/kW h an d ga s a t  $0.74/therm) ;

2)  Mov e righ t  t o fin d th e retai l  cos t  fo r  1
millio n Bt u o f  tha t  fuel ,  o r  $7.40 ;

3)  Continu e righ t  t o intersec t  th e obliqu e
lin e representin g th e efficienc y o f  hea t
delivery ,  o r  6 0 percen t  i n thi s case ;

4)  Dro p dow n t o fin d th e actua l  cos t  pe r
millio n Bt u o f  hea t  produced ,  o r  $12.35 .

RETAIL COST PER UNIT OF FUEL

$0.06

$0.05

$0.04

$0.03

$0.02

$0.01

Electri c
(1 kwh )

$2.50

$2.00

$1.50

$1.00

$0.75

$0.50

$0.25

Oil
(1 gal)

$2.00

$1.60

$1.20

$0.80

$0.60

$0.40

$0.20

% EFFICIENCY OF HEAT DELIVERY 100 90 80 70
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U . S .  G O V E R N M E NT P R I N T I N G O F F I C E :  198 1 -  3 4 D -  9 9 7 / 1 6 2 3
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