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Forewor d

The DOEPassiv e Sola r Desig n Handboo kwas conceive d severa | year s

ago. Writn g bega nshol y befor eth eMarc h 197 8 Secon d Nationa | Passiv e
Conferenc e i n Philadelphia . Theorigina | five-mont hprojec t expande d

totw oyear sasth esola r tea mheade dbyJ. Dougla s Balcom bat Los

Alamo s Scientifi ¢ Laboratorie slabore dt oensur etha t th etechnica | dat a
woul db ecurrent , accurate , an duseful

The origina | concep t calle dfo r a singl evolume , th efirs t sectio n
writte nbymeandth esecon dby Dougandhi s staff . Theeventua | larg e

size s an d disparat enatur eof th etw osection s resulte di ntw ovolumes

Volume One: Passiv e Sola r Desig n Concepts , an d Volum e Two: Passiv e Sola r

Desig n Analysis . Together , th e tw ovolume s compris e th e DOEPassiv e

Sola r Desig nHandbook . Asth etitle s imply , Concept s i s an introductio n

topassive . For th emost part , th e informatio ni s qualitativ eand
i swritte n fo r th e uninitiated . Analysi s i s quantitativ e an d writte n

fo r th e architect , engineer , an d researcher

Passiv e sola r offer s anunprecedente d opportunit y t o addres s
th e pressin g energ yneed s of our country s energ y stock . Combine dwit h
energ y conservation , activ esolar , andothe r energ y options , passiv e
sola r i s animportan t ingredien t i nreducin g buildin g energ y con -
sumption . | nsome cases , i t wil | provid eth emajo r means of reducin g

consumptio no f conventiona | fuels . | nothe r cases , i t wil | pla ya



minor rol ebut wil | act as a catalys t fo r incorporatin g other , low-energ vy

practices . Passiv e Sola r Desig n Concept s i s dedicate dt oenrichin g

passive'’ s rol ei nour energ y futures

Bruc e Anderso n

December 197 9
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A BACKGROURN T OPASSIV E SOLARBUILDIN GDESIGN

A.1 DEFINITIO NOF PASSIV E SOLAR

Aforma | definitio nof passiv e sola r desig ni s th e following
Passiv e sola r design s ar e method s fo r
heatin gor coolin g buildng sor for
heatin g domesti c¢ wate r i nwhic h therma |
energ y fow s bynatura | means (i.e.
withou t pumps o r fans)
Thermal energ y transfe r int oandout of buildings , int oandout of therma |

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

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

Thi s definitio n differ s fro ma common perceptio nof sola r heatin g
and coolin gsystems . |t i softe nassumedtha t usin g sola r energ y require s
an assemblag e of component s tha t include s anarra yof collectors , a therma |
energ y storag e system , and tw o therma | 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 and th e heate d
or coole d building . Bot h transpor t system s ordinaril y us e pumps or fans
Further , th e component s ar eusuall y attache dt o or installe di na buildn g
withou t greatl vy affectin g th e building' s architectura | fabri ¢ (roof , walls
floor , etc.) . Thes esystem s ar e ofte nterme d"active " becaus eof th e

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

These narro  wdefinition sof passiv eand activ e system sten dt oex -
clud e technique s tha t combin e natura | therma | energ y flo wwit h mechanically -
powere d energ y flow . For example , a fa nadde dt o a passiv e syste mmay

improv e th e energ y transfe r or provid e an additona | leve | of contro |
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over th e amount and tim e of suc htransfer . 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 eth euseof th eter m'hybrid " fo rbuilding stha t hav e bot han

activ e and a passiv e system. )

Similarly , th e ter mpassiv e may overla p wit h some energ y conser -
vatio n definitions . Energ y conservatio ni nbuilding s i susual vyper -
ceive d a s reducin g energ y consumption , whethe r th e conserve denerg yi s
renewabl e (e.g. , solar ) or nonrenewabl e (e.g. , fossi | fuel) . Althoug h
sola r energ y system s ca nreduc e consumptio nof fossi | fuels , the yar enot
generall y regarde d as energ y conservatio n sinc e the y don' t necessaril vy
reduc e th e building' s tota | energ yuse . Therefore , many simpl e techniques

suc h a s combinin g south-facin gglas s andtherma | mass, ar eusuall ynot
considere d energ y conservatio nmeasures . Onth eothe r hand , some

passiv e sola r design s canals oberegarde das energ y conservation

Passiv e may als o exclud e othe r natura | energ y use s not usual vy

considere d energ y conservatio nmeasures . For example , wood heatin g
and natura | ventilatio n ar e neithe r energ y conservatio nnor passiv e
sola r desig nas commonl y defined , althoug hth elatte r tw oar edis -

cusse d briefl y i nChapte r D.

Thus, althoug ha grea t deal of overla pi 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



Energ y Natura | Passiv e Hybri d Activ e

Conservatio n ° Energ y ® Solar ] Sola r L) Sola r
Technique s Feature s Desig n System s System s
I n general , energ y conservatio n technique sten dt obeth esimples t
and leas t costt yof th efiv ecategories . Activ esystem sten dt obe

th e most comple x an d expensive

Thi s Handboo k addresse s passiv e sola r design . Passive' s cost and
complexit y generall vy fal | somewher e betwee n energ y conservatio n tech -
nigue s an d activ. e sola r systems . However , th e prope r semanti c catalogin

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 hgoo d cause , th e abov eterm s maynot be
adopte duniversally . But asour understandin gandus eof thes e technique
evolve , soals owil | our vocabular y fo r communicatin g them .

Infact , th e catalogin g of passiv e technique si s als ofraugh t wit h
ambiguity . Th emetho d use d i nthi s Handboo k combine s simplicit y wit h
comprehensiveness . Dozen s o f variation s an d permutation s fal | withi n
th e fiv e basi c passiv e heatin g syste mtype s described . Sometime s the y

fi t neatl y an d sometime s the y fi t onl y throug hth eus eof a gian t shoe -
horn . Thi s grea t variet vy an d diversit y of passiv e syste mtypes , al -
thoug h makin g i t diffcul t t ocatalo gthe mneatly , i s als oanadvantage
ther e ar e many approache s fro mwhic ht oselec t onetha t i s most appropriat
for a particula r climate , site , an dbuildin gtype . Althoug hthi s variet

give s passiv e versatility , wis e decision-makin g require s mor e tha n just



apassin ginteres ti nth esubject . Analyzing , predicting , andevaluatn g
passive’ s therma | an d economi c performanc ei sa comple xtask . For -
tunately , however , passiv esola r design susual yappl ysimpl econcept s
andar eeas yt obuild . Also , th eperformanc eof most passiv e system s

i sstabl edespit emanydesig n variations

A.2 ADVANTAGIES AN DDISADVANTAGE

When compare dwit hactiv e systems , passiv esola r design s (direc t
gain , convectv eloops , therma | storag ewall san droofs , an dattache d
sunspacea ) hav ebot hadvantage s an ddisadvantages . Most advantage s
ste mfro mth einheren t simplicit yof passiv esystems ; thi s simplicit y
generall yresult si ngreate r reliability , lowe r costs , andlonge r
lifeimes . Most of th edisadvantage s ar erelate dt o"marke t accepta -

bility " by homebuyer s an dth ebuildin g industry

Sinc epassiv. e system shav efe w(@© r no ) movin gpart sandusual vy

employ conventiona | buildin  gmaterials , thei r performanc ei s reliable



Windows an d wall s perfor mthei r sola r tas k effortlessl y an d quietl vy

withou t mechanica | or electrica | commands or requirements . Generally

ther e ar e n o wearin g surface s or nee d fo r lubrication . I fanyex-

terna | contro | i srequire d (e.g. , of shutters) , i tisusuall ya

simpl e tas k performe d by th e occupant . Usin g conventiona | buildin g

material s suc has glass , concrete , and bric kinvolve s well-know ncon -

structio  n techniques , an d thes e material s ar e generall vy long-lasting
Simplicity , lo winitia | cost sof conventiona | materials , lo w

maintenanc e costs , an d lon g lifetime s al | contribut et oth ecost -
effectivenes s o f well-designe d passiv e systems . But perhap s th emost
significan t reaso n fo r passive' s cost-effectivhes sisthelon glife -
time . For th elif eof th ebuilding , a passiv e syste mshoul d continuall
maintain , i f not improve , it svalu ei nat leas t equa | proportio nt o
therest of th ebuilding . |t shoul drequir e nomore maintenanc e tha n
any othe r wal | or roof . Thi s i s particularl y tru e when th e passiv e
syste mfulfill s th edual rol eof admittin g sola r energ y an d formin g

an integra | par t of th e building' s surfac e an d structure

Whil e simplicit y lower s th e capita | cos t (n o motorize d dampers |,
automati c valves , sophisticate d contro | systems , o r high-technolog y
detail s or materials) , a furthe r consequenc e of thi s simplicit yisth e
relatvn. elac kof lega | barrier s an d certificatio n requirements . Al -
thoug h ther e may b e some ne wmaterial s develope d fo r passiv e tha t

wil | 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 nnorma |

applications

Anothe r advantag eof passiv ei sthat , sihc ei t canbeapplie deven
i nsmal | amounts , th e initia | involvemen t ca nbea relativel y smal |
ste prequirin  ga smal | risk . Thus , individual scangai nrea | experienc e
wit h passiv e befor e makin g a large r commitment

; 1 f a desig nmistak e

ismade, i t ca nberecognize dandcorrecte dwit hminima | loss

Fro mth e viewpoint of societ yas a whole , passiv e sola r offer s
mary benefits . Themost obviou si sa saving sof fossi | fuels , whic h

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

applications . Th e economy profit s bot hbyreducin gth ebalanc eof
payment s deficit an d freein g capita | fro mfossi | fue | expenditure s fo r
bette r uses . Thedecreas ei nfossi | fue | us eals ohas a beneficia |
environmenta | impact . Afte r installation , sola r heatin gandcoolin ¢

require s few , i f any , transmissio nlines , pip elines , or stri pmines ;

it produce s n o dangerou s radioactiv ewaste sandnopollute dai ror

water . Sola r system s hav e fe wnegativ e impact s sinc e the y us e material s
that ar erenewabl eandcanberecycled . Passiv esola r promise st o

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

constructio n labo r an d materials

Potentia | difficultie s of occupan t interactio n wit h passiv e
system s ar e sometime s regarde d as a disadvantage . For optimu mper -

formance , some passiv e system s requir edail ymovin gof shutter s or vents



To some peopl ethi s i s an imposition ; other sfin di t not onl y tolerabl e

but actuall y a pleasan t way of growin g close r t o thei r environment

Many fee | tha t th e radian t heatin g fro mlarg e surfaces , charac -
teristi cof most passiv e systems , i s mor e comfortabl e tha n conventiona |
heatin g methods , whic husuall yheat th eai r first . A frequen t charac -

terizatio nof some passiv e design s i swid e temperatur e swings ; however |,
i n well-designe d system s thes e swing s ar e small , generall y onth eorde r
of 5 F. Nevertheless , some peopl e enjo y excessivel ywar mroo mtempera -
ture s durin gth e col dwinte r and fee | tha t wid e temperatur e fluctua -

tion s ar e not undesirable

Almost al | passiv e system s requir e mor e occupant awarenes sof th e
environment tha n activ e system s do, but experienc e has show n tha t

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

It 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 nturn
affect s th e willingnes sof builder stobuil dit or buyer st opurchas e
it . However , i f th ebuildn ghaslo wheatin gor coolin gloads , or i f
passiv e sola r i s designe dt oprovid eonl ya smal | fractio nof th eloads ,
th e passiv e syste mwil | hav e a smal | surfac e are aand, therefore , onl y

a smal | effec t on th e building' S appearance

The primar vy disadvantag e of passiv e desig ni stha t i nmost cases |,

but not all , i t increase s constructio ncost . Toachiev ea larg e sola r
fracto n (i.e. , a larg e decreas e i nconventiona | fue | bills ) th ecos t
can approac htha t of activ e systems . However , th e financia | ris kcanbe
limite dbybuildin gonl ya smal | syste m(perhap s a s littl eas 75 squar e

feet of convectiv e loo p collector)



A.3 SOME PASSIV E DESIG N BUILDIN G BLOCKS

Buildin g element s (suc hasglass ) and therma | processe s (suc h
as conduction ) ar e combine d i nvariou sways i npassiv e designs

Familiarit y wit h thes e "buildin g blocks wil | enabl e th e designe r
t o mak e decision s fo r eac h particula r desig nproject . | naddition

th e designe r ca nvar y thes etool st osui tth eparticula rneed sof a

project . Suc hneed s diffe r andar emost affecte dbyth esite , th e

climate , and th e purpos e of an d activitie swithi nth ebuilding . Thes e
variation si ntur naffec t th echoic eof th e passiv edesign . The followin ¢
brief , introductor y description s wil | provid e a foundatio nfo r thei r

use throughou t thi s Handbook .

Buildin g Element s

Insulatio  n

Insulatio ni s a materia | wit ha hig hresistanc et oheat flow
It i suse dt oreduc e conductiv eheat los s fro mbuildng si ncol d
climate sandt oreduc eheat gain s i nwar mclimates . Movabl e insula -
tio nretard s energ y flow s throug hwindows , eg. , at nigh t whenth e

sun isn' t shining

Glazin g
Glazin gi sa materia | tha t i s highl y transparen t t osola r irradia -
ton . Itisusedtoadmit andtra psola r heat . Glazing , usual vy

glas sor plastic , i sanessentia | elemen t i nmost passiv e designs



As windows , glazin gca nbebot hsola r collector s an d source s of light
Windowdesig n an d orientatio nar e extremel vy important . Window s facin g
sout h receiv e maximu mwinte r gain s an d hav e minima | summer gains

Glazin g cover s suc hbuildin g element s as metal or masonr ywalls , con -

vertin g the mt o "sola r collectors. Large r space s betwee nth e glazin ¢
and th e buildin g ca n b e use d successfull y a s greenhouse s or othe r sun -

spaces .

Shadin g

Keepin gth esunof f th ebuildn gandof f th ewindow s at appropriat e
time sof th eyear i s essentia | fo r keepin g th e buildin g cool . Shadin g
mechanism s includ e vegetation , portion s of th e buildin g itself , auxiliar y
device s suc h as overhangs , an d insulatio ni nth efor mof drape s tha t

shad e an d shutter s tha t insulate

Reflector s
Reflector s increas e th eamount of sola r radiatio n strikin ga
surfac e or enterin g throug ha window . Movabl e reflector scanals o

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

Thermal Mass

Heavy material s withi n buildings , suc has concrete , stone , and
water , ai di nth estorag eof therma | energ y fo r bot h heatin g an d cooling
They ca ntempe r and tim e dela y th e effect s of fluctuatin ginput sof
energy , suc hassolar . For example , durin gth ecoolin g season , the y

absor b exces s daytim e heat t o kee p th e buildin g fro moverheating



Heat-of-fusio n (o r phase-change ) material s stor e heat when the y
melt an d releas e th e heat whe n the y re-solidify . The yrequir e smalle r
mass an d volum et o stor eth e same amount of therma | energ y as th emore
conventiona | heat storag e materials , suc has concrete . Theyals ostor e

heat wit h littl eor nochang ei ntemperature

Thermal Processe s

Thermal Radiatio n

Thermal radiatio ni sa major energ y transfe r means insid e a
building . Thi s radiatio ni ssimla rtolight , butit hassuc ha
lon g wavelengt htha t i ti snot visible . 1 1ti seasil ysense dasa

"war mfeeling, expeciall ybyth ebac kof th ehandor face , andi ti s
especiall y pronounce d near war mobject s suc hasa hot stov e pip e

or wall . Therma | radiatio ni s absorbe dat th esurfac eof non-re -
flectivn. e objects ; thi swarms th e surfac e whic hthe ntransfer s energ y
by conductio n (se ebelow ) t oth einterioco r mass. Theenerg yi sre -

lease d fro mth e therma | mass bac kt o th e heate d spac e by radiatio n

and convection

Peopl e interac t thermall y by radiatio nwit hth esurface sof
walls , ceilings , floors , andothe r surfaces . Thi sradiant exchang ei s
ful yasimportan t t oa person' s percepto nof comfor t asi sth eair
temperature , andi t canbeuse dt omaintai ncomfor t whenai r tempera -

ture s ar e at uncomfortabl y lo wlevels
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Natura | Convectio n

Natura | convectio ni s ai r movement resultin g fro mdifferin g
temperature s of adjacen t masses of air . |t i suse dt otranspor t
therma | energy , withou t fans , fro mon elocatio nt oanother . Thi s
i s most easil y accomplishe dwhenth ewarmest locatio nand sourc e

of heat i s lowe r i nelevatio ntha ncoole r location s requirin g heat

Conductio n

Conductio ni s th e transfe r of therma | energ y throug h materials

fro mth ewarmest spot t oth ecooles t spot . Thelarge r th e tempera -
tur e difference , th efaste r i s th e energ y movement .
Air Stratificatio n

Warmai r rise st ohig hpoint s withi na buildin gbecaus eit i s
lighte r an d mor e buoyant tha n coole r air . Ai r stratificatio nis
usuall y undesirabl ei nth ewinter . However , stratifie dwar mai r can
be transporte dt oothe r pat sof th ebuildn gor t oth eheat storage
Durin g th e summer, th ewar mai r ca nb evented , inducin g natura |

ventilatio n throug h th e buildin gandreducin gth eneed fo r ai r con -

ditioning

Evaporatio n

Whenwate r and ai r ar ei ncontac t and th erelatv. e humidit y of
theai ri sles stha n10 0 percent , wate r wil | evaporate . Theenerg y
require dt o evaporat e th ewate r reduce s th eai r temperature . The

added 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 nth e southwester n Unite d States . There ,

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

warmer, drye r air . Evaporativ ecoolin gi snot as effectiv ein

humid climate s becaus eth eai r i s alread y moisture-laden . De-

humidificatio ni s usuall y mor e effectiv e i n suc h climates
Thermosiphonin g (Thermocirculation )

Fluid s (liquid sor air ) become lighte r an d henc e mor e buoyan t
asthe yar eheated . Asi na chimne ywhenheate dai r rises , cool air
enter st oreplac eit ; thi smotiv eforc ecanbeuse dt o circulat e

heate dai r or liqui dfro ma collecto r t ostorag eor t oth elivin ¢

space. Whenth eai rorliqui dflow si nthi s continuous , somewhat
circula r loop , i ti ssa dt othermosiphon

The passiv e designe r nee d not necessarii y experimen t wit h ne w
combination s of th e abov e desig n buildin g blocks . Althoug h passiv e

sola r desig ni si na somewhat embryoni c stage , many design s wer e de -

velope d lon gag o and ar e use d widel vy today
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A. 4 FIV E BASI C SYSTEMTYPES

A.4. a Brie f Description s

Passiv e sola r design s ca nb e categorize di ndivers eways . Also

as note dearlier , overla pi s inevitable . Theapproac huse dher ei s

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

1. Direct Gain

2. Convectiv e Loop s

3. Therma | Storag e Wall s
4. Therma | Storag e Roof s

5. Attache d Sunspace s

The physica | image s tha t thes e fiv e method s evok ehel pt o
simplif 'y th etas k of communicatin gpassiv et omilion s of people
At th e same time , thi s categorizatio n syste mi s sufficientl y flexibl

t o permit  innovation

Amor e genera | categorization , whic hi s generi crathe r tha n

physical , i st oclassif vy passiv e concept s accordin gt o th e following
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a. Direct Gain
b. Indirec t Gai n

c. Isolate d Gai n

The direc t gai ncategor yi sth esame i nbot h classificatio n schemes .
The othe r fou r physica | categorie s ar e eithe r indirec t or isolated ,
dependin g o nwhethe r th e therma | storag emassi si ndirec t therma |
contac t wit htheheate dspac eor i s thermall vy isolate d (b y eithe r

distanc e o r insulation)

The followin g brie f description s wil | introduc e th e designe rt o
th e basi ¢ component s of thes e fiv e syste mtypes . They ar e discusse d
indetai | i nChapter s C1throug h C5.
Ada. | Direc t Gai n (Figur e A-1)

Direc t gai n system s us e sola r radiatio ntha t enter s throug h
glas s or plasti ¢ directl yint oth espac et obeheated . Nearl yal | of
th e sola r radiatio n enterin g th e roc mi s immediatel vy converte dt o heat
Thermal mass fo r storin g exces s sola r heat i s most effectiv e whe n

locate dwit hdirec t exposur et oth esunligh t (@ si na concret e

floor) . Toreduc eheat los sand, therefore , t oincreas eoveral |
therma | performance , insulatio nmay b eapplie dat nigh t t oth eglass ,
eithe r insid e or outside . Durin gth e heatin g season , south-facin g
glas s take s advantag eof th e sun' slo wposito ni nth esky ; i nth e

summe whenth esuni shig hi nth esky , th eglas si s shade dby over -

hangs, awning s, or trees
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A.d4.a. 2 Convectiv e lLoop s (Figur e A-2)

As a flui dincrease s i ntemperature , it s densit ydecrease sandi t be
comes mor e buoyan t tha na coole r flud . Theresul t i sthat a war mflui d
tend st oris easiti swanned, anda coole r flui dmoves downwar dt o
tak e it s place . Thermocirculatio ni sa natura | convectiv eloo ptha t
permit s a flui dheate d by anabsorbin g surfac et oris e eithe r directl y

toth espac et obeheate dor t oa therma | storag e containe r elevate d

above th e absorber . Coole r flui di sdraw nfro mth eroo m(@© r fro m
therma | storage ) t oth e collector , replacin gth ewarm, risin g fluid

Figur e A- 2 illustrate s th e simples t for mof a convectiv e loo p
ai r collector . Asth eai r i nth e spac e betwee nth eglas sandth e
blackene d absorbe r surfac ei s heated , i t expand s an d become s lighter
rise s throug h th e collector , and flow s int oth eroo mthroug ha vent
at th etop . Coole droo mair , draw nint o th e collecto r throug h anothe r
vent at th ebas eof th ewall , replace s th ewarmedai r leavin gth e
collector . It , too , i s heate dan d subsequentl vy expelle dfro mth e

topof th ecollecto r int oth eroom. Thi s proces s continue saslon gas
ther e i s enoug h sola r radiatio nt orais eth etemperatur eof th ecollec -
tor abov e th e temperatur eof th e room .

I nthes e systems , revers e thermocirculatio n shoul d b e prevente d
at night . Revers e thermocirculatio n occur s whe nth e blackene d ab -
sorbe r surface , duet oit sclos eproximit yt oth eglass , become s

coole r tha nth eroo mair . Thecoo | absorbe r surfac e cool sth eai r
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Figur e A-2 : A thermosiphonin g ai r heate r (HON) .
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incontac t wit hit . Thecool , dens eai r moves downwar d an d enter s th e

roomat th elowe r vent . Warmai r i sthe npulle dint oth eupper vent ,
and th e circulatio nloo p continues . A simpl e backdraf t damper (se e
Figur e C2-7 ) ove r eithe r vent openin gwil | preven t this

Ada. 3 Therma |l Storag e Wall s (Figur e A-3)

I n many application sof passiv esola r heating , therma | energ y

storag e i s locate dbetwee na wal | of glas s (0 r plastic ) and th e spac e

tobeheated . Todate , ther ear etw ogenera | type s of therma | storag e
walls . Oneuse s heav y masonr y material s 1 foo t or sothick . The
outsid esurfac eof th ewall , painte da dar kcolor , heat supasth esun
irradiate s it . Theheat i s conducte dthroug hth ewal | andi s the n

transmitte dt o th einterio r space s by convectio n an d radiatio n severa |

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

The secon d genera | typ eof therma | storag e wal | employ s wate r
instea dof masonr y materials . Tube s of water , 55-gallo ndrums , and
speciall y fabricate d wate r wall s ar e commonl y used . Thenatura | flo w
of ai r fro mth eroo mt oth e spac e betwee nth eglas swal | andth e
container s of wate r and the nbac kt oth eroo mi susuall ynot a seriou s
desig n consideration . Instead , wate r absorb s th eheat , andth eheat

radiate s directl y t oth eroom .

To contro | thi s radiativ eheatin g (0 r t oconcea | th e containers) ,

a partitio ncanbeplace dbetwee nth ewate r wal | and th eroom. A

A-18



Figur e A-3 : Therma | storag ewal | wit h thermocirculatio nvent s (HON) .
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thermostaticall y controlle dfa ncoul dthe nbeusedt odirectl y suppl vy

warmai r fro mth e resultin g war mwate r wal | "closet t oth e space .

I nmasonr y therma | storag ewalls , vent hole s frequentl y ar e place d
at th eto pandbotto mt oallo wroo mai rt oenter , ris ei nth ewar m
spac e betwee nth e storag ewal | andth eglass , andre-ente r th eroom .
Thi s combine s th e convectiv. e loo p proces s wit ha therma | storag e wall

Such system s ar e usuall yreferre dt oas'"Tromb e walls afte r Feli x
Trombe o f Odeillo , France , whogav ea substantia | boost t othei r

development

Fans canbeuse dt oincreas eandcontro | airflow . Eve nwhenvent s
are used , however , th emajorit yof th eheat i s absorbe dbyandcon -
ducte d throug hth emasonr y material . | nmany systems , manual or auto -
mati ¢ damper s preven t th e nighttm erevers eflo wof ai r tha t woul d
cool th e space . Aswit hdirect gai nsystems , movabl e insulatio n may
beuse dt ocove r th eglas s at nigh t t oreduc eheat los s and thereb y

increas e overal | therma | performance , especial y i ncol d climates

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

Sone passiv e design s locat e th e therma | storag e on th e roof
The most widel y know n system , develope dbyHarol dHay, i scale d
"Skytherm." R | t use sroo f pond sof wate r store di nlarge , clea r

viny | bag s tha t ar e supporte dona black , waterproo f liner . Sola r
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Figur e A-4 : "Skytherm" R stherma | storag e roof s — summer
and winte r operatio n (HON) .
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radiatio ni s absorbe dbot hbyth ewate r and th e blac kliners . Thi s
heat i s the nconducte d throug hth eceiling , i ncontac t wit hth e bags ,
toth e spac e below . Insulatin g panel s cove r th eroo f pond s at nigh t

tominimiz e heat loss

Dependin g o nth e climate , thi s syste mcanbeuse dfo r coolin ¢
durin g th e summer. Th e wate r absorb s heat fro mth e spac e belo wan d
radiate s th eheat t oth ecol dnigh t sk ythroug ha proces s cale d
nocturna | radiativ e cooling . By floodn gth ewate r bags , evapora -
tiv e coolin g ca nb e use d effectively . Th e insulatin g panel s cove r and
shade th eroo f pond s durin gth edayandar eremove dat nigh t t oper -
mit radiativ e an d evaporativ. e coolin gas wel | as convectiv e coolin ¢

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

Other variations , develope dfo r heatin gi ncolde r climates , us e
glazin g incorporate d int o a south-slopin groo f pitc han dwate r con -

tainer s or "thermo-ponds supporte d by th e ceiling

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

Greenhouse s an d othe r "sola r rooms " canbeattache dt onewor
existin g buildings . Overheate d sunspac eai r i s eithe r delivere d
directt yt oth ebuildn gt obeheated , or th ebuildin gandth esun -

spac e ca n hav e a common therma | storag ewal | or rockbed . The heat
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Figure A-5: Sola greenhous (HON).
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store di nth etherma | storag ewal | wil | beshare dbybot hth e sun -
space an d th e building . Someof th eheat fro mth ewal | warms th e
greenhous e befor e passin gt oth e outdoors , thereb vy extendin g th e growin ¢

season . At th esametime , th ewal | help st okee pth egreenhous efro m

becomin g overheate donclear , sunn ydays . Sola r energ y ca nprovid e
all , ornearl yall ,ofth eheat require dbya properl vydesigne dsun -
space . Th e sunspac e provide s substantia | quantitie sof exces s energ y
toheat th e buildin g whil e simultaneousl yactin gasa buffe r zonet o

reduc e heat los s fro mth e buildin gt o th e outdoors

A4. b Summary of Advantage s an d Disadvantage s

1. Direc t Gai n

Advantage s

* Glazin g i s a relativel y inexpensiv. e for mof sola r collecto r
and i s widel y availabl e an d thoroughl vy tested

*The overal | syste mcanbeoneof th e leas t expensiv e means
of sola r heating

*Direct gai ni sth esimples t sola r energ y syste mt o concep -
tualiz eandcanbeth eeasies t t obuild . | nmany instance s
it i sachieve dby simpl vy relocatin g windows .

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

to nt oente r th e buildin g whil e als oadmitin g natura |
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daylight an d providin gvisua | acces st o th e outside
e Toprovid eonl ya small fracto nof th eheatin gneed s of
a building , direc t gai nsystem s donot necessarii yneed

therma | storage

Disadvantage s

elLarg e expanse s of glas s canresul t i nto omuch glar e durin g
thedayandlos sof privac y at night

* Ultraviolet radiatio ninth e sunligh t wil | degrad e fabric s
and photographs

| f th edesig ni st oachiev elarg e energ y savings , the n
relativel y larg e glazin g area s an d concomitan t larg e amount s
of therma | mass ar erequire dt o decreas e temperatur e swings

e Therma | mass i s expensive , particularl yifitseve sno
structura | purpose

e Interio r diurna | temperatur e swing sof 15t o020F ar e common.

e Providin g fo r reduce d heat los s at nigh t throug h th e glazin g

canb e expensiv e an d awkward .

2. Convectiv e Loop s

Advantage s

* Glar e an d ultraviole t degradatio nof fabric sar enot

problems .
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* Convectiv e loop s provid eoneof th eleas t expensiv ewayst o
sola r heat

*Toprovid eonl ya small fracto nof th e heatin gneed s of
a building , therma | storag ei s not necessarii y needed .

« They ar e easil y incorporate d int o sout h facades

e They ar e readil y adaptabl e t o existin g buildings

* Becaus e th e collecto r canbe thermal vy isolate d fro mth e
buildin g interior , high t heat losse scanbelowe r tha nfo r

any othe r passiv e design

Disadvantage s

*Thecollecto r i sanadd-o ndevic et oth ebuildin g ( apossibl e
advantag e i nretrofitting)

* Bot h carefu | engineerin g an d constructio narerequre dto

ensur e prope r airflow s an d adequat e therma | isolatio nat

night

*Thetherma | energ y i s delivere daswarmedair . |t i s difficult
tothe nstor ethi sheat fo r late r retrieva | becaus eai r has
poor hea t transfe r characteristic st omass compare dt o mass

directl vy irradiate dbyth esun.

* When therma | storag e i s used , th e syste mwork s best when th e
collecto r i s locate d belo wth e buildin g and th e storage
Such a configuratio n i s difficul t t o achiev e wit h conventiona |

construction
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3.

Therma | Storag e Wall s

Advantage s

* Glar e an d ultraviole t degradatio n of fabric s ar e not problems

» Temperatur e swing s i nth e livin g spac e ar e lowe r tha n wit h
direct gai nor convectiv e loo p systems

*The tim e dela y betwee n th e absorptio n of radiant energ y by
th e surffac e and th e deliver yof th e resultin gheat t oth e
spac e provide s warmt hi nth e evenin g whenmost residence s
need it

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

i s well-advanced

Disadvantage s
*Two sout hwalls , a glaze dwal | and a mass wall , ar e needed .
*Massiv ewall sten dt obecostt yand ar e not generall vy used
i n moder n residentia | constructio n (althoug h therma |
storag ewall smaybeth eleas t expensiv ewayt oachiev eth e
require d therma | storag e sinc e the y ar e compactl y locate d
behin d th e glass)
*The mass wal | occupie s valuabl e spac e withi n th e building
*l ncol d climate s considerabl eheat i slos t t oth eoutsid e
fro mth e war mwal | throug hth e glazin gunles s th eglazih gi s
insulate d at night ; movabl e insulatio ntend st obeexpensiv e

and awkward .
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4. Therma | Storag e Roof s

Advantage s
* Compare d wit h many passiv e systems , th e heatn g and coolin ¢
effect s ar e mor e uniforml vy distribute d throughou t th e building
» Temperatur e swing s i nth e buildin g may b e small
* Glar e an d ultraviole t degradatio n ar e not problems
* Thi s syste mca n provid e bot h heatin g an d cooling
* Backu p heatin g and coolin g system s canbe elimnate di n

mil d climate s (whe ncode s permit)

Disadvantage s

*Th e heav y weigh t of therma | mass abov e th e ceilin g might be
psychologicall y unacceptabl e (especiall y i n an earthquake -
pron e area)

*The therma | storag eroo f are aneed st obeat leas t 50 percen t
of th etota | floo r are at o produc e a significan t fractio n
of th etherma | energ yneed s of th e building

e Compare d wit h othe r passiv e systems , furthe r refinemen t i s
require di norde r fo r designer s and builder st o make
immediat e widesprea dus e of th e design

e Structura | suppor t fo r th e heav y mass ca n b e costly
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5. Attache d Sunspace s

Advantage s
e Temperatur e swing s i n adjacen t livin g space s ar e small
*They provid e spac e fo r growin g foo d an d othe r plants
*They reduc e heat los s fro mbuilding s by actin g as buffe r
zones .
*They can hel p brin g peopl e close r t o nature
*They ar e readil y adaptabl et o existin g buildings
*Sinc e th e sunspac e serve s mor e tha none functon , it i s

anatura | and integrate dpar t of th e buildin g design

Disadvantage s

e Therma | performanc e varie s greatl y fro mon e desig nt o
another , makin g th e performanc e difficul t t o predict

» Althoug h constructio ncost s canbekept low , commercial -

qualit y constructio ni 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 ni s anunderstandin gof th edynamic s of heat transfe r throug h

wall s of variou s constructions . Thi s understandin g ca n hel p develo p
an intuitiv efee | fo r passiv edesign . | nwinte r ther ear etw o
primar y fow s of heat . Onei s sola r radiatio nint o th e building ; th e othe
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isheat los s fro mth e building . Thes etw oenerg y flow svar yi namount
and rate , dependin g o noutdoo r weather , tim eof day , andtim eof year
For example , th erat eof sola r radiatio nvarie s fro mver yhig hlevel s
when th e su ni s unobstructe d fro mshinin g throug hwindow s t o abou t
one-tent hof thi sleve | whenth esuni s completel yobscure di na dens e
fog. Theamount of heat los srange sbya facto r of 3 0betwee nwell -

insulate dwall s an d singl e glass

Standar d constructio n method s an d material s canbeuse dt oreduc e
heat loss , but properly-use dglazin gcanpermi t heat gains . The
diagram s i n Figur e A- 6 simplisticall y sho wtha t transparen t glazin ¢
canbeadde dt oth eexterio r of a buildn gi na number of ways. The
primar y effec t of addin g glazin gt oexistin gglazin g (Diag.a mMA) i st o
reduc e heat loss . However , i t reduce s admitte dsola r energ yonl y
slightty . Addin gglazin gt oth eprepare dwal | suffac e of a buildin g
(Diagra mB) transform s th ewal | int oa sola r collector , greatl yin -
creasin gth eflo wof sola r energ ythroug hi t but havin g littl e effec t
onheat loss . Addin ga laye r of glazin gt oanuninsulate d masonr ywal |
(Diagra mC) greatl yreduce s heat los s andgreatl vy increase s sola r
heat gain . Whenth e spac e betwee nth eglazih gandth ewal | i s enlarge d
(Diagra mD) , th e resultin g sunspac etemper s anddelay s th eeffect sof
outdoo r weathe r extreme s on th e building' s interio r whil e als o pro -

vidin g sola r heat

To elaborat e further , Diagra mA represent s direc t gai n systems
Heat transfe r rate s an d amount s ar e hig hfo r bot h sola r radiatio nan d
heat los s throug ha singl elaye r of glass . A secon dlaye r of glas s

reduce s sola r heat gai nbyabout 10t o20percent , but it reduce s heat los
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by about 50percent . Addin ga thir dlaye r of glas s reduce s sola r heat

gai nbyanothe r10t o2 0percen tbut heat los si sreduce dby an additiona |
one-third . For al | thre e windo wconfigurations , admitte d sola r energy ,
aswel | asheat loss , track s outdoo r weathe r almos t immediately . That
is, whenth esuni s shining , th ebuildin g experience s heat gai n instantl y
and i ndirec t proportoc nt oth eleve | of sola r radiation . Heat los s
increase s wit halmos t nodela yas th eindoo r temperatur e increase sor

th e outdoo r temperatur e drops

Diagra mB represent s convectiv eloo p systems . A laye r of glas s
or plastt ci sadde dt oanuninsulate dwal |l (R4 ) andt otw o insulate d
wall s (R-1 3andR-28) . Vent sar eintroduce dat th ebotto mandto pt o

permi t thermocirculatio nof sola r heate dai r int o th e building

Prio r t o bein g glazed , th e uninsulate dwal | has smal | but measurabl e
amounts of admitte d sola r energy . The insulate dwall s yiel d littl eor
nosola r energy . Theuninsulate dwal | has hig hheat losses , th einsulate d

wall s hav e ver vy little

Wit h th e additio nof th e glazin g an d th e resultin g convectiv e
loop , sola r gai ni sincrease di nal |thre ecases . | nfact , daytim e
sola r gain s throug hth euninsulate dwal | i sth ebest of th e three ;
it hasnot onl ynatura | convectio nbut als o increase d conductio n gains
Incontras t t oth e immediat e respons ebywindow st o sunlight , thes ewall s

ar e relativel y sluggis h an d hav e somewhat les s tota | sola r gain
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For th euninsulate dwall , heat los s i s noticeabl yreduce dduet oth e
addito nof th eai r spac e betwee nth eglazin gandth ewall ; th etota |

heat flo wresistanc e i s increase dfro mR- 4t o approximatel yR-5, a 25

percen t increase . Heat los swil | sti | b e significan t compare dt o
that of insulate dwalls , especial yat nigh t and durin g cloud y weather

For th einsulate dwalls , sola r heat gai ni s significantl y increase d
by th ene wlaye r of glazing , but heat los sat nigh t i s affecte donl y
negligibly . Daytim eheat los si sreduce dbecaus eof th ewar mai r be -
tweenth eglas sandth ewall . Thi shasa minor effec t onth enet energ y

contributio nof th ewal | t oth e building

Diagra mC represent s therma | storag ewalls . Alaye r of glas sor
plastt ci sadde dt oth eexterio r surfac eof a soli dmasonr ywall . The
heat i s delivere dt oth ebuildin gbyconductio nthroug hth emass, and
heat deliver yt oth eroo mi s delaye dby severa | hours . | nmany applica -
tions , vent sar ecut throug hth eto pandbotto mof th ewal | t oprovid e
a convectiv eloo peffect . Aswit hth econvectv eloo pwalls , ther ei s
asligh t dela y compare dt owindow s fro mth e tim eth e sunshine sonth e
wall unti | th eheat actuall yenter sth espace . Simila r als ot ocon -
vectiv eloops , th esola r gai ni snot asgrea t aswit hwindow s sinc e
some heat i slos t fro mth ehot wal | throug hth eglas st oth e outside
Also , muchof th eheat i s absorbe dbyth emasonry , whic hfurthe r slow s
th e responsivenes s of th ewal | t osuppl ysola r heat t oth e building

The absorptio nof heat byth emasonry , i nfact , greatl ydelay sth etim e
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when th e conducte d sola r heat finall y enter s th ebuildng . The sola r
gain , therefore , i s distribute dat lowe r rate s over a longe r perio d
of time , whic hmakes contro | of excessiv esola r gai na lesse r proble m

tha nwit h direc t gai n systems

When th e masonr y i s war mfro mth esun , ther ei snoheat los s fro mth e
buildin g throug hth ewal | t oth eoutside . Afte r lon g period s of cold ,
cloud y weather , however , th ewal | temperatur ecanfal | belo wroo mtempera -
ture , andthe nheat los s i s hig hsinc econcret ei s a poo r insulator
Thi s proble mcanbesolve di na number of waysand i s discusse di n
Chapte r C3, Therma | Storag eWalls . | nanycase , th eheat los t fro m
th elivin  gspac e throug ha glaze dmasswal | i sles s tha ntha t throug h

a comparabl e direc t gai n glazin g system

The vertica | glazin g describe d i nth e exampl e abov e form s a
small , deadai r spac e ove r what was th e exterio r wal | surface . | f
theglazih gi s instea d installe di na lean-t o fashion , asi nDiagra m

D, th esmal | ai r spac e becomes a large r are atha t canbecalle dan

attache d sunspace . Theheat los sthroug hth ewal | i snolonge rt oth e
outside ; instea di ti stothi slarge r ai r spac ewhich , dependin gon
th e adde d therma | mass, i smoreor les susefu | asa living/workin g space .

The glazin g ca nbea t slope s othe r tha na leant o shap et o bette r
useth einsid espace . | f th ewal | i ncommonwit hth ebuildin gi s wood -

framed , a sunspac ei s likel yt oexperienc ewid e temperatur e fluctuations
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It wil | behot onsunn yday sandmil doncloud ydays . Some sunshin e
wil | penetrat e directl yint oth elivin g spac e throug h any window s

inth ewal | betwee nth e hous ean d sunspace . Some sola r heat wil | be
conducte dthroug hth ewall , but unles sth ewal | i ssoli dmasonry , thi s
contributio nwil | b e relativel ysmall . Vent scanbeintroduce dat
thebotto mandto pof th ewal | t o permi t additona | heat t oente r th e
buildin g throug h th e thermocirculatio nof war mair . Alternatively ,
afa ncanbeuse dt omechanicall ymoveth ewar mair , althoug hthi s

is seldo mnecessary . Thewar mai r canals ob e circulate d throug ha

grave | bedt ostor eth eheat , i nwhic hcas ea fa ni s required

At nigh t th e temperatur e of thi s sunspac e desig nwil | dro p fairl vy
quickly . However , duet oth etherma | massof th efloor , th etempera -
tur elevel s of f warmer tha nth eoutsid eai r andthe ndrop s slowl vy
comparedt oth e temperatur eof th eai r spac ei na convectiv eloo p
collector . Durin g severel vy col dweather , th e above-freezin g tempera -
ture sof th efloo r wil | moderat e th e sunspac e temperature , maintainin g
it abovethat of th eoutdoors . Thebuildin glose sheat t othi s sun -
space rathe r tha nt oth eoutdoors . Themass of th e sunspac e floo r
help st omodulat e th e effect s onth ebuildn gof extreme s of sunshin e
and col d weather . Lik ea therma | storag ewall , th esola r gain st oth e
buildin g ar e stretche dout over a tm elonge r tha nwhil eth esuni s
actuall y shining . Als olik ea therma | storag ewall , heat los s fro m
the buildn gi sreduce dat nigh t duet oth eheat storag e capacit vy

of th e system . Anadditiona | advantag eof th e sunspace si stha t eve n
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durin gperiod sof cold , cloud yweathe r (whe ndirec t gai nsystems ,
therma | storag eroo f systems , andtherma | storag ewall s ar enormall vy
experiencin  glarg eamount sof heat loss) , th eheat transfe r fro mth e
goundt oth esunspac eenable si tt oact asa buffe r zone , thereb vy

continun gt oreduc eheat los s fro mth e building
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A2. f A Genera | Approac ht o Evaluatin g Cost s

Give nthes e five , basi c passiv esola r energ y syste mtypes , not t o
mentio n th e dozen s o f variation s an d permutations , ho wca nth e de -
signe r selec t th emost appropriat e syste mor combination s of system s
based o ncosts ? Althoug hth eanswe r i s difficult , a fe wbasi c observa -

tion s canhel psor t throug hth eseemin g maze of complexity

Adirec t gai nsyste mcanbeeithe r th eleas t costt yor th emost
costl y selection . For example , i t maybeth eleas t costt ychoic el) i f
a building' s south-facin gglas s are acanbeincrease d simpl ybyde-
creasin g planne dglazin gonth eeast , west , andnort hfacades , 2) i f
added mass i snot neede d (becaus eth ebuildn gi stobebul tof
massiv e material s regardles sof whethe r it i sa direc t gai nsyste m
ornot , orifitcanbepermite dt o fluctuat e widel y i ntemperature
or i fth eglazinh gare ai s small enoug htha t th enorma | buildn gmassi s
sufficient) ,and3) i fitisinamil dclimat esotha t movabl einsula -

tio nove r th ewindow st oreduc eheat los sat nigh t i snot necessary

Onth eothe r hand , direc t gai nsystem s ar eexpensiv e 1) i f addition
al south-facin g glas s result s i n significantl y greate r cos t tha nth e
wall tha t woul d hav e bee nthere , 2) i f grea t expens ei srequire dt oadd
sufficien t therma | mass t o kee p temperatur e fluctuation s withi n comfor t
limits , and3) i f grea t expens ei srequire dt oreduc eheat los s

throug hth eglas sat nigh t andt oshad ei t durin gth e summer.

A-40



I f a south-facin gwal | canbeeasil yconverte dt oa convectiv e
loo pwal | collecto r throug ha simpl e applicatio nof a singl elaye r of
glazing , th ecost wil | bemuchles stha ni f a specia | suppor t struc -
tur emust bebuilt . | f th e convectiv e loo p collector sar esize dto
provid e onl y daytim e heatin g requirements , n o additiona | therma | mass
isneeded . Thecost of th econvectiv eloop , then , wil | b e primaril y th e
collectors . Often , however , therma | mass must be adde d to accommodat e
the heat fro mth e convectiv e loo p collectors . Sinc eth emassi snot
directl vy irradiate dbyth esun, th e expose d surfac e area , an d therefor e
thecost , of th erequire dmass canbehigh . Unlik edirect gai nsystems ,
however , no additona | cost i sinvolve di nreducin gheat los s fro m
th e collecto r whenth esuni snot shinih g sinc e th e existin g insulate d

wal |l doe s tha t anyway .

Thecost of changin ga masonr ywal | int oa therma | storag e wal |
canvar y greatly . | nmi dclimates , onl y singl e glazin gmaybe
necessary , whil ei ncol dclimate s (greate r tha n 6,00 O degre e days )
even tripl e glazin g may b e bot h necessar y an d cost-effective . Movabl e
insulatio  n i s usuall y difficul t t ojustif y throug h conventiona |
economi ¢ analysi s an d may b e difficul t t ointegrat e int o th e design
Additiona | structura | costs , includin g large r foundations , ar e ofte n
overlooked . Althoug h perhap s negligible , Or eve nnonexisten t i ncon -
structio n tha t woul d hav e incorporate da heavywal | anyway (suc has
adob e construction) , thes ecost s canbehig hwhen incorporate dint o
light-fram e construction . Multi-stor y storag ewall scanals ohav e

thes e highe r hidde n costs
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Often , too , th efloo r are atha t must b ebuil t t oaccommodat eth e
therma | storag ewal | canvar ygreaty . For example , an8- or 12-inch -
thic k concret e wal | may hav e n o additiona | cos t associate dwit hit ,
particularl yi f th ewal | woul dhav e bee nther e anyway , whic hi s usuall vy
thecas ei f i ti ssupportin gth eroof . Onth eothe r hand , fo r free -
standin gwate r wall s suc h a s fiberglas S tube s or 55-gallo ndrums ,
th e attributabl ecostduet oth elos t usabl efloo r are acanbe severa |

dollar s pe r squar e foo t of glazing

Sinc e not nearl y as much informatio n exist s about therma | storag e
roof s as about othe r passiv e syste mtypes , cos t evaluation s ar eeve n
more elusive . At th eextrem elo wend, i f Harol dHay' s "Skytherm "
house i nAtascadero , California , wer ebuil ti nlarg enumbers , i t woul d
cost n omor e tha n conventiona | housin g sinc ei t require s n o backu p

heatin gor coolin gsystem si ntha t climate . Accordin gt oMr. Hay,

th e resultan t cos t saving s completel y payfo r th e passiv e system

On th e othe r hand , therma | storag e roof s ca nals ob e expensive
Significan  t additiona | structura | wor k may b e require dt o suppor t
therma | mass. Movabl e insulatio n may nee d carefu | detailin gt oensur e
tigh t fits . | f th ebuildin g require s conventiona | heatin gand

coolin g equipment , th e cos t associate dwit hth etherma | storag e
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roof wil | b e a nadditional , rathe r tha n substitute , cost

A single-glaze d attache d sunspac emay cost onl y a fe wdollar si f
thefram ei sbuil t of use dlumbe r andi f th eglazin gi s thi nsheet sof
plastc . Onth eothe r hand , commerciall y availabl e greenhouse s fo r
integratio nint o building s ar eusuall ycostly . However , sunspace s
can b e integrate dint obuildng si nways tha t mayreduc ecost s of othe r
buildin g components . For example , i f th e sunspac e i s protectin gwall s
that woul d otherwis ebeexpose dt oth eweather , th ewall scanbe

simplifie  d and th e cost s reduced
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B.1 PASSIV EDESIG NAND ENERGY CONSERVATION BASIC S

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

of energ y conservatio nandof designin gwith , rathe r tha n against

nature . Countles s page s hav e bee nwritte n onbot hth e philosoph yand

th e application s of energ y conservatio nand of climate-responsiv eand
site-sensitiv e design . Althoug hthi s subjec t i snot discusse di ndetai |
here , a fe wobservation s o nth e relationshi p betwee n passiv e desig n

and conservatio nar ei norder

Energ y conservatio ni sth ebest firs t ste pi nth etherma | desig n
of buildings . Thi s makes sens e fro mbot haneconomi c and a practica |
engineerin g standpoint . Th e procedur e fo r determinin g th e optimu m

amount o f energ y conservatio ni snodifferen t fo r a passiv eor activ e

sola r hous etha nfo r any othe r building . Insulatio ni s adde dunti | a
poin t o f diminishin greturn s i sreache d—tha tis , unti | th ecost of
additiona | insulatio n begin st oexcee dth e life-cycl ecost of th e fue I
that th e adde d insulatio nwil | save . Thesame procedur ei suse dfo r

determinin g th e optimu msiz e of th e sola r energ y syste m—it s siz e

isincrease dunti | th ecost of additiona | collectio n are a (includin g
all of th e associate d syste mcosts ) begin st oexcee dth e life-cycl e
cost of th efue | t obe save dfro mth e additiona | collector . Theoptimu m
mix occur s whenther ei sa threeewa yequalty : th eaddedcost of energ y

conservatio nequal s th eadde d cost of sola r collectio nequal s th elife -

cycl ecost of th efue | t ob e save dby either
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Give n norma | architectura | an d geometrica | constraints , 1 tis
difficul t t omatc h th e appropriat e sola r collectio nglazn gtoth e
buildin g withou t energ y conservation . Dependin g onclimate , a glazin g
areaequal to20t o50percen t of th efloo r are ai srequire dt oreduc e
a well-insulate d (ASHRAE Standard s 90-7 5 or equivalent ) building' S
heatin gbil | 50t 080 percen t wit h passiv e (0 r active ) sola r energy
Thus, th e collectio n glazin g cover smuchof th e availabl e sout h facad e
of th e building . Achievin g a hig hsola r heatin g fractio nona poorl y

insulate  d buildin  gwoul d not be feasibl eexcept i na ver ymil d climate

Additionally , by reducin g energ y demands throug h energ y conserva -
tion , conventiona | energ y system s canbereduce di nsiz e and complexity
For example, , th e traditionall y elaborat e heat distributio n syste mmay
be eliminated . Instead , a centra | spac e heate r (through-the-wal | type ,
beneath-the-floo r type , or eve na wood stove ) ca nheat a full-size d

house .

Energ y conservatio n ca n significantl y affect passiv e syste mde -

sign . Asa resul t of conservatio n measures , a buildin gi sabl et obe

warmed b y lo wtemperatur e heat . Most passiv e system s ar e lo wtempera -
tur e systems . Thesun' senerg yi susuall yusedat lo wtemperature s
rathe r tha nhigh . | ngeneral , th elowe r th e temperature stha t a

sola r energ y syste mprovides , th eles sheat i slos tt oth e outdoor s

and th e greate r th epercentag eof th esun' sheat tha t canbeful vy

utiize dt o provid e comfort
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Mary designer s ar e finding , i nfact , tha t whe n energ y conservatio n

and sola r energ y system s (whethe r activ. e or passive ) ar e analyze dwit h

th e sam e economi c criteria , Climat e determine s th e appropriat e mix .
Incold , cloud y climates , energ y conservatio nmeasure s ar e usuall y more
cost-effectiv e tha nsola r unti | buildin g heatin g load s ar e reduce d

toa ver y smal | fractio nof conventiona | loads . Onth eothe r hand ,
inmild , sunn y climates , sola r heatin gand coolin gmayb e mor e cost -

effectiv. e tha n energ y conservatio nfo r reducin g bot h fue | bil s and

fossi | fue | use .

Regardles s of ho wfue | bil s ar ereduced , th e primar y purpos eof

fue | consumptio nfo r heatin gand coolin gi st okee p occupant s com-

fortable , not t ocondito na space . Thi s canhav eimportan t desig n
implications . For example , th ebette r a wal | i s insulated , th ehighe r
wil | beit s interio r surfac e temperatur e durin g col dweather . Thi s

warmer surfac e temperatur e allow s interio r ai r temperature St oremai n
lower and stil | provid ecomfort ; i nturn , heat los si sreduce dt oth e
outsid edu et oth e smalle r differenc e betwee n th eindoo r an d outdoo r

ai r temperatures . Thi slowe r heat los sreduce sth esiz eof th eheatin ¢

system s an d reduce sth eneedt odelive r heat t oth e building S perimeter

The human bod y use s thre e basi ¢ mechanism s t o maintai n comfort
convection , evaporation/respiration , an d radiation . A r temperature
humidity , ai r speed , an d meanradian t temperatur e (MRT) ar e parameter s

affecte d by energ y conservatio n techniques , and the y influenc e howth e

body use s it scomfor tcontro | mechanisms . Thes e parameter s an d mechanism s
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cannot b ediscusse dat lengt hhere , but duet oth edeart hof informatio n
about mean radian t temperatur eandsinc ei t i s particularl y importan t

to passiv e design , a brie f discussio nof i ti si norder

Mean radian t temperatur e (MRT) refer st oth e averag e surfac e
temperature s of al | th esurface sof a space : interio r walls , windows |,
ceilings , floor s an d furniture . Differen t combination s of meanradian t
temperatur e and ai r temperatur e ca n produc e th e same comfor t sensa -
tion . Th e followin g pair s of combine d number s produc e th e equivalen t

sensatio nof 70 F (HAG-2)

Air Temperatur e 49 56 63 70 77 84 91

Mean Radiant
Temperatur e 85 80 75 70 65 60 55

The firs t pai r of numbers , fo r example , indicat etha t i f th eai r
temperatur ei s49F andth esurface sof th ewall s andothe r surroundin g
surface s averag e85F, the nth esensato nwil | be70F. Thelas t pai r
of number sreveal stha t i f th eai r temperatur ei s91F andth e MRTof
th e surroundin g surface si s55F, th ecomfor t sensatio nwil | besimila r
to tha t experience dbymost lightly-cla d occupant sat 70F ai r and

surfac e temperature
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MRT 1is 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-1).

Solar altitude, B , 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, @, 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.)



Figure B-1: Measuring the sun's position — the solar altitudep
is the angle between the sun and the horizon; the
azimuth ® is measured from true south (AND-1).



The sun' s pat hacros s th esk yvarie swit hth etim eof year , but
it away s follow s a circula r ar cacros s th esk ydome. Figur e B- 2
shows thre ediurna | paths : th e summer solstc e (2 1June) , th everna |
equino x (2 1 March) , andth ewinte r solstc e (2 1 December) . The

numbers i ncircle s represen t time s of day .

Sola r altitutd eandazimut hcanbedetermine dfor th e2lst day

of eac hmont hand fo r any hour of th eday byusin g sunpat hdiagrams

Adifferen t diagra mi s require d fo r eac h latitude , althoug hinter -
polatio n betwee ngraph s i s reasonabl vy accurate . Reprinte di nFigur e
B-3i s a representativ e diagra mfo r 40 ° N latitude . Othe r diagram s

arei nAppendi x5 and i nreference s (RAM), (BEN) , and (MAZ-2) . By
usin g thi s diagram , fo r example , on e ca ndetermin e th e sola r altitud e
and azimut hat 40 Op.m . sola r tm eonApri | 21i nNewYor k Cit y (40°N)
Locat eth e Apri | line , th edar klin e runnin g left-to-righ t numbere d
“IV" (Apri | i sth ed4t hmonth) . Next locat eth e40 Opm. line , th e

dar k up-and-dow nlin e numbere d "4. Th e intersectio nof thes eline s
indicate s th e sola r position . Sola r altitud ei srea dfro mth econcentri ¢
circles ; i nthi scaseiti s30. Thesola razinut hi srea dfro mth e

radia | lines , 80° Wi nthi s case .

Aprimar vy applicatio nof sola r angl e informatio ni st odetermn e
shadin g angle s fo r window s an d collecto r surfaces . Shadin g shoul d
protec t a surfac e fro mexcessiv esunbut not fro musefu | 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

(6)

\ SUMMER
SOLSTICE

EQUINOX

WINTER
SOLSTICE

Figur e B-2 : The sun' s dail y pat hacros sth esky —
thesuni shighe ri nth eskyi nsummer
thani nwinte rduetoth etl tofth e
earth’ saxi s (AND-1) .
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Most, but not all , passiv e sola r heatin g method

s us e vertica |

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

a vertica | surfac e durin g th e heatin g seaso ntha ndurin g th e summer.

I ncontrast , vertica | surface s of othe r orientation s hav e greate r sola r
gai ndurin g th e summer tha ndurin gth ewinter . Figur eB-4i sa plo t

of th e averag e sola r radiatio nvalue s onvertica | wall

orientation si nNewYor k Cit y (AND-2)

The quantit y of sola r radiatio n tha t penetrate s
windo wonanaverag esunn ydayi nth ewinte r i s greate
throug h th e same windo wonanaverag esunn ydayi nth

area number of reason s fo r this

sof variou s

a south-facin g
r tha ntha t

e summer. Ther e

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

tha n durin g th ewinter , ther ear emor e hour

sof pos -

sibl e sunshin e o n a south-facin g windo wi nwinte r tha n

insummer. For example , at 35 nort h latitude
arel4hour sof sunshin eonJun e2l1. But si

remain s nort hof east unti | afte r 83 0am.

, ther e
nc eth esun

an d move s

tonort hof west befor e 3:3 0p.m. , direc t sunshin e

occur s fo r onl y seve nhour s on th e south-facin g wall
On December 21, however , th esuni sonth esout hwal |
for th eful | 10hour stha t i t i s abov e th e horizon

2. Th e intensit y of sola r radiatio nona surfac e per -

pendicula r t oth esun' sray si sgreate r i nth ewin -
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Figur e B-4 : Relativ e averag e sola r radiatio nonvertica | wall s
i nNewYor k Cit y (AND-2)
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ter tha ni nth e summer. Theeart hi s slightl y close r
toth esundurin gth ewinter , and th e moistur e conten t

of th eai ri snot as great

3. Sinc eth esuni sclose rtoth ehorizo ndurin gth e
winter , th eray s strik e th ewindow s at mor e nearl y
righ t angle s tha nthe ydo i nth e summer whenth e
suni s at a highe r altitude . At 35°north , 150
unit s of energ y may strik e a squar efoo t of windo w
durin g anaverag e winte r hour ; durin g th e summer

thi s number woul d b e 10 O units

4. Theclose r th esun' sray shi t th ewindow s at righ t
angles , th e greate r th e transmittanc eof th e

glazing

5. A smal | roo f overhang , usuall yt obefoun d abov e
awindow , wil | shiel di t fro mmost direct summer

irradiation

Infact , abou t twic e as much sola r radiatio ni s transmitte d throug h
unshade d south-facin gwindow s i nwinte r asi nsummer. | f th ewindow s

are shade di nth e summer, th e differenc e i s significantl y greater

Vertica | surface s ar e mor e adaptabl et o passiv e system s tha n

tite d surface s suc hasroofs . Theamount of sola r energ y strikin g

a south-facin g vertica | surfac e i nnorther n latitude s durin g th e
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winte r i s almos t identica | t otha t strikin g a steepl vy tilte d surface
Wit h reflectiv e surfaces , suc hassnow, onth eground , a south-facin g
vertica | surfac emay actuall y receiv e mor e inciden t energ y durin g th e
middl e o f th ewinte r tha na south-facin gtite done. Figur eB-5
compare s inciden t energ y o n south-facin g surface s of variou stilt s
rangin g fro mvertica | t o horizontal . Thecurve s ar efo r 40 ° N latitude
Note tha t durin g th e primar y heatin g months , fro mOctobe r 1 t o Marc h 15,
tite d surface s gai nver vy littl e mor e tha nvertica | surfaces . | nfact |,
th e differenc ei sles s significan t i nmor e norther n latitude s (AND-2)

Keepi nmin dals o tha t tite d surface s receiv e mor e sola r irradiatio n

inth e summer an d ar e mor e difficul t t oshad e tha nvertica | surfaces

Figur e B- 6 compare s th e dail y tota | sk y radiatio nonclea r days ,
bot honeart handoutsid e th e atmosphere , at 42° Nlatitud e o n south -
facin gvertica | surfaces . Not etha t th eamount of sola r radiato non
eart h fro mOctobe r 1 t o Marc h 15 fluctuate s ver v little , enablin g
south-facin g vertica | surface st o perfor mwel | throughou t th e heatin ¢
season. | nth esame figur ether ei srecorde d dail yradiatio ninciden t
upon a south-facin g vertica | surface ; include dar eweekl y means and
th e minimu man d maximu mrecords . Thi s data , recorde dat Blu eHill
Massachusetts , i s representativ e of othe r localitie sat about 42° N
latitud e tha t hav e reasonabl vy dust-fre e atmosphere s and about 50 per -
cent possibl e sunshin e durin g December an d January . Unti | recently
Blu e Hil | Observatory , whic h bega n collectin gdat ai n1945 , was th e

onl y weathe r statio ni nth ecountr ytha t hadrecorde ddat afo r radia -

tio nreceive d o n south-facin g vertica | surfaces
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Figure s B- 7 and B- 8sho wth e estimate d averag e dail y sola r
and sk y radiatio n inciden t upo n south-facin g vertica | surface s i n
Unite d State s durin g December an d January . Significan t groun d re

flectio nof f sno wi s not considered

Observ e fro mthes e figure s tha t a relativel y smal | amount o
radiatio ni s availabl e i nwinte r o n south-facin g vertica | surface

th e region s southeas t of th e Great Lake s an d th e Pacifi ¢ Northwest

At an y give n latitude , th e availabl e radiatio ni s greates t i n thos
state swest of th eMississipp i1 River , andi t reache s a maximu mi n
th e Rock y Mountains . | nbot h December an d January , th e maximu mra -

diatio ni s foun di n Colorad o an d Ne wMexico

Passiv e design s usuall y us e glazing s i na vertica | rathe r th
tite d positon . Designin g wit htite dglazin g i s mor e difficult
it tend st obemorecostt yt oconstruc t andharde r t oshade . It
als oles s easil yinsulate dat night . Onth eothe r hand , roof s ar

les s likel ytha nwall st obeshade dby tree s and othe r buildings ,

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 of roofs , develope d
th e Sola r Staircase ™ (se e Figur e B-9) . The Staircas econsist sof

horizonta | tread s tha t ar e face d on bot h side s wit h a reflectiv e sur -

face . Thevertica | riser s ar e transparent . Thi s Staircase , whic
extend s th elengt hof th eroof , i s locate d directl y belo wa slopin

sheet of glas s or othe r glazin g material . Durin g th e winter , sun
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ligh t comes throug hth efirs t laye r of glas sandreflect sof f th e
horizonta | tread s andint oth ebuilding . Durin gth e summer, whenth e
suni s highe ri nth esky , most of th eligh t i s reflecte d fro mth e
building . | ncol dclimate s (mor etha n500 Odegre edays ) aninne r

glazin g laye r belo wth e Staircas e cut s heat los s eve n further

B.3 SITIN G

Sitin g issue s must b e addresse d earl y i nth e desig n process
If th e sit edoe s not hav e prope r sola r exposur e (slope d sharpl y nort h
or darkl y shade d by evergreen s or larg e buildings , fo r example) , th e
buildin g designe dfo r th esit eals ohasles s chanc efo r goo d sola r
exposure . | ngeneral , south-facin g facade s (includin gthos eeast and
west of south ) shoul dbeexpose dt o sunligh t durin g th ewinte r month s

and shade d durin g th e summer .

Sola r lan d plannin g consideration s particularl y appropriat et 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 ndurin ¢
bot h summer an d winter . Figur e B-1 O compare sth esola r ra -
diatio nonvertica | surface s deviatin g fro mth e south

Surface stha t ar eoriente dupt o3 00 east or west of sout h
receiv e nearl y th e same amount of sola r radiatio nas surface s

facin gduesouth . | nfact , most theorist s onth e subjec t
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PERCENT AVERAGE DAILY INSOLATION
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WALL AZIMUTH (degrees deviation from South)

Figur e B-10 : Th e percentag eof sola r radiatio n o nvertica |
wall s fo r orientation s away fro mtru e sout h (AND-2 )
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of hous e orientatio nsugges t tha t it sprincipa | facad e
shoul d bewithi n22. 5 of due sout h (betwee n south -
southeas t an d south-southwest) , wit hdu e sout h preferred

It i s muchmor e importan t tha t window s b e oriente d sout h

tha nwalls . Victo r Olgya y caution s agains t conclusion s
that generaliz e fo r al | locations . Duesout hmayno't
alway s beoptimal , but i t wil | almost alway s b e bette r

than30°east orwest of it (OLG-1) . Except i n
comple x terrain , thi s lan d plannin g chang ei nsub -
division s ca n b e accomplishe d wit h littl eornoin -

crease d development costs

Setbac k Flexibilit y an d Minimu mLot Siz e

Larg e lot s promot e spraw | an d increas e th e surfac e
are a o f asphalt-pave d acces sroad s tha t ar ever y

hot durin g th e summer. They als o increas e trave |

tim e an d distance , an d subsequent energ y use . Set -
back flexibilit y permit s prope r orientation . In
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

onextrem e edge sof lot st oachiev e prope r orientation

Sola r Right s

I nmost constructio n situations , long-term | shade-fre e

sola r acces s i s necessar yt oguarante e sola r right s
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over th elif eof th ebuilding . Vegetatio nmust be
properl y planne dt opermi t acces st obreeze s durin gth e

summe 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 and lan d plannin g ca nreduc eth eimpac t of

suc h surfaces , stree t desig ni s als oimportant . Narro w
streets , fo r example , sav evaluabl elan dandcanbe
shaded mor e easily . Theyreduc e th e therma | heat

loa d o npeopl eusin gth e street s an d reduc e traffi o
speeds . The yar emor e comfortabl eand, duet oth ere -
sultin g slowe r traffic , ar e ofte nsafe r fo r bicyclists ,
pedestrians , an d motorists . Parkin gbay s rathe r tha non -
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 nand bicycl e

system s ar e fa r mor e readil y integrate d int o suc ha plan

Landscapin g

Prope r vegetatio n an d landscapin g ca n provid e environ -

mental beauty , enhanc e comfort , andsav e energy . Larg e
deciduou s tree s suc has oak , hackberry , sycamore , ash ,
and mapl e provid e shade , evapo-transpiration , anda
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quie t beaut y tha t give s olde r neighborhood s much of
thei r characte r an d livability . Theyals oshedthei r

leave si nth ewinte r tole t th ewar msu nin

Prope r landscapin g ca n hav e subtl e but multiplyin g
effect s o nmany energy-consumin g activities . For
example , shadin g an d landscapin g may ofte nb e deter -

minin g factor s whe n peopl e decid et owal k or bicycl e

rathe r tha nrid e i n air-conditione dcars . Glaring
unshade d asphal t create s desert-lik e microclimate s
inth esummer. | naddition , landscap e desig ntha t

encourage s home gardenin g save s energ y i nth e foo d
sector . For eac hcalori e of foo dproduce dby
U.S. agriculture , 1 0calorie s ar eexpended . Home

garden s d o muc h better

Afuthe r consideratio nfo r sitn g i s orientation . Knowin g

th e relativ e amount s of sola r radiatio n strikin g variou s

facade s ca nai dth edesigne r i ndecidin g on shap e an d orientatio n

of building s andth elocatio nof windows . Buildin g orientation scan
be classifie d accordin gt oth efou r pla ndiagram s i n Figur e B-Il

Withi n thes e fou r orientations , th e relationshi p betwee n floo r are a

and wal | are a hav e thre e basi c variations

A. Thebuildin ghas facade s approximatel yequal i narea ; it
isrepresente di nth efloo r pla nbya square

B. Thebuildin ghasfacade s of greatl vy differin garea s ( a

B-6 7



FACADE ORIENTATIONS

INSOLATION ON WALL (Btu/day )

8 b c d Total

N al 18| so8 | 1830 | so8{ 2764
B 84 | 722 | 1eo | 722 2668

c| 168 | 361 {2320 | 361 | 3210

pousLEB | 118 | 1016 | 1630 | 1016 | 3780

pousLEc | 236 | 508 | 3260 | 508 | 4612

N A| 123 | 828 | 1490 | 265 | 2406
- B 87 | 1180 | 1060 | 376 | 2703
c| 174 | s90 | 2120 | 188 | 3072

poueLeB | 123 | 1856 | 1490 630 | 3799

pouBLEC | 246 | 828 | 2980 | 265 | ame

N Al 127 | 1174 | 1174 127 | 2602
. B 90 [ 1670 | 835 180 | 2778

a5 c| 180 | 835 | 1670 90 | 2775
DOUBLEB | 127 | 2348 | 1174 | 254 | 3903

DOUBLEC | 254 | 1174 | 2348 | 127 | 3903

N Al 265 { 1400 | 828 123 | 2406
B| 188 | 2120 | s90 | 174 | 3072

g1n ¢ | are {1080 | 1180 87 | 2703
pousLeB | 265 | 2980 | 828 | 246 | 4319

poUBLEC | 530 | 1490 | 1656 | 123 | 3799

BUILDING SIZES: RELATIVE WALL AND FLOOR AREAS.

Variation A Variation B or C Variatio n double B or double C

~
= If

- It z - of

] %

142w
1w 2w
Figur e B-ll : Relativ e irradiatio n o nbuilding s of differen t
shap e an d orientatio n —Januar y 21, 40° N latitude

Liste d value s represen t th e irradiatio

of a hypothetica | buildin
Toget th edail vy irradiatio

nonwall s

gwit hw= 1 squar e foot

nona buildin

simila r shap ewit hw = 10 0 squar e feet
thes e number sb y 10 0 {AND-1)
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rati oof 1 1/22 1or greater) ; th elon gaxi sof th erectangl e
isi nth e directio nof th e compas s orientation , alon gth e
left-han dedg eof th e figure

C. Thebuildin ghas facade s of greatl vy differin g area s ( a
rati oof 1 1/22 1or greater) ; th eshor t axi s of th erectangl e
isi nth e directio nof th e compas s orientation , alon gth e

left-han dedg eof th e figure

Figur e B-l | als o show s relativ e clea r day sola r radiatio non
resultin  gwal | surface s fo r combination s of orientation , shape , and
floto r andwal | area . Th e relativ evalue sar ebase donclea r day
sola r irradiatio nvalue s fro mth e ASHRAE Handboo k o f Fundamental s
1977 (ASH-2) . Thi s sourc e contain s dat afo r numerou s latitudes

Inth e "Total " colum nof Figur e B-ll ,th etota | sola r irradiatio n

inJanuar y (3,21 OBtu/day ) onal | fou r wall sof a buildn gwit hit s
lon g axi s oriente di nth e east-wes t directio ni sgreate r tha nfo r a
buildin g oriente  d north-sout h (2668 ) or fo r onetha t i s squar e (2,764)
Infact , eastwes t i sth ebest of al | variation sshown. The leas t
sola r radiatio ni sreceive dbyth esquar ewit hfacade s facin g north -

east , northwest , southeast, an d southwest

When th efloo r are aof th eoptima | desig ni s doubled , th esola r
gainof 3221 OBt uincrease s byonethir d({ o461 2Btu ) becaus e th e
perimete r are a increase s by onl y one-third . | fth efloo r are awer e
double d by addin g a secon d floor , th e perimete r are awoul d double , as

woul d th e sola r gain , t 0 642 0Btu .
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Thi s summary o f relativ e sola r radiatio nonperimete rwal sis

afirs t ste pi ndeterminin g floo r are a configuration , orientation , and
windo wplacement . A mor e detaile d analysi s woul dtak e int o accoun t
th e actua | weathe r conditions , th esola r impac t onth eroof , th evaria -
tion s i nwindo wlocatio nandsize , th eeffec t of heat loss , andth e
implication s o f window s fo r natura | lighting
B.4 LENGTH/WIDTH/HEIGHT RATIO S

I naddito nt o prope r orientation , a buildin g benefit s fro moptima |
ratio sof it slengt ht owidt ht oheight . The optimu mshap e lose s

th e minimu mamount o f outwar d movin g heat an d gain s th e maximu m
amount of sola r heat i nth ewinter , and admit s th e minimu mamount
of sola r heat i nth e summer. Olgya y ha s show ntha t (OLG) :

* | nth euppe r latitude S (40 ° N+) , sout hside sof building s
receiv e nearl y twic e a s much irradiatio ni nwinte r as
insummer. East andwest receiv e2 1/ 2time smorei n
summe tha n i nwinter

e | nth elowe r latitude s (35 ° N-) th ewinter-summe r rati o
for th e sout hside sof buildng si sevenlarger . Durin g
th e summer, east andwest wall scangai ntwoor thre e
time s mor e heat tha n thos e on th e south

*  Well-insulate d building s an d thos e wit h shadin g device s on

th e sout hsid e sho weve ngreate r variances , but thos ewit h
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window s tha t ar e smal | or full y shade d sho wless

e Thesquar e hous ei s probabl y not th e 'optimum ' for mi n any location

e Al | space s elongate d on th e north-sout haxi s wor kles s

efficientl y tha nth e squar eonei nbot hwinte r and summer.

e Theoptimu mfor mi never y cas ei s elongate dalon g th e

east-wes t direction

Beside s savin g energy , buildin gshap e involve s othe r considerations

For instance , th e orientatio nor siz eof th esit emaynot accommodat e

th e optimu mshape ; th eneed s an d purpose s of th ebuildin g may requir e

othe r shapes ; or , i f natura | lightin gi s desired , mor e perimete r

exterio r surfac e area s androof s mayb e neede d fo r th e placement o f

windows , clerestories , 0 r skylights

B.5 DAYLIGHTIN G

The bonu s fro mnatura | daylightin gi npassiv esola r design si s

impressive . | nmany cases , sola r glazin g may sav emor e energ y and

money b y reducin g th e nee d fo r artificia | lightin gtha ni t save s

by reducin g fue | bills

JW. Griffith , pas t president of th e llluminatin g Engineerin g

Society , reporte d o n lightin g studie s at Souther n Methodis t Univer -

sit y (GRI-1)
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"Ther e i s a considerabl elos sof contras t fro moverhea d
lightn  gwhencompare dt o .. . sidewal | lightin g systems
If it take s10t ol15percen t mor e illuminatio nt omake
up fo r eac h1 percen t los sof contrast , most of thes e
task s woul drequir etw ot othre etime s as much illumina -
tion . .. fro moverhea dsource s (a s from ) sidewal | lighting.

Ina 197 7 ASHRAEreport , Mr . Giriffit hsai d (GRI-2)

"Dayligh t illuminatio n fro mwindow s ha s bee nshownt o
be thre et ofou r time s as effectiv e i nincreasin gvisua |
performanc e a s equa | illuminatio n fro mconventiona |

electri ¢ lightin gi f properl vy utilized.

Year s ago , classroo mseatin g i nmany elementar y school s was
arrange d s o tha t dayligh t fro msidewal | window s woul d come i nover
righ t shoulder s of left-hande d peopl eandover lef t shoulder s of
right-hande d people . Thi skept glarin gligh t source sout of what
illuminatin g engineer scal | th eoffendin gor glar ezone . As lightin g

contras t increases , visua | performanc e improve s rapidly

Sufficien t windo ware at odelive r 720 Ilumen s of "direct " sidewal |
windo wdaylight i nplac eof 180 0 lumen s fro ma n overhea d incandescen t
electi clam pwil | sav eenerg yandmoney i na variet yof ways. For
example , i n a n air-conditione d offic e i t reduce s th e electri ¢ lightin g
loa d o n th e air-conditionin g syste mby 9 3 percent

Natura | lightin g systems , however , ar e relativel y difficul tto
desig n an d engineer ; th e llluminatin g Engineerin g Societ y Handboo k

and othe r industr y source s contai n daylightin g technique s and

guideline s (IES)
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a DIRECT GAI N
Cl. a INTRODUCTION
By fa r th e most commonway sola r energ y i s use d fo r heatin g building s

i s it s penetratio n throug hth e window s of our country’ s 70,000,00 O

buildings . Without it , th eU.S . woul dus eanadditiona | 2 t o3 percen t
more nonrenewabl e energy . Window s var y considerabl y i nthei r therma |
performance , however . Loosely-fitting , single-glaze d windows , fo r

example , usuall ylos emoreheat tha nthe y admit i nth e for mof sola r
heat gain . Onth eothe r hand , a properl vy designe d windo wfacin g south |,
wit h perhap s a reflectiv esurfac eonth egroun d (suc has snowor an
aluminize d mirrore d surface ) andwit hmeans of reducin gheat los s sig -
nificantl y at nigh t (suc has movabl e insulation ), cansuppl ymoresola r
energyt oa buildn gtha na goodactiv esola r collecto r of th e same
surfac e area . For example , properl vy designe d sola r collector sar e
supplyin g betwee n 50,00 0 an d115,00 OBt u per squar e foo t of surfac e
areaper heatin g seaso ni na climat eof 50 percen t possibl e sunshine

(Thi s'i sequivalen ttoth eenerg yfro m1l 2t ol¥gallo nof home heatin g

oil or fro m15t o 35kWh of electricity. ) Winter-lon g sola r gai nthroug ha
squar e foo t of south-facing , double-pane dglas si nth e same climat e i s about
140,00 O Btu . Annua | conductio nheat los s (ignorin g ai r infiltra -

tio nfo r th e moment) i sabout 70,00 OBt ui na 500 0degre e day climate
The ne t contributio nt oth e building , then , i s 70,00 0Bt u (140,00 O sola r
gainles s 70,00 Oheat loss) . Therefore , ordinar y double-glazed , south -
facin g window sca n"produce "about th e same amount of heat per squar e

foot as sola r collectors . Reflector s wil | boos t heat productio ni n

bot h designs . Movabl e insulatio nand tripl e glazin g ca n dramaticall y

reduc e heat los s fro mwindows , greatl y boostin g thei r net energ y gain
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Incolde r and cloudie r climates , window swil | provid eles stha n
70,00 O0Btu , andi nwarmer an d sunnie r locations , mor e tha n 100,00 0 Btu .
Anothe r importan t facto r determinin g th eamount of energ y provide di s
thesiz eof th ewindo ware a compare dwit hth eheatin gload . Thelarge r
th e are a compare d wit hth e heatin gload , th emor e excess , waste d sola r

heat and th e lowe r i s th e contributio nbyeac hsquar e foo t of window .

Althoug h knowledg e i nothe r area s of sola r technolog yhasvastl y
increased , knowledg eof th e therma | performanc e of glaze dsurface si s
relativel y undeveloped . Althoug h ASHRAE ha s produce d Sola r Heat Gai n
Facto r table st oassis t i nsizih gai r conditionin g equipment , corres -

pondin g table sdonot exis t fo r determinin g th etota | seasona | hea't

gai nthroug hwindow s of variou s types , of variou s orientations ,andi n
variou s location sof th ecountry . Fortunately , heat los sthroug hth e
windows i s fairl y easil yunderstood ; yet , moreneed st ob e learned

Evenasther ei sa deart hof knowledg e regardin g sola r gai nthroug h
windows , eve nles s i sunderstoo dof howtha t ligh t energ yi s reflected ,
transformed , reradiated , an d ultimatel y distribute donceit enter sa
building . Thi slac kof understandin ghasresulte din , andcontinue st o
resul t in , significan t error si nth ewayglas s i s integrate dint oth e
fabri c of buildings . Eve ntoday , many passivel y sola r heate d building s
that rel y primari yonth edirec t gai nof sunligh t throug h south-facin g
glas s and ar e designe d by knowledgeabl e passiv e sola r buildin g designer s
doa poor jo bof satisfyin g human comfor t (an d othe r needs ) of th e
building’ s occupants . Althoug hth emost thermally-elegan t direc t gai n
syste mca n perfor mlik e a finel vy tune d machin e an d satisf y human com -
for t t oa hig hdegree , animproperl vy designe ddirec t gai nsyste mcan

creat e discomfort
Cl-7 4



The design criteriafo r properl vy designe d direc t gai n system s in -
clud e th e following
1. Thetimn gmust beright ; th e sunmust ente r th e
buildin gat th erigh t tm eof year . (Corollary
thesunmust bekept out at th erigh t tim eof day
and year ; i.e. , sola r heat gai nmust correspon d

toth ecomfor t need s of th e building' S occupants. )

2. Theamount of sola r heat gai nmust correspon dt o
theneed sof th eoccupants . Therefore , th eneed s

of th e occupant s must b e clearl vy understoo dand

accounte d for . Whil e some occupant s may permi t
awid erang e of temperatur e fluctuations , th e
designe r shoul dnot necessari ycount onit and

make excuse s fo r a poorl y engineere d direct gai n

system .

3. Therigh ttyp eof glazin g shoul dbeused. Clea r

glas shasit splace , but soals odoclea r and trans -
lucen t material s suc ha s diffusin gglass , plasti ¢
films , fiberglass-base d glazings , an d acrylics

Reflectiv e glazing s may b e appropriat efo r re -

ducin g unwante d sola r gains

4. Heat los s bac k throug h th e glazin g shoul dbere -

ducedt oaslo wa leve | as possible
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5. Themanner i nwhic hsunligh t enter s th ebuildin g
must b e compatibl ewit hth e progra mneed sof th e
buildin g (.e. , th eoccupants) . For example ,
mary activitie sar enot amenabl et odirec t sola r

gain . Many peopl esimpl ydonot lik eworkin gi n

direc t sunlight . | nfact , nort hligh t i softe n
preferred . Soalso , i nmost cases , lightin gfro m
th e sid e assist s i n prope r distributio nof ligh t
throughou t a space , reducin gglare . However , to o

much o r improperl vy designe d glas s ca n contribut e
significantl ytoglare . Toomuchglas scanals o
infing e onprivac yinsid e a buildin gspac eby

creatin g a "fishbowl effect

Cl. b SOLARGAIN

Agrowin g awarenes s indicate s tha t direc t gai n system s ar e easie r
todesig ni f the yar esize dt oprovid eonl ya limte dportio nof th e
heatin gload . For system s designe dt oonl y satisf y daytim e heatin g
requirements , usuall y aroun d 3 0 percent , necessar yglas sarea scanbe
easil y incorporate d int omost buildin g facades . Althoug hheat storag e
requirement s shoul dnot beignored , the yar enot th e overwhelmin g
consideratio ntha t the yar eat hig h (5 0t o080 percent ) sola r fractions
Most of th e othe r problem s associate dwit hdirec t gai n system s ar eals o

reduced .
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Establishin g th e allowabl e interio r temperatur e fluctuation s
durin ga sunn ywinte r dayi sth efirs t ste pfo r determinin g th e larges t
desire d windo warea . Doug Balcom b describe s th e subsequen t analysis. *
Glass are ai nexces s of th e resultin g siz ewil | admi t unnecessar y an d
undesirabl e energy , and wil | reduc e yearl y fue | bill s onl y slightly

I n some cases , additiona | are aca nactuall vy increas e fue | bills

The glas s shoul dbeplace dfacin gas clos et osout has possible

Sinc e shadin g i s mor e difficul t durin g th e summer, avoi d deviation s
fro mdu e sout h beyon d southeas t an d southwest . However , eve ni ncol d
climates , east andwest glas s area s ca nadmit somewhat mor e sola r energ y

durin g th ewinte r tha nthe y lose , assumin g therma | shade s cove r th e win -

dows at night t oreduc e heat loss

Glas s place d verticall y admit s nearl yas muchheat durin g th e winte r

asglas sat th etite dangle stha t ar e optimu mfo r many activ e syste m

collectors . However , tilte dglas s i s difficult t oshad edurin gth e
summer; lef t unshaded , i t admit s unwante d heat . | naddition , larg earea s
of tite d glazin g may b e difficul t t ointegrat e int o a building' s over -

al | design ; tite dglazin gi s noticeabl y mor e difficul ttokee pclea n

and (possibly ) undamage d by flyin g objects . Many code s requir e th e
useof tempere dglas s i nal | tite d configuration s locate d abov e occupie d
space .

Windoware a shoul d b e incorporate dint oth ewall sandroof sof

building s t o distribut eth eheat t oasmuchof th ebuildin gas possible

*See Passiv e Sola r Desig nAnalysi s byJ. Dougla s Balcomb .
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Usually , th ebest means of doin gthi si sfo r al | room st ohav e south-facin g
glass . Toreac hnorther nrooms , vertica | clerestor ywindow 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 of large-roofe d

buildings

Aprincipa | consideratio ni nlocatn gwindow si st oenhanc eth e
exposur eof th etherma | masst odirec t sunlight . For example , i f th e

buildin g ha s heav y floor s an dwalls , window s shoul dbeplace dsothat as

much floo r an dwal | surfac e as possibl ei sbathe di nlight . Translucen t
glas s wit h goo d transmittanc ewil | scatte r th eligh t throug hth e space ,
distributin gth eheat t omany surface s at once . Thi scanbot hkee p
interio r temperature s downan d improv e th e lightin g quality . Trans -

lucen t surface s produc emor eglare , andthi smust beconsidere di n

thei r design
Inth efina | design , thes emany therma | consideration smust be
blende d wit h aesthetic s an dwit hth eoveral | purpose s of th e building

Cl. ¢ THERMA. MASS

Usin g mass heat storag ei nth edesig nof residentia | building s
isaso dasth econcep t of shelte r itself . For centurie s massiv e
adobe India ndweling s i nth e southwester n Unite d State s hav e tempere d

th e effect s of wid e fluctuation S i ndal y temperature s oninterio r

Cl-7 8



comfor t conditions . Th e centercor e fireplac eandheart hmass of New
Englan d homes store s heat fro mth e fir edurin gth edayand slowl vyre -

lease stha t heat at nigh t t okee pth e house s war mas th e fir e dies

Adifferen t phenomeno ni s represente dby eac hof th e abov e tw o
examples . | nth ecas eof th e adob e structures , th ehig hmass exterio r
wall s soa kuplarg eamount s of sunligh t lik ea bi gtherma | sponge . As
thei r exterio r surface s war mdurin g th eday , th eheat slowl y moves throug
th e adob e as eac h successiv einc hi swarmedby th einwar dwaveof

heat .

Under steady-stat e conditions , i.e. , whenth eindoo r an d outdoo r
temperature s ar e stabl efo r lon g period sof time , th e temperatur eof
th e masonr y materia | (suc has adob e an d concrete ) als o become s stable
Under thes e conditions , th emasonr y material s ar e poo r insulators ;
heat flow s easil y throug hthem . If , however , eithe r th e indoo r
temperatur e or th e outdoo r temperatur e or bot h fluctuates , Somust
th e masonry . Eac h successiv e laye r of th e masonr y mass must firs t

chang e temperatur e befor e passin g exces s therma | energ yont oth enext

laye r i nline , andthi s slo wproces s somewhat impede s heat flow

An advantag e of masonr y as heat storag emateria | i stha t eac h
laye r canstor ea larg eamount of heat . Thus, i f th esuni s shinin g
ona masonr y wall , th emasonr y facin gth esuni swarmed befor ei t
transfer s heat inward . Thenth enext laye r i swarmed by th e surfac e

laye r andsoon. Theresul t i nth eadob edweling si stha 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. )

Incontras t t oth ehig htherma | massof th e adob e building s
that "spong eup " th esun' s energy , th etherma | storag e of th e Colonial
absorb s interio r heat , storin g exces s daytim eenerg yfo r useat
night . Most of thi s store dheat i srelease dt oth ebuildin g befor e

escapin gthroug hit s exterio r skin

The therma | massneednot beat th ecente r of th eroo mas
longasiti sinsulate dfro mth eoutdoors . 1t i simportan t tha t as
th e roo mheat sup fro mth esun, th emasonr y absorb s th eheat and
lose s a s littl eof ittoth eoutsid eas possible . Althoug hhavin g
th e mass entirel ywithi nth e spac e assure s tha t ever y store d Bt u
isfirs t use dbyth ebuilding , heav y insulatio nonth eexterio r

surfac e ca n provid e a simila r effect
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Thewaveof heat throug hth emasonr ywal si ssimila rt oth eheat
waves throug hsunbathe dadob ewalls . Thetemperatur e of masonr y adjacen t
t 0 exterior-mounte d insulatio n fluctuate s ver v litt eduet oth esmal |
R-valu eof th emasonr y compare dt oth elarge r Rvalu eof th e insulation
Therefore , whe noutdoo r temperature s change , most of th etemperatur e
fluctuation si nth ewal | occu r i nth e insulatio nbefor ereachin g
th e concrete . Th emasonry , then , change stemperatur easth ebuidin g

change s temperature , addin gt oit stherma | capacity

Mountin g insulatio nonth eoutsd eof th econcret eentaill s
detaiin  gproblems . | nsome cases , thi smay cos t mor e tha n interior -
mounte d insulation . Th e cost-benefi t of exterio r insulatio nmust be

analyze dona cas eby cas ebasis

Althoug h fluctuation s i nroo mtemperatur e caus etherma | masst o
chang e temperature , th etherma | mass ca nberaise dt oa highe r tempera -

tur eandcanstor emoreheat bydirec t exposur et o sunlight

Cf course , th eprimar yreason s fo r incorporatin gtherma | mass
int obuildng sar et otempe r th eeffect sof larg eamount sof sunlgh t
enterin ga buildn gonth eindoo r temperatur ebyabsorbin gth eexces s
therma | energ yfo r late r us ewhenth esuni snot shinin gint oth e

building
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Generally , th emor e therma | mass th e better . Thegreate r th eex -
posur eof th emasst o sola r irradiation , th esmalle r wil | beth einterio r

temperatur e fluctuations

The effect s of fluctuatin g outdoo r temperature s on indoo r tempera -
ture sar eshowni nFigure sCl-2 , CI-3 , andCl-4 . For example , th e
effec t a shar pdro pi noutdoo r temperatur ehas onth eindoo r temperatur e
of variou stype sof building si sshowni nFigur eCIl-2 . Not etha t an
unheated , lightweigh t buildin g (e.g. , wood-framed ) drop s i ntemperatur e
relativel y quickl yeve ni fi ti swell-insulated . A heavy , massive , well -
insulate  d structur e built o f concrete , brick , or ston emaintain sit s
temperatur eove r a longe r perio dof time . (Th e insulatio nshoul dbe
locate d outsid e th e therma | mass. ) The thir dindoo r ai r temperatur e
showni nth efigur ei s fo r a buildn gtha t not onl y contain s a great
deal of heat storag e capacit ybut als oi sburie dint oth esid eof a
hil | or i scovere dwit hearth . The temperatur e drop s ver y slowl yand

level s of f at a temperatur eclos et oth e earth's

Durin g th e summer, th e opposit e condition s prevail . | f th ebuildin g
i s shade d s otha t littl e direct  sola r irradiatio n penetrates , th eheat
gai nwil | belimite d primaril y t o conductio nthroug hth eroof , walls ,
and window s —i neffect , a revers eheat loss . Whenoutsid eai r i s cool -
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assumin gno sourc eof heatin g or coolin g energ y withi

th e buildin g (AND-2)
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er at night tha ni t i sdurin gth eday, ventilatio noftha t ai rint o

th e building , eithe r naturall y throug h opening s suc has vent s or window s
or mechanicall ywit hfans , cancoo | th etherma | mass, delayin gth e

need fo r daytim e ai r conditioning . (SeeFigur eCl-3. ) Thesaving si s
not usuall vy sufficien t t ojustif y expensiv etherma | mass and i s usuall vy

regarde d as a summer bonu s of th e passiv e heatin g system

Figur e Cl- 4 combine s th e effect s of risin g an d fallin g outdoo r
temperatures . Withou t anyinterna | source sof heat suc has furnace s
and stoves , th einsid e ai r temperatur e of th e lightweigh t buildin g
fluctuate s widely , andth eai r temperatur e of th e earth-embedde d
buildin g remain s almos t constant . Notic e tha t increase d buildin g mass
not onl y attenuate s th e amplitud e of 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 svar yi nthei r heat storag ecapacity . Theabilt yof

amateria | t ostor eheat i s measure d by "specifi ¢ heat, th e number
of Bt urequire dt orais eonepoun dof th emateria | 1 degre eF i n
temperature . Water , fo r example , hasa specifi cheat of 1.0 , whic h

means tha t one Bt ui srequire dt orais eonepoun dof wate r on e degree

The poun dof water , i nturn , release soneBt uwheni t drop s on e degree

The specifi c heat s of th evariou s material s tha t might becon -
sidere d i n th e constructio nof buildng sar eliste di nAppendi x 2.
Note tha t concret e (specifi cheat of 0.2 ) store s onl y one-fift hth e

energ y store dbyth e same weight of water . However , th edensit yof
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concret ei s greate r tha nth edensit yof water . The secon dcolum no f

th e tabl e show s th e relativ e densities . Toobtai na material s hea t
capacit y per cubi c foot , multipl y it s specifi cheat byit s density

The product , whic hi sth eheat capacit yper cubi cfoot , i sliste din

th e thir d column . Not etha t th edensit yof wate r i sleas t amongth e
material s liste dbut tha t it s heat capacit yper cubi c foo t i s stil |
highest becaus eof it shig hspecifi cheat . | nspit eof th elo wspecifi ¢
heat of concrete , it s heav yweight compensate s somewhat , andi t store s
considerabl eheat (2 8Bt uper cubi c foo t per degre e F fo r concret e

versu s 62. 4 fo r water)

The effectivenes s o f a building' s therma | massshoul dnot betake n
for granted . Designin gt o permi t direc t sola r irradiatio nt ostrik e
th e therma | mass ca n greatl vy interfer e wit ha building' S progra mrequire -

ments. For example , many peopl eprefe rt oclos ethei r drape st okee pout
thesun' sdirec trays . Ver yoften , th etherma | mass i s covere dwit hothe r
materials , suc has carpe t ove r concret e floors , tha t nearl ynegat eit s

therma | storag e effectiveness

The effectivenes sof therma | mass als odepend sonit s locaton . | f
themass i slocate di ndirec t sunlight , it i s heate dwithou t th eroo mai r
bein gheate di nth e process . Thetemperatur eof th emass, therefore , i s
not limite d by th e temperatur e swing s tolerabl einth elivin garea . The

opposit e situatio noccur swhenth emass i slocate di na bac kroo mcom -
pletel yremove d fro mdirec t suneffects . | nthi scase , th esola r hea't
firs t must b e transferre dt oth eroo mai r and the nth ewar mai r heat s

themass. Thi s two-ste pproces s i smuchles s effectiv e tha n directl y
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heatin gth emass. | nfact , a genera | rule-of-thum bi stha t fou r time s
asmuchmassi srequire dt ostor eth e sameamount of heat i f th emass
i s heate d indirectl y (b y roo mair ) rathe r tha n directly . Mass tha t
lie swithi na direc t gai nspace , suc hasth eenclosih gwall sof tha t

space, receive s some heat directl yasa resul t of scattere d sunligh t and

infrare  d heatin g by lightweigh t object s i nth e space . Th e effectivenes S
of thi s mass lie s somewher ei nbetween , dependin goncolor , locaton , and
th e sunligh t scatterin g characteristic sof bot hth eroo mand th e glazing

An alternativ et odirect sola r irradiatio n throug hclea r glazin g

isglazin gtha t diffuse s th eligh t an d distribute sitoverall ofthe
interio r surfaces . Althoug h particula r surface smay not get undul y warm,
suc h dispersio nof sola r radiatio nmor e readil y assure s aneve nheat
distributio nt oal | surfaces , resultin g i nmor e eve n temperatures . |t
als oresult s i nsmalle r fluctuation si nth e temperature s of a particula r
mass. Heat movement int oth emass i s accomplishe d muchmor e quickl vy

withou t overheatin g th espace . Glar emay b ewors ewit hthi 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 hlarg e sur -
fac e area st oabsor bth e heat , roo mai r temperatur e fluctuation sare
moderated . Figure s CI-5 , 6 and 7 sho wthre e differen t syste mtypes
Syste m1 represent s a directl y expose d interio r therma | mass surfac e
areaof 1. 5time sth eare aof glass . Syste m2 has thre etime s th e
areai ndirec t sunlight , and Syste m3 hasnin etime sth earea . Syste m
3i stypica | of space s constructe d of masonr y material s an d translucen t

glazing . | ncompute r simulations , Syste m3 maintain s th e highest
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Syste m1

Exposed surfac eare a= 1. 5x glas s are a

Syste m2

Exposed surfac eare a= 3 x glas s are a

TN

Syste m3

Exposed surfac eare a= 9 x glas s are a

Figure sCIl-56 , and 7: Thre edifferen t syste mtype s (MAZ-1)
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minimu mai r temperature s an d th e smalles t dail y temperatur e fluctuations

Bot h System s 1 and 2 require d som e ventilatio nt oprevent overheatin ¢
durin gth eday . The design s wer e fo r 8-inch-thic kwall s and floors ;
glas s are awas 25percen t of th efloo r area . Theoveral | heat los s

of th e buildin gwasi nth erang eof 10t o1 2Btu/ft 2-degre eday (MAZ-1)

Each heat storag e materia | ha s a differen t effec t oninterio r
temperatur e fluctuations . Th e highe r th e conductivit y of th e therma |

mass, th emor ereadil yi t absorb s heat an dth e smalle r th e temperatur e

fluctuates . Ed Mazri aha s simulate dth e performanc e of concret e (stone) ,
bric k (common) , bric k (magnesiu madditives) , adobe , an dwate r (con -
taine di ncans , representin g a n "isothermal "'mass) . Thes ematerial s

have th e physica | propertie sliste di nFigur e Cl-8

Figur e CI- 9 show s interio r temperatur e profle s fo r th efiv e
differen t type s of therma | mass i nMazria® s Syste m2. The therma |
storag e material s ar e 8 inche s thic k (MAZ-1) . Thelarges t interio r
ai r temperatur e fluctuation s occu r usin g adobe , whic hha s th e poorest
conductivity . Th e best performance , resultin gi nth e smalles t
temperatur e fluctuations , occur s usin g bric k havin g magnesiu madditive s
and usin g conventiona | buildin g materials . Wate r (‘isothermal” ) is

bette r tha nany of th e common constructio n materials

Rule s of thum b fo r therma | mass siz e hav e bee n established
If th emass i s directl y irradiate dbysola r energy , eac h squar e foo t
of th eglas s require s enoug hmasst ostor e30Bt ufo r eac hdegre eF

change i ntemperature . (Se e Doug Balcomb' s Passiv e Sola r Desig n Analysis. )
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MATERIAL CONDUCTMITY (k) SPECIFIC DENSITY (p)
HEAT(C,)
BTU/HR LB/FT
BTU/LB F
FT?F (KG/M?)
KJ/KG °C
(W/M? °C) (KJ/ )
_ ———— ————
140.0
CONCRETE (STONE) 12.0 (1.70) 0.20 (0.84) (2,240)
120.0
BRICK (COMMON) 5.0 (0.72) 0.20 (0.84) (1.920)
120
BRICK (MAGNESIUM ADD.) 26.4 (3.80) 0.20 (0.84) (1,920)
106.0
ADOBE 36 (0.52) 0.24 (1.00) (1,700)
2.4
WATER (ISOTHERMAL) - 1.00 (4.19) (1,000)

Figure C1-8:

Cl-92
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For mass expose donl yt oheate droo mair , fou r time s asmuchi s required
Concret e store s roughl y 30 Btu/ft 2 fo r eac h degre e chang e i n temperature

and wate r 62. 4 Btu/ft °.

Whenth emass i si ndirec t sunlight , th etemperatur e swin gof th e
roo mai r wil | b e approximatel y hal f th e temperatur e swin g of th e storage
If th emass i snot directl y irradiated , th e temperatur eswin gof th e
roo mai r wil | b e approximatel vy twic e th e temperatur e swin gof th e
storage

If les sstorag ei sused, th etemperatur e swin gof th eroo mai r wil |

increase . Thi s may decreas e comfor t and increas eheat los s fro mth e
buildin g (especiall y i f th e occupant s ope nwindow s t oreduc e th e over -
heating ). Conversely , mor emass wil | increas e th e comfor t an d efficienc y

of th e passiv e system

The effectivhes sof mass depend sonit s thicknes sandonit s therma |
conductivity . Themasstha t i slocate dat dept hi snot nearl yasef -
fectv. easth emassat th esurfac ebecaus ei t i s insulate dfro mth e
roo mbyth esurfac elayers . For example , i f th ewal | i s concrete , the n
mass withi n4 inche sof th esurfac e i s nearl y as effectiv easmass at
th e surface ; but beyon da dept hof about 8 inche sth emass i s almos t

completel vy ineffective . (Se e Figur e CIl-10. )
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The actua | performanc e of a therma | mass syste mdesigne dt ous e

sola r energ y input st omeet spac e heatin gneed s canbemeasure di n

two ways :
1) Fractiona | Saving s
2) Fractiona | Utilizatio n

Fractiona | saving si sth erati oof th eenerg ysaving s (du et ousefu I
solar gains ) t oth eheatin gor coolin gloa dbefor esolar . Fractiona |
utilizatio ni sth erati oof usefu | sola r gain suse dt omeet th e heatin g

or coolin gloa dt oth etota | availabl e inciden t sola r radiation

When assessin g cost-benefits , fractiona | saving s i s mor e commonly
used. However , fo r understandin g th e behavio r of differen t therma | mass
systems , fractiona | utilizatio ni s mor e informative . Thi srati oin -
dicate s th e efficienc y wit hwhic hth emass convert s availabl e sola r

radiatio nt ousefu | sola r energ y fo r heatin g or cooling

For anyrati o of availabl e sola r radiatio nt ogros s heatin gor
coolin g load s (solar-loa dratio) , th eactua | performanc eof th esyste m
i s dependent onth etota | mass heat storag e capacit yandonth emass
effectiveness . Th e mas s effectivenes sfacto r (M) i sdefine dasth e
rati o of heat storag e actuall vy achieve dt oth e maximu mpossibl e heat

storage

I nanidealize dsystem , th emass effectivenes si s 10 0percent , and

th e syste mperformanc e i s a straight-lin e functio nof solar-loa drati o
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(se eFigur eCl-11) . If , fo r example ,i nthes ecase sth eavailabl e
sola r radiatio ni s hal f th e heatin gload , th e solar-loa drati oi s0. 5
(5 0percent) , and th e fractiona | utilizatio ni s1 0 (10 0 percent)

All of th e sola r radiatio ncanbeusedt oreduc e th e spac e heatin g load

For les s tha nperfect system s i nwhic hth e mass effectivenes sis
les s tha n 10 O percent , th e actua | performanc ewil | belower . Sinc e
heat transfe r int oth emass i sles stha nperfect , some overheatin gof
th e spac ewil | occur . Highe r spac e temperature s meantha t extr a heat
islos tt oambient , and , therefore , les s energ ywil | beavailabl et o
fulfil | heatin g need s durin g th e evening

For any give n therma | mass syste m( a give n storag e capacit y and mass

effectiveness) , th e fractiona | saving swil | increas etowar d 1. Oandth e
fractiona | utilizatio nwil | decreas e towar d O as th e solar-loa drati o
increases . The graph s i nFigur e C1l-1 1 qualitativel y sho wthi s relation -
shi p fo r storag e system s of different mas s effectivenesses

When th e solar-loa drati oi s small , th e fractiona | utilizatio n
tend st obegoo dsinc ether eexist s a relativel ylarg eheatin gloa dt o

whic h sola r gain s ca nb e immediatel y applie dwithou t nee d fo r storage
Sinc e storag eplay sa smal | rol eat thi s point , difference Si nmass
effectivenesse s amon g differen t system s ar e les s important . As
shown i n Figur e C1-11 , syste mperformanc ei s not a functio nof

mass effectivenesse s at solar—loa dratio s belo w0.25
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Figur e Cl-11 : Sensitivit y of therma | mass syste mperformance
diagrammati ¢ (TEA) .
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As th e solar-loa drati o increases , th e fractiona | utilizatio n
for al | system s (excep t th e perfec t storag e system ) drop s off

Fractiona | saving s increas emor eandmoreslowl yasi t becomes more

difficult t ostor eth esola r energ y gain s unti | the y ar e useful
An exampl e wil | illustrat ethi s point . Tak e tw o well-insulate d
house s i n Concord , NewHampshire . Onehas 11 1 squar e fee t of south -

facin gwindows , andth eothe r has almos t twic ethi swindo ware a (221) . Further -
more, assum e tha t ona monthl y basi s th e mass effectivenes sof th e

storag e syste mfo r bot hhouse si s 10 O percent . Thi s implie stha t al |

th e availabl e sola r radiatio ncanbeusedupt oth epoin t wher eth e

monthl y heat loa di smet. Nonecanbesave dfo r th e followin g month .

Figure s C1-1 2 and C1-1 3 sho wth e performanc e of th e tw ohouses . Not e

that i nhous e on e th e availabl e sola r radiatio n exceed s th e hous e

heatin g requirement fro mMay throug h October . Durin g thes e months ,
th e utilizatio nisles stha nl. 0ot al |l of th esola r radiatio nis
useful) . Th e fractiona | saving si nthi scas ei s0.37 , and th e fractiona I

utilizatio ni s 0.56

Inhous etw o (wit hth elarge r windo warea) , th eavailabl esola r
radiatio n exceed s th e heatin gloa d fro mApri | throug h October . | nthi s
case, Apri | i saddedt oth elis t of month swhennotal | of th esola r
radiatio ncanbeuseful yapplie dt oth eheatin gload . Th e fractiona I
saving s fo r thi shous ei s0.66 . Not etha t thi si snot twic eth efrac -
tiona | saving s fo r hous e one, an d th e fractiona | utilizatio ni sles s

(049 ) tha ntha t fo r hous eone . Thi smeans tha t th e secon d 11 0 squar e
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Averag e Monthl y Monthl y Solar -
Dail y Inciden t Heat Load Usefu |
Mont h Radiatio n Radiatio n Load Rati o Heat
Jan 536 184 (10 ®°Btu) | 7.3 6 (10 °Btu) 025 1.8 4 (10 °Btu)
Feb 609 189 6.13 031 189
Ma 602 207 506 041 207
Apr 544 181 227 080 181
May 482 166 0 — 0
Jun 460 153 0 — 0
Jul 472 162 0 — 0
Aug 523 180 0 — 0
Sep 606 202 0 — 0
Oc 665 229 134 171 134
Nov 473 158 358 04 4 158
Dec 427 1.47 6.53 0.23 1.47
Btu/ft® day| 21.58x10° 32.27x10° 12.00x10°
12
Fractiona |Saving s= 32.37 = 037
12
Fractiona | Utilizatio n = 21.58 = 056
12 x 108 Beu/yr
Productivit y = 111 ft*4 = 108,108 Btu/ft? yr
Figur e Cl-12 Monthl y performanc e of 11 1 squar e fee t of windo ware a

on a well-insulate d hous e i nConcord , NewHampshire
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Averag e Monthl y Monthl y Solar -
Dail y Inciden t Heat Load Usefu |
Month Radiatio n Radiatio n Load Rati o Heat
Jan 536 367 (10 °Btu) | 7.3 6 (10 °Btu) 050 367 (10 °Btu)
Feb 609 377 6.1 3 06 2 377
Ma 602 41 2 506 081 412
Apr 544 361 227 159 227
May 482 330 0 — 0
Jun 460 305 0 — 0
Jul 472 323 0 — 0
Aug 523 358 0 — 0
Sep 606 40 2 0 — 0
Oa 665 45 6 134 340 134
Nov 473 3114 358 088 314
Dec 27 293 6.5 3 045 293
Bwit 2 day|Z2.98x10° 32,27x10° 71.24x10°
. . _ 21.24
Fractiona | Saving s = 3557 0.66
. e 21.2 4 _
Fractional Utilization = 1298 - 04 9
. 21.24 x 10 Btu/yr _
Productivit y = 221 fcl = 96,10 9 Btu/ft
Figur e C1-13 : Monthl y performanc e of 22 1 squar e fee t of windo ware aona

well-insulate d hous e i n Concord , NewHampshire
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feet of window s adde dt ohous etw oar enot performin gaswel | asth e

firs t 11 1 squar e feet . Thi s tren dcontinue s aswindo ware ai s added .

Variation s i n th e fractiona | utilizatio n cause d by th e efficiencie S

of differen t therma | mass system s become s mor e obviou s as th e solar-loa d

rati o increases . The fina | cost-effectivenes s become s mor e sensitiv. e

t o thes e variation stha nat lo wsolar-loa d ratios . At larg e solar-loa d
ratios , th e overal | effectivenes sof a therma | mass syste mca ntrans -

lat et o substantia | difference s i nabsolut e energ y savings . System s tha t
combin e lo whea t capacit y and lo wmass effectivenes swil | reduc e pur -

chase d energ y consumptio nles s tha n system s tha t combin e hig hheat capa -

cite s an d hig h mass effectivenes s factors

The firs t cost of system swit hlarg e heat capacit yandhig h

mass effectivenes smay bestee psotha t th e most cost-effectiv e syste m
isnot alway s th eonetha t produce s th e highes t utilizatio n factor
However, i f th e fractiona | utilizatio ni sver ylow , aswil | beth ecas e
wit h littl eornomass at hig hsolarloa dratios , the nth ereductio n

i n conventiona | energ y us ewil | beagai n insignificant . Therefore

at moderate-to-hig h solar-loa dratios , therma | mass system s of ade -

qguat e capacit y an d effectivenes s shoul dbeuse dt okee p th e utilizatio n
and fractiona | saving s high

Sinc emass i sheav yandsinc e floor sar eadjacen t t owindows , a

commaol metho d fo r storin gheat i na direc t gai nsyste mi si nth e floor
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Yet eve nth e best floor s designe dfo r sola r exposur e ar ever y ofte n

covere d or shade d by rug s an d furniture , andcanberarel ycounte don

for heat storage . | f not directl y expose dt oth esun, floor s stor e
littt eheat as th eroo mfluctuate s i n temperatur e sinc e convectivel y

couple d hea t transferre d downwar d i s generall y low .

Inanycase , th efloo r neednot bethicke r tha n4 inches . Addition -

al thicknes s save s onl y marginall y mor e heat . Dramati c thicknesses

for exampl e severa | fee t of eart htoppe dbya floo r slab , wil | hav ea

temperin g effec t o n interio r temperature s durin g long , cold , cloud y

spells ,butth eextr acost canberarel vy justifie dsolel yonth ebasi s
of reduce d fue | bills . Nevertheless , i ncombinatio nwit h extremel vy
tigh t construction , thes e extra-thic k floor s canenabl ebuilding sto
coast throug h ba d weathe r wit h littl eor nobacku p heat i f temperature s

ar e permitte  d t o drop

Thermal mass i s ofte ncostt yandit s inclusio ncaninconvenienc e
th e constructio nprocess . For example , extr afloo r are amayb e neede d
t o accommodat e thic kmasonr ywalls . | f th eus eof mass require s a
differen t typ e of constructio n tha n normal

, thi s may jeopardiz e th e

building’ s sale

Remote therma | mass i nth efor mof grave | bed s hasbeenuse di n
an attemp t t o counterac t thes e problems . Grave | bed s ar eofte n?2
feet dee pand ar eusuall vy locate d beneat hth e floo r sla bof th e building
Overheate d roo mai r i s blow n horizontall y throug hth ebed. Theheat

rise s throug hth efloo r sla b directl y int oth e space . Unfortunately
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duet oth e moderat e temperature s of overheate drooms , larg evolume s of
air must bemoved. Thi srequire s larg e fan s an d considerabl e energy

Also , th etemperatur eof th egrave | be d increase s s o slightl ytha t it
store s littl eheat . Grave | bed sar enot advise dfo r direc t gai nsystem s
unles s roo mai r temperature s i nth e80 sand 90 scanbestored . But

the y ca nb e considere d fo r attache d sunspace s and ar e discusse d i n

more detai | i n Chapte r C5.

On-site , indigenous , loca | buildin g material s shoul dnot beunder -

estimate das a means of simpl y and les s expensivel vy addin glarg e

guantite s of masst obuildings . Loca | material s requir eles s energ y
to transport . Adob e building s i nth e Southwes t demonstrat e someof th e
possibilities . Thi styp eof regiona | approac ht o buildin g desig nwil |

hel p rela x th e demand o nothe r mor e depletabl e resource s suc has

wood, metals , an dplastic s (PLI)

Cl.d MOVABILE INSULATIO N

An inescapabl e fac t of buildin g therma | performanc e i s th e hig h

heat los srat eof glas s compare dt oth elo wrat e fo r well-insulate d
walls . | nfact , a singl esheet of glas shasa heatlos srat eof clos e
to 30 time stha t of a high-qualit y wall . Insulatin g glas s ha s one -
hal f th eheat los srat eof singl eglas sand, i f facin g south , gain s

more heat tha ni t lose s durin gth ewinte r nearl y everywher ei nth e

country
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Reducin g heat los s throug hglas si soneof th ebest wayst oim -

prov e th e performanc e of direct gai nsystems . Addin glayer s of glazin ¢
isoneof th ebes t alternatives , especiall yi ncol dclimates . 1| ncli -

mates o f mor e tha n 500 O degre edays , tripl eglazin g i s justifiabl eby

many method s o f economi c analysis . Althoug heac hlaye r of glas s als o

block s10t o20percent of th esola r gain , mor etha nthre elayer s i s sometime s
cost-effectiv ei ncol dclimates , especiall yi f installe d inexpensively . Multi-layere

glazin g system s (fou r and eve nfive ) tha t us e hig h transmittanc e glazing s

(upt 00.97 ) ar e becomin g available . Lowheat los sglazing sar eals o

bein g developed . Chapte r E, fo r example , describe s th eHeat Mirror ™,

an ultra-thi ncoatin g applie dt obot hside sof a plasti c film

Insulatin g th eglas s at nigh t i sgrowin g i n popularity . The
essenc eof th econcep t i s transformin ga hig hheat los s windo wtha t
gain s larg e quantitie sof sola r heat durin gth edayint oa lo wheat
los swal | at night . Thenumber andrang eof choice si slarg e (SHU-2)

Example s include

* Sheet s of rigi d insulatio nmanuall y inserte dat nigh t and
removed i nth emornin g

* Roller-shad e device s usin gwoodor plastt c slat s suc has thos e
commonly use d i nmany Europea n countrie s

 Frame d an d hinge d insulatio n panel s

* Roller-lik e shad e device sof oneor more sheet s of aluminize d

mylar , sometime s i n combinatio nwit hclot han d othe r material s
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« Sun-powere d louvres , suc has Skylid ™, tha t automaticall y ope n

whenth e su nshine sandclos ewheni t doesn' t
™

» Mechanically-powere d systems , suc hasBeadwal | , tha t us e
blower st ofil | th eai r spac e betwee ntw olayer s of glazin g

wit h insulatin g bead s at nigh t

The R-value s of most movabl e insulatin g device srang efro m4d t o
10. Figur e C1-14 show s th eeffec t onth e U-valu e of different glazin g
system s whe n movabl e insulatio ni sadded . Als oliste dar eU-value s
that ar e average s fo r glazing s covere d by insulatio n durin g different
amounts o f time . Mor e degre eday s occu r at night tha ndurin gth eday ;
therefore , approximatel y two-third sof th edail ydegre eday s occu r
when th e movabl e insualtio nisinplac efor 12hour sat night . About

three-fourth soccu rwheni ti sinplac el6out of th eful | 24 hours

To fin dth eannua | reductio ni nconductio nheat los s usin g movabl e
insulation , multipl y th e resultin g differenc ei nth eU-valu etime sth e

number of degre eday stime s 24 hour sper day . Theequatio nis

E = (Ug - Uy (degree dﬂys) (24 hours,

yesar day
where :
) . . 2
E i sth eannua |l energ y saving s i nBtu/f t yr ;
2
Usp i stheU-valu eof th eglas s withou t insulation , inBtwh rft F;
U i sth eaverag eU-valu eof th eglas s wit hth e insulatio nin

plac e par t of th e time
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Sola r Transmissio n Value s Single * Doubl e Tripl e
Glas s Glas s Glas s

Nominal Sola r "Transmittance " 087 0.7 6 066

Approximat e Seasona |

Transmittanc e 0.80-0.8 5 0.64-0.7 2 0.51-06 1

U-value s (winter)* *

Nominal U-valu e 115 055 035

Wit h R- 4 Insulatin g Cover 021 017 014

Averag e U-valu e wit hR- 4

Cover i nPlace , 16hr/da vy

(3/ 40f th edegre e days ) 045 027 020

Averag e U-valu e wit h R-4

Cover i nPlace , 12hr/da vy

(213 ) of th e degre edays ) 052 029 021

Wit h R-1 0 Insulatin g Cover 009 0.08 5 0.07 8

Averag e U-valu e wit h R-1 0

Cover i nPlace , 16hr/da vy

(3/ 40f th edegre edays ) 036 020 015

Averag e U-valu e wit hR-1 0

Cover i nPlace , 12hr/da vy

(2/ 3o0f th edegre edays ) 04 4 024 017

*for 1/8-inch grade B window glass only.
**values are slightly different in summer.

Figur e C1-14 : U-value s fo r glazin
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For example , suppos etha t anR-1 Opane | i s considere dfo r doubl e
glazin gi nMinneapolis . 1t i sassume dtha t th e insulatio nwil | bein
plac e two-third sof th etime . Fro mFigur eC1l-14 , th eU-valu eof th e
glass , Ug, i s05 5Btuh rft 2F. U,i s0.24 . Minneapoli s average s

8382 degre eday s per year . Th e abov e equatio nbecomes :

E= (05 5- 024 ) (8382 ) (24 ) = 62,36 2Btu/ft Z2yr

This i s roughl vy equivalen t t oth eheatin g energ y obtaine dfro m

18 kWh o f electri c resistanc eheating , 1 gallo n of oi | bune di na
poorl y adjuste d furnace , or 1 squar efoo t of anactiv esola r collecto r
of averag e design . A tight-fittin g shutte r als o reduce sai r infiltra -

tio nlosse s and raise s th emeanradian t temperatur e an d correspondin g

feelin g of comfort

Glasslose sheat at a rat e directl yrelate dt oth e temperatur eof
theai r spac e betwee ni t andth e shutter . Many insulatin g shutter s
donot sav e as much energ y as the y theoreticall y shoul d becaus e the y
donot seal tightt ywhenclosed . Asa result , roo mai r find sit sway
betwee nth e glas s andth eshutter , andth etemperatur eof th eai r
spac e increases . Subsequen t heat los s i s greater , and th e insulatin g

effec t of th e shutte r i s diminished

Afe wecautionin gword s ar e i n order. Insulatin gmateria | onth e

insid esurfac eof oneor morelayer sof glas si ssimila r i ndesig nt o

a flat-plat e collector . Itwil | get hot whenth esunhit sit , and
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therma | stresse s ca ncaus eglas s breakage . Themoretightt yth e
shutte r fits , th ehotte r th e glas swil | become. A highl vy reflectiv e
surfac e onth emateria | facin gth eglas si s th ebest solutio nbut may

not b e foolproof

Anothe r cautio ni st obewar eof condensation . | f th e insulatio n
islocate donth eindoo r sid eof th eglazing , the nth einsid eglas s
surfac ewil | b e onl y slightl y abov e outsid e ai r temperature . Conden -

satio nof moistur eout of th eai r betwee n th e insulatio nand th e glazin ¢
i s probable , especiall yi f th einsid ehumidit yi shig handth eoutsid e
air temperatur ei slow . Water droplet sor ic ewil | for month e glass

I n on e installatio ni n Sweden (Termero c¢ House ) thi s cause d suc ha

proble mtha t th e insulatio nwas removed .

Insulatio nmay als obelocate doutsid eth eglazih g (or i nrar e
case s betwee nth eglasse si ndoubl eglazih gas i nBeadwall ) wit h
resultin g advantage s an d disadvantages . | f th e insulatio ni s outsid e
th e glazing , the ntigh t sealin gi s eve nmor e importan t duet owin dand
infiltratio nof outsid eai r int oth e spac e betwee n th e insulatio nand
th e glazing . Operatio nof th e movabl e insulatio ni s mor e difficult
However, becaus e th e insulatio ni s outside , th einne r glas s surfac e
remain s war man d condensatio ni snot a problem . Also , asa shad ei n
th e summer , th e insulatio ni s much mor e effectiv ei fitislocate d

outside . Th e overheatin g proble mdescribe d abov e doe s not occur

C1-109



The desig nof th e south-facin g glazin g syste maffect s th e contribu -

tio nt oth eheatin gloa dtha t sola r ca nprovid ewit hth eassistanc eof

th e therma | mass. As Figur e C1-1 5 indicates , withou t nigh t insulation ,
singl e glazing , regardles sof size , canprovid eupt oonl y 30 percen t
of th e heatin g needs , eve nwit hunlimite d storage . Doubl e glazin g
dramaticall vy improve s th e annua | sola r hea t fraction , but nigh t insula -

tio ni s eve nmor e important

Cl.e EXAMPLES OF DIREC T GAIl N BUILDING S

Cle. 1 Davi dWright s House , Sant a Fe, NewMexic o

Direc t gai ni s throug hth esout hsid eof thi s semi-cylindrica I
hous e whic h ha s 38 4 squar e fee t of insulatin gglass . Ther ear e fe w
window s elsewhere . Seventeen-inch-thic k adob ewall s anda 2-foot -
thic k adob e floo r ar einsulate donth eoutsid eby 2 inche s of poly -
urethan e foam . Thehous elose s about 13,00 OBt uper degre eday . On
aclea r Januar yday , asmuchas 500,00 0Bt uente r th e hous e throug hth e
sout hwindows . Th e temperatur eof th e hous ei s permitte dt o fluctuat e
between 60t 080 F. Thi s fluctuation , I ncombinatio nwit hth elarg e
expanseof glas sandlarg evolum eof therma | mass, permit s 9 0 percen t
of th e heatin g need st o b e satisfie dbysola ri nth e 620 0 degre eday

cimat eof Sant a Fe , Ne wMexico

At night , heat los s throug h th e south-facin gglas si sreduce dby

folding , insulatin g shutter s made of 2-inch-thic k foa minsulatio n covere d
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wit h canvas . (Se e Figur e CIl-16. ) Sinc e th e shutter s haveno sid e

seal , the yar enot as effectiv easthe ywoul dbei f tightt vy sealed

Cl.e. 2 St . George' s School , Wallasey , Englan d

St. George' s School i slocate donth ewest coast of Englan dat
53.4 ° nort h latitude . Despit erathe r poor winte r sola r conditions ,
it annex ha s operate dwit hnearl ynobacku pheat sinc e 1962 . Mor e
thanhal f it sheat comes fro mth e double-glaze d sout hwall , 23 0 fee t
by 27 feet . Approximatel yone-thir dof th eheat comes fro mth e

electri ¢ lightin gand th e balanc e fro mth emetaboli cheat of th e

students . Thetw olayer sof glas s ar espace d 24 inche s apart , per -

mittin g entr y betwee nthe mfo r repair s and othe r operations . Theinne r
glas s ha s a ripple d surface , diffusin g th e penetratin gligh tt oth efloor ,
walls , ceilings , Student s an d furniture . Severa | operabl e window s

wit h clea r glas s provid e bot ha vie wan d ventilation . Ther ei s

no movabl e insulation . (Se e Figur e C1-17. )

The buildin g ha s considerabl e therma | mass. Thefloor sar e9-
t o 10-inch-thic k concrete . Th e partition sar e9inc hbrick , asi sth e
upper portio nof th enort hwall . Theslopin groo f i s 7-inc h concrete

Fiv e inche s of expande d polystyren e ar e outsid e th e slopin g ceiling

The light s ar e operate d ona timer , typicall yfro m60 Oam. t o

800p.m. , andar euse da s littl eas possibl ei nth e summer.
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Figur e C1-16 : A hous ebyDavi dWright , Sant a Fe , NewMexic o (AND-1 )
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Figur e Cl-17 : St.George' s Schoo | Annex , Wallasey , Englan d (PER)
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Ther e i s n o mechanica | ventilatio nof fres hair . Windows andvent s

ar e relie d upo n entirely , wit hmixe d success . One limitatio nof thi s
syste mi s nois e fro mstudent s i nth e corridors , preventin g openin ¢

of vent s fo r cross-ventilatio n fro mvariou s classrooms . Student s and
teacher s us e differen t amount s of clothin g as necessary . Thi s adjust -

ment i n clothin g occur s almos t automatically

Cle. 3 MITSola r Buildin gV, Cambridge , Massachusett s

Larg e interio  r temperatur e swings , adequat e amount s of therma |
mass, andheat los s throug h larg e expanse s of south-facin gglas s ar e
basi ¢ problem s i ndirec t gai nsystems . | n197 8 th e Massachusett s
Institut eof Technolog y (MIT ) complete dit s Sola r Buildin gV i n
Cambridge , Massachusetts , t odemonstrat e ne wsolution st othes e

problems . (Se e Figur e C1-18. )

The 86 6 squar e foo t buildin g use s thre e ne wmaterial s tha t hav e

been unde r developmen t fo r severa | years . Thefirs t two —Heat Mirror ™

and phase-chang e ceilin g tile s —ar e describe di n Chapte r E. Briefly

th e thin-filme d Heat Mirror ™ i s a transparen t insulatio n that , when
applie dt o th e building' s 18 Osquar efee t of sout hglass , admit s sola r
heat an d greatl y reduce s heat los s by reflectin g heat bac kint o th e
building

The ceilin g tiles , 12 5inche s thick , hav etw olayer s of a Glauber s
sal t mixture , eac h 3/ 8inche s thick . Thetle sabsor bheat , meltin ¢
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Figur eCl-18 : Thesout hfacad eof MI T Sola r
Buildin gV i nCambridge , Massa -
chusett s(MAH).
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thesalt sat 73F. Thesalt sfreez eas the yslowl yreleas ethei r

store d heat t oth e buildin gat 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 nupt oth eceilin gtiles . Itals o
reduce s glar e problem s an d send s natura | lightin gdee pint oth eroo m
assomeof th eligh t reflect s of f th eceiing . Figur e Cl-1 9 shows th e

operatio nof thes e thre e components

Thi s direct gai nsyste mi s expecte dt oprovid eabout 75 percent
of th eannua | heatin gneed s of th ebuilding . Durin g Februar y 1978 ,

interio r temperature s range d fro mth elo w60' st o74F.
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Figur e C1-19 :

Component Operation . Th e half-inch-wid esola r

louver s ar e sandwiche d betwee n th e doubl e glazin g
jus t insid eth eHeat Mirror. ™ Thei r concav e shap e
direct sligh t towar dth eceilin g (1) , wher erisin g

roo mheat i s als o collected . Thetle shol dheat
when temperature s ar eabov e73F (2) ; itisre -
lease d whe nth eroo mcool s (3 ) as phase-chang e
salt s recrystaliz e (MAH) .
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C2 CONVECTIVE LOOPS

C2.a INTRODUCTION

O th efiv emajor type s of passiv e heatin g system s feature di n
thi s Handbook , convectiv eloop s ar eth eonl yonestha t donot los e
heat whenth esuni snot shinin g (provide dth e desig ninclude s revers e
flo wpreventio ndevices ) andar emost simila r t o conventiona | activ e

systems .

Second t odirec t gain , convectiv e loop s ar e th e most widesprea d
applicatio nof sola r heatin gi nth eworld . Hundred s of thousand s of
thermosiphonin g wate r heater s hav e bee nuse d fo r decades . | na domes -
ti chot wate r system , th esola r collecto r i sat anelevato nbelo w
that of a hot wate r tank . (Se e Figur e C2-1. ) Warmed ligui drise s
throug hth ecollecto r andupt oth ewate r tan kwher ei t i s stored
I n some systems , an electri c heatin gelement i slocate di nth eto p
thir dof th etan kt oboos t th e temperatur e of th ewate r when clou d
cover prevent s th e sun fro mprovidin g th erequire damount of heat
I nothe r systems , th esola r tan k serve st opreheat th ewate r prio rt o
fina | heatin gi na conventiona | wate r heater . Thermosiphonin g system s

canprovid e most of th e domesti ¢ hot wate r throughou t th eyear i nth e

souther nstates . | nth enorth , freez e protectio ni s a majo r concern
As convectiv e loop s becom e bette r understood , the ywil | beused
more widely . A significan t applicatio nwil | bethei r us easwal | panel
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Figur e C2-1 : Convectiv eloop : wate r heatin g (PUT)
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t o complemen t south-facin gwindow s i n supplyin g sola r heat directl y

t o buildings . Theamount of supplementa | therma | masswil | depen d
on th e correlatio n betwee nth e heatin gneed s of th ebuildn gandth e
amount o f heat supplie dbyth epanels . For example , many existin ¢

building s hav ehig hheat los s rate s compare dt o availabl e sola r gain s
on south-facin gwal | surfaces . Thesurface scanbeconverte dt o
convectiv. e loo p panel stha t suppl y sola r heat onl ywhen th e sun shine s
and whe n th e buildin g need s heating . | nconventiona | wood-framed |,
residentia | construction ,upto25percent of th eheatin gloa dcanbe

supplie di nthi s manner withou t supplementa | therma | storage

C2.b DESIG N FUNDAMENTAB

C2.b. | Basi c Syste mDesig n

Aconvectiv eloo ppanel i ssimila r t oanactiv e flat-plat e
collector . Alaye rortwoof glas sor plasti ¢ cover s a blac k
absorber . Dependin gonth edesign , th eai r may flo wi na channe |
infron t of or behin dth eabsorber . Thea r mayals oflo wthroug h
th e absorbe r i f th e absorbe r i s perforated . Thecollecto r i s backe d

by insulation

I n Figur e C2- 2 th e convectiv. eloo pcollecto r i smounte donor

isintegra | wit hth ewall . Opening sat th ebotto mandto pof th e
wal | permi t convectiv e airflo  wfro mth e building , throug hth e hot
collector , an dbac kt o th e building
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Figur e C2-2 : Aconvectiv e loo p wall-mounte d
collecto r (MOR-1) .

(H= midpoin t of openin gat botto m

of wal | t omidpoin t of openin gat
topof wall. )
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The slowl y movin gai r must come i ncontac t wit has much absorbe r
surfac e are a a s possibl ewithou t bein gslowe dto omuch. | nfact , th e
amount o f heat transfe r fro mth e absorbe r t oth e flowin gai ri sin
direc t proportio nt oth e heat transfe r coefficient , h. Typica |

value s fo r h i nconvectiv eloo psystem srang efro m1 t 03 Btu/ hft >F.

Stev e Baer an d other s haveuse dupt osi xlayer s of expande d
metal lath . Theai rrise si nfron tof th elath , passe s throug hit |,
and leave s th e collecto r throug ha channe | behin dth elath . (Se e

Figur e C2-3. ) Thevalu efo rh i nthi sdesig ni sabout 3.

Afla t or corrugate dmetal surfac e has a heat transfe r coeffi -

cient of les stha n2 i nconvectiv e loo p panels

Thes e collector s shoul d b e constructe d as carefull y as activ e
collectors . Exposed , unglaze d portion s shoul d b e well-insulated ,
particularl y th e uppe r area s whic har elkel yt obehottest . Avoi d

th e us e o f polystyren e insulatio ni nth ecollecto rasithasa melt -
in g temperatur eof about 18 0F. | f th e collecto r stagnate s durin g
asunn y day , it s temperatur ecanreac hover 30 0 F. Wood constructio n
i s usuall vy satisfactory , but us e onl ygood-grad e lumber s an d make

sur e tha t any shrinkag e wil | occu r evenl y throughou t th e frame

Allo wa 3/16-inc  h slac k aroun d eac h piec e of glazin g an d generousl vy

appl y silicon e caul k (MOR-2) .
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Figur e C2-3 : Typica | airflo  wthroug ha convectiv e
loo p collecto r wit h expande d meta |
lat ha s th eabsorbe r (MOR-1) .
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The storag e syste mmust b e designe dt o maximiz e heat transfe r
fro mth e ai r strea mt o th e storag e materia | withou t noticeabl vy
reducin g airflow . Rock s wit h smal | diameter s hav e larg e amount s of
surfac e are afo r absorbin g heat an dyet hav e passage s fo r airflow
The cross-sectiona | are aof th erockbe dreceivin gai r fro mth e
collecto r shoul drang efro m50t o 75 percent of th esurfac e are a

of th e collector

The rock s shoul dbeclos et ounifor mi nsiz e (i.,e. , donot mix
l-inc hwit h4-inch) . Thewar mai r fro mth e collecto r shoul dflo w
down throug hth erocks , andth esuppl yai rt oth ehous e shoul dflo w
inth erevers e direction . Optimu mroc k siz e depend s o n rockbe d
depth . Baer recommend s grave | assmal | as1 inc hfo r rockbed s

that ar e2 fee t dee pandupt o6 inche sfo r depth sof 4 fee t

(BAE-1) . However , fo r best heat transfer , be ddepth si nactiv esys -
tems ar enormall yat leas t 20roc k diameters . Thatis , i f th eroc k
is4 inche si ndiameter , th ebedshoul dbeat leas t 6 Y%fee t dee p

toremov e most of th eheat fro mth eai r befor ei t return st oth e
collector . Thi s shoul d b e considere da maximu mdept h fo r convectiv e

loo p rockbeds

C2.b. 2 Aifflo w

"Designin g a convectiv e ai r loo p syste mi s a

somewhat trick y an d difficul t task . | fyou
aren' t ver yrespectfu | of th eth ewil | of th e
air , th e syste mwon' t work. " (BAE-1 )
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As wit h activ e collectors , th ehotte r th e absorber , th egreate r
the heat los sandth elowe r th e collector s efficiency . Goodairflo w
keeps th e absorbe r coo | an d transport s th e maximu mpossibl e amount
of heat int oth ebuilding . Flo wchannel s shoul dbeaslarg eas pos -

sible , andbend sandturn s i nth e duct s shoul db e minimized

Incontras t t oconventiona | ai r heatin g collector s i nwhic hth e
air strea mi spowere dbya fa nandth eai r channe | i sonl y%inc ht o

linc hdeep, th eai r strea mpas t th eabsorber s i na convectiv eloo p

isusuall yfro m3 t 06 inche sdeep. | nfact , Stev e Baer' srule-of -
thumbi stha t it bel/l 5th evertica | lengt hof th e collector . Other s
suggest 1/20 . Therefore , i f th ecollecto ri sl15fee tlong , th eai r

strea mshoul dbe8 t o12inche sdeep . Baer als orecommend stha t th eai r

duct st oand fro mth e collecto r hav e a cross-sectiona | are aof about
S5percen t of th ecollecto r area . Thus, i f th eare aof th ecollecto r
i s 15 0squar e feet , th e cross-sectiona | are aof th eai rductt oand

fro mth erockbe d shoul dbeabout 7 %squar efee t (BAE-2)

Convectiv e airflo  wi s create d by a differenc e i n temperatur e
betwee nth etw oside sof th eloo p (fo r example , th e differenc e
betwee nth e averag e temperatur e i nth e collecto r andth e averag e
temperatur e of th e adjacen t room) . | ti sals oaffecte dbyth eheigh t

of th e loop
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To obtai nth ebest airflo wof th esyste mi nFigur eC2-2 , itis

necessar y to :

* Increas e th e temperatur e o fth e collector , Cu
» Decreas e th e temperatur eof th eroom, Cp

* Increas eth eheigh t of th e column s

The pressur e drivin  gth e airfflo  wi s obtaine d fro mth e followin g

equation
T 4T
______tU 0 H=PFP
tp + 460
where :
?U isth eaverag e temperatur eat U, i nF;
?D isth eaverag e temperatur eat D, i nF;
Hi sth eheigh t of th eai r column , i ninches ; and
Pi s th e resultin g drivin g pressure , i ninche s of air

The 46 0 degre e figur e convert s th e denominato r t oth e absolut e

temperatur e scale. *
The resultin g pressur e drivin g th e airflo wi nFigur e C2-2i s

calculate d a s follows

Suppose th ecollecto r i s8 fee t (9 6 inches ) tall
It s averag e temperatur ei s 120F. The averag e
roo mtemperatur ei s 70F. The pressur e drivin ¢

theai ris

*Temperatur e scal e onwhic hth ezer opoin t i s absolut e zer o (46 OF)
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120 - 70

(96 in.) = 9 in. of air

70+ 460

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 1is a graph that plots the flow rate against the difference in
air temperature between hot and cold sides of the loop. The larger

the At, 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, side is hot, whereas the lower half of C, in
A is cool air. Thus the average At in B is greater than At 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 C2-5 : Alternativ e configuration s fo r half-wal |
collector s (MOR-1) .
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wit hth e ground , bot ht obest receiv eth esunandt oallo wth eai r

to flo wfreel y upward .

An alternativ e flo wpat hfo r th eai r throug h a thermosiphonin g
collecto r i sshowni nFigur eC2-6 . Here , i neffect , th ecollecto r
i s double-glazed . Theincomin gcool ai r flow s downth e fron t channe |

betwee n th e exterio r an d th e interio r glazing s andrise s by convec -
tio nup th e bac k channe | betwee nth e inne r glazin gand th e absorbe r
plate . Theprimar y advantag eof thi srevers egeometr yi stha t th e

hot ai r canbeducte dunde r a masonr y floo r befor e enterin gth e

buildin g withou t requirin g complicate dduct work . Thi s floo r can
thenact as a radian t heatin g element . Th e efficienc yof thi s
collecto r i snearl yidentica | t otha t of th e conventiona | thermo -

siphonin gdesig n (MOR-3) (SAT) .

I nanimproperl vy designe d system , revers e convectio nca noccu r
whenth e collecto r i scool . A cool collecto r candra wheat fro mth e
houseor fro mstorage . Upt o20percent of th e heat gaine ddurin ga

sunny day canbelost throug hthi sproces sbyth e followin gday (MOR-3)

Thre e primar y method s preven t revers e convectio n automatically
Orei stobuil dth ecollecto r i na locatio nbelo wth e heat storag e
and belo wth e house . A secon di st oinstal | backdraf t damper s tha t
automaticall yclos ewhenai r flow s i nth ewron g direction . The
collecto r designe dfo r existin gwall s i nFigur e C2- 7 use s lightweight ,

thi nplasti c fim . Warmairflo wgentl y pushe s th e damper s open .
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Revers e coo | airflo  wcause sth eplastt ct ofal | bac kagains t th e
screene d opening , stoppin gairflow . Ideally , bot hto pandbotto m

vent s shoul d b e equippe dwit 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 hth eintak eandoutle t vent sar enear th eto pof th e
panel . Thebac kof th eabsorbe r i sinsulate d (abou t R-4) andi s
centere d betwee nth eglazin gandth ewalls . Inle t cool ai r drop s
int oth e channe | behin dth e absorber . Thesola r heate dai rrise sin
th e fron t channel . Durin g no-su n conditions , th eai ri nbot hchan -

nel scool sandsettle st oth ebotto mof th e "U-tube" . Onlymino r

revers e convectio n occurs

The mai n offic e buildin g of th e Nationa | Scientifi ¢ Researc h
Center i nOdeillo , France , no wmor etha nte nyear sold , use sthi s
typ e o f thermosiphonin gwal | pane | i ncombinatio nwit hwindows .

Together , th ewindow s an dwal | panel s contribut eabout 50percent of

th e building' sheat . (Se eFigur e C2-9. ) Noprovisio nhasbee nmadet o
stor e th eheat othe r tha ni n th e building' s therma | mass, whic hi s
reinforce.  d poure d concrete . Thepanel s ar edesigne dt obeeasil vy
close d and "turne d off " durin g war mweather . Thei r desig n allow s

cool ai rtosettl et oth ebotto mof th eai r passage s an d inhibit S
revers e thermocirculatio nofcol dai ri nth epanel sat nigh t bac k

int o th e building
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C2.b. 3  Application S

Convectiv e loo p air-heatin g collector sar ebest suite dt ostruc -

ture s wher eth e heatin gloa di slarg e compare dt oth ecollecto r area .

If al |l of th eheat canbeuse dimmediatel ybyth ebuilding , additona |
therma | storage , whic hca nincreas eth etota | syste mcost , is un -
necessary . And any therma | storag e adde d wil | necessarii y b e indirec t
(.,e. , not as effectiv e a s directl y irradiate dmass) . School sand

low-ris e offic e building s ar e example s of suc h structures . Th e intermit -

tent , predominatnl y daytime-onl y us e of thes e building s matche sth e

collectors ' dail yheatin gcycle . Theai r heater scanals obeusedi n
bot h single-famil y an d multi-famil y housing . Additiona | therma | mass
may b e required . Without it , th elo wheatin g load s (especiall yin
well-insulate d housing ) meantha t a smalle r fractio nof th e building' s

tota | heat ca nb e supplied

Architecturally , convectiv e loo p collectors , wit hthei r conven -
tiona | wal | constructio n an d glass-surface d appearance , ar e well-suite d
fo r integratio nint o most ne wcommercia | construction . Wit hmino r
desig n modifications , th e heate r ca nb 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 on
labor . Most material s ar e supplie dbya number of competitv. e manu -
facturer s an d ar e widel y available . For manufacture d panels , initia I
shop fabricatio n cost s may b e hig h give n th e unconventionalit yof
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th e product , but th econtracto r wil | valu eit s convenience . Esti -
mates o f installe dcostrang efro m$45 0t o $18.0 Oper 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 dbever ylow .

Thermal Performanc e

Performanc e depend s largel y onth e delicat e natura | convectio n

current sset upi nth esystem . Airflo wi slo wt ononexistent at
time s o f littl eornosun, but it increase s rapidl yunder sunny
conditons . Flo wrate s ar e generall vy highe r tha ni ntherma | storag e

wall s uptob5 cubi cfee t per minut eper squar e foo t of collecto r
wer e note d earlier) . Th e resultin goutpu t of 90Btuh r ft 2repre -
sent s collectio n efficienc y durin g goo d sunshin e conditon s simila r t o
that of lo wtemperature , flat-plat e collector suse di nstandar dactiv e
syste mdesigns

The chie f determinan t of overal | performanc ei sth erati oof
th e building’ s heatin gloa dt ocollecto r area . Peruni t are aof
collector , effectiv e performanc e deteriorate s rapidl ywit hincreas -
in g collecto r size . Estimate s of usefu | delivere denerg y usin g sim -
plifie d analyse s rang e fro m30,00 Ot o 120,00 O Bt u pe r squar e foo t
per heatin g season . Thehig hnumber si nthi srang e ar e typicall y
associate dwit hlo wsola r heatin g fraction s and sunn y climates , and
th e lo wnumber s wit hhig h sola r heatin g fraction sor ver ycloud y

climates . 80,00 OBt uper squar e foo t per heatin g seaso ni s typica |
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i n moderat e climate s suc has Boston , Massachusetts , whenth e sola r
contributio ni s40percen t of th e heatin gload . Theoutpu t of th e
collector s drop st 050,00 OBt uwhensize dt oprovid e 60percent of

th e load

To increas e sola r performance , increas e therma | masst o stor e
exces s sola r heat effectively . Tomaximiz e syste mperformance |,
especiall y i n well-insulate d (lo wloa d buildings) , additiona | hea t
storage , suc h as doublin g th e thicknes s of gypsu mboard , shoul dbe
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 dt o

provid eover 30percen t of th e seasona | load

Economic s
Based o n a capita | recover vy fractio nof 10 percent , combine d
performance s an d first-cos t estimate s establis ha probabl e energ y

cost betwee na hig hof $180 Oanda lo wof $10.0 Ope r milio n Btu .
This i s an extremel y economica | rang e whe n compare dt o curren t

$175 0 per milio nBtufo r 6c/kW h electricity . Futur e conven -
tiona | energ y cost sar esur et oincrease . Energ ycos t estimate s

for specifi ¢ cite s ar e showni nFigur e C2-10 .
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Cit y Btu/ft ?yr ) | Cost/MMBtu @)
Fort Worth , Texa s 51,00 0 $17.2 5
Medford , Orego n 61,00 0 $15.2 5
Boston , Massachusett s 63,00 0 $14.2 5
Madison , Wisconsi n 80,00 0 $12.7 0
Boulder , Colorad o 96,00 0 $10.4 0

(1) Delivere denerg ylevel s ar eaverage s of estimate s
prepare d by Tota | Environmenta | Action , Inc . fo r
fou r differen t buildin g type s an dvariou s buildin g
load/syste  msiz e ratios

(2) Effectiv e energ y cost s ar eobtaine dbyapplyin ga capita |

recover y facto r of 10percen tt oanaverag e firs t
cost estimate

Figur e C2-10 : Delivere d energ y an d associate dcost s fo r
convectiv eloo pai r collector s (HON) .
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C2.c A CONVECTIVE LOOP COLLECTR

The ai r heate r i nFigur e C2-1 1 has anexterio r glazin g tha t
cover s a composit e wal | consistin gof th e absorbe r plate , rigi d
insulation , an d interio r finish .  Trim , ai r grill s an d backdraf t
dampers complet e th e design . It slo wmass, insulate d constructio n
wil | caus ei t t ounderg o greate r temperatur e fluctuation s tha n
therma | walls . Consequently , sealants , glazings , an dothe r materi -

al s must withstan d greate r therma | ranges

Thi s desig nuse s tempere d insulatin g glass . Economy of instal -
latio n an d availabilit y fo r replacemen t i s assure d by usin g stoc k
size s manufacture dfo r slidin gglas s door s (normall y34x 76, 34
x90, 46%x 76, or 46x 90inches) . Theglazin g support s shoul d
minimiz e therma | contac t wit h th e absorbe r behin d th e glazing
Thi s particula r desig n double s as a wood-framed , structura | wall ;

th e glazin g detail s ar eals owood, a natura | insulatin g material

The cor eof th ewal | i f highl vy insulated . Th e interio rsur -
fac e ca nb e a conventiona | interio r finish
The absorbe r plat ei s corrugate dmeta | siding , a readil vy avail -

abl e buildin g materia | tha t ca n b e purchase d complet e wit h compat -

ibl e fastener s an d pre-forme d EDPMo r neopren e closur e strips

Thi s simplifie s constructio nof an airtight , durabl e convectiv e loo p
heater . Therib s provid e structura | stability . Spac eth eplat eth e
prope r distanc efro mth ewall . For an8 foo t hig hpanel , th erule -

of-thum becall sfor 5t o6 inches
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The absorbe r plat e i s mill-finishe d aluminu man d must b e pre -
pare d fo r paintin g wit h an etchin g cleaner ; pre-painte d aluminu mi s
availabl e fro msome suppliers . The recommende d finis hi sa thi n

coat of fla t blac k enamel suc has th e hig h temperatur e spra y paint s

commonly use d fo r woo d stoves , barbequ e grills , an d engin e blocks
The pane | i svente dt oth e heate d spac e throug h a full-widt h
registe r tha t provide s manual contro | of th e airflow . Continuou s

linea r diffuser s normall y availabl e fo r commercia | HVAC system s ca n

be used .

Backdraft s at nigh t or durin gcold , cloud yweathe r canbepre -
vente d by usin g ver y lightweigh t (1mil ) plasti ¢ flm , one-wa y dam-
pers. The exampl ei nFigur e C2-1 2 must b e speciall vy fabricate d
The plasti ¢ fil mi s attache d wit h double-side d adhesiv etap et oa

punche d o r die-cut 24-gaug e galvanize d sheet

C2.d HEAT COLLECTION AND STORAGE SYSTEMS

Convectiv e loo p system s shoul dinclud e heat storag ei f the y
arelarg eenoug ht osuppl ymoretha n 25t o3 0percen t of a building' s heat .
Sone heat canbestore dwithi nth eenclosih gwall s of a building
but thi si squit elimte dsinc eth eheat transfe r fro mwarmed ai r
toth einterio r wal | surface si s farl ypoor andespecial ypoorto

the floor . The amount of heat store d depend s directl yonth eroo m
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Figur eC2-12 : A Backdraf t damper desig nfo r a
thermosiphonin g collecto  r (HON) .
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ai r temperatur

tur e fluctuation

couple , fo r example , a swin gof 5 t 08 F mayb e th e toleranc

s must b e considered

whereas 20 F or mor e may b e acceptabl

char t give s an indicatio

some wal | material

nof th e dail

squar e foo t of wal | surface

e swing , ands oth e occupants '

e i na warehouse
y heat

s per degre e of roo mai r temperatur

| na residenc

toleranc et otempera

storag e capabilit

e swin gper

sheetroc  k Y in . thic k 08 4 Btu/ft 2 F
bric k 4 in . thic k 36 0 Btuft 2 F
concret e 4 in . thic k 44 0 Bwlft 2 F
concret e 8 in . thic k 42 0 Bw/ft 2 F

Thus, i f a 100 O squar e foo t house , whic hha s 100 0 squar e fee t

e fo r a n elderl

e limit

Th e followin

yof

of interio  r sheetroc k surface , hasa 10F temperatur e swing , th e
heat store d (an dreleased ) dail vy is
(1o000) x (10) x (84 ) = 8400Btu
Thisi snot much storag e compare dt oanaverag e dail y heat
loa d of perhap s 400,00 OBt ufo r suc ha hous ei nmidwinte r (outdoo r
temperature si nth e 30's) Th e situatio ni s somewhat bette ri f th e

surface s ar e 4-inc

h bric k or concrete

, i nwhic hcas eperhap s 10

percent of th e dail y heat
exchang et o th e floo

i n suc h a calculation

loa d may b e stored
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Anothe r optio nfo r heat storag ei st ousea rockbe d(@si nth e

caseof th e Paul Davi s hous e discusse d later) . | nthi s case ,

th e storag ei s separat e fro mth e building . The storag e shoul d con -
tai nat leas t 20 0 pound s of roc kper squar e foo t of collector o0t
shoul d b e locate das hig habov e th e collecto r as possible , but belo w
th e hous e (MOR-2) . Thes e system swil | collec t an ddelive r 3 0 percent
of th e sola r irradiatio ntha t strike s the mi ncol dclimates , and50

percen t i nmil d climates

C2.e EXAMPLES OF CONVECTIVE LOOP SYSTEMS

C2.e. | Davi s House , Albuquerque , NewMexic o

The Davi s Hous e ha s use d a convectiv e loo p air-heatin g collec -
tor i ncombinatio nwit ha rockbe dsinc e 1972 . The syste mwas desig -
nedby Stev e Baer . Airflo wi sshowni nFigur e C2-13 . The collecto r
36 fee t wide , 12fee t long ) i s incorporate dint oth e suppor t struc -
tur eof th eporc hat anelevato nbelo wtha t of th e house . A singl e
laye r o f glas s cover s th e absorber , whic hconsist sof si xlayer sof
expande d meta | lath . Warmai r rise s throug h th e collector , becomin g
heate di nth e process . Fro mther ei t travel s throug h th e rockbe d
(10fee t wide , 4 fee t deep ) locate dbelo wth e porc han d containin ¢
330 pound s o f fist-siz eroc kper squar e foo t of collector . Asth e
air moves throug hth erocks , i t lose sit sheat andfall sbac kt oth e

collecto r inlet
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Figur e C2-13 : TheDavi s Hous e —ai r thermosiphonin gplu s rockbe d (HON)
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At night , a damper betwee nth e collecto r and storag ei s close d

t o prevent convection . Floo r register s allo wa convectio nloo pto
heat th e hous e fro mstorage . | f th e hous eneed s heat durin gth e day ,
th e floo r register s admi t hot ai r fro mth e collector , bypassin g stor -
age.

Thi s syste msupplie sover hal f of th eheatin gloa dof thi s
1,00 0 squar e foo t house . Storag e i s sufficien t t ocarr ythroug h

two gra ywinte r days . The backu p i swood heat .

C2.e. 2 TheJone s House , Sant aFe , NewMexic o

Thi s 2,65 0 squar e foo t hous e combine s a convectiv. eloo pfo r
collectin g and storin g sola r heat wit ha force d ai r distributio n
syste m(HUN) . Thecollecto ri s34fee twid eandl18fee tlong . The
absorbe r i sthre elayer sof 3/8-inc hmeshwir elat hset onto pof
blac k galvanize d sheetmeta | pans . A singl e laye r of fiber-reinforce d
plasti c cover s th e absorber . Thirt yton sof %t o3 inc hdiam -
eter , washe dgravel , or 10 Opound s pe r squar efoo t of collector , fil |

th e 4-foot-dee  p rockbed . (Se e Figure s C2-1 Aand C2-15. )

Behin d th e collecto r andnext t oth erockbe di s a greenhouse
Portion s of th e absorbe r an d collecto r backin g wer e intentionall y
omitte d durin g constructio nt opermi t ligh tt oenter . The greenhous e
act sasth eretur nai r plenu msinc eth eair , whic hmoves slowl ybut
inlarg evolumes , must pas s throug hi t enrout e fro mstorag et oth e

collector
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Figur e C2-14 : Th e Jone s Hous e —Sant a Fe , NewMexic o
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Figur e C2-15 : Th e Jone s Hous e — cross-sectio nof th e

sola r syste  m(HUN-1) .
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The performanc e of th e syste mi s bein g monitore dby Lo s Alamo s
Scientifi ¢ Laboratories . Theresult s of a representative , tw oweek

period , fro mDecember 26 , 197 8t oJanuar y 8, 1979, ar ei ngrap hfor m

i nFigur e C2-16 . Fro mDecember 29t o December 31, th eweathe r was
cloud y to pcurve) , andal | of th eheat fro mth e rockbe dwas deplete d
(upper cente r set of fou r curves) . Theoutle t temperature sof th e

collecto r (owe r cente r set of tw ocurves ) soare dt omoretha n170F
durin g sunn y weathe r and heate dth eto pof th erockbe dt onearl y 150F.
The rockbe di snearl yemptyof heat eac hmorning . Th e greenhous e
temperatur e is , wit hrar e exceptions , i nth erang e fo r supportin g

plant growth

A100 Ocf mfan , i nrespons et oa hous e thermostat , supplie s
solar heat by drawin gai r fro mth eto pof th erockbed . Retur nai r
fro mth e hous e enter s th erockbe dat th e bottom . Ai r distributio nto
th e hous e i s throug ha conventiona | duct system . A 15k Welectri c

stri p heate r provide sbackup , but i twasnotnneedi nth efirs t
winte r of operato nwhic hbega ni nFebruar y 1978 . The tota |
installe dcost of th e sola r syste mwas $12.2 2per squar e foo t of

collecto r or abou t $6,500

C2.e. 3 A Thermocirculatio n Wate r Heate r

Zomeworks, Inc. , Albuquerque , NewMexic o manufacture s a
passiv e sola r domesti c hot wate r syste mtha t operate s by thermocircu -

lation . |t consist s of a 66gallon , glass-line d storag etan kwit han
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Figur e C2-16 : Representativ e performanc e of th e convectiv e loo p
syste mo f th eJone s Residence , Dec-Jan , 1978-79 .
Prepare d by Lo s Alamo s Scientifi ¢ Laboratorie s (SAN)
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integra | hea t exchanger , tw o 17 squar e foo t collector swit hlow -
iro nsingl eglazing , andanexpansio ntan kandrelie f valve . The

heat transfe r flui di nth ecollecto r loo pi s a nontoxi c antifreeze

The storag e tan ki s positione d abov e th e collectors . When
sunshin e heat s th e sola r collectors , a therma | gradient develops |,

and th e antifreez erise sandgive supit sheatt oth ewate ri nth e

storag e tank . Afte r doin gso, it cool sandsink st oth e collector S
again . Thi s syste mrequire snopumpt omove th e flui dthroug hth e
collecto r loop . Figur e C2-1 7 show s a typica | system . Some manu -

facturer s no wmake simila r system s tha t us e Freon ™ rathe r tha nwate r

or anti-freez easa heat transfe r fluid
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Figur e C2-17 : Zomework s thermocirculatio nhot wate r heater
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(O] THERMA. STORAGE WALLS

C3.a INTRODUCTION

Thermal storag ewall s are , i nmanyways , a combinatio nof bot hdirec t
gai n system s an d convectiv. e loops . However , therma | storag ewall s

compensat e fo r many o f thos e systems disadvantage s by placin g th e heat
storag e mass betwee nth eglas s andth espac et obeheated . For example ,
mary direc t gai nhouse s overheat , a resul t of eithe r insufficien t therma |
mass t o absor b th e heat o r incorrectly-place dmass duet opoor buildin g
design . Further , becaus eth emass i nconvectiv e loo p system s canno t

be directl y heated , convectiv e loop s requir elarg e amount s of heat storag e
tosuppl ymoretha n30percen t of th eheatin g demand. However , heat

gai n ca n b econtrolle dmor ereadil ytha ni ndirec t gai nsystem sby

openin g an d closin g vent s manuall y or automatically . Thus , therma | stor -

age wall s simplif y comfor t control

Per uni t of therma | storag emass used , th etherma | storag ewal |

makes bes t us eof th ematerial . Thi si s becaus eth etemperatur e swin g
inth emateria | i s greatest . Temperatur eswing si nth eheate d spac e
can stii | b e relativel y small

C3.b THERMA. STORAGE WALL SYSTEMS

C3.b. I Basi c Design s

There ar etw otype s of therma | storag ewalls . Oneuse s heav y

masonr y materia | (concrete , adobe , brick , etc. ) about 1 foo t thick
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Thewal | i s painte da dar kcolo r andheat s as th esu npasse s throug h
theglazin gandstrike sit . Usually , but not necessarily , vent sar e
place dat th ebotto mandtop . | f vent sar eused , cool roo mai r i s draw n

inat th ebottom , rise si nth ewar mspac e betwee nth emass andth e

glazing , andenter sth eroo mthroug hth eto pvents . Suc hsystem s ar e
usuall y calle d"Tromb ewalls " afte r Felix Tromb eof Odeillo , France , who
wit h architec t Jacque s Miche | substantiall y booste d thei r developmen t
inth e 1960 s by buildin g severa | homes incorporatin gthi sdesig nin

th e Pyrenees . Th e concep t was originate dandpatente dbyE.L . Mors e

of Salem , Massachusetts , i nth e1880's . Hi swalls , complet ewit hto pand

botto mdampers , use d slat e covere dby glass

The secon d genera | typ eof therma | storag ewal | use swater . An
example o f a waterwal | i nFigur e C3- 1use s module sof cas t fiberglass -
reinforce  d polyester . Theblac kmodule s ar eabout 8 fee t long , 2

feet high , and16t o20inche s wide . Theynest insid e on eanothe r

durin g transpor t fro mfactor yt osit e (E °E).

I n some instances , waterwall s ar emor e convenien t t ous etha n
concrete . Becaus e wate r maintain s a mor e unifor mtemperatur e through -
out th e thicknes sof th ewall , it s absorptio nsurfac eremain sat a

lowe r temperatur e tha n th e absorptio nsurface s of Tromb e walls
This i s th eprimar yreaso ntha 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 | module sby One Design , Inc . (MAL)
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C3.b. 2 Desig n Variation s

Figur e C3- 2 combine s movabl e insulatio nwit ha concret e therma |
storag ewall . Beadwall , reflectiv eMyla r rolle r shades , andhinge dor
slidin g insulatin g shutter s hav ebee nused . Th e economi cvalu eof
movabl e insulatio ni npassiv esystem s increase s asth eclimat ebe -
comes mor e severe . However , most concret e storag ewal | system st o
dat e hav e not use d movabl e insulatio nbecaus ei t increase s firs t cost s
and i s inconvenient . Tripl eglazih gi s regarde d increasingl yasan

alternative

Anothe r variatio ni st ous etherma | storag ewall st oinduc eventila -
tion . Damper s ar e positione das showni nFigur eC3-3 . Thesola r heate d

air betwee nth eglas s andth ewar mconcret e i s exhauste d throug hth event ,

creatin g a “"chimne vy effect. " Thi s draw s war mroo mai rt oth ebas eof
th e collector , andcoo | outdoo r ai r enter s th ehous ethroug hvent si n
othe r exterio r walls . Thi s syste mshoul dnot be considere dunles s th e

dampers canbeclose dtightt ydurin gth ewinte r sinc eai r leak scanbe

amajo r sourc e of heat loss

An alternativ et oth esoli dconcret ewal | facin g sout hi s Vertica |
Solar Louvers , a set of 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 andsola r heat int oth ebuildin g

and stor eheat fro mth e afternoo nsuni nth emasonry . (Se e Figur e C3-4. )
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Figur e C3-2 : Movabl e insulatio nwit ha concret etherma | storag e
wal | (nighttim eoperation ) (HON) .
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Figur e C3-3 : Therma | storag ewal | —cooln g (HON) .
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Figur e C3-4 : Vertica | sola r louver s (BIE) .
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Ina sense , thi s syste mcombine s direc t gai nand Tromb e wall
It can quicki yheat th ebuildin gearl yi nth emornin g throug h direc t
gain , andth ewal | column s ca n absor b afternoo nheat fro mth esun . Thi s
syste mals o permit s acces st oth eglazih g syste mfo r cleanin g an d main -
tenanc e an d mor e -readil y allow s th eus e of movabl e insulatio n betwee n

th e glazin g an d th e walls

Note tha t th e heat wav e throug hth e concret e louver s wil | bede -
laye d by severa | hour s duet othei r westerl vy orientation . Themain

disadvantag eof thi s syste mi stha t th elouver s protrud eint oth elivin g

spac e (BIE)
Figur e C3-5i sanexampl eof onetyp eof wate r wall . Thi s system |,
™
calle d Drumwall , was firs t develope dby Stev e Baer of Zomework s Corpora -
tion . 1t use s 55-gallo ndrum sfile dwit hwater . Insulatin g panel s

hinge d at th ebas eof eac hwal | cove r th esingl elaye r of glas s at nigh t
toreduc eheat loss . Whenth epanel sar eopenandlyin gfla t onth e
ground , th e aluminu msurfac e reflect s additiona | sola r irradiatio nont o

th e drums . Durin gth e summer, th epanel s i nth eclose dpositio n shad e

th e glass
The wate r wal | i n Figur e C3- 6 use s water-fille d vertica | tubes
As anadde dleve | of comfor t control , th etube s ar e separate d fro mth e

livin g spac ebya wal | throug hwhic hroo mai r canpas s an d swee p pas t
th ewar mtubes . A fa ncontrol sth eflo wof air . A therma | curtai n

close s betwee nth etube sandth eglas s at nigh t t oreduc eheat loss
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Figur eC3-5 : Hand-operate d insulatin g shutte r wit hwate r dru mstorag e
by Zomework s Corporatio  n (HON) .
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Figur e C3-6 : Therma | curtai nwit hwate r tub e storag eby Kalwal |
Corporatio n (HON) .

C3-164



Figur e C3- 7 give s th e heat storag e capacit y fo r cylindrica | tube s
of variou s diameters . Corrugated , galvanize d culvert s an d fiberglas s

reinforce  d polyeste r ar e th e most commonl y use d cylinders

To overcom eth ehig hcost of concret eandat th esametim e stor e

larg e amount s o f heat , Wayne an d Susa n Nichols , designer/builder sin
Sant a Fe , NewMexico , develope d a "water-loade d Tromb ewall. " 1t con -

sist sof cast concret etanks , 4x 8 fee t x 10 inche s (outsid e dimen -

sions) ; th etan kwal | i s 2 inche s thick , leavin ga 6-nc h cavity

Afte r th ewal | i s installed , a plastt cbagfile dwit hwate r andseale di s
place di nth ecavity . At nigh t th e single-glaze dwal | i s covere dout -

sid ebya Stev e Baer-styl e hinged , insulating , reflectin g shutter

Datatake nonth ewal | indicat etha t th etherma | resistanc eof th e
outsid e 2-inc h concret ewal | i sto ogreat durin g th e changin g mode.
Temperatur e difference sof 40F ar eobserve dacros s thi swall . Tempera -
tur e difference s acros sth ewate r andinne rwal | ar esmal | ( 5F or less)
The Nichol s hav e conclude dtha t wall s of thi s typ e shoul dbethicke r fo r
more heat storag eandtha t th eoute r wal | shoul dbemetal t oreduc eth e

resistanc et oheat flow

Newmaterial s an d component s ar e bein g develope d fo r therma |
storag ewalls . For example , paraffi nan d othe r phase-chang e material s
ar e bein g explore d as substitute s fo r th eheav y weigh t of concret e

and water . Thes e an d othe r advance s ar e covere di n Chapte r E.
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Tube Diamete r 8 in 12 in . 18 in . 24 in

Volume/lin . f t 034 ft B 078 8 ft 3 177 ft 3 314 ft 3

Weight o f

containe d

water/lin . f t 21.7 b s 49 b s 110 b s 196 b s

Heat storag e

capacity /

lin . ft 21.7 Btu/ F 49 Btu/ F 110 Btu/ F 196 Btu/ F
Figur e C3- 7: Heat storag ecapacit yper linea r foo t of

cylindrica
storage

| container
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C3.c DESIG N CHARACTERISTG

C3.C. 1 Buildin g Integratio n

Thermal storag e wall s provid e temperatur e stabilit y i npassiv e
building s an d ar e appropriat e fo r a variet y of buildin gtypes . The
ai r vent s fo r thermocirculatio n somewhat contro | th etim ewhenheat i s
delivere dt oth espace . Sinc eth ewal | i s opaque , i t eliminate s th e
excessiv e glar e associate dwit hdirec t sunlight . Ultraviolet damaget o
goods an d furnishing s i s avoided , whic hi s particularl y advantageou s
if usedi nretai | store s and commercia | buildings . Tromb ewall s ar e
fir e resistant . They provid e securit y fo r warehouse s an d manufacturin g
plant s an d structura | stabilit y i nhig hris e construction . Finis h
detal s canbever yroug ht o sui t manufacturin g an d industria | applica -
tions , yet the ycanbemorepolishe dt ofi t residentia | designs
Windows place d at suitabl e interval s wil | provid e daylightin gand

giv e th e occupant s visua | 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 etherma | storag ewal | andth eexterio r glazihg . Where poure d

concret e an d masonr y bloc k constructio n abov e grad e ar e common, th e

wall i s generall vy inexpensive . | f an experience d subcontracto r i s
available , or i f material s ca nb e obtaine d cheapl y throug h loca |
suppliers , th eexterio r glazin gwil | below-cost . Othe r type sof
therma | storag ewalls , includin gwaterwalls , ar e comparabl ei n
price
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Cost estimate s prepare d fo r th e Tromb e wal | desig n describe di n
Sectio nC3. d (wit hplaste r interio r finish ) var yfro ma lo wof $11

per squar efoo t t oa hig hof $27.0 Oper squar efoo t i n 198 Odollars

Toobtai na tru enet additona | cost fo r passiv e sola r heating , th e
cost of conventiona | constructio ntha t i s replace dby th e therma I

wal | shoul db e subtracted . Sinc eth emost expensiv e conventiona | resi -
dentia | exterio r wall , includin g insulatio n an d interio  r finish

usuall y run s betwee n $25 0t 0$4.0 Oper squar efoot , th etru efirs t

cost of th eTromb ewal | i s estmate dat $.0 0t o $15.0 0 pe r squar e foot
Operatin g cost s fo r thes ewall s ar e zero , an d littl e o r nomainten -

ance i s required . Maintenanc e i nmany climate s i s comparabl et otha t

for viny | siding : occasiona | (ever y2 t 04 years ) washin gof th e

exterio r glazin gi s advised . Hars h industria | environment s may degrad e

plasti ¢ glazing ; "refinishing " coating s ar e availabl e fro mleadin ¢

manufacturer s andmaybe applie dona 3-1t ob5yea r basis

C3.C. 3 Therma | Performanc e

Thermally , thes ewall s perfor mreliably . Heat losses , eve nunde r
worst conditions , ar enot ver y differen t fro mthos e experience dwit h
conventiona | construction . Theoveral | Uvalu eof 02 3 (revers e
thermocirculatio n prevented ) enable s thes ewall st omeet ASHRAE 90-7 5
standard s fo r single-famil y residence s locate di nclimate s not exceedin g
5200 degre edays . | f sola r gain s ar e considered , the yar enet heat
producers . | na sense , then , thi sresult si na negativ eU-valu eover th e

cours eo f th e heatin g season
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Sola r energ y collectio ntake s plac eat lo wt omoderat e temperatures

generall ynot exceedin g 150F fo r Tromb ewall s an dlowe r fo r waterwalls

Thi s provide s goo d instantaneou s efficiencie s (generall y comparabl et o
activ e syste mflat-plat e collectors) . Excepti nth edee psouth , th e
vertica | sout hwal | orientatio nresult si ngoodwinte r heatin g performanc e
and minima | summer overheating . Ai r i s delivere dt oth eroo mat moderat e

temperature s throug hth events , generall ynot exceedin g90F (0o r tempera -
ture s20t o 30F highe r tha nth eroo mai r enterin g th e spac e betwee n th e
glazin gandth ewall) . Normal airflo wi s approximatel y 1 cf mper

squar e foot

Althoug h ther ear emanyway st oanalyz e th e benefit s of therma |
storag ewall s of variou s thicknesses , 6 t ol2inche si sth eoptimu 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 sof th eroo msid e and sun-sid e surface s of thre e Tromb ewall s
withou t vent s i nLo s Alamos , NewMexico . Therati oof th ebuildin g
loadt oth eglas sare ai s0. 5Btu/ hft 2F. Onewal | i s6 inche s thick |,
anothe r 12, andth ethir d24 . Thedail vy fluctuation sonth einsid e
wal | surfac e ar e markedl vy different fo r th ethre ecases . Theyar e
ver y pronounced , 45F, fo r th ethi nwal | an d nonexisten t fo r th e thic k
wall . Thelongter meffec t of twoday s of cloud yweathe r i s observe d

onth einsid eof th ethic kwal | as a 10F variation
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Figur e C3-8 : Tim e response , masonr y wall
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The ne t annua | therma | contributio n o f differen t thicknesse s of

wall si s not markedl vy different . (Se e Figur eC3-9. ) The 1foot -
thic kwal | i sth ebest of th ethree , givin ganannua | sola r heatin ¢
contributio nof 68 percent . Althoug hth enet contribution sof th e

thi nwal | andthic kwal | case s ar enearl yth e same, th e amount of therma |
contro | require dt olimi t fluctuatin g roo mtemperature s i sless . Not e

that th e sola r fractio ncontinue st oincreas efo r waterwall sof in -

creasin g thicknesse s (represente dbyth e curv e of infinit e conductivity)
Trombe wall s ca n b e different thicknesse s fo r differen t tim e delay s
of th eheat wave fro mth ehot , sunn ysid et oth eroo mside . | ngeneral ,

abuildn gcanbeheate dbydirec t gai nor convectiv e loo p system s durin g
thedayandthe nbyth etherma | storag ewal | at night . Figur e C3-1 0

give s th e variatio ni ninsid e surfac e temperatur e swin gandth etim e de -
la y betwee n th e irradiatio nandth eoccurrenc e of pea k temperature s on

th e insid e surface . Thes e characteristic s ar efo r a double-glaze dsoli d

concret ewal | durin g sunn y days .

Dependin gonth eheat storag e capacit yof a house , heat fro mth e
wall maynot beneede dunti | farint oth enight . Thi smaycal | for a
thic kwall , perhnap sasmuchas18inches , sinc ei t wil | bewel | past

midnigh t befor e roo mtemperature s begi nt o drop

I n commercia | design , onth eothe r hand , heat may b e neede d durin ¢
theday . For example , most academi c building s ar e restricte dt o

daytim euse . Unles s ther e i s sufficien t heat durin gth eday fro mpeople ,
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Figur e C3-9 : Annual sola r fractio n provide dby therma I
storag ewall s of differen t conductivit y an d thicknes s (BAL )

(Note : Therma | conductivit yof 1. Orepresent s th etherma | mass wal |
(Tromb ewall) ; infinit y represent s water ; 0. 5 probabl vy represent s a
concret e bloc kwall. )
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Wall Insid e Surfac e Time o f Temperatur e

Thicknes s Temperatur e Swin ¢ Peak at Insid e Surfac e
(inches ) F)
8 27 600 pm
12 13 800 pm
16 6.5 10:30pm
20 3.0 1.30am
24 13 430am
Figur e C3-10 : Characteristic sof a soli dconcret e
wal | durin g sunn y day s wit h outsid e
doubl e glazin g (Volum el | of thi s
Handbook) .
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lights , anddirec t gai nthroug hwindows , th ewal | shoul dbeasthi nas
possible . In fact , a Tromb ewal | may be a poo r choice , and a thermosi -
phonin g collecto r or eve nan activ e collecto r wit hno storag ewoul dbe
better . Alternatively , heat fro mth e Tromb ewal | canbeuse dat nigh t

durin g temperatur e setbac k conditions

Figur e C3-1 1 show s th eannua | percen t of sola r heatin g fo r variou s
cite s i nth ecountr y fro mvariou s type s of therma | storag ewalls
water wall s (WW); soli dwall swithou t vent s (SW) ; Tromb ewall swit h
vent s an d wit h backdraft damper s t o preven t revers e thermocirculatio n (TW) ;
Trombe wall s wit hvent sopene dat al | time s (TW(A)) ; and Tromb ewall s

wit h thermostati cvent contro | (TW(B))

The calculation sar efo r a therma | storag emass of 45 Btu/ft 2F
glas sare a (1 8inche sof concret eor 8 6inche s of water) . No night
insulatio ni sused . Al | therma | storag ewal | design s see mt obeviabl e
for sola r heatin gi nal | climate s studied . Not e tha t particularl yin
col d climate s suc has Madiso n an d Bismark , th epreventio nof revers e
thermocirculatio nthroug hth event si sanimportan t par t of th e design
Thermostati c contro | of th event s doe s littl et oimprov e th eheatin g per -
formanc e but doe s reduc eth etendenc yfo r th event st ooverhea t th e
buildin g durin g mild , sunn y weather . Night insulatio n dramaticall y
improve s performanc eof therma | storag ewalls , especial yi ncol d
climates . TheR-value , an dtherefor e th e pane | construction , hee d
not b e substantial . AnRof 4 to6 wil | provid eabout 75percen t of

the heat los s reductio nof R-9. Onlyrarel ywil | R-value s highe r tha n
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Annual Percen t Sola r Heatin ¢

Cit y WV SW T™ TW(A) TWB )
Sant a Mari a 99. 0 98. 0 97.9 97. 3 98. 0
Dodge Cit y 77. 6 69. 1 71. 8 62. 8 73. 6
Bismarc k 49. 8 41. 3 46. 4 31.1 47. 6
Bosto n 60. 0 49. 8 56. 8 44. 9 56.7
Albugquerqu e 90. 8 84. 4 84.1 81. 8 875
Fresn o 85.5 82. 4 83. 3 78. 0 83. 4
Madiso n 43.1 35. 2 41. 6 24. 7 42. 0
Nashvill e 68. 2 60. 7 65. 2 54.1 65.4
Medfor d 59. 0 53. 3 56. 1 42. 2 56. 8
51 53 | TS SR i S e e S, |
Figur eC3-11 : Annual result s fo r variou s therma | storag ewal |

configuration si nvariou sclimate s (BAL) . (Not e

that thes ear e Sola r Heatin g Fractio nvalues
not Sola r Saving s Fractions)
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9 b e economicall ywarranted . A simpl e tim ecloc ki s th eonl y contro |

necessar y fo r openin g an d closin g th e insulation

Innearl yal | climates , therma | wall s shoul dhav eat leas t tw o glazings
An alternativ e t o movabl e insulatio ni ncol dclimate s i s anadditiona | glazin g
laye r or two . Movabl e insulatio nwit hmore tha ntw o glazing s i srarel vy
economical . Multipl e glazing s hav e a greate r effec t onperformanc e at highe r

sola r loa d fraction s tha nat lowe r ones .

O course , th erea | measur eof performanc e i s annua | energ y saving s byth e
sola r wall . Annual value s fo r 25cite s ar egive ni nFigur e C3-12 . Thecas e
is fo r th e 18-inch-thic k Tromb e wal | wit h n o revers e thermocirculation . The
vent siz ei s 007 4squar e fee t (10. 5squar e inches ) fo r eac hlinea r foo t of
wall . The heatin g loa d coefficien t of th e buildin gvarie s wit hclimate . The
allowabl e temperatur erang ei nth espac ei s 10F, fro m65t o 75F. Nigh t

insulatio ni suse di nth e colde r climates

The lo wannua | saving s fo r reall y sunn y climates , suc hasEI|l Paso, Texas ,
and Phoenix , Arizona , ar eduet oth eshor t heatn g seaso nandth e fac t tha t

nigh t insulatio nwas not used .

C3.C. 4 Economic s
Estimate s of heat energ youtpu t and cost per milio nBt uar e shown fo r

representativ ecite s i nFigur e C3-13 . For compariso nwit h
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Case: 18in . Tromb e Wall ; Norevers e thermocirculatio n
Thermal cond uctvit y= 1 Btuffth rF
Heat Capacit y =3 OBtu/ft 3F
Vent Siz e= 0 74ft %f tof wal | lengt h(eac hvent )
Temperatur eb and= 6 5Ft 075F
& o
o e
U U ¥ o L -
[ [l = RN ] A - w u o
13 o E .C [ = <] o) o«
4] - O b LN =] =] =
] P ~ a | B
a o0 H = a3 > = v qQ
— & w B [ = s
&0 5 2 o | == vy O w E
=] w o o =3 o N O
o =] - = Lo H By W
- Hom H o~ m U g o g ™
Pu} ad L~ Lo - L B - 3
o= U m oot o o M| O W O &Y
o] oA [~ b N vl Mmoo
Los Alamos , NM 6359 Yes 20 70 89,00 0
B Paso, T X 2678 No 30 57 4570 O
Ft.woth , TX 2382 No 30 49 35,00 0
Madison , WS 7730 Yes 20 48 74,20 O
Albuquerque , NM 4292 N 20 56 48,10 0
Phoenix , AZ 1552 No 40 65 40,40 O
LakeCharles , L A 1498 Nb 40 50 30,00 0
Fresno , CA 2650 No 30 51 4050 0
Medford , OR 4930 Yes 30 49 7250 0
Bismarck , ND 9044 Yes 20 47 85,00 0
NewYork , NY 4848 Yes 20 57 55,30 0
Tallahassee , FL 1563 No 40 55 34,40 0
Dodge City , K S 5046 Yes 20 70 70,60 0
Nashvile , TN 3696 No 20 42 31,00 O
Sant aMaria , CA 3053 Nb 30 67 61,40 0
Boston , MA 5621 Yes 20 55 61,80 O
Charleston , SC 2146 ND 30 52 33,50 0
LosAngeles , CA 1819 No 40 70 50,90 0
Seattle , WA 5185 Yes 20 60 62,20 0
Denver , CO 6016 Yes 20 72 86,60 0
Edmonton, AL B 10268 Yes 20 46 9450 0O
Vancouver , BC 5515 Yes 20 57 62,90 0
Winnepeg , MAN 10679 Yes 20 45 96,10 0
Ottawa , ONT 8735 Yes 20 49 85,60 0
Dartmouth , NS 7361 Yes 20 52 76,60 O

Note : Nigh t Insulatio nuse dfo r greate r tha n 4500DD. Thi s was arbitrary
Performanc ei s mud improve dwit hnigh t insulaton , but cos t and
inconvenienc e ar e greater

Figur e C3-12 : Annual energ y saving s by therma | storag e walls

Data generate dbyJ. D. Balcom b base d o n Appendi x

Fof Vol .

I 1 of thi

s Handbook .
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Cit y Btu/ft 2yr Cost/MMBt u
Fort Worth , Texa s 35,00 0 $28.9 0
Madison , Wisconsi n 74,20 0 $20.4 7
Boston , Massachusett s 61,80 0 $24.5 8
Medford , Orego n 72,50 0 $209 5
Los Angeles , Californi a 50,90 0 $19.8 9
Denver , Colorad o 86,60 0 $17.54

1) Thes e estimate s wer e prepare d by J. Dougla s Balcom bat Los

Alamo s Scientifi ¢ Laboratories , base d ondat afro mFig .
C3-12 usin g installatio nan d life-cycl ecost dat afro m
(HON). 1t wasassumed tha t th ecost of th e Tromb e wal |

wit h nigh t insulatio ni s 50 %greate r tha nwithou t it

2) Thes e figure s ar e th e effectiv e energ y cost obtane dby
applyin g a capita | recover y facto r of 10 % (correspondin gto
a7-1/2 %interes trat eanda 20year 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 | energ y costs , conside r th e following . electricit y
at 6¢/kW h i sequivalen ttoanenerg ycost of $17.6 Oper milio nBtu ;
number 2 fue | oi | burne d at a seasona | efficienc yof 05 0Oat $1.0 Oa gallo n

result sinanenerg ycost of $14.2 8per milio nBtu . Actua | performanc e

wil | var ywit hth erati oof syste msiz et obuildin gload . Futur e conven -
tiona | energ y cost swil | bemuchhigher . Lik eal | sola r energ y systems ,
oversize dtherma | storag ewall swil | beles s cost-effective . Withi  n architectur
al constraint s o f norma | buildin g designs , however , i t i s difficul tto

oversiz e thes e systems , an d th e performanc e estimate s provide dar e

representativ e fo r initia | projec t development

C3.d A BASI C TROME: WALL CONFIGURATION

Althoug h a variet y of Tromb ewall s hav e bee nbuil t an d althoug h

th edesig ncanbeoptimize dfo r specifi c climates , th edesig ni nFigur e
C3-14 i s basi c an d cost-effectiv efo r heatin gi nmost of th eUnite d
States . Th emodula r dimension s an d particula r constructio n detail s

used her e shoul dhel pt osimplif yth etask s of designer s an d builders
Althoug h thi s drawin g ha s bee nprepare dt o sho wmany detail s an d speci -
fi ¢ dimensions , th e exac t configuratio nof a Tromb ewal | may var y

considerabl y without  adversel y affectin g it s performance

C3.d. | Material s

Thi s basi c desig n consist s of anoute r glazin g system , aninne r

therma | energ y storag e wall , backdraf t damper s fo r airflo  wcontrol , and
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Figur e C3-14 : Tromb ewal | desig n (HON)
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variou s optiona | tri man d structura | integratio n details

The oute r curtai nwall/lwindo wwal | syste mi s aluminu mframin gi n
combinatio nwit htw o layer s ofglas s or translucen t or semi-transparen t
low-cos t plastic . Unlik e a direc t gai npassiv e system , view s
out ar enot possible ; view sin , showin g th eroug h concret ewal | surface
ma b e undesirable . Maximu msyste mtemperatures , eve nunde r stagnatio n
conditions , rang efro m150t 018 0 F, wel | belo wth e stagnatio n temperature s
of meta | flat-plat e collectors . Heat resistan t plastic s easil vy withstan d

th e lowe r temperature s experience d by th e glazing

The therma | storag ewal | i s concrete , eithe r cast-in-plac eorlai d
wit h soli d concret e masonr y unit s an d concret e mortar . The concret e
shoul db eregula r ston e concret e (abou t 14 Olbs/it  2) ; lightweigh t aggre -
gate s shoul dnot beused . When, asi nmost cases , th e Tromb ewal | serve s
als oas a structura | wall , th enecessar Yy reinforcin gwir eor bar and
any structura | anchor s ca nb e adde d withou t alterin gth ewall s sola r
performanc e characteristics . I ngeneral , th ejunctio nbetwee nth einne r
storag ewal | an dth e foundation , floors , adjacen t sid ewalls , androo f
shoul d b e treate d as norma | construction . A primar y exceptio nisto

eliminat e or chang e detal s tha t permit direc t conducto nof heat t o

masonry or meta | expose dt oth eweather . For thi s reason , th e concret e
wall i s thermall vy isolate dfro mth emetal fram eof th eglazin g syste m

by woode n blockin g an d fro madjacen t conventiona | concret e constructio n
by preforme dviny | or rubbe r contro | joints . Foundation s directl y belo w

Trombe wall s shoul d b e protecte dwit hrigi d insulatio ni nth esameway
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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 same functio n as backdraf t damper s i n
HVAC systems , tha t of preventin g ai r circulatio ni nth e"wrong " direction
However, i nTromb ewalls , slowl yrisin gsola r heate dai r i nth ecavit y

betwee n th e concret ewal | andth eglazin gexert s a sligh t pressur et o

open the mwhil e fallin gcoo | ai r exert s a sligh t revers epressure , forcin
the mt oclose . No on e commerciall vy 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 ) or
dowithout . | nmany cases , as discusse dearlier , vent sneednot beused .

Any interio r finis honth e Tromb ewal | must not preven t it s heat
fro mreachin g th eroom . Conventiona | architectura | concret e finis hsuc h

as expose d aggregat e an d sandblaste d or brushe d surface s may b e used .

The surfac emay b e seale d an d painte d any color. A plasti ¢ ski mcoa t
or plaste r may b eused . However , shee t materials , suc has woodor
hardwoo d panelin g shoul dnot beused . Gypsu mboar dcanbeuse donl y

i f excellen t continuou s contac t betwee nth eboar dandth ewal | canbe

obtained , a difficul t tas k indeed

The exterio r surfac e shoul db e cleanse dwit ha masonr y cleane r

prio r t o painting . Althoug hany dar k colo r may b e use d o n particularl y

rough-texture dwalls , fla t blac kpain t i s preferred
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C3.d. 2 Desig n

The concret estorag ewal | i nthi s basi cdesig ni s 10inche s thic k
and nominall y 8 fee t high . A 7-foot , 10-inc hheigh t i s suitabl efo r
cast-in-plac e construction . Wall scanbeanylength . Vent holes ,
if used , shoul dbeprovide dat interval s acros s th e entir e length

Vent hole s i nconcret e bloc kwall s ar enominall y 3 5 8inche s by

155 8inches . Singl eblock s ar elef t out of lowe r an d uppe r courses

I n poure d concret ewalls , 4-inc hby 15-inc h opening s ar e preferred

The tota | cross-sectiona | are aof th event s (uppe r plu s lower ) nee d
not b egreate r tha nonepercent of th etota | wal | area . Theupper and

lower vent s ar eplace dasclos et oth eceiin gandfloo rasi s practical ,

andi nno cas eshoul dth evertica | distanc e betwee nvent sbeles stha n
6 feet . Decorativ. egril s or register s ar e installe d ove r thes e opening s
onth einterio r face . Thelowe r gril | include s th e backdraf t damper .

The exterio r glazin g syste mi s mounte d 3 t 04 inche s away fro mth e
oute r darkene d concret e surface . Where th e aluminu mglazin g support s
are attache dt oth ewall , woodor othe r insulatin g materia | shoul dbe
used as a therma | separator . Theglazih g shoul dexten d abov e an d be -
lowth efac eof th estorag ewall , ful yexposin gittoth esun. Sinc e
glazin gi s th eweathe r ski nof th ebuilding , i t must beairtigh t and

wate r resistent

Trombe wall s withou t vent s ar eeasie rt obuil di f window s ar ein -
corporate dint oth ewall . Thedrec t gai nthroug h thes e window s wil |

heat th e buildin g durin gth eday . Simultaneously , th e Tromb e wal | wil |
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stor eth eday’ sheat fo r us edurin gth enight . Figur eC3-1 5i s anexampl e

of suc ha wall . Thi swal | i suse di nth e "Brookhave n House, " designe d

by Tota | Environmenta | Action , Inc. , fo r Brookhave n Nationa | Laboratorie S
under a DOEcontract . Thewal | consist sof twolayer s of pavin gbric k
covere d by triple-glazed , floa t glas s panel s mounte d i nmile dwood strips
Inth e summertim ewhenth esuni shig hi nth esky , th ewal | i sshade dby
a retractabl e canva s awning

C3.d. 3 Constructio n an d Installatio n

Buildin g th e Tromb e wal | describe d i nFigur e C3-14 normall y require s onl y
genera | contractin g skils . Dependin g on contracto r preference , th e
installatio nof th eglazin g syste mcanusual ybehandle dbyth emanu-
facturer' S representative . Thi s enable s th ebuilldn gowner t oobtai n
a bette r warrant y onit s weather-tightness . Thestorag ewal | shoul d
be constructe dat th elowes t cos t possibl egive nth e thermal , structural ,
and interio  r finis hrequirement s outine dabove . | f th econtracto r or
hi s subcontractor s normall y us e poure d concret e onl y i n foundatio nwor k
or i f multi-stor y installation s ar e planned , th esoli dmasonr yuni t wal I

i s usuall vy preferred

Work schedulin g present s no proble mi f th e contracto r carefull y
review s constructio n requirement s i nadvance . Theglazin g syste mi s
usuall y fabricate dt osit edimensions ; therefore , t oavoi ddelay si n
closin g th e building , thes e dimension s shoul d b e establishe dearl yi n

constructio nandorder s shoul dbeplace dearl yfor th eglazing . Con-
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Figur e C3-15 : Th e Brookhave nHous e (TEA2 )
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cret e finishin g wor k may requir e th e appropriat etrade sonth ejo bsit e

at othe r tha nth e norma | times

C3.e EXAMPLES

C3.e. 1 Benedictin e Monastery , Pecos , NewMexic o

Tenmile s sout hof Sant a Fe, NewMexico , a 9,32 0 squar e foo t
office/warehous e buildin g fo rth eboo k publishin g operaton s of a

Benedictin e Monaster y combine s direc t gai nwit ha Drumwall ™Figur e C3-16 )

The sout hsurfac ei s almost entirel yglass ; windo ware ai s 1,35 6

squar e fee t wit h44 0 squar efee t of Drumwall . Th e Drumwal | consist s
of 13 80i | drum s enclose di naninsulate dcabinet . Theto pof th e cabine
isa counterto pwor ksurfac ei nth e 266 0 squar e foo t offices . Theheat

passe s b y natura | convectio nthroug hvent s i nth e cabinet , eliminatin g

th e nee d fo r fans

Insulatin g panel s ar ehinge dt oth e exterio r bas eof th ewall

Inth elouvered , horizonta | position , the yreflec t additiona | sola r
radiatio nont oth eDrumwall . | nth eraise d position , the yreduc e hea't
loss . Durin gth e summer, the y shad e th e wall

The 4,90 0 squar e foo t warehous e i s heate d by direct gai nthroug h
clerestor ywindows . Exces s war mai r fro mth e office s i s occasionall y

vente d int o th e warehouse . (Se e Figur e C3-17. ) Thebuildin gi s masonr y
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wit hrigi d foa minsulatio napplie dt oth e exterio r surface

The su nprovide s 90percen t of th eheat . The offic ehasa tempera -
tur eswin gof 15F, wit hanaverag elo wof 63 F. Thewarehous ehasa

temperatur e swin gof 10F, wit hanaverag elo wof 48F.

C3.e. 2 Th e Kelbaug h House , Princeton , NewlJerse y

Architec t Dou g Kelbaugh , Princeton , NewlJersey , designe dhi sown
two-stor 'y Tromb ewal | hous e (Figur e C3-18) . North , east andwest wall s
ar e standar d wood fram e censtructio nan d hav e minima | windo wareas
Windows o nth e sout h sid e ar e incorporate dint oth eTromb ewall . The
Trombe wal | als o incorporate s a standard , commerciall y availabl e green -

house. The tota | sout hwal | collectio narea , includin g th e greenhous e

and a two-stor y Tromb ewall , i s 60 0 squar efeet . (Se eFigur e C3-19. )

Usin g conventiona | heat los s analyses , th edesig nloa di s 6500 0
Btu/hr . Th e empiricall y determine dloa di s 56,300 . Estimate d con -
sumptio nof gas i nth e backu p heatin g syste mwas 12 1 cc f durin ga 450 0
degre e da y winter . Actua | consumptio ndurin git s firs t winte r of opera -
tio n (wit h 450 O degre edays ) was 338 cc f anddurin git s secon dyear ,

246 cc f (555 6 degre e days)

Indoo r temperatur e swing swer e3 t 06 F durin ga 24-hou r cycle

The seasona | lo wan d hig h temperature s wer e58 and 6 8 F downstair s
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Figur e C3-19 : A cross-sectio nof th e Kelbaug hhous e
showin g hea t flow s (SAN) .
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and 6 2and 7 2 upstairs . The estimate d average s wer e 6 3 F downstair s
and 6 7 F upstairs . (Actua | comfor t level s wer e somewhat highe r du e
toth eradian t warmt hfro mth e Tromb ewall. )

Inaddito ntoth event sat th eto pof th e Tromb ewall , fou r fan s
areuse dt o ventilat eth ewal | durin gth esummer. Thewall , i nturn
ventilate s th eentir ehous ebypulin gai r acros sth erooms fro mwindow s

onth enort hwal | (KEL-1 ) (KEL-2 ) (KEL-3)
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4 THERMA. STORAGE ROOFS

C4.a INTRODUCTION

I nmany respect s therma | storag eroof s (roo f ponds ) ar e simila r
totherma | storag ewalls : th ecollecto r andheat 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 file dwit h
wate r that , whe nexpose dt o sola r irradiation , collect , store , and
distribut eheat . Thi s heat passe s downwar d fro mth e supportin g meta |
ceilin gt oth elivin gspace , gentl ywarmin git . | nth e summer, heat
passe s upwar dt oth eceiin gandint o th e water-fille d "thermo-ponds”
coolin gth ehouse . Thendurin gth enight , th ewate r give supit s
heat t oth e sk y by therma | radiation , convection , an d evaporation
Movabl e insulatio ni suse dt oenhanc e th eroo f pond s performance

(See Figur e C4-1. )

Water ca n stor emor e energ y per uni t weigh t tha n othe r common
buildin g materials , androo f pond s typicall y hav e wate r depth sof 8
tol2inches . Becaus eof th efre econvecto nof wate r withi na wate r
bag, th e bag s operat e isothermally , thereb vy quickl vy transferin gany
temperatur egai n(© r loss ) t oth ebuildin gspace . Thi si squit e
differen t fro mconcret e therma | storag ewall s tha t exhibi t a tim e
la g effect fro mth etim eth e oute r surfac e change s temperatur et o

th e tim ewhenth einne r surfac e changes .

C4-19 4



Figur e C4-1 :

"Skytherm"
and winte
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Initially , I t may see mtha t th elac kof a time-dela ywoul dbe a
seriou s disadvantag e of roo f pond ssinc ei t woul delimnat eth e
natura | diurna | cycling . However , th e movabl e insulatio n largel vy
control s th eroo f pond s temperature . The temperatur edrop saslo w
as 6 5F i nsummer andi s permitte dt oclim bashig has85F i nth e
winter . Typica | day-lon gheat collectio n efficienc y i s 45 percent
(YEL-3) . Les stha nhal f of th eheat i s transferre d downwar d int o
th e house ; th e remainde r i slos t throug han daroun dth e close dinsu -

latio n panels

C4.b BASI C SYSTEMCONFIGURATION

Thermal storag e roof s hav ebee nbuil t i ntw o basi c configura -
tions : fla t an d south-sloping . Generall yth efla t roo f syste mi s
used i nth e lowe r latitude s wher e th e sunrise shig henoug hi nwinte r
to bath e th e pond s wit h sufficien t sola r irradiation .| nmor e north -
er n latitudes , south-slopin g glazin g admit s th e low-angle d sola r
irradiatio nandshed ssnow. Theroo f ponds , however , li efla t abov e
thecelin gof th ehouse. Theothe r surfface sof th espac etha t i s

forme d ar e well-insulate dan d ar e face d wit h reflectiv e foil
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C4.c EXAMPLES

C4.c Th e Atascader o0 Hous e

Figur e C4- 2 i s a cross-sectiona | vie wof th eroo f pondand
movabl e insulatio n syste muse d o na hous ei n Atascadero , California ,
designe d by Harol d Hay (NIL) . The hous ewas designe daccordin gt o
earthquak e codes . Theceilin gof th e approximatel y 1,10 O squar e fee t
of livin g spac ei s completel y covere dwit h8 inche sof water . The
water i s seale di nclea r ultraviolet-inhibited , 20mil , polyvinyl -

chlorid e wate r bag s as shown . Underneat hthes e 53,60 0 pound s of wate r
isa laye r of blac k polyethylen et o hel pabsor b sola r irradiatio nat

th e botto mof th e bags . Aditionally , anai r cel | of inflate dclea r
plasti ¢ shee t abov e th e wate r bag s enhance s th e greenhous e effec t

durin gth e heatin gseason . Thi sai rcel | i sdeflate di nth e summer
month s t o enhanc e radiativ ecooling . A 40mil stee | dec k roof/ceilin g
support s th e wate r bag s an d provide s goo d heat transfe r t oand fro mth e
livin g space . Abov eth eroo f ponds , a syste mo f movabl e insulatin g
panel s i s mounte d o nhorizonta | stee | tracks . Th e insulatio nis?2
inche s of rigi d polyurethan e face d on bot h side s wit h aluminu mfoil

The panel s ar emoved by a 1/ 6 hp moto r operatin g abou t 1 0 minute s

per day .

Thermal storag eroof s ar euniqu ei ntha t the yar eth eonl y passiv e
sola r heatin g syste mtha t ca nals o provid e substantia | coolin g effects

Withi n th e building , comfor t i s accomplishe d by radiatio nt oth e coo |
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ceilin g wit h combination s of night-sk y radiation , hight ai r convec -
tion , and , whenth ewate r bag s ar e covere dwit h additiona | water , by

evaporativ e cooling

Figur e C4- 3 show s th e overal | performanc e fo r a 9 mont h perio d
afte r construction . As th efigur e indicates , onl y smal | variation S
occurre di nindoo r temperature . Durin gth ewinte r and summer, temper -
ature s typicall y fluctuate d betwee n66 and 7 3 F whil e th e outdoo r

averag e dail y temperatur e fluctuate d betwee n47 and 8 2 F throughou t
theentir eyear . Thi shous ei s 10 O 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 -

ingt ob e "superior t o conventiona | system s previousl y experience d

(NIL)

Clou d cove r an d relativ e humidit y wil | reduc e radiativ e heat
transfe r t oth esky ; clea r skie s and lo wrelativ e humidit y permi t th e
best heat transfe rrates . | ti sbest i fth ewate r bags "see " th e
entir enigh t sk y —th e fla t configuratio ni nth e Atascader o hous e
does this . Th e south-slopin g glazin g configuratio ndoesnot seeth e
entir enigh t sky , nor doe sth eglazih geasil ytransmi t heat . There -
fore , radiativ eheat transfe r t oth eskyi spoor . However , thi s
desig ni s intende dfo r us ei nnorther n latitude s wher ecoolin gi snot

essential
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C4.d. 2 Th e Winter s Hous e

Avariatio nonth ehous e at Atascader owas designe dby Joh n
Hammod an d built i nWinters , California . Winter s ha s approximatel vy
2600 heatin g degre e day s and 130 0 coolin g degre eday sper year . The
averag e temperatur e i nth e hottest summer mont h (July ) i s 78F wit h
an averag e dail ymaximumof 97 F andan averag e dail yminimu mof 59F.
Inth e coldes t winte r mont h (January ) th e averag e temperatur ei s45F
wit h anaverag e dail y maximumof 54. 5F and an averag e dail y minimu m
of 35F. The 125 0 foo t hous ei s wood-frame dona 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 -
paned wit h movabl e insulatin g shutters . Ther e ar e approximatel y 120
squar e fee t of south-facin g window s an d approximatel y 10 O squar e fee t

of window s onth e othe r thre e walls

Runnin gth elengt hof th ecente r of th ehous ear ea serie sof 6

feet by 8 fee t by 12 inc h dee p galvanize d stee | pan s coate dwit hta r

onth einside . Theycove r one-thir dof th eroo f are aan dhol dapprox -
imatel y 13,20 Opound s of water . Thebotto mof th epan s for mth e ceil -
ingof th ehouse . Thepanshav ea viny | cove r t opreven t evaporatio n
andt oreduc eheat loss . Eight-foot-squar einsulate dlid s cove r th e
pans (se e Figur e C4-4) . Conventiona | hydrauli c piston sope nandclos e
th e lids
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The hous e was complete din 1975 . Eve ndurin gth e hottes t summer
weather , th e maximu minterio r temperatur ehasnot exceede d78F.
Coolin gi s obtaine d bot h by ventilatin gth ehous eat nigh t andby
openin gth elid ssoth epond scanradiat et oth ecool nigh t sky . As
wit h th e south-slopin g glazin g configuratio n describe d earlier , night -

tim e radiativ e coolin g i s somewhat inhibite dby th e angle d lids

The performanc e of th e hous ewas closel y monitored . Durin gth e

winte r of 197 5- 197 6 n o auxiliar y heatin gwas use d excep t fo r occa -

siona | fire si na Frankli nstove . Thenatura | gas spac e heate r was
never used . Durin ga typica | day , th e temperatur e fluctuatio nwas
betwee n3 and 7 degrees . The averag e dail y maximu mwas abov e 70F

and th e averag e dail y minimu mwas abov e 65F (HAM) . Chapte r D2. d

discusse s radiativ e coolin g i nmor e detail
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(03] ATTACHED SUNSPACES

C5.a INTRODUCTION

Perhap s th e greates t disadvantag eof direc t gai nsystem si sth e
potentia. | i n poorl y designe d system s fo r wid e fluctuation S i nindoo r
temperatures . However , i f wid e fluctuation s ca nb e permitted , reducin g
th e therma | mass wil | substantiall y reduc eth ecost sof direc t gai nsys -
tems. Similarly , th etherma | mass require dt otempe r wid e temperatur e
fluctuation s i ncommercia | greenhouse s (fro mover 100 F ona cold |,
sunny da y an d droppin g dramaticall yat night ) i susuall vy expensive . A

mechanica | syste mt o circulat e th eoverheate dai rt oa grave | bedfo r

late r us ei s als o expensive . Fortunately , some space s i nbuilding scan
easil y tolerat e wider-than-norma | temperatur e fluctuations , and extr a
effort st omoderat e the mmay b e unnecessary . Example s of suc h space s
includ e greenhouses , atriums , sunporches , an d garages . A south-facing ,

glaze d corrido r i sanexampl ei nlarge r buildings

Althoug h buildin g cost s ar e hig heve nfo r suc hver y simpl e and un -
refine d spaces , thes e space s ca n tak e significan t advantag eof th esun' s
energy . Althoug hi nsome sens ethes ear esti | direc t gai nsystems |,
th e ter m"Attache d Sunspace " designate s space s tha t fluctuat e widel vy
i n temperatur e becaus eof th edirec t gai nof th esun. Theoverheate dai r
canb euse d immediatel yt ohel pheat th eadjacen t building , or it can
bestore dfo r late r us ewhenth esuni snolonge r shining . At virtuall y
all time sof th eday , th e attache d sunspac e ha s anindoo r temperatur e

highe r tha nth e outdoo r temperature . Suc h highe r temperature s ten dt o
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moderat e th eheat los s fro mth e building . Wit hth e sunspac e bot h supplyin g
sola r heat andreducin gheat los sbyactin gasa buffe r zone , tha t portio n

of th e buildin g adjacent t oth e sunspac e "sees " a milde r outdoo r climate

Ordinar y south-facin g buffe r zone s canbechange dt o sunspace s by

addin g south-facin g transparen t surfaces . Thi sspac ecan, i nturn |,
provid esola r heat t oth e attache d building . Buffe r zone si nothe r orien -
tation s canhav ea similar , but not s odramatic , effect

North-facin g buffe r zones , althoug hnot providin g sola r heat ,
wil | hav e temperature s betwee nthos eof th e indoor s and th e outdoors

resultin - gi na moderatio nof heat los s fro mth e adjacen t building

Placemen t o f auxiliar y space s aroun d th e building , suc has garages ,
corridors , restrooms ,andothe r area s not requirin g constan t temperatures
i s becomin g a n increasing| y importan t optio n fo r conservin g energy

East - an d west-facin g buffe r zone s ca nberegarde das sunspace s
but wil | not provid e as much energ y as south-facin gbuffe r zones , and
the y may hav e seriou s overheatin g problem s i nsummer. An east-facin g
greenhous e ca nprovid e earl yday sunlight , heat , and humidity . Wit h
moderat e amount s o f therma | mass reducin g th e spee d wit hwhic hth e
spacecools , it cancontinu et oact as abuffe r zon e throughou t th e
rest of th eday. Theeast sid eof th ebuilding , adjacent t othi s
sunspace , maybeth ekin dof spac etha t require s highe r temperature s
earl yi nth eday and permit s coole r temperature s at night . Kitchen s
are ofte nsuc hspaces . Onth eothe r hand , livin g room s an d bedroom s

might remai n coo | durin gth eday an d becom e war mi nth e afternoo nfro m
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th e hea t gaine d fro mwest-facin gsunspaces . | nanycase , th elivin ¢
pattern s of th e occupant s shoul d b e considered . East andwest buffe r
zones shoul dnot usever ymucheast or west glas s sinc eth e hig hsola r

gain s i nth e summer wil | caus e sever e overheating

Althoug h sunspace s ca nb e relativel y simpl et obuild , i t maybe

expensiv et o brin g th e constructio nt oth esameleve | of qualt yand

durabilit yasth eres t of th ebuilding . For example , it i spossibl et o
buil d a simpl e lightweigh t fram e ont oa hous et o suppor t thin-fil mplastics
The resultin g enclosur ewil | beanexcellen t sunspac e an d provid e con -
siderabl eheat t oth ebuilding . The temporar ynatur eof th e structur e
(compare d wit h th e constructio nof th eres t of th e building) , th e

lac k o f permanen t and fir mfoundations , an d th e tenuou s connection st o
th e building , detrac t littl e fro mth e therma | performance . Onth eothe r
hand, commercial-qualit y construction , couple dwit h commercially-avail -
abl e greenhous e structures , canbeexpensive . | ngeneral , sunspace s

ar e most economica | when the y hav e purpose s i naddito nt o providn gheat

and ar ebuil tt oa standar dof qualt ytha t wil | enhanc e th e appraise d
valu eof th ebuilding . | nmany urba nan d suburba n locations , zZonin g
or aestheti ¢ regulation s effectivel y prohibi t th e constructio nof th eleas t

expensiv e sunspaces

An importan 't functio nof sunspace scanbeth egrowt hof garde nand
houseplants . | f plan t growt hi s important , desig n consideration sin -
creas ei ncomplexity . Glazin g types , temperatur e fluctuations , humidit vy

levels , an d auxiliar y heat must b e viewe d differently

C5-206



For example , cold-weathe r plants , suc hasth elettuc e an d cabbage |,

can tolerat e cold , sometime s mildl vy freezin g temperatures . Fe whous e
plant s tolerat e freezin g temperatures , but many ca n endur e rathe r coo |
temperatures . Onth eothe r hand , a fe wplant s requir e stabl eor hig h
temperatures . When suc h condition s ar eneeded , i t i s difficul t for

th e sunpsac et o provid e exces samount sof energ yt oth e adjacent building

Althoug h ther e frequentl y wil | beexces s sola r heat durin g sunn y weather ,
greenhouse s i nmost climate s wil | requir e othe r heat t o maintai nhig h
or stabl e temperature s durin glong , cold , cloud y spells . Multiple -

laye r glazing s (u pt othre eand four ) hav ebee nuse dt oreduc eth eus e
of auxiliar y energy . Also , movabl e insulatio nmay beuse dt ocove r th e

singl eor doubl e glazin gat night or durin g cloud y weather

Warmgroun d temperatur e and prope r ligh t level s ar eth e tw 0o most

critica | element s fo r successfu | plant growth . Multiple-layere d glazin g
canreduc eligh tlevels . Thi si sa crucia | issu ei ncloud y climates |,
particularl y thos e havin gles s tha n50 percen t possibl e sunshine . Cir -

culatio nof overheate d sunspac e ai r throug hgrave | bed s unde r th e plant s

canrais e plantin g be d temperatures , increasin g growt hrate s of most plants

Althoug h informatio n regardin g plan t influenc e o n th e microclimat e

of a sunspac ei s greatl vy lacking , evaporato nof wate r fro mplantin g bed s
and transpiratio nbyth eplant s ar e tw o factor s know nt o significantl y
influenc e thi s microclimate . Th e resultin g humidit y ca n affec t therma |

performanc e sinc e larg e amount s of energ y ar erequire dt o evaporat e
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wate r (approximatel y 1,00 OBt uper poun dof water) . | nfact , pea k tempera -

ture s ca n b e significantl y reduced . Excessivel y humi dair , couple d

wit h potentiall y unpleasan t odors , may, i nsome cases , makei t undesir -
abl e t o circulat e overheate d greenhous eai r int oth ebuildng . On

th e othe r hand , th e odor-cleansin g capabilitie sof plant s an d th e moist

air ar e ofte n considere d benefit s of hous e plants

Greenhous e environment s ar e rathe r comple x ecologica | systems
Unexpected , an d ofte nundesirable , plan t and anima | growt hi ssur et o
proliferate . Many greenhouses , built ont o existih g house st oprovid 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 ei syet know n abou t suc h poten -

tia | problems , preliminar y finding s indicat e tha t th e mor e comple x th e
ecolog yof th e sunspace , th emor e likel ya natura | balanc e ca n eventuall

be achieved

C5.b CONTROLLING HEAT FLOWS

C5.b. | Reducin g Heat Los s

Singl e Glazin ¢

For maximu mligh t transmission , whethe r fo r plan t growt hor fo r
sola r heatin g buildings , singl eglas sor plasti ci s preferre das a glazin
for sunspaces . However , a singl e laye r lose s extraordinar y amount s o f

heat . A properl vy designe d sunspac e wit h singl e glazin g an d adequat e

therma | mass, an d attache dt oa building , wil | successfull y sta y abov e
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freezin g th e entir ewinte r (withou t backu pheat ) andprovid eheat t oa
buildin g i n climate s wher e temperature s rarel y dro p belo wzer o an d wher e
thesu nshine satleas t hal f th etime . | ncolde r climates , wit hth e
same 5 0 percent  possibl e sunshine , th e sunspac ewil | contihu et o provid e
exces s amount sof heat t oth e buildin g durin g sunn y weather , but auxiliar
heat wil | beneede dt o kee p th e sunspac e fro mfreezin g durin g long ,

cold , cloud vy spells

Doubl e Glazin ¢

Most sunspace s ar e built  wit h doubl e glazin g an d withou t additiona |
method s fo r reducin g heat loss . However , heat los si ssti | high . For
th e same condition s describe d above , a properl y designed , double-glazed ,
attache d sunspac ei na 50 percen t possibl e sunshin e climat ewil | re -
main abov e freezin g th eentr ewinte r i nal | but th ecoldes t continenta |
U.S. climates . However , i f hea t conservatio nan dproductio ni s desire d
beyon d merel y keepin g th e sunspac e abov e freezin gt o assis t plan t growth |,
additiona | layer s ar enecessar yi nmost climate s of greate r tha n 600 O

degre e day s pe r year

Tripl e an d Quadrupl e Glazin ¢

Each additiona | laye r of glazin g tend st o requir e increasingl y com -
plex desig ndecisions . | norde r t omaintai n sufficientl y hig hlevel s
of ligh t transmission , th ethir dandfout hlayer smust bea ver yclea r
fl. mor ver yclea r glass . Particula r car emust betake nt o prevent

structura | damage fro mpotentia | condensatio n of moistur e betwee n glazings
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Ligh t transmissio nof th e composit elayer s shoul dbei nexces sof 65 per -
cent . U-value s fo r tripl e and quadrupl eglazih gcanbeaslo was 03 5

and 0.2 4 Btu/h r ft 2 F, respectively

Movabl e Insulatio n

Movabl e insulatio ni s necessar yt opermi t maximu mlevel s of sun -

shin e an d minima | heat los sat night . Aswit hdirec t gai nsystem s

wher e th e insulatio ni s applie dt oordinar y buildin gglazing , thi s pre -
sent s numerou s desig n constraints . Th emost critica | i splacemen t of

th e insulatio ndurin gth edaywheni ti snot coverin gth eglazing . A
secon d significan t issu ei s th e potentia | interferenc eof plan t lif e

wit h th e movement o f th e insulation . Athir di sobtainin ga tigh tfi t
when th e insulatio ni s coverin gth eglazing . A fourt hmajo r considera -
tio ni scost . Thes efou r issue sar esimila r t othos efo r movabl einsula -

tio ni ndirec t gai n systems

Additiona | consideration s includ e vulnerabilit y t omol d an d othe r
plan t growth , t ounwelcom einsec t life , andt olongter mdeca yi nbot h

therma | performanc e an d physica | integrit y fro mhig h moistur e levels

Designer s ar e increasing| y realizin g th e advantage s of "embedding
th e sunspac e int o th e building . By s owrappin g th e buildn garoun dth e

sunspace , many advantage S accrue

1. Heat los s fro mbot hth e sunspac e and buildin gi s

significantl y reduced
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2. Heat i s easil vy transferre d directl y fro mth e sunspac e
toa larg eportio nof th ebuildin gadjoinin g it

3. Larg eamount s of natura | lightin g ca n penetrat e dee p
withi na buildin g tha t migh t otherwis e rel y entirel vy
on artificia | light . Heat los s throug hth eglas sint o
th e sunspac e i s negligible

4. Thesunspac ei s easil yheate dbyth ebuildin g throug h
the larg e amount of wal | surfac e commont o both

5. 1 nsuc ha location , th esunspac ei smorelkel ytobe
incorporate  das par t of anexpande d livin g space .

6. Thebuildin gitsel f canbebuilt morecompactly , whil e
thewal | are atha t i t has i ncommonwit hth e sunspac e can
provid e a feelin gof larg e exterio r surfac e area .

7. Buildin g cost s ar e somewhat reduce d compare dt o sun -
space s attache dt oth e sout hsid e of buildings . For
example , th e commonwall s betwee nth e sunspac eand th e

buildin gar eles s costl ytha nthos e expose dt oth e

outdoors . | nadditon , thei r foundation sdonot need
protectio nfro mfros t and, therefore , donot needt o
be as deep . The compact buildin g desig nresult s

inles s perimete r foundatio nwor kand les s tota |

exterio r area .

Atti c spac ei s ofte na practica | locatio nfo r a sunspace

Theroo f i s frame di na conventiona | manner. The sout hslop ei s glazed
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End wall s an d north-slopin g surfaces , aswel | asth efloor , ar ewell -
insulated . The surface s ar ethe ncovere dwit ha dar k surffac esuc has
black-painte  d plywood ; othe r les s durabl e material swil | do. Whenth e
house call s fo r heat , a thermosta t trigger s a fa nt o circulat esola r
heate d sunspac eai r fro mth eatti ct oth ehouse . | f th eonl ypurpos e
of th esola ratti ci st oprovid eheat t oth ehouse , th echoic eof glazin
i s relativel y unimportant . A singl elaye r of glas sor plastt ci s

sufficient . However , i f th esunspac ei st ohav eothe r functions , suc h

as growin g food , measure st o kee p th e temperature s fro mdroppin g to olo w

at nigh t must b e introduced

C5.b. 2 Ventilatio n

Even th e most well-designe d sunspace s wil | requir e ventilatio n
durin g intens e sunshin e and hot weather . Eve ndurin gwinte r heatin ¢
conditions , som e controlle d ventilatio nmay b e require dt oreduc e
humidit y and t omaintai nnorma | carbo ndioxid elevels . | f mechanica |
ventilatio ni sused , i t shoul dbeabl et oaccommodat eupt osi xai r

changes per hour t o preven t extrem e overheating

Natura | ventilatio ni s preferre dt o energy-consumin g mechanica |
ventilation . Exhaus t vent sshoul dbeasclos et oth eridg eas
possibl ean dintak event saslo was possible . Airfflo wrate sand, i n
turn , necessar yvent size scanbeestimated . Thevelocit yof th eair |,
V, i nfee t per minute , i s approximately
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v =48 f h (tu - to)

tp + 460°
where : h i s th edistanc e betwee n th e intak event and th e
exhaust vent , i n feet
t, 1 s th e averag e temperatur e at th e exhaus t vent ,

indegree sF; and

tp i s th e averag e temperatur e at th e intak e vent |,

i ndegree s F.

For example , i f th e outdoo r temperatur ei s85F, and th e desire d
temperatur eat th epea ko f th e sunspac e exhaustin gthroug hth event i s

no highe r tha n100F, andth eheigh ti s10feet , the nth evelocit vyis

v = 486 f 10(100-85) 255 ft/min
85 + 460
The formul ai s base d o na unifor mcross-sectiona | are aof th eair -

flo wpath . Sinc ea sunspac etaper sat th etop , onl yone-hal f th evalue |,
or 130ft/mi nshoul dbeused . Eachsquar efoo t of vent , therefore ,
wil | permi t th eflo wof 13 0cubi cfee t per minute . Theheat capacit yof

airi s001 8Btuft °F. Therefore , th eamount of heat exhauste d throug h

onesquar efoo t of vent per hour is

(130 ft 3/min)x(1 5 F)x(0.01 8 Btu/ft °F)x(6 0 min) =210 6 Btu/h r ft 2

Arepresentativ evalu efo r heat gai ntroug hglas si s 20 0Btuh r ft 2

Therefore , eac hsquar efoo t of ven t ca naccommodat e 1 0 squar efee t of
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glass . Heat storag e capacit ywil | tempe r th eamount of heat tha t must
be vented . Most sunspace s perfor mwel | wit ha squar efoo t of vent fo r

each20t o3 0squar efee t of glass

C5.b. 3 Therma | Storag e

The floo r i sth eeasies t andmost obviou s plac et olocat e therma |

mass i nsunspaces . Whether of eart hor of manmade material s suc has
concret eor tle s (lai d directl yont oth eearth) , th efloo r hasa vast
storag e capacit y an d thu s moderate s temperatur e fluctuations . Founda -

tio nwall s shoul dbeinsulate ddownt oth efooter s—toR12i ncol d
climates , i f possible . Thefloo r shoul dnot beinsulate dfro mcontac t
wit h th e groun d sinc eth egroun di sa sourc e of heat when sunspac e

temperature s dro p belo wgroun d temperatures

Wall s betwee nth e sunspac e and th ebuildn gar ebyfa r th emost
effectiv.. ewayt oinclud e therma | mass i nne wconstruction . Thes ewall s
receiv e ful | sunshin e durin g th ewinte r month s an d conduc t some o f
thei r heat int oth e house ; th ereminin gheat warms th e sunspace . A
singl e glazin gcove r over th ewal | wil | tra pmoreheat fo r th e building
keepin g th e sunspac e cooler . Thes ewall s ar e easil y shade d durin g

th e summer. Most of th e desig n guideline s fo r conventiona | therma |

storag ewall s appl ywhenuse di n sunspaces

Container s of wate r wil | als o provid e therma | mass. Twot o4
gallon s per squar efoo t of sout hglas si s adequate , dependin gonth e

tolerabl e temperatur e swings
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The circulatio nof war m(@n dofte nhumid ) sunspac e ai r throug h grave |

beds i s sti | i nth e explorator y stages , and littl e quantifiabl e infor -
matio nis available . As wit hremot e grave | beds , discusse din th e direct
gai n section , airflo  wi s i non e directio nonly . Ai r circulatio n fro mth e
buildin g throug hth egrave | bedi s unnecessary . | nfact , i nsome cases |,
it may b e undesirabl esinc eth eai r wil | offe nbeto ohumid . I f th e

grave | bed i s locate d underneat h an uninsulate dfloo r slab , th eheat wil |

conduct throug hth esla bandradiat e and convect int o th e building

Incol dclimate swit hles s tha n50 percen t possibl e sunshine , th e
sunspac e wil | probabl ynee d th e exces sheat at night . | f th e grave |
beds ar e locate d beneat h th e plantin g beds , th e warme d grave | wil | hea t
th e soils , aidin g plan t growth . | nsome sunspaces , th e same grave |

bed i s use ddurin g th e summer; a fa n circulate s coo | night ai r throug h
thegrave | bedwher ei t i sstore dfo r us edurin gth eday. Theenerg y

saving s of thi s application , however , hasyet t ob e substantiated

Ordinar ywashe dgrave | of 1 t 02 inche s i ndiamete r i s appropriat e

for most situations . I fthegrave | i sth eonl ytherma | massi nth e
sunspac e (excep t th e floor) , approximatel y 2 cubi c fee t per squar e
foot of south-facin gapertur ei srequred . Thegrave | neednot be

moretha n2 t 03 fee t deep. Theai r shoul dflo was showni nFigur e C5-1 .
For sunspace s havin g n o othe r therma | mass, approximatel y 10ft /mi n
per squar e foo t of south-facin g apertur ewil | berequire dt okeep

temperature s fro mrisin gabov e 85F. Theright fa nsiz efo r thi s
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Figur eC5-1 : Preferre d configuratio nfo r horizonta | grave | bed s
under floo r slab sandplantn gbed s (PUT) .
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amount of airflo wthroug hgrave | bed s of th e configuratio ni nFigur e C5-1

isinth erang eof 1/ 4hpper 500 ft *min .

Inmany designs , th e sunspac ei sonl ylarg eenoug ht osuppl yupt o
20percen t of th eheatin gneed s of th ebuildin g (th e daytim e load s only)

and th e exchang eof ai r betwee nth e sunspac e and buildn gi snot con -

sidere d undesirable . | nsuc hcases , notherma | massi sneede di nth e
sunspace . Instead , exces s heat i s circulate dt oth ebuildin gdurin gth e
day. At night , buildin gheat , i f desired , i s circulate dt oth e sunspace

C5.c METHOL OF HEAT TRANSFER FROMSUNSPACE T OBUILDIN G

The fou r basi ¢ method s fo r transferrin g therma | energ y fro msun -

space s int o building s ar e (se e Figur e C5-2 ):

|. Direct sola r transmissio n
Il . Direct ai r exchang e
Il . Conductio n throug h commonwall s
e Massiv e wall s
» Fram e constructio n

IV. Storag ei nand transfe r fro mgrave | bed s

Althoug h eac hof thes e basi c theme s i s discusse d separatel y here |,
the y ca nals obeuse di ncombinations . For example , i naddito nt oa
commam hea t storag ewal | t oconduc t heat fro mth e sunspac et oth e
building , force dor natura | airflo w(direc t ai r exchange ) canbeused

t o supplemen t heat transfer
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A DIRECT SOLAR TRANSMISS ON

B NATURAL DIRECT AIR EXCHANGE

C FORCED(FAN)DIRECT AIR EXCHANGE

D CONDUCTION THROUGH WALLS

E AR CIRCULATION TO GRAVEL BED ===
RADIATION FROM BED TO BUILDING ==

Figur e C5-2 : Heat transfe r method s — sunspac et o buildin g (PUT)
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I. Direct Sola r Transmissio n (Figur e C5-2A)

Some portio nof th e commonwal | betwee nth e sunspac e and th e buildin g
i s frequentl yglass . Dependin gonth edesign , a significan t percentag e
of th eligh 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 , especial ywhenth esuni slo wi nth esky
durin gwinte r months . Bot h therma | mass an d plant s ca nintercep t suf -
ficien t amount s of energ y t o maintai n sunspac e temperature s and sustai n
health y plan t growth . Th e resultin g environmen t act s as a buffe r zone ,
reducin g heat los s throug hth eglass . A properl vy 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
Warmgreenhous eai r canbevente dbynatura | convectio nt oth e outside
The vente d ai r ca ninduc e natura | ventilatio nthroug hth e buildin gint o

th e sunspace

Whether th e common glas s i s single - or double-glaze d depend s on
th e strateg y fo r maintainin g ai r temperature s i nth e sunspace . If ,
for example , th e sunspac ei s expecte dt oremai nabov e 45F most of th e
time , heat los sthroug hth eglas st oth e temperat e environmen t of a sun -
spacewil | besmall , andsingl eglazin gwil | suffice . | nfact , what
heat los s ther ei swil | hel p kee pth e sunspac e abov e th edesire d45F.
Doubl e glazin g i s recommende d whe n ai r temperature s i nth e sunspac e ar e
likel yt odro pbelo wa5F for lon gperiod sof time . For example ,
if th espac ei s permitte dt ofreez e sofrequentt ytha t onl ycol dweathe r
vegetable s (suc has th ecabbag e family ) ar eabl et ogrow , doubl eglazin g
isa logica | choic e fo r limitin gheat los s fro mth ebuildin gt oth e

sunspace .

C5-219



Whether singl eor doubl eglazed , thi s commonglas swal | i s protecte d
fro moutdoo r weathe r by th e sunspace , makin g th e highest-qualit y construc -

tio n unnecessar Yy an d reducin g buildin g costs

Il . Direc t Ai r Exchang e (Figure s C5-2 Band 2C)
Sunspac e hea t ca n b e transferre d directl yt oth ebuildn gi ntwo

primar yways : bynatura | ai r convectio nor wit hfans

Ofte n ther emay b en o commonwal | betwee nth e sunspac eand th e
building . Instead , device sassimpl eascurtaih scanbeusedt o
separat e th e sunspac e thermall y an d physicall y fro mth e buildin gas
desired . | f commonwall s ar eused , however , larg e window s an d door s
canb e opene d an d close d automaticall yor manuall yt opermi t natura |
ai r convection . Thegreate r th evertica | distanc e betwee nth events |,

and th ewarmer th e sunspace , th e greate r th e airflow

Heat transfe r rate s ca nb e compute d approximatel vy as follows
Btu/ h=1.0 8 (ft 3*min) (t s- tp)

ft 3/mi n =9. GAJh(t s- to)

where :

ft min i scubi cfee t per minut eof airflo  wbetwee nth e buildn g

and th e sunspace |,

ts i sth etemperatur eof th esunspac eat th einle tt oth e
building , F
ty i sth etemperatur eof th ebuildn gatth eine ttoth e

sunspace , F,
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A i sth eare aof th eoutle t vent opening si nsquar efeet , and

h is th evertica | distanc e betwee nth even t openings , ft

Variou s strategie s ca noperat ea fa nfo r transferrin g war mai r
t o th e building
1. Manually : Thefa ncanbetune donor of f accordin gt oth e
observation s of th e user
2. Electri ¢ Cloc k Switch : At a certai ntim eever yday , th efa n
automaticall ycomesonandat anothe r time , automaticall y

switche s off

3. Temperatur e Senso r Control : Whenth e sunspac e reache s a
certai ntemperature , th efa nswitche son; wheni t drop s belo w
acertai ntemperature , it switche soff . A thermosta t i nth e
buildin gcan , i f necessary , overrid e th e sunspac e senso r
to kee p th e buildin g fro mbecomin g overheated . Automaticall y

dumping heat t oth e outsid e may b e required

Fans ca ndirect th eai rt o location si nth ebuilding , suc has
thenort hside , tha t woul d not otherwis ereceiv esola r heat . | nlarg e
buildings , sunspac eai r might beuse dasa sourc eof war mfres hai r for

ventilatio nor asmakeupai r t oexhaus t fans

Moistur e content , odors , and insect s must b e considere dwhen
evaluatin g thi s metho d o f transferrin g sunspac e heat t o th e building
Althoug h many sunspace s wil | b e relativel ydry , other swil | bever y

moist i f larg eamount s of wate r ar euse d fo r plants
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Il . Conductio n Throug h Comma Wall s (Figur e C5-2D )

e Massiv e Wall s

Amass wal | effectivel y connect s a sunspac et oth e adjacen t building
Thewal | shoul dnot beinsulated . | neffect , th ewal | function sver y
much lik e a Tromb ewal | —th e sun" s heat i s absorbe d onth e sunspace -

facin gsurfac eandi s conducte dt oth einsid ewher ei t i sradiate dand

convecte dt oth espace . Themassof th ewal | buffer sth einterio r of

th e buildin g fro mth e extreme s of th esunspace . Thi smass effec t work s
equall ywel | i nth e summer t o buffe r th ebuildin g fro mth e daytim e

high s i nth e sunspace ; shadin gwil | preven t th ewal | fro mdeliverin g heat
toth einterio r of th e building . Desig n consideration sfo r th emass
wal | — thicknes s an d materia | choice s —ar e simila r t o thos e fo r
Trombewalls . | neffect , th esunspac erepresent sanexpansio nof th e
vertica | ai r spac eonth e Tromb ewal | desig nt ofunctio nasa usefu I
space .

» Fram e Constructio n

I ngeneral , commonwall s betwee nth ebuildin gandth e sunspac e
need littl e o r n o insulation . Significan t exception s ar ewall s ex -
posedt oth e sundurin gth e summer an d throug hwhic hheat gai ni s
undesirable . Durin gth ewinter , onl ysmal | amount sof heat wil | be
conducte d int o th ehous e throug hwood-fram ewalls , eve ni f the yar e

poorl vy insulated
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IV. Storag el nand Transfe r Fro mGrave | Bed s (Figur e C5-2E )

As describe di nth esectio nontherma | storag e i nsunspaces ,
overheate d sunspac eai r canbeblow nby fan s throug h grave | beds . Thes e
grave | bed s may be locate di nth e buildin gunde r uninsulate d floo r slabs
Heat radiate s up throug h th e floo r sla b directl yint oth eroo mt obe

heated . Duet oth elo w(® 5t 0 75F) temperature si nth e grave | beds ,

th e room s wil | not overheat , an d controllin g th e radiatio n throug h
thesla bfro mth egrave | bed i sunnecessary . Thefan scanbelef t of f
durin g mil d weather . Althoug husin g fan st o circulat eai r fro mgrave |

beds t o th e buildin g rathe r tha n lettin gi t radiat e throug hth e floo r

i s tempting , thi s i s ineffectiv e becaus e of th e relativel y lo wstorag e
temperatures . Radian t floo r heatin g i s a much mor e effectiv e an d com -
fortabl e metho d o f distributin gth eheat t oth e building

Moistur emust bekept out of grave | beds , jus t asi t must be
kept away fro mfloo r slabs . Sinc e temperature s i ngrave | bed s ar e
simila r t othos ei nth e building , insulatio nlevel sneedtobeonly
slightt 'y i nexces s of what the ywoul dbefo r floo r slab s i ngoo d energ y

conservin g construction

C5.d A COMPROMI& SUNSPACE DESIGN

It i s difficult t osor t throug h th e confusin g multitud e of desig n
option s fo r attache d sunspaces . Fe wengineerin g detail s hav e bee n
analyze d i n sufficien t dept ht odevelo psoun drule sof thumb. The
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thermodynamic s ar e s o complicate dtha t the y preclud eeas yanalysi s for use

i n th e architectura | desig nprocess . Figur e C5- 3i s a "compromis e sunspac e
design. " | t i sapplicabl ei nmost U.S. climate s an d satisfie S many

possibl euse s of sunspaces . Althoug hit s net energ y contributio nt oth e
buildin gwil | var y dependin gonclimat euse, i t i sa good compromise

C5.e EXAMPLES

C5e. |l Unit LFirs t Vilag e

Unit | (se eFigur eC5-4 ) i slocate di nFirs t Vilage , a small ,
planne d environmenta | communit y designe d and buil t by Susa nand Wayne
Nichol s si xmile s sout hof Sant a Fe, NewMexico . Thebasi cfloo r pla nof
th e 2300-square-foot , two-stor y home (Figur e C5-5) wrap sth elivin g
spac e aroun d a triangular-shaped , 20-foot-hig h greenhous e locate d on
thesout hsid eof th ebuildng . Thesout hwal | andth eroo f of th e
greenhous e ar e tw o layer s of glas s totalin g 40 9 squar e feet . Theroo f
ismounte dat a 50 angle . Thewall si ncommonwit hth ehous ear e
adobe. Thewal | i sl14inche sthic kat th efirs t floo rleve | and 10

inche s thic kat th euppe r level

Solar heat i s absorbe dbyth ewal | durin gth edayandwork sit s
way throug hth ewal | int oth elivin g space sat night . Thewal | tend s
toaverag e th e fluctuation s betwee n th e surfac e temperatur e on th e darkene d
adobe mass wal | durin gth eday and th e temperatur e i nth e unshuttere d

greenhous eat night . Ona sunn ywinte r day , th e outsid e surfac e
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humid climates
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tha n 70 %possibl e sunshine :
More tha n 800 0 DDan d mor e (
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tha n 70 %possibl e sunshine

mary use s (PUT) .

A compromis e sunspac e desig n fo r many climate

| beneede di nhot ,
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45- 85F

35- 85F wit h occasiona
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Upt 0 85F wit h frequen
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Figur e C5-4 : Uni t |, Firs t Vilag e (STO)
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temperatur eof th ewal | canbeashig has110F, andi t candro pt o
45F ona ver ycol d ( OF) winte r night . The averag e surfac e tempera -

tur ei sabout 80F.

Exces s heat fro mth e greenhous e ca n b e circulate dbytwol 3
horsepowe r fan s throug h tw o grave | bed s locate d beneat h th e hous e
(se e Figur e C5-6) . Theair , approximatel y 2 %ft 3/mi npe r squar e foo t
of glass , i s the n circulate d bac kt oth egreenhouse . Theheat store d
inth egrave | conduct s throug hth e 7-inc hfloo r slab , whic hi s covere d
wit h quarr y tle . Onehorizonta | rockbe di s locate d underneat hth e
livin  groo mandth eothe r unde r th edinin groom. Thebedsar e2 fee t
deepand10fee t wide . Onei s19fee tlong ; th eothe ri s15fee t long

The grave | bed scontai na tota | of 24 cubi cyard sof 3-t 06inc h

roun d riverbe drock . Floo r temperature s rang e betwee n75F durin g sunny
weather t oabout 6 5F afte r a cloud y spell . Baseboar d electri ¢ heater s
wit h individua | thermostat s provid e backu pheat i neac hroom .

Cool indoo r summer temperature s ar e maintaine d i n severa | ways .
Firs t th e adob emasswal | i salmos t total y shade dby th ebalcon y ove r
thefirs t floo randbyth eroo f over th esecond . Thelarg e therma |
mass o f th e house , alon gwit hth emil daverag e summer temperature s i n
SantaFe (abou t 75 F) andth elarg e day/nigh t fluctuation s i noutdoo r
temperatur e (3 5F) , keep s indoo r temperature s comfortable . Althoug h
th e greenhous e temperature svar ygreatt y (6 5t 095F) , ai r vents

windows , anddoor scanbeopene dnear th ebas eof th e greenhouse , and
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Figure C5-6: Unit I, First Village — solar heating system (BAL-3)
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alarg event windo wat th e highes t poin t canbeopene dt oallo wth e
warmai r t o exhaust . Greenhous e interio r temperature s rarel y excee d

exterio r temperatures

Figur e C5- 7 shows a plo t of dat a gathere ddurin gth eperio dfro m
December 26 , 197 8t oJanuar y 8, 1979 . Thes edat a ar e generall yrepre -

sentatv. e of th e lowes t outsid e temperature s normall y experience di nth e

Santa F e are a an d illustrat e th e therma | stabilit yof th ehouse , th e
temperatur e fluctuation sof th e sunspace , and th e consumptio nof elec -
ti cheat . Durin gmost of th ewinter , interna | temperature s bot hup -

stair s an d downstair s normall y hol di nth eupper 60's , and th e grave |
beds (whic h suppl y heat throug hth e floors ) normall y maintai na tempera -

tur eof 68t 0o72F onsunnydays .

The pea k temperatur e fo r th elowe r leve | i nth elivin g roo mof
th e hous e durin g th e summer was 7 6 F, despit e pea k outdoo r temperature s
of 95 F. Peakafternoo ntemperature sof 85F havebeenrecorde di nth e

upstair s bedrooms , but the y quicki ydro pafte r sunse tto70F or less

Doug Balcomb , th e presen t owner , estimate s tha t th e sunspac e

savesove r $50 0Oa yea r i nheatin gcosts ; quotin g Balcomb , "I t work s
all th etime . | simpl ytak ei t fo r granted . Thesunwil | heat it for
aslon gasth ehous estands . |t i sver ycomfortable , ver ystabl ei n

temperatur ei nth elivin garea , anduse s almos t n o auxiliar y heat .
Over anentir e lyea r perio di nour 600 O degre e day climate , my
auxiliar y heatin g energ y amounte dt o857 kWh, whic hi sa tota | of

about $38. And| hav ea prett y hous eand goo dgreen s i nth e bargain!
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Figur e C5- 7: Representativ e performanc eof Uni t | , Firs t Village

Dec t 0Ja n 1978-1979 . Prepare d by Lo s Alamo s Scientifi o
Laboratorie s (SAN) .
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C5.e. 2 Th e Cook Hous e

The Coo k House , designe d by Dan Scull yof Tota | Environmenta |
Action , Inc. , i sa 1950-square-foot , fou r bedroo mhomeona sout h
slopin g hil | abov e Lak e Georg e i n Ticonderoga , NewYor k (Figur e C5-8)
Resemblin g a well-insulated , solar-absorbin g reincarnatio nof a
steamboat , th e pro wi s burie dint o th e protectiv ehill . Interio r
partition s expose d directl y t osunligh t fro mth e centra | skyligh t
aresingl elayer sof glass . Behin dthe mar e 12-inch-diamete r translu -

R

cent fiberglas S tube s file dwit hwater . Beadwall insulate s th e

skyligh t at night

Adouble-glaze  d greenhous elie st oth esout hof th emai nfLoor ;
single-glaze d slidin g door s separat e th etwo . Twelve-inch-diamete r
tube sof wate r stan di nfron t of th eglas sonth egreenhous esid eof

th e wall

Two set s o f movabl e insulatio ncove r th e greenhous e glas s at night
(Figur e C5-9. ) Insulatio npanel sfo r th etite dglazih gpivo t at th eto p
for eas y movement . For th evertica | glass , insulatio n panel s ar e

mounted i ntrack s simila r t othos e of double-hun gwindows .

Both set s of panel s ar e 1l-inc h polystyren e insulatio nface d on

bot h side swit h 1/8-inc h masonite . The complete dassembl yi s frame d

i nwood .
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Figur e C5-8 :

e
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Th e Coo k Hous e (SCU) .
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Figur e C5-9 : Th e Coo k Hous e — movabl e insulatio ndetai | (PUT)
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D PASSIV E SOLAR COOLING

D.1 INTRODUCTION

Just asther ei s a distinctio n betwee n activ e an d passiv e sola r
heating , soals other ei s on ebetwee nactiv eand passiv e sola r cooling
Althoug h many passiv e sola r coolin g technigue s ar e not strictl y "solar, "

the y ar e include dher et orepresen t coolin g method s tha t requir e littl e

or n o mechnica | power .

Fortunately , i nvirtuall y al | climates , building s ca nb edesigne d
and constructe  dnot onl yt oreduc e buildin g temperature s but , i nmost
cases t o eliminat e completel y th e nee d fo r mechanica | coolin g method s

by usin g passiv e method s instead

By fa r th emost importan t and firs t ste pi s sola r contro | — keepin ¢
th e sun' s energ y fro mhittin 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

Ground coolin g

The state-of-the-ar t fo r passiv ecoolin glag stha t of sola r heating
Necessar y climati ¢ dat a fo r makin g wis e decision s ar e sparse . Analytica |
codes ar e nearl Yy nonexistent . Littt e hardwar e i s available . The shor t
lengt hof thi s chapte r i s indicativ eof th e situation . Asof thi swriting ,
the U.S . Departmen t of Energ y has a smal | but importan t R&Dprogra mi n

thi s area .
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D.2 COOLING TECHNIQUES

D.2. a Sola r Contro |

The leas t costl y yet most effectiv emeans of "sola r cooling " i s
keepin gth esun' senerg yout of th ebuildng . Themost effectiv ewayto

keepth esun' senerg yout i st okeepi sray s fro mstrkin g th e buildin g

by shadin g th ewindows , walls , androof . | nfact , wher emonthl ymean
temperatur e average s ar eles s tha n80 F, controllin gsola r heat gai n
can virtuall y eliminat eth eneedfo r othe r form s of cooling . Figure s

D-1and D- 2 ar emaps showin g th e norma | dail y averag e temperature s fo r
Jul y an d August . A's a n approximation , th ebandof th eU.S. alon gth e
80° lin e indicate s th e geographica | limi t wher eth eus eof sola r contro |

can eliminat eth enee d fo r othe r form s of cooling

Most technique s fo r reducin g heat los s fro mresidence s durin gth e
winte r ar e als o effectiv e fo r reducin gunwante d heat gai ndurin gth e
summer. For example , heavil vy insulate dwall s permi t ver vy littl e heat
penetratio ndurin gth e summer. Soalso , multi-layere d window s reduc e
heat flo wint o th e buildin g durin g hot weather . Weatherstrippin gre -
strict s uncontrolle dhot airflo wint oth e building . Prope r orienta -

tio nof windows , especiall y minimizatio nof east andwest glazin gi n

favo r o f winter-heat-gainin gsout hglass , i smost importan t i nreducin g
summe sola r heat gain . Whereeast or west glazin gi sused, i ti s
especiall y importan t t oshad ei t effectively , a difficul t jo b becaus e
of th e lo wan dvariabl e su nangles ; vertical , movabl e device s may wor k
th e best
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Shadin gwall s an droof s i s critica I i nmany hot climates . Heavil vy
insulate dwall s and roof s nee d les s shadin g tha n poorl vy insulate d ones .
However, i ngeneral , th e bette r th e insulation , th ehighe r th e exterio r

surfac e temperature s of th e sun-struc k wall s an d roof

Light-colore dsurface scanals obeuse dt oreduc eheat gain . A
dark sunli t roo f maybe60t o80F hotte r tha na ligh t roof . Again ,

heavy insulatio n reduce s th e nee d fo r suc h considerations

The shap eof a surfac ecanals oaffec t heat gain . Muchof th e hea't
that escape s fro ma hot surfac ei scause dbyth eflo wof ai r acros s it

Many surface s ca ninduc e thei r own natura | convectio ncurrent sdueto

thei r shape . Exposur et o breeze s help s considerably
Althoug h shadin g th e buildin g i s important , shadin g window s i s
far mor e so . Informatio ni s abundan t o n controllin g sola r heat gain

The most significan t source s includ e th e 197 7 ASHRAE Handboo k o f Funda -

mentals ; Sola r Contro | an d Shadin g Device s by Alada r an d Victo r Olgyay ;

and Architectura | Graphi c Standard s by C.G. Ramsey an d B.R . Sleepe r

(ASH) (OLG) (RAM) .

The most effectiv e shadin g prevent s th e su n fro mstrikin g th e buildin g
and employ s device s suc has overhang s or awning sonth eoutsid eof
buildings . Unfortunately , th eamount of shadin g tha t fixe d overhang s
provid e coincide swit hth e season sof th e sunrathe r tha nwit hth e

cimati ¢ seasons . Themiddl eof th e sun' s summer i sJun e 21, th e
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solstice , but th e hottes t weathe r occur sfro mth eendof Jul yt oth e

end of August whenth esuni slowe r i nth esky . A fixe doverhan gde -
signe d fo r optima | shadin gonAugust 10 cause s th e same shado won May 1.
The overhan g designe d fo r optima | shadin g on Septembe r 21 , when th e wea -
ther i s sti | somewhat war mand sola r heat gai ni s unwelcome , cause s th e
same shadin g onMarc h21whenth eweathe r i scoole r and th e sola r heat

gai ni s welcome .

Shadin g fro mdeciduou s vegetatio nmor e closel vy follow s th eclimati ¢

season s and , therefore , th eenerg yneed sof buildings . OnMarc h21, for
example , most tree s ar ebar eand sunligh t wil | pas sreadily . On Septem -
ber 21, however , th etree sar esti | ful | an d provid e necessar y shading

Deciduou s tree s i nfron t of south-facin g window s ca n provid e shad e fro m

th e intens e midda y summer sun . An overhangin g trelli s wit ha climbin ¢

vin etha t shed sit sleave si nwinte r i sanexcellen t alternative . However
a deciduou s tre e completel y bar eof leave s stl | block s 20t o4 0 percen t

of th e sun' s direc t radiation , reducin g sola r gai n proportionately

Thismaybeto osever ea penalt yi na col d climate

Operabl e shadin g device s ar e eve n mor e versatil e an d adaptabl et o
human comfort . But suc h device s attache dt oth eoutside s of buildihg s
ar e difficul t t omaintain , an d most design s deteriorat erapidly . Effort s
t o mak e the mmor e durabl e ar e usuall y unsuccessful . However , wit hrisih g
fue | 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 most reliabl e operabl e devices , but thei r aestheti ¢ appea |

islimted . Therequiremen t fo r human participatio n (operatic nof th e
devices ) i n providin g comfor t shoul d not necessarii y b e considere da
drawback .

Shadin g east - an d west-facin g glas s i s difficult becaus e when th e
suni si nth eeaster nan dwester nskies , i ti sat a lo waltitud ein
bot h summer an d winte r (Figur e D-3) . Overhang sdonot preven t th e pene -

tratio nof th e sundurin gth e summer any mor e tha nthe ydodurin gth e
winter . Vertica | louvre s or othe r vertica | extension s of th e buildin ¢

ar e probabl y th e best means of shadin g suc h glass

Where vie wand ligh t ar eimportan t oneast and west facades |,
windo ware a ca nb e minimize dbyusin geye-level , shallow , horizonta |
window s unde r dee p overhangs . The tim e durin g whic hth e su n penetrate s

th e window s i s short , andth esola r impac t i s minimized

Ore metho d o f shadin gglas soneast andwest wall si st oorien t th e
glas st ofac eeithe r nort hor south . Byfacin gth eglas snorth , onl y
th e indirect . irradiatio nwil | beadmitted , a favorabl e lightin g effec t
for many humantasks . By facin gth eglas s south , however , sola r heat i s
admitte d durin g th e winter . Figur e D- 4 show s a metho d fo r orientin g

the glas s towar dth esout ht oprovid e ful | shadin g durin g th e summer.

The notio nof Shadin g Coefficien t i simportan t i ncomparin gth e

relativ. e effectivenes s of variou s shadin g devices . By definition , a
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Figur e D-4 :

W NORTH

EDGE OF
BUILDING —|

OUTSIDE
LEDGE —

OVERHEAD
SHADING —

EXTERIOR [ i
WALL =g
OPERABLE |
THERMAL
SHUTTER

DOUBLE'
GLAZING

/2
==
S

SIDE .
SHADING — ELEVATION

Sawtoot h arrangemen t fo r window s onth ewest
facad e of a buildin gallowin g sola r heat gai n
durin gth ewinte r but excludin gi t durin g th e
summea (AND-2)
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singl elaye r of clear , double-strengt h glas s ha s a Shadin g Coefficien t
of 1.00 . Th e Shadin g Coefficien t fo r any othe r glazin g syste mi n
combinatio nwit h shadin gdevice si sth erati oof th esola r heat gai n
throug h tha t syste mt oth e sola r heat gai nthroug hth e double -

strengt hglas s unde r th e same sola r conditions . Thus , sola r gai n

throug h a glazin g syste mi s th eproduc t of it s Shadin g Coefficien t

time s th e sola r gai nfo r clear , double-strengt hglass . Figur eD-5
shows some typica | Shadin g Coefficient s fo r variou s shadin g conditions
Usin g differen t type s of glas s fo r differen t su n orientation sis
one metho d of su ncontrol . Wherereducin gheat gai ni s critical ,
heat-absorbin g an d -reflectin gglas scanhelp , especial yoneast and
west facades . Theimportan t factor st oconside r i nthei r us ein -

clud e th e following

1. Suchglas sreduce s sola r heat gain ; althoug hthi scanbe
anadvantag ei nth esummer, i ti sasmuch @O r more) of
a disadvantag e i nth e winter

2. Except fo r glar e control , heat-absorbin g an d -reflectin g
glas s ar e almos t alway s unnecessar Yy o nnorth , north-north -
east , an d north-northwes t orientations . Littt esola r hea't
is gaine donthes efacade s excep t i nth e latitude s sout h
of 3 OON, wher e the y migh t b e considered

3. I nalmos t al | latitudes , excep t thos enort hof 40°N , heat -

absorbin g an d -reflectin g glas susual vy shoul dnot becon -

sidere d fo r south-facin gwindow s (excep t as a means o f

D-24 4



Figur e D-5 :
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SHADING COEFFCIENTS FOR VARIOUS SHADING CONDITIONS

l—= 1/4" CLEAR PLATE GLASS, UNSHADED

“T—=- CLEAR GLASS WITH DARK INTERIOR DRAPERIES
— 1/4" HEAT-ABSORBING PLATE GLASS, UNSHADED

— 1/4" BLUE REFLECTIVE GLASS, UNSHADED
— CLEAR GLASS WITH LIGHT INTERIOR VENETIAN BLINDS

+— 1/8" CLEAR DOUBLE-STRENGTH GLASS, UNSHADED

— CLEAR INSULATING, GLASS, TWO PANES 1/4" PLATE, UNSHADED

-+—-1/2" HEAVY DUTY GREY HEAT ABSORB ING GLASS, UNSHADED

—1/2" HEAVY DUTY GREY HEAT ABSORBING GLASS WITH DARK
INTERIOR DRAPERIES OR MEDIUM VENETIAN BLINDS

s shadin g con -

0.4 1
0.3 -
— 1/4" SILVER REFLECTIVE GLASS, UNSHADED
024 1/4" SILVER REFLECTIVE GLASS WITH INTERIOR VENETIAN
BLINDS OR DRAPERIES
— CLEAR GLASS WITH EXTERIOR SHADING DEVICE
0.0 -
Shadin g coefficient s fo r variou
dition s (AND-1)
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controllin gglar eor excludin gwinte r sola r heat , i f ne -

cessary , eg. , i nlarg

e offic e buildings) . Theheat gai n

throug h south-facin g glas s i s relativel ysmal | i nth e

summe (se e Figur e D-6)

Vegetatio n an d operabl

e shadin g device s ar e mor e sensibl e

solution s tha n heat-absorbin g or -reflectin gglas s for

south , southeast , an d southwes t orientations . Shadin g

device s ar e most effectiv

thos e betwee n tw o layer

eonth eexterio r of th ebuilding ;

sof glas s (suc has Venetia nblinds )

are th e nex t most effective ; an d interio r device s suc has

blinds , shade s an d draperie s ar e leas t effectiv e sinc ethe y

sto pth esun' sray s after , instea dof before , the y hav e

penetrate d th e buildin g (se e Figur eD-7) . Evenso, highl y

reflectiv e device s ar e onl y slightl y les s effectiv eonth e

insid e tha nbetwee nth etw olayer sof glass . That is , sinc e

a highl vy reflectiv e devic e i s effectiv e anywher e it s

placed , it slocatio ni snot asimportan t asth elocato nof

shadin g device s tha t ar e not reflective

Some advertisement s fo
glas s sugges t tha t thes
cost o f air-conditionin

tion , especiall yasi't

r heat-absorbin g an d -reflectin g
e product s wil | reduc e bot h th e initia
g equipmen t andth ecost of it s opera -

affect s energ y consumption . The

savings , however , ar eusuall y obtaine dby comparin g cost s

wit h thos e fo r all-glas

s building s rathe r tha nthos e fo r

building s alread vy designe dt o conserv e energy . Rarel y
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Consider clear glass é_‘
only; no shading o

s
£
g

Consider reflecting and

Consider reflecting and
heat-absorbing glass

heat-absorbing glass

Consider clear glass only
with shading devices,
preferably exterior
operable ones, or
vegetation.

Figur e D-6 : Consideration s fo r glas s type s fo r variou s
orientation s o f window s (approximation sfor
Continenta | Unite d States ) (AND-2)
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EXTERIOR BETWEEN-GLASS INTERIOR

Exterior
Overhang

(south only)

M-— Venetian blinds
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R R R R R )

MOST EFFECTIVE LEAST EFFECTIVE

Figur e D-7 : Possibl e location s fo r shadin g device s (AND-2 )
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isi t mentione dtha t substantia | saving s coul d b e achieve d
by switchin gt o opaque , well-insulate dwall s wit hreduce d
glas sarea sonth enorth , east , andwest wall sandt oa well
designe d buildin g tha t allow s th esunt openetrat e throug h
th e sout hglas s durin g th ewinte r wit h shadin g durin g th e

summer.

All fou r (0 r more ) facade s of building sneednot , andi nfac t

shoul dnot , beof identica | appearance . Thi s i s particularl ytru e
of building stha t uselarg earea sof glass . Althoug hther emaybe
economic , social , an d persona | reason s fo r buildin gglas s boxes |,

glas s clearl y ha s bee nmisuse d as a desig n element

Larg e building s wit h smal | exterio r wal | and roo f area s com-
paredt olarg e amount s of interio r floo r are a ofte nrequir e air -
conditionin g year-round . Thi si s becaus e tremendou s amount s o f
interna | heat ar e generate d fro mth e activitie sof people , burnin g
lights , andoperato nof equipment . Theuseof glas stha t i s shade d
12 month s a year instea dof onl ydurin gth e summer wil | beth emost
successfu | solutio ni n thes e buildings . Ever y effor t shoul d bemade
toreduc eth eamount of heat tha t i s produce dby light s an d machines
The most energy-consciou s design s fo r suc h building s no wcommonl y
employ wast e heat recover y system s tha t remov e heat fro moverheate d
areasanddelive rittothos etha t needit . Heat not immediatel vy

require d may b e store d fo r late r retrieval . Th e dependenc e on
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artificia | lightin g shoul d b ereduce dby usin g mor e natura | lightin g
(throug hwindows) , by lowerin g lightin glevels , or by placin g lightin g

fixture s directl y wher eligh t i sneede d (tas Kk lighting)

Designer s shoul d als o conside r th e shadin g effect s of buiding s

onon e anothe r andonth e surroundin g environment , i.e. , whethe r th e
shadin g occur s o nbuilding s tha t directl y o r indirectl yus eth esun s
heat or light , or onwil dvegetatio nor garden stha t needsuni norde r
t o grow .

D.2. b Convectiv e Coolin g

At temperature s belo w10 O F, th emovement of ai r acros s human
ski n create s a coolin g sensatio ncause dbyheat leavin gth eski n
throug h convectio n an d th e evaporatio nof persipiration . Air
movement upt o050 fee t per minut e goe s unnoticed . Over 200 fee t
per minute , i t become s annoying . Movement abov e30 0fee t per

minut e adversel vy affect s healt han dreduce s indoo r wor k efficienc y (OLG) .

The most commonway t o creat e ai r movement withou t usin g

mechanica | power i st oope nwindow s andallo wbreeze st oblo wint oa

building . Thi s simpl e concep t i s ofte n forgotten . Althoug hanopen
windo wca nadmi t dust , pollen , and , i nmany cases , war mair , it s
coolin g effec t shoul dnot b e underestimated . Prope r windo wlocatio n

D-250



can ai d natura | ventilation . Theai rinle t locatio n govern s th e air -

flo wpatter ni nth ebuilding . Aninle t windo whig hi nth ewal | wil |
creat e anairflo  wabov e th elivin garea . Lower opening s wil | direc t
theai r throug hth e occupie darea . Theoutle t locatio nhasamostno
effec t but shoul dbeaslarg eas possible , muchlarge r tha nth einle t (OLG) .
"Deep" plan s (e.g. , tw ot othre eroom s stacke d"i nseries, " andver 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 | ventilatio n throug h buildings
Natura | breeze s shoul d not b e blocke d fro menterin g buildings . Buildin g
shape, prope r clusterin g o f buildings , and othe r landscapin g feature s

such a s vegetatio nand fence s ca nenhanc e natura | win d flo wpattern s (GUY) .

The "stack " effec t i nbuilding s ca ninduc e ventilatio n eve nwhen
ther ei snobreeze . Thi soccur swhenwar mai r rise stoth eto pof a
tal | space . Anopenin gat th eto p naturall y exhaust s th e war mai r whil e
opening s at floo r leve | admi t outdoo r ai r t oreplac eit . Natura |
ventilatio ncanbe futhe r induce d by usin g belvederes , win d vanes |,

and win d scoops

InFigur eD-8 , a sola r collecto r exhaust sit shot ai rt oth eout -
door s and pull s hous eai r thorug hit , creatin g natura | ventilation
Many variation sof thi s "sola r chimney " hav e bee nuse dwidel yi nth e
past an d ar e bein g develope dagai ntoday . | nsome activ e sola r syste m

design stha t useai r asth eheat transfe r medium, th e collector sare
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Figur e D-8 : A wal | desig ni sa sola r collecto r t oinduc e
ventilatio nthroug ha buildin g (CRO) (PUT) .
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vente dt oth e outsid e durin gth ehot summer weather , pulin g buildin g

ai r throug h the mt o induc e ventilation

I ndesignin g fo r stack-effec t ventilation , th egreates tairflo wi s
achieve d by maximizin g bot hth e height of th e stac kand th e tempera -
tur eof ai ri nth estack . Recal | tha t th eairflo wi s proportiona lto
theinle t are aandt oth esquar eroo t of th e height time s th e averag e

temperatur e differenc eas follow s (se e Chapte r C5) :

ft ®/min . = 96 A ’h(tl - tp)

where: ft ® /min . i scubi cfee t per minut eof airflo w
A i stheare aof th einlet si nft 2
h i sth eheight i nfee t betwee ninlet s and outlet s
ty i sth eaverag e temperatur eof th eai r i nth e
"chimney, " F
ts i sth eaverag e temperatur eof th eretur nair
(normall 'y jus t th e ambient outsid e temperature), F
Thus, i t i sbette rt oaddheat (presumabl yusin ga passiv e air -

heatin g collector ) at th ebotto mof th e chimne yor stac ktha nat th e
top. I nthi swayth eentir ecolum nof ai r i nth echimne yi s hot ,

creatin g th e buoyanc yrequire dt ocaus eth eai r t o flow

Theexpressio n give nabov e must beadjuste di f outle t size s ar e

appreciabl vy differen t tha ninle t size s accordin gt oth e followin g ratios
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Areaof Outlet s Valu e t o b e substitute dfor
Areaof Inlet s 540 i n abov e expressio n

745
740
720
680
540
455
1/2 340
1/4 185

W R NWAO
»

Acommon fixtur e i nlrania n architectur ei sth ewin dtowe r (0 r
win d catcher ) tha t harnesse s th e prevailin g summer wind st ocoo | a
buildin g by firs t coolin g th eai r an dthe ncirculatin git throug hth e
building . Win d tower s resembl e chimney s wit honeendi nth e basement

and th eothe r endrisin g wel | abov e th e roof

Whenth eai r i nandaroun dth e towe r change s temperature , it s
densit y als o changes . Th e differenc ei ndensit ycreate s a draf t tha t
pull s ai r eithe r upor down throug h th e tower. Door sopenint oth e

basement at th elowe r par t of th etowe r andint oa centra | hal | on
themai nfloor . By openin gand closin g thes e an d othe r doors |,

airflo wthroug h differen t part s of th e buildin g i s controlled

Wind conditon s andtm eof day contro | th e tower s operation
Durin gth edayth etowe r wall s absor bsola r heat . Thethic kwall sof
th e towe r provid e sufficien t heat storag e capacit y and heat transfe r

capacit yt owar mth eai r at th eto pof th e tower. Thewarmer ai ri s
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les s dense , ai r pressur eat th eto pof th etowe r i sreduced , andan
upward draf t i screated . Air i nth ebuildin gi sdraw nupthroug hth e
tower , and coo | outdoo r ai r i spulle dint oth e buildin g throug h

door s an d windows .

When ther ei swind , th eai r i sforce di nth eopposit e directio n
down th e chimney . Althoug hth ecoo | nigh t ai r i s warmed slightl y
by th e warme d towe r walls , th ecoolin gcanstl | brin gth e temperatur e

inth ebuildin gclos et otha t of th e outdoors

Durin g cal mdays , th etowe r operato ni sth erevers eof th e

chimney . Thewall sat th eupper part of th etowe r ar e coole dfro m

th e previou snight . Thehot outsid eai r cool s and become s dense r when
it comesi ncontac t wit hth ecoo | walls , andth ecoo | ai r sink s down
int oth etower , creatin ga downdraft . Thecool ai r enter s th e buildin ¢

at th ebotto mof th e tower ; roo mai r exit s throug hdoor s and windows .

When ther ei swin ddurin gth eday , th erat e of downdraf t increases

The coolin g effec t wil | increas ei f th e operato nof a win d

tower i s combine dwit h evaporatio nof wate r fro mpool s an d fountains

Thermal mass i nbuilding s canbeadvantageou s i narea s wher e

nighttim e temperature s dro p belo wcomfor t levels . Suc h temperature s

belo wth e comfor t rang e ar e ofte n calle d "temperature s of opportunity.
The coo | lat e nigh t and earl y mornin gai r ca nb e circulate d throug h

a building . The coolnes s i s "stored i ntherma | mass fo r us e durin g
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th e day . Mechanica | 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 et otherma | mass insid e th ebuilldn gi sa fa n
circulatin gnigh t ai r throug ha roc k storag ebed. Durin gth eday,

roo mai r i s circulate d throug h th e coo | rockbed , coolin g th e building

Figur e D- 9 show s th e insid e ai r temperatur e of a night-air -
coole d offic e buildin g nea r Davis , California , tha t fluctuate s fro ma
lowof 65F (th elo wnighttim e outdoo r temperature ) t oa hig hof
nearl y 80 F. Meanwhile , outdoo r daytim e temperature s soar wel | over

100 F.

Where mean dail y temperature sdro pt oles stha n60t 065F,

nighttim e ventilatio ni ncombinatio nwit h therma | mass shoul dbe
seriousl y considered . Figure sD-10andD-11ar eU.S. maps of norma |
dail y minimu mtemperature s fo r th emonth s of Jul y and August . As
an approximation , th ebandalon gth e 65F lin e indicate s th e limita -

tion s of nigh t ai r cooling

D.2. ¢ Evaporativn e Coolin g

Evaporatio nof wate r ca nprovid ecomfort . Whenth edr ybul b
temperatur eof ai r i shighe r tha nth ewet bul btemperature , humidifi -
catio nwil | cool it . Thecoolin geffec t of movin gai r i s enhance di f
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Figur e D-9 : Indoo r temperatur e fluctuation sof anoffic e

buildin
circulatio

g i nDavis , California
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it contact swate r prio r t opassin gi ncontac t wit hpeople . Althoug h

evaporatin  gwate r int oth eai r occur si nmanyways , th emost importan t

ist ohav e larg e water-to-ai r surfac econtac t andt oincreas eth e
turbulenc e or movement of wate r i ncontac t wit hth eair . For example ,
larg e shallo wpond s increas e surfac e contact . Movin g stream s and

spray s fro mwate r fountain s increas e turbulenc e and surfac e area .

Air blowin gacros sth esurfac eof th ewate r ca nd o both

Mechanica | evaporativ e cooler s ca nincreas e thi s evaporatv e

coolin g effect , usuall ywit han energ y requiremen t substantiall y be -
lo wconventiona | compressio n an d absorptio n ai r conditioning

Evaporativ e coolin g canals okee proof sof building s cool . Floode d
roofs , roo f sprays , androo f pond s hav e bee n use d successfull y i nsever e

coolin g climate s suc h as Arizon a an d Florida.

Infact , wate r perform s tw o functions : i t protect sth eroo f
material s fro multraviole t damage, andi t cool s th eroo f throug hth e
evaporatio nof water . Themost importan t effec t i s th e evaporatio n
of water . For anevaporato nrat eof 10t o15inche s per month , a
coolin grat e averagin gbetwee n115t 0 17 5Btu/ft 2per daycanbe

obtaine d (SEL) .

Windi sa prim efacto r i nth erat e of evaporation . Therefore

wind flow s acros s th eroo f pond s should , i f possible , b e enhanced
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Proper li pand edg e desig ni s critica | t opreven t a separatio nof win d

flo wfro mth e surface , wit h th e subsequen t reductio ni n evaporatio n
rat e (GEI) . Onl y crud e calculation s of evaporativ e coolin g potentia |
ar e possibl e becaus eof limte ddat aonwin dspeed . However , wher e

wind spee d i s known , roug h approximation s of evaporativ e coolin g effect s

ar e possible

Sone problem s associate d wit h evaporativ e coolin g includ e insec t
and plant growt handa builddu pof salts , suc haslime , onevaporativ e

surfaces

Water spray s ar e effectiv e i npreventin g temperatur e build-u pon
rooftop s onhot summer day s (YEL-2) . For example , durin gth eintens e
sunshin e o f Arizon a summers , sprayin g horizonta | roof s approximatel vy
40 second sout of eac hminut ekeep sth eroo f surfac ewithi n5F of
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 swel | belo wth edr ybul b
temperatur et owithi na fe wdegree sof th ewet bul b temperature
Approximatel y 0. 3 pound s of wate r per squar e foo t of roo f surfac ei s
needed t o accomplis hthis . Assumin gtha t th e power require dt opump
the spra ymust b e charge dagains t th ecoolin gproces sandtha t 10 ps i
isneede dt omake th e spray s functio n properly , approximatel y 00 1hp
(74 6watts ) of power i srequire dper 100 0 squar efee t of roo f area .

The coolin g effec t i s approximatel y 30 0Btuh r ft 2 (88,00 Owatts ) (YEL-2)
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The coolin g capacit yof spraye droof sat night hasnot yet been

explore di ndetail . |Interes t i nroo f spray s ha s bee nprimarii yt o
offse t sola r effects . However , evaporatio nfro mroo f pond s ca npro -
duce a significan t coolin geffect . Evaporato nof 11. 4 pound s of

water anhour at 75F produce s th eequivalen t of 1 to nof refrigera -

to n(YEL-2 ) (YEL-3)

D.2. d Radiativ e Coolin g

Aconstan t exchang e of therma | energ y occur s betwee n object s
that can'see " eac hother . A net transfe r of energ y occur s fro mth e
warmer objec t t oth ecoole r object . Theearth , fo r example , radiate s
heat t oclea r nigh t skie stha t ar ever y col d eve ndurin g hot weather

Thenort hskycanals obequit ecool durin gth eday . Thi s radiatio n

toth esk yi s primaril y at wavelength s betwee n6 and 15 micron s (BUD) .

Omeof th ebest source sof engineerin gdat aandanalyse sof
radiativn. e coolin g i s a publicatio nby Raymond W. Bliss , Jr.
"Atmospheri ¢ Radiatio n Near th e Surfac eof th e Ground : A Summary
for Engineers " (BLI) . Figur eD-1 2 show s th enet radiativ eex -
change, R, (i.e. , th enet radiativ elosses ) fro ma nexposed , thermall vy
black , horizonta | surfac eat ai r temperature . | t provide s estimate s
of heat (radiation ) los s rate s fro ma horizonta | surfac et oth e
sky. First , determin eanytw oof th ethre e parameters : ai r tempera -

ture , humidit ylevel , anddewpoint . Not etha t th egrap hshow s tha t
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the heat los srat e (coolin geffect ) i susuall ybetwee n15t 030

Btuth r ft 2. Durin ga 10-hou r night , th etota | coolin geffec t i s be -
tween 150t 030 OBtu/ft 2. Not etha t thi srang ehold s i nmany

climates , makin g nigh t radiativ e coolin g widel vy applicable . However ,
itisfarles s effectiv e i nhumi d climate s wher e th e dewpoin t i s

high . Radiativ e coolin geffect si nsuc hclimate shaveyet tobe
substantiated . T o b e effective , th e radiatin g surfac emust be

carefull y protecte dfro mth e warmin g effect s of breezes

This canbecompare dwit ha good sola r heat collectio n syste mtha t
produce s as many as 1,00 O Btu/ft 2 durin ga sunn y day and an averag e

of 200t 050 0 Btu/ft 2 a daydurin ga heatin g season .

Most outgoin g radiatio nt oth esk yoccur sat night . Theamount
of radiatio nvarie sgreatl yfro monepart of th e sk yt oanother |,
fro m10 O percen t possibl e directl y overhea d at th e zenit ht o virtuall y
none at th e horizon . Themost effectiv eradian t coolin gsurfac ei s
horizontal . Obstruction s suc hastree sandwall sreduc enigh t sky

coolin g (BAI)

Avertica | surfac e wit h n o obstruction s yield s about 4 0 percen t
of th eradian t coolin gof a horizonta | surface . For additona | in -
formatio n o n radiativ e coolin g se e th e followin g references : (ABR)
(BAl') (BAR) (BRO) ( DUB) (GEl ) (KEL ) (KNO) (NEU) (PIT ) (PLE ) (REI )

(SEL) .
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Probabl y th e classi c radiativ e coolin g concep t was firs t develope d
by Joh n Yellot t and Harol d Hay. Hay continue d it s development and
calle di t "Skytherm." R "Skytherm" & use s roo f pond s wit h wate r con -
taine di nblac kplasti c¢bags . (Se e furthe r discussion sof thi s con -
cept i nChapte r C4, Therma | Storag e Roofs. ) Thewate r cool sbynoc -
turna | radiation . Durin gth eday , th epond s ar e shade dby slidin g

panel s abov e them .

The coole d wate r cool s th e hous e by absorbin g roo mheat throug h
themetal ceiing . Thebagscanbefloode dwit hwate r t oprovid e
additiona | coolin g by evaporation . Wit honl y sligh t input s of mechanica |
power, 600t 0 130 O Btu/ft 2 ca nb e dissipate  d durin g a summer nigh t

toth esk ythroug ha combinatio nof radiatio n an d evaporatio n (ROB) .

Thi s syste mha s successfull y an d comfortabl y 10 O percen t coole d
ahous ei n Atascadero , Californi a (Figur eD-13) . Annual temperatur e
profiles , insid ean doutside , ar eshowni nFigur eD-1 4fo r anearlie r

prototyp e havin g simila r performanc e characteristics

Figure s D-1 5t o D-1 7 sho wthre eexample s of desig n concept s

usin g radiativ ecooling . Figur eD-15i s a hous e develope di n197 5
by Joh n Hammond i n Winters , California . I'tisafor mof th eroo f
pond system . The percentag eof roo f covere d by th e syste mi s smaller

and th e slidin g insulatio n panel s ar e replace d by a hinge d pane |
poweredbya hydrauli cram . Evendurin g th e hottes t weather , th e

ai r temperatur ei nthi s hous ehasnot exceede d 78 F.
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Figur e D-15 : Joh n Hammond House : diagra m(o pand
performanc e record s (th e desig ni s a modifi
catio n of th e "Skytherm" R radiativ e coolin g
system ) (BAI)
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The "Coo | Pool " concept , Figur eD-16 , was develope dandteste d

by Livin g System s i nDavis , Indio , an d Sacramento , California . The
roof pon dradiate sit sheat t oth esky . The cooles t wate r settle s
down int o th eradiant wal | panel , coolin g th e house .

Davi d Bainbridg e use d a thermosipho ncoo | sla b concep t (Figur e D-17)

Havin g th e tan konth e groun d leve | make s maintenanc e easier . A
modificatio nof thi sconcep t i sa nocturna | ai r coolin g syste mbein g
develope d fo r integratio nint oth estructur eof a buildng . The
heat dissipato r i sa sil | wall incline d45°t oth eskywit ha ducte d

metal plat e an d a selectiv e cold-bod vy surfac e coatin g (se e Figur e D-18)
The war mroo mai r i s ducte d throug h th e heat dissipato r wheni t i s
cooled . Fro mthere , it passe s throug hduct si na concret efloo r

sla b tha t "stores th e coolness . Airflo wcanbeenhance dby usin g
fans . A researc hprogra monthi s subjec t i sbein gfunde dbyth e
U.S. Departmen t of Energy . Thi s syste mca nb e easil vy integrate dint o

multi-stor y construction . Wit h modifications , sola r heatih gcanbe

include d i n thi s system

Othe r radiativ e coolin g concept s ar e mentione d in Chapte r C4,

Thermal Storag e Roofs .
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THERMOSIPHON SLAB

RADIANT SLAB

Figur eD-17 : A thermosipho ncoo | sla bconcep t bylivin g
System s (BAI)
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D.2. e Groun d Coolin ¢

Sinc eth egroun di snearl yalway s coole r tha nth eai r when

coolin gi srequired , th emorea buildn gi si ncontac t wit hth eground |,
thecoole r i t wil | be. Situatin ga buildin gbelo wgrad eor int o
thesid eof a hil | i sth eeasies t wayt oobtai nmor e groun d contact

Bermin g eart has hig has possibl eor coverin g building swit heart h
ar e additona | ways . Hig hlevel s of comfort an d seren e quie t usuall y

accompany well-designe d undergroun d housing

Undergroun d housin g i ncol d climate s require s well-insulate d
wall si ncontac t wit hth eground . Th e insulatio n keep s th e interio r
surfac eof th ewall swar manddry . | nhot climates , th ewall si n
contact wit h th e eart h shoul d remai n uninsulated . Th e resultin g coo |
interio r surfac ewil | ten dt obedamp fro mcondensation , especiall y
i nhumi d climates . Particula r car e shoul dbe take nt owaterproo f
the surfac eof th ewal | i ncontac t wit hth e ground

D.3 PEAKLOAD REDUCTION

Natura | coolin g and natura | energ y storag e i na building' S mass
can significantl y reduc e pea k coolin g load s an d therefor e lowe r th e
need fo r ne wpowe r plants . For example , approximatel y 50 squar e fee t

of west-facin g glass , unprotecte d fro mth e intensit y of sola r radiation ,
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increase s th ecoolin gdemandby 1 to nof ai r conditionin g equipment
Thi s require s approximatel y 2 kilowatt s of electrica | generatin g
capacity . Sinc e thi s demand occur sdurin gth e summer peak , prope r

placement of glas s ca nreduc e pea k demands .

So also , therma | mass ca nabsor bheat durin gth eday , delayin g
thenee d fo r coolin gunti | afte r th e afternoon' s pea k demand. Durin ¢
th e late r hours , th erequire dcoolin gcanbedelivere dat lowe r

rates , reducin g require d equipmen t size

Other means of reducin g coolin gload s ca nals o reduc e pea k

loads . Frequently , electrica | coolin g canbeelimnate d entirely

I n addition , natura | coolin g system s tha t incorporat e therma | mass,
such as roo f pon dconcepts , canbeintegrate dwit h off-pea k coolin g
systems . | ngeneral , i f th erequire dmechanica | equipmen t i s operate d

at nigh t t o "store coolin gfo r us edurin gth eday, th ecoolin gequip -
ment operate s mor e efficientl y an d avoid s electrica | consumptio n durin g

peak hours

D.4 APPLICATION S T OLARGE BUILDING S

As wit h passiv e sola r heating , passiv e coolin gnee dnot be
limite dt o residential-scal e structures . Perhap sth efirs t ste p
towar d makin g larg e building s compatibl e wit hpassiv ecoolin gi sto

decreas eth ecoolin gloa dof th ebuilding . | nmanycases , majo r
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saving s ca nb erealize dwit hnatura | lightin gan d natura | ventilatio nby
increasin g th eexterio r surfac eare aof th ebuilding . Wis e therma |
desig nof th eincrease dexterna | wal | are a (b yusin ghig hlevel sof
insulatio  n an d thermall vy efficien t glazin g systems ) ca n compensate

The potentia | annua | energ y saving s fro mth e integratio nof natura |
lightin g wit hwinte r sola r heat gai nand summer natura | ventilatio n

shoul d not b e underestimated

Passiv e coolin g method s present severa | challenge s when applie d
to larg e buildings . For example , i t i s difficul t t oprovid e suffi -

cien t amount s of airflo  wthroug h th e buildin g durin g nighttim e

ventilation . Wit hth e relativel y war mwate r resultin g fro mth e
radiativn. e an d evaporativ e coolin g effects , th echalleng ei st ocoo |
effectively . Most mechnica | system s ar e designe dt ocoo |l usin g

water belo w65 F.

Nigh t Ai r Ventilatio n

The large r th e building , th emor elikel yi t i stha t mechanicall vy
drive nfan swil | berequire dt o circulat ecoo | nigh t air . Th e electrica I

consumptio nof thes elarg efan smust not excee dtha t of conventiona |

coolin g systems . Analytica | method st o determin e th enet coolin ¢
effec t of night ai r ventialtio nona seasona | basi sstli | needt o
be developed . However , estimate s ca nb e made.

As a genera | guidelin e fo r building s i nclimate s suc has Sacra -

mento, California , 1 ft *min per squar efoo t of floo r are aca nprovid e
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about 35Bt uof coolin gper dayper squar efoo t of floo r area . Buildin g
mass shoul dbeabout 40pound sper squar efoo t of floo r area , wit han
expose d surffac e are aof about 1 3/ 4ft 2per squar efoo t of floo r area .
Large r airflow s ar edesirable . Airfflow sof 3 t 04 ft 3/min . per squar e
foot or larger ,i ncombinatio nwit h interio r buildn gmassof 75t 0150
pounds pe r squar efoo t of floo r area , canprovid eabout 100Bt uof

coolin gper dayper squar efoo t of floo r area . Simila r coolin g effect s
of th e buildin gmass fo r othe r area s of th e countr ywil | occu r wher e

th e minimu mdail y temperatur ei s60t 065F or belo wdurin gmost of

th e coolin g season . Thebuildin gmasswill , fo r thi s same temperatur e

range , becoole dt o65t o0o70F (ROB) .
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E NEWDEVELOPMENS FOR FUTURE USE

E.1 SUNTEK

Sunte k Researc h Associate s i n Cort e Madera , California , is
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 nreduce s heat los s throug h window s an d
skylight s and fro mgreenhouse s an d sola r collectors . Theprimar vy

component s i nthes e material s ar eheat mirro r coatihng s tha t ar e trans -

parent t o shor t wavelengt h sola r radiatio n an d reflectiv et olong -
wave infrare  d radiation . Thes e coating s ar eabout 1,00 0 atom s thic k
andcanbeattache dt oanyplasti c¢ fim . Whenuse dwit ha dead

ai r space , the y hav e insulatin g propertie s equivalen t t oabout 1

inc hof plasti ¢ foa mor glas s woo !l insulation . When coate dont o
bothside sof a plastt c¢ fim , th eheat mirro r hasa sola r trans -
mittanc eof 81 percen t and anemittanc eof 011 . Wit hdeadai r
spacesonbot hof it ssides , it stherma | conductanc ei s 01 3
Btuh r ft 2F. Thes e coating s stii | suffe r fro mshor t lifetime S
and hig hcosts , andthe yar estl | i nth edevelopmen t stage
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™
E.l. b Optica | Shutte r (Clou d Gel )

Optica | Shutte r material s var y thei r transmissio nof sola r
radiatio n as the y chang e temperature . Suc h material s canbeused
i nwindows , greenhouses , andothe r glazin garea st opreven t over -
heating . Theproduc t "Clou dGel " i sa plastt c fil mlaminate d
betwee ntw o sheet sof glas sor twofim sof plastc . |t i strans -
parent an d indistinguishabl e fro mordinar yoplastt cunti | itis
heate d abov e a certai n critica | temperature . At tha t poin t it
turn s int o anopaqu e whit. e tha t reflect s ligh t withou t absorbin g
it . It ssola r transmittanc edrop st ol5percent . Assoonasth e
fil mcool s belo wit s critica | temperature , i t become s transparen t
again . Thechang efro mclea r t owhit. et oclea r occur s instant -
aneousl y ove r a temperatur erang eof onl y 3 F. The critica | temper --
atur ecanbetune dt oanyvalu ebetwee n32and212F by adjustin g
th e proportion sof it s constituents . Thematerial scontnu et obe

difficult t o fabricat e an d ar e expensive

™
E.1. ¢ Thermocret e
Thermocret e i s a structura | concret etha t i s file dwit ha
phase-chang e materia | fo r heat storage . Themai ningredien t i s
calciu mchloride , th emateria | use d fo r meltin gic e of f streets

The materia | permeate s th efin epore si nth e foame d concret e blocks |,
whic h.ar e seale dwit ha plasti c coating . As th e phase-chang e

materia | melts , th e concret e block , without changin g temperature
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store s twent y time s mor e heat tha n ordinar y block . The materia | can
als obepackage dasa linc h-thic ktl efo rwalls , floor s andceil -

ings .

Futur e development s i n packagin g eutecti c¢ salt s i nconcret e
are promisin gfo r heat storag ei nbot hpassiv e and activ e systems
Stratificatio n an d supercoolin gdonot occur . Thever yfin econ -

cret e particle sact as seed s fo r crysta | growt hwhen th e temperatur e

fal st oth efreezin gpoin t of th esalt . Moreover , th e concret e
act s asa chea p structura | container . | f thes e buildin g system s
can b e mass-produce d inexpensivel y an d seale d reliably , the ywil |

provid e ne wapproache st oheat storag e desig n—wall s or floor s
receivin g direc t sunlight , stack s of hollo wcor e block s fo r ampl e

heat storag ei nactiv e systems interio r walls , an d partition s
buil t fro nhollow-cor  eblock s throug h whic h sola r heate d ai r coul d
be blown . The buildin gitsel f coul d stor emilion s of Bt uwit honl y

a smal | temperatur erise . Long-ter mheat storag ewoul dbeth erule |,

not th e exception

Figur e E- 1 show s a n integratio nof th e Thermocrete ™wit h
th e Heat Mirro r and Clou d Gel . 1t i s essentiall y a therma | mass

wal | wit h insulatio nalway si nplace ; nomovin gpart s ar e require d

toinsulat eth ewal | at night . Therma |l performanc ei snot
necessaril y bette r tha n full-thic k therma | storag ewalls . Chem-
ica | compatibilit y betwee nth esal t andth e concret e must b e achieved

and th e cos t must b e reduced
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Figur e E-1 : Bloc k fo r passiv e heatin gand coolin gwal | (CHA-2)
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E.2 THERMA. STORAGE

Phase-chang e system s othe r tha n Thermocrete ™ ar e bein g developed
Ore exampl e i s th e integratio nof a laye r of phase-chang e materia | wit h
alaye r of insulatio nint oa setof louvers . Theset of louver si s

locate d behin d south-facin gglas si nplac eof th etherma | storag e

wall . Durin ga sunn yday , thes e phase-chang e material s absor b heat .
At nigh t th elouve r pivots , an dth e phase-chang e materia | release sit s
heat t oth eroom . Th e insulation , whic hi s no wbetwee nth e phase -

chang e materia | an dth e glass , reduce s heat los s fro mth e phase-chang e

materia | t o th e outside

Durin g th e summer, th e phase-chang e materia | ca n absor b exces s

heat fro mth e buildin g durin gth e day . A reflectiv esurfac eonth e
insulatio  nwil | furthe r reduc e sola r heat gain . At night , th elouve r
isreversed , an dth e phase-chang e materia | release s someof it s heat
toth eoutside . Not etha t fo r suc h a n application , th eglazin gmust

be transparen t t olong-wav einfrare d (ASK) (E °E).

E.2. a Paraffi n

Eikonix Corporatio ni s developin g a metho d fo r passiv e heat

storag e usin gParafi n (HAU) . Mixture sof steari c acid , paraffin ,

and dye s ar e encapsulate d i nbot h poroplasti c an d clea r polycarbonat e
plasti ¢ sheets . Th el/4-inch-thic kassemblie s stor eupt o80Bt uper
squar e foot . Multipl e layer s may replac e th e heav y material si n
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conventiona | therma | storag e walls

E.2. b Sal t Hydrate s

Dr. Mari aTelke si s developin ga therma | storag ewal | tha t use s
phase-chang e material s (Glauber' s salt ) containe d i n 1.5-inch-diamete r
tubes . Thetube s ar elocate dbehin da polyhedra | wal | tha t transmit s
more tha n8 0 percen t of th esola r energ ytha t strike sit . Thewal |
als o ha s a n insulatin gvalu eequal t otha t of 1-inch-thic k foa m
insulation . (Se e Figur e E-2. ) Behin dth e phase-chang e material si s

an insulatin g wall

The sal t hydrat e weigh sabout 10 pound sper squar e foo t of wal |
areaandcanstor eupt o100 OBt uper squar e foot . Preliminar vy
estimate splac eth ecost of th ewal | structur eatles stha n$4per
squar e foot , includin g bot hth e polyhedra | insulatin g glazih gand
therma | storag ewall . Theai mi st odevelo pcomplet ewal | structure s
inth efor mof modula r panels , perhap s 4 fee t x8 fee t x2 inche s

thic k an d weighin g les s tha n 20 pounds .

Glauber' s sal t i s availabl e i n practicall y unlimite  d quantitie S
inth e for mof anhydrou s sodiu msulphat eat a cost aslo was $20per
ton. 1 ti smadeint o sodiu msulphat e decahydrat e by addin gth e
appropriat e amount of wate r (5 6 percent) . Nucleatin g an d thickenin ¢
agent s ar e adde dt omaintai nlarg e number s of freeze/tha  wcycles

The norma | meltin g point of Glauber' ssal ti s89F. However , wit h
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Figur e E-2 : Cutawa y of a therma | storag ewal | usin g phase-chang e
material s (FAU) .
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variou s additive s tha t for meutectic s wit h involve d phase-chang e

reactions , th emeltin gpoint drop sint oth e70t o75F range

E.2. ¢ Calciu mChlorid e Hexahydrat e

The Do w Chemica | Company i s investigatin g calciu mchlorid e
hexahydrat e (CaCl ,6H,0), a low-cos t phase-chang ematerial . It s
meltin g poin t i s81F wit ha heat-of-fusio nof 82 Bt uper pound .

As a solid , it s specifi cheat i s03 4Bt uper degre eF; asa liqgui d
it sspecifi cheat i s053 . It sspecifi cgravit yi s 1.7 1whenfroze n
and 1.5 4whenmelted . Projecte dcosti sles stha n10cent s a

pound. DowCornin gi s testin g therma | energ y storag e unit s con -

sistin  gof closet s file dwit h1-t o 2.5-inch-diamete r tube s en -
capsulatin g th e calciu mchlorid e hexahydrate . Sixteen-ounc e poly -
ethylen e bottle s ar eals obein gused . Heat transfe r i s bydirec t

solar gai nor byth eflo wof ai r fro meithe r a sola r collecto r or

an overheate droo m(FAU) .

E.2. d Heat Pipe s

Basically , a heat pip ei s a high-performanc e therma | conductor
It cantak e smal | temperatur e difference Si na passiv e syste mand
move hea t rapidl yint ostorage . |t conduct s heat i non e directio n

only , a thermi c diod eeffect . Therefore , it canmoveheat int o
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storag ebut wil | not conduc t i t bac kout i nth e sam e direction

The basi ¢ principl eof heat pip eoperatio ni sshowni nFigur eE-3 .
It i s essentiall ya hollo wtub eseale dat th eends . Prio rt osealin ¢
it i s partiall y fille  dwit ha workin gflui dsuc has Freo n% ammonia,
or water . The pip e transfer s heat throug h evaporatio nan d condensa -
tion . Asshowni nFigur eE-3, th eheat pip ei sangle dt otak e advan -
tageof gravty . Whenth eflui di sinth eliqui dstate , it collect s
near th ebotto mof th eheat pipe . Whenth eheat pip ei swamed (e.g. ,
by sola r irradiation) , someof thi sliqui devaporates . Thevapo r
travel supth eheat pip et oth e slight y coole r upper end. Thelqui d
condenses , givin gupit sheat , anddrain sbygravit ybac kt oth ebotto 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 mi s showni n
Figur e E-4 . Anabsorbe r plat ecollect s th esola r heat ; heat pipe s ar e
attache dt o th e absorbe r plat e an d pas s throug h insulatio n tha t separate s
th e absorbe r fro mth e storag ewall , whic hi nthi scas ei swater . The
heat pipe s transfe r heat fro mth e war mabsorbe r t oth e coo | storage
At night , however , whe nth e absorbe r i s coole r tha nstorage , th e
heat canno t transfe r i nth e othe r directio n becaus eth eliqgui di sat
theendof th eheat pip ei ncontac t wit hth eabsorbe r andcanno t be

warmed b y th e storage

| n compute r simulation s by Battell e Columbu s Laboratories , a

well-designe  d single-glaze d heat pip e syste mi n Columbus , Ohio ,
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produce s mor e tha n twic e th eusefu | heatin g outpu t of a conventiona |

6-inch-thic k double-glaze  d wate r wall

Thre e heat pip e application s ar e bein gdevelope dt oreduc ere -

lianc e o n mechanicall y operate d systems

1. 1 nliqui dor air-heatin g collectors , heat pipe s may move
theheat fro mth e absorbe r plat et oa heat transpor t mani -

fold , eliminatin gliqui dor a r circulatio n throug hth e

collectors

2. Heat pipe s may transpor t heat fro mth e collector sto

storag e or t o th e distributio n system , replacin gth e
conventiona | fa n an d pumped-base d transpor t loops
3. At night , heat pipe scanremov e heat fro minsid e th e

buildin gand transpor t i t t oexterna | radiators

The principa | barrie r t ousin g heat pipe s has bee nhig h cost

E.3 THERMICDIOD E

Thermi ¢ diod e sola r panel s combin eal | th e element s of a complet

sola r energ y syste m/(collectors , controls , storage , heat exchangers ,
ducting ) int oa 4foo t by 8foo t module . Theyhav enomovin gpart s
and nee d n o externa | power . (Se e Figur e E-5. )

E-28 8



- OIL VALVE

L..AIR ouT

W — —

| AIRWARMS &RISES
M -~ IN PLENUM
i CHAMBER

WATER RESERVOIR/
HEAT STORAGE

Figur e E-5 : Thermi c diod e sola r pane | (KAS).
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Eachpane | i s compose dof tw olayers : a thi nsola r absorber /
collecto r formin gth eoutsid eof th ebuldin g aﬁ d a thicke r hea't
storag elaye r onth ebuildn gsid eof th epanel . They ar e separate d
by insulatio nsotha t littl eheat canbeconducte dfro monet oan -
other . Bot har efile dwit hwater . Tubin g connect sth elayer s at
theto pand bottom . Whenth esunheat sth ewate r i nth eoute r panel ,
tha t wate r reache s a highe r temperatur e tha nth e storag ewater . The
water convect s fro mth e collecto r t o storag e throug ha chec kvalv e
inserte dint o th euppe r connectin g tube s betwee nth epanels . The
checkvalv ei sa thermi cdiod ei ntha t i t permit s th ewar mwate r
tomove fro mth ecollecto r t oth estorag ebut prevent s revers e ther -
mocirculation ; thi s keep s th ewar mstorag ewate r fro mflowin gi nth e

opposit e directio nat night whenth ecollecto r panel surfac ei s

cold . (Se e Figur e E-6. )

The panel , develope dby Ml Tprofesso r Shawn Buckley , i si n
manufacturin g prototyp e stages . |t consist s of an aluminum-skinned ,
plastic-backe d sola r collecto r panel , foam-fille d pape r honeycom b
insulation , and a molde d fiberglas s storage/hea t exchang e layer.
Pressure-activ e adhesiv e bind s al | thre e together . Roomai r i s heate d
by flowin g throug hvent sat th ebotto mof th epanel . Thea r comes

incontac t wit hth e war mstorage/lhea t exchang e laye r and return s

back int oth eroo mthroug hth event sat th eto pof th ewal | (KAS) .
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Day; sun-heate d water in _collqéto
diod e valve, flows under oil layer
‘storag e chamber below,

Figur e E-6 : Operatio nof th ethermi c diod e (one-wa y heat flo
valve ) (KAS) .
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GLOSSAR

Activ e syste m- sola r heatin g or coolin g syste mtha t require s externa |
mechanica | power t o transfe r therma | energy

Altitud e - th e angula r distanc e fro mth e horizo nt oth e sun .

ASHRA - abbreviatio n fo r th e America n Societ y of Heating , Air -
Conditioning , an d Refrigeratin g Engineers

Auxiliar ~ y heat - th e heat provide dby a conventiona | heatin g syste m
for period s of cloudines s or intens e col dwhena sola r heatin g
syste mi s no t sufficient

Azimut h - th e angula r distanc e betwee nth e sout hand th epoint onth e
horizo n directl y belo wth e sun .

Btu_(Britis htherma | unit ) - th equantt yof heat neede dt orais eth e
temperatur eof 1 poun dof wate r 1 degre e Fahrenheit

Calori e- th equantt yof heat neede dt orais eth e temperatur eof 1
gramof wate r 1 T,

Coefficien t of hea t transmissio n (Uvalue ) - th erat eof heat flo wi n
Btuper hour throug ha squar efoo t of wal | or othe r buildin g surfac e
when th e differenc e betwee nth e indoo r an d outdoo r ai r temperature s
islF. :

Degree-da y - a unit tha t represent s a 1F deviatio nfro msome fixe d
referenc e poin t (usual y 65F) i nth e meandail y outdoo r temper -
ature . | f th e averag e outdoo r temperatur ei s40F fo r on e day ,
the n twenty-fiv e (6 5minu s 40) degre eday sresult . Usedt odeter -
mine th e demand of a heatin g seaso n fo r differen t locales

Double-glaze d - covere dbytw opane sof glas s or othe r transparen t
material

DE- U.S . Departmen t of Energy . Responsibl e fo r commercial , insti -
tutional , an d industria | sola r demonstratio nprogram sandfo r th e

genera | coordinatio nof Federa | sola r energ y researc h an d develop -
ment.

Emittanc e - a measur eof th eabiit yof a materia | t ogiv e of f therma |
radiation

Eutecti csalt s-a grou pof material stha t melt at lo wtemperatures
absorbin g larg e quantitie sof heat . As the y re-crystallize , the y
releas e tha t heat . Used fo r storin g sola r energ y as heat




.Glauber' s sal t - sodiu msulfat e (Na ,SQ- 10H ,0). An eutecti c sal t
that melt sat 90F andabsorb sabout 104 Bt uper poundasi t does so.

Gravit _y convectio n- th enatura | movement of heat throug ha bodyof
flui dtha t occur swhena war mflui drise sandcool flui dsink s
under th e influenc e of gravity

HWD- U.S . Departmen t of Housin g an d Urba n Development . Responsibl e
fo r residentia | sola r demonstratio  n programs
Heat capacit y- a propert y of a material , define dasth equantt yof

heat neede dt orais e th e temperatur eof onecubi c foo t of materia |
1F.

Irradiatio n- sola r radiation , direct , diffus e an d reflected , tha t
strike s a surface

Nocturna | coolin g- th ecoolin gof a buildn gor heat storag e devic e
by th e radiatio nof heat t oth enigh t sky .

Resistanc e (R-value ) - a measur eof th etendenc yof a materia | t o
retar dth eflo wof heat

Retrofittin g - th e applicatio nof a sola r heatin gor coolin g syste m
to anexistin g building

Shadin g Coefficien t- th erati oof th esola r heat gai nthroug ha
specifi c glazin g syste munde r a give nset of conditions , toth e
tota | sola r heat gai nthroug ha singl elaye r of clear , double -
strengt hglas s unde r th e same conditions

Shadin gmask - a sectio nof a circl etha t i s characteristi cof a
particula r shadin gdevice . Thi smaski s superimpose dona circula r
pat h diagra mt o determin e th etim eof dayand th e month sof th e
year whe na windo wwil | be shade d by th e device

Solar hous e (sola r tempere dhouse ) - a dwellin gtha t obtain s a larg e
part , thoug hnot necessarii yall , of it sheat fro mth e sun .

Specifi cheat - th equantt yof heat , i nBtu , neede dt orais eth e
temperatur eof 1 poun dof materia | 1 degre e Fahrenheit

Sun pat h diagra m- a circula r projectio nof th eskyvault , simila rto
amap, tha t canbeuse dt odetermin e sola r position sandt ocalculat e
shading

Thermal mass - massinclude di na sola r syste mfo r th e purpos eof
storin g heat

Thermosiphonin g - se e Gravit y convection
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U-valu e - se e Coefficien t of heat transmission

Thermocirculatio n - se e Gravit y convection

Vapor barrie  r - a laye r of material , imperviou st owate r i nth evapo r
state , use dt o preven t condensatio n of wate r withi n insulation

Veilin g reflectio n- a blindin gor obscurin g glare
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Appendi x 1: Propertie s of Glazin g Material s (TEM) .
Thermal
Thicknes s Cost Weight/Are a Expansio n Ease in Sheet Size
(in.) ($ft)  Transmittanc e (Ib/ft?) (CF'x10%) Handling  Strength (ft) Remarks
Water white glass 0.125 0.99 0.90 1.60 0.47 Poor Good (tempered) 2. 3. or Very durable—no
"Solatex " (ASG) 4x8 degradation
Float glass 0.125 2.35 0.84 160 0.47 Poor Good (tempered)  4x8 Very durable—no
degradation
Window glass 0.090 1.80 091 120 0.47 Poor Poor (non- 4x7 Fragile
(ASG SS Lustra-glass ) tempered)
Sunlite Premium 0.040 0.60 0.88 029 2.00 Excellent Very good 4or5 Maximum temperature
Il (Kalwall ) width rolls ~ 300°F
Filon w/Tedlar .- 100 0.86 0.25 2.30 Very good  Very good 4.25x16 Maximum temperature
(Vistro n Corp.) 300°F
Flexiguar d 7410 7 mil 0.38 089 0.053 - Fair Good 4x150 Maximum temperature
(3M) roll 275°F
Tedlar 4 mil 0.05 0.95 0029 280 Fair Good, some up to 533 4-5yr. lifetime at
(Dupont ) embrittlement width roll 150°F
(64 in.) :
Teflon FEP 100A 1 mil 0.58 0.96 0.02 585 Poor Fair, not for 4.83 width  Maximum temperature
(Dupont ) exterior roll (58 in.)  300°F
glazing
Swedcas t 300 0.125 0.81 093 077 4 Excellent Very good 9 wide Maximum service
Acryli ¢ (Swedlow Inc.) temperature 200°F
Lucit e Acryli ¢ 0.125 114 0.92 0.73 4 Very good  Very good 4x8 Maximum temperature
(Dupont) 200°F
Tuffak-Twinwal | .- 125 Equiv. 025 33 Very good  High impact 4x8 5% reduction in
(Rhom & Hass) (2 layers) to 0.89 strength fatigue transmittance over
for 1 layer cracking 5 years
Acrylit e SDP - 2.15 Equiv. 100 4 Very good  Good 6x6 Maximum temperature
(Cyro) (2 layers) to 0.93 230°F
for 1 layer
Sun-lite o 2.50 Equiv. 07 - Good Good 4x8 Maximum temperature
Insulate d Panels (2 layers) to 0.88 4x10 300°F
(Kalwall ) for 1 layer 4x12
4x14
Solar Glass - 2.99 Equiv. 45 0.47 Poor Good 3or4x6  Very durable
Panels (ASG) (2 layers) to 0.90 3 or 4x8
for 1 layer
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Appendi x 1, contd . Glazin g Selectio n

When choosin g material s fo r a passiv e system , th emost importan t
consideration s ar e appearance , durability , performance , an d cost
Sinceth eglazin gi sth efac eof a system , th eglazih gmateria | has
alarg eoveral | impact . Whethe r th eglazih gi sclea r or cloudy |,
shin yor dull , fla t or bowed, al | dramaticall y affec t th e appearanc e
of th e system . Durabilit y i s a critica | factor , sinc eth e glazin g
provide s th e outermos t barrie r t owater , col dair , ultraviole t radia -
tion , an d long-ter mweathering . Finally , th e transmittanc e (bot h short -
and long-wave ) of th e glazin g directl y affect s th e overal | efficienc y

of th e system

Althoug h many factor s influenc e th e selecto nof a prope r glazin g
for a passiv e system , th echoic ei snot ascrucia | as fo r activ e
collector s sinc e th e conditon s ar enot as demanding . Th e temperature s
reache dbya Tromb ewall , fo r example , ar enot ashig hasthos eby

a stagnatin g activ e collecto r sinc e th e Tromb ewal | mass ha s a moderatin g
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effec t onpea ksola r gains . Onth eothe r hand , th eglazih gfor a
convectiv. e loo p collecto r shoul d meet th e same requirement s as thos e
for activ e collector ssinc eth etherma | mass of th e convectiv eloo p
absorbe r plat ei susuall ysimila r t otha t of activ e collectors A
stagnatin g convectiv. e loo p collecto r coul dbe expecte dt oreac h pea k

temperature s clos et o thos ereache d by stagnatin g activ e collectors

The most desirabl e qualitie Si na glazih gmateria | ar el) re -
sistanc et odegradatio nfro mheat , light , an dweather , 2) hig htrans --

mittanc e of sola r radiatio nand lo wtransmittanc e of infra-re dor

therma | radiation , 3) lo wcost , 4) eas eof handlin g an d fabrication ,
and 5) attractiv e appearance
Glas s

Glas s i s ofte  nmor e expensiv e tha nothe r glazin g materials , but
when al | factor s ar etake nint oaccount , i t i sa popula r choice . Glas s
can b e purchase d eithe r tempere d or non-tempered . Althoug h non -
tempere d glas s i s les s expensive , fully-tempere dglas si susual vy

prefere dduet oit s greate r resistanc et obreakage ; wheni t doe s

brea k i t produce s onl ytin y fragment s instea d of dangerou s shards

For hig h transmittanc e th e recommende dglas si sth efuly -

tempere d "wate r white shee t glas s whic hhasa ver ylo wiro noxid e

conten t (0.0 1 percent ) andthu s th e highes t transmittanc e (9 1percen t
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for al | thicknesses) . Tempere dfloa t glas si sles s expensiv ebut has

ahighe r iro noxid econten t (0.1 2 percent ) an d a transmittanc e betwee n

79 percent an d 8 6 percent , dependin g o nth e thicknes s (fo r thi s example ,
betweenl 4 inc hand YV 8 inch) . Variou s low-iro ntempere dfloa t glasse s
“ar e manufactured ; one , fo r example , hasaniro nconten t of 0.0 5 percen t

and a transmittanc e tha t varie s betwee n88 and 89 percent fo r thick -
nessesof 3/1 6inc ht ol 8inch . Asth eiro ncontent decreases , th e
dependenc e o f transmittanc e o n thicknes s als o decreases . Windo wglas s

(non-tempered ) hasa lo wiro noxid econten t and a transmittanc eof

91 percent ; however , it sus eshoul dbelmite dt olo wstres s applica -
tion s suc h as vertica | windo wglazing

Glas si srigid , attractive , highl 'y durable , an d resistant to
weatherin g an d chemica | an d ligh t deterioration . Unfortunately , it s
hig h densit y (weight ) make s i t difficult t o handle

The pric e of glas s varie s significantl y dependin g o n th e vendor |,
th e location , and th e amount purchased . Tempere d low-iro n shee t
glas s (water-white ) usuall yhasth esameretai | pric eas floa t glass |,
roughl y $2t 0%$2.5 Oper squar e foot . However , th epric emayb ereduce d

asmuchas 50percent whenbuyin gi nlarg e quantitie s directl y fro mth e

manufacturer
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Fiberglass-Reinforce d Polyeste r

Severa | manufacturer s hav e develope d fiberglass-reinforce d
polyeste r (FRP ) glazih gmaterial s tha t ar e formulate dt oresis t ultra -
viole t an d therma | degradation . Althoug h FRP glazing s appea r cloudy |,
thei r sola r transmittanc e 84t o90percent ) i sonl y slightl yles s tha n

that of low-iro n glass

Sone FRP glazing s ar e availabl ei nfla t sheet sor i n4- and 5foot -
wideroll s andi nthicknesse sof 0024 , 004 Oand 0.06 Oinches . Most
FRP's ar eeas yt ocut , drill , an d install . However , tw o problem sar e
ofte napparent . Onei s a wavy appearanc e du et o buckln g fro mexpansion
These material s hav e a relativel y larg e coefficien t of therma | ex -
pansion . Th e proble mmay becom e progressivel y wors e a s th e materia |
continue st ounderg otherma | cycling . | norde r t ominimiz 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 mframe . Thetheor yi stha t sinc e
aluminu man d th e FRP hav e nearl y th e sam e coefficien t of therma |
expansion , th eglazin gwil | betigh t regardles s of th e temperature
These panel sreduc ebut donot entirel vy elimnat e th ewavy effect

Sone FRP' s ar e availabl e i na corrugate d for mtha t als o reduce s buckling

The secon d potentia | proble mrelate st o therma | degradatio nat
hig h temperatures . Some FRP' s experienc e losse s i n transmissio nof
1 percent , 3 percent , and11percen t whenexpose dt otemperature sof

150F, 200F, and 30 O F, respectively , fo r 30 0hours . For most
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passiv e application sthi swil | not bea problem , but fo r some, suc has

non-vente d therma | storag ewalls , it must b e considere d seriously

The FRP glazing s ar e particularl y suitabl e fo r greenhous e and
sunspac e application s wher e th e operatin g temperature s ar e lowe r than ,
for instance , a stagnatin g Tromb ewall . Do-it-yourselfer s wil |

appreciat e thei r eas e of handling

Film s

Plasti c film s offe r hig h transmittanc e an d ar e relativel yin -
expensive . Althoug h some plasti c fiilm s hav e a n excellent resistanc e
t o temperature , a hig h coefficient of expansio nmake the mten dt o
sag at highe r temperatures . Theyca nals o b e difficul ttoseal and
handle , bowin g betwee n support s an d sticking -t o certai n surface s
duet oa tendenc yt o acquir e an electrostati c charge . | naddition
the y may b e relativel y transparen t t o infrare  d radiation , thu s

reducin g sola r collectio n efficiency

Embrittlemen t i nsomeplasti c¢ film s i s cause d by direct ex -

posur e t o ultraviole t radiation , andthi seffec t i s tremendousl vy
accelerate d at highe r temperatures . Used at lo wtemperatures ,
theymaylas t 4 t 05 year s befor e embrittlement i slikel 'yt ooccur

Any hot spot s (e.g. , near a hot meta | support ) may embrittl emuch
earlier . Recentl y develope d fim s ar e expecte dt obeles 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
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 um. 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 eusuall yclea r and ar e as attractiv easglas si f the yar enot

scratched

Acrylic s d o suffe r problem s at highe r temperatures , but , exceptin ¢
stagnatin g Tromb e wall s an d convectiv e loo p collectors , thi s shoul d
not b ea concer nfo r most passiv e applications . Thes e plastic s hav e

a larg e coefficien t of therma | expansion , tendin gt obowi nonth e

hot sid e an d exertin g sever e stresse s onth eglazin g supports . Thi s
effec t canbereduce d by employin ga mountin gdetai | tha t allow s free -
domo f movement , but thi si sat th eexpens eof creatin ga more

critica | sealin g detail

Polycarbonate s ar e stronge r and ca noperat e at highe r temperature s
tha n acrylics , but the y hav e lowe r transmittanc e an d suffe r fro multra -
viole t degradatio n (yellowin g upo n prolonge d exposur eto th e sun)
Polycarbonate s als o hav e a hig h coefficien t of therma | expansio nand

tendt obo winwar dat highe r temperatures

Insulatin g Panel s

Sone glazin g material s ar e manufacture d i ndoubl e laye r “insulating "
panel s tha t consis t of a rigi d sandwic hof tw o glazin g layer swit han

ai r spac e between . Thehighe r inita | cost of thes e component s may
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be offse t by th e substantia | labo r saving s durin g installation

Althoug h a pane | usin g polycarbonat e materia | ca n b e relativel y
inexpensive , i t hasth e same seriou s disadvantage s of any polycarbonate
ultraviolet degradation , lo wtransmittance , anda larg e coefficien t
of therma | expansion . Likewise , panel susin gacrylic s hav eth edis -
advantage s associate d wit h acrylics : a lo wmeltin gpoin t and a ver y

larg e coefficien t of therma | expansion

Ore 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 . Twolayer s of glas s ar e hermeticall y
seale d wit h a half-inc h dessicate d ai r spac e between . The edge s ar e
seale d wit h a combinatio n of polyisobutylen e an d silicon ecaul k and
are designe dt otolerat e hig h temperatures . | f purchase d directl y fro m

th e manufacturer , the y ar e relativel y inexpensive

A seriou s consideratio nwhenusin g any plastt ¢ glazin g materia |
ineithe r passiv eor activ e system si sth epossibl efir eand fum e
inhalatio n dangers . Thi s consideratio ni s particularl y importan t
insystem s wher eai r i smoved fro mbehin d th e plastt ¢ glazih ganddis -

tibute dt oth elivin g area .
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Appendi x 2: Specifi ¢ Heat s an d Heat Capacitie s
of Material s (0 nanequa | volum e basis)
Materia | Specifi ¢ Heat Densit _y Heat Capacit vy
Btul b F) (Ib/fit %) (Btu/ft  *F)

Copper 0.09 2 556 51. 2
Aluminu m 0.21 4 171 36. 6
Asphal t 022 132 29. 0
Glas s 018 154 27. 7
Whit e Oak 057 47 26. 8
Limeston e 0217 103 22. 4
Gypsum 026 78 20. 3
Sand 019 1 94. 6 18. 1
Whit e Pin e 067 27 18. 1
Whit e Fi r 065 27 17. 6
Clay 022 63 13. 9
Air (7 5F) 024 0.07 5 0.01 8
Water 100 62. 5 62. 5
Iron , Scra p 0.11 2 439 55
Concret e 027 140 38
Bric k 020 140 28
Marbl e 021 180 38
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Appendi x 3: MeanNumber of Hour s of Sunshin e (AND-1)

STATE AND ATATION [YEARS [TAN, |FER, JWAR, [APW, | WAT [JUNE [JULT [AUG, |S2PT. . |MO¥. [DEC. ] AWMU AL ALY [wuG. |5 EPT.JoCT. (Mov . MI‘,TIHL'AL
ALA. BIRETNGRAM 30 152 207 788 136{ 2662 356! 308] 246( 217 174| 160| 2907
MmPiLE 21 Lse| 2iz| 233 146 avom 343 o4 264| 24%) 184] 159] 2974
MNTCOMIR T 10 168 | z27| 267 158| 29 19| INL[ 2Y0) TaB| J6s] 1
u.:n:‘::::uu 13 1" :g; :z!: ;; a2 1:32 g:z 293 g;: 1;4 1:: amT
s 3903 204 187 3711
]E#Eu 25 | 71| s02| 370 [ a0b “ 383 364{ 345 301| 238| 2s0| 3p1m
€ 27 72| 109 | 193] 226 a2 a4 391) 336 273] 212] W70 83
M1Z. PROEXIX 30 | zen| 3edi 314| 48 5 TITATS[ B[ ZaF| 1T TTE30EL
rrl&”‘ :; a;g ;:: ;}; 33: 748 e Comas . ona f:so zeg 21s| 179 122| 126 2354
) NGTO! . 20| 14 87
L e T z N, 2, ATLAWTIC CITY 250 | 273
ART, FT. IWNITE 34 | 146 | 136| 202 | 73+ | ey TAENTON 309 271
LITTLL ROCK 30 | 143 138] 217| 702 42| 2me0 R . ¥ 3T
TAL[F, TUREXA 30 | 120| 138 | 1mO| 08 o8l a1se ROSWELL 34k 13
¥ -1, +3 'ﬁ— 192 A 130 144 3632 N, Y. ALBANY 317 288
7 T 30| 33k BINGAANTON rws! 330
x vrr 15 | 134 186 | 246 302 13| 3468 BUFFALD 8| 397
SaczauEwTo 30 | 134) 168] 238| 300 122| 3422 NET YORK ’i‘u‘
Sax DIEGO 30 | 718| 212] 269 242 217y 854 ROC HESY TR 3133 | I
SAN_FRARC | SCO 0 | jes| 182] 381 SYRACUSE 18| 276
g7 | 2058 47| 252 N, €. ASAEVILLF 8| 250
CRAND JUNCTION 30 { 169| 187 [ 43| 263 CAPE AATTERAS 286 ) 268
3w | 2za| 7| 261 21 CHARLOTTE 7911 271
TOME, RARTPORD 3} OMaL) 166 206 | 223 CREERSROAD 87| 22
HIN WAVER 30 | 155 178] 218 234 RALEIGH 237| 283
0. C. WONINGTON w3 140|205 228 SILMINGTOX 206|273
FLA. APALACEICOLA 26 | Te3] 195| 233| 274 M. Uax_ BISWARCK | 3ss | 3ot i
JACRSOR¥ILLE a0 | 1e2| 189 241 267 DEVILS "Laxe EIDE
K -r.s: 30 | 129 | 230 | 205 | 298 :?umis'ron TSI
7| 304 arr| Jam
%}ﬂd}‘_._.__!o_ _gﬁ B AR OMJ0 CINCINNATI {(ABBE) 373| 293
PENSACOLA 30 | 175 y80| 32| 270 CLEVELAKD ,_g%s 288
TaNPL a0 | 773| 220 760, 283 L 291
GA, ATLARTA 3 134| 165 718| 266 323! wr
ArCON 3o ; 137| a78| 23s] 279 SANDUSKY 33| 302
FavaruIn TTR| LT3 ] 229 274 TOL¥DD 231 208 !
MATATE RAILO 7 | 1%3] 135 161 12 O%U“Am“ LTV g?i 231 |
HOYMOLULU a0 | 327| 707 | 2SO 254 A
LINVE 1o | 171| 182 1784 176 OREG, BRLER 23 a0e | 368
1DAHOD BOTSE 30 | b16) lad ) 7I8] 294 PORTLARD I e | 278
SOCTTELLD 30 [ 10| 43| 21 238 ROSEBURG 10 8% | 329
ILL. CAIRD 15 | L2a) 160| 218]| 254 PA. MARRISBURG J0 219 | 28z
CAICAGD 30 | 126| 142| 199 222 PNTLATELPATA i BEAEED
WILTHE e} 13z{ 139 1esf 2ia :g‘:‘z:g’m“ ;: 202 | 130
PEOALA 0 | 134] 345 198 | 229 291 | 259
I n"k ':ﬁf_,_, %E 17 2‘2 :” 2 [ 5?"%3109':: gg m 367
ND. VAN 123| 145| 189 | 237 L
FT. FAYNE 30 | 13| 136[ 191 N7 %, T, CHARLESTON 70 | 188 | 183 745 204 [ 329 500 [ TWT]
TNDEANAPOLTS 30 | 1im| 4o 193] 227 COLUMBT A a0 | 193] 83| 2a3| 274 312] 312 am | @m1
TERRE MAIE 24 125 148) 189] 231 GREENYILLE 113
1O¥A SURLINGTON 18 [ e8| 165 [ 217 | 240 3. DAK, NUMOX 20
CRANLES CITT 22 | 137| 157 190 226 APID CITE 30
DES MOTNES 30 | 1ss| 170 zoa| 238 TENK. CA X BELE
20X CITY 30 | 16a| 177 216| 284 KO £ 0
LAN, COMCDRDIA 30 | 1s0f 172 714] 24 KEPALS 30
30 [ 2 191 149 NASHYILLF 30
TOPEKA 18 | 1sa] 160( 183 215 TEX, ABILEWE 13
TICAITA ae | 187 186 ] 233 254 AMARILLO 30
KY. LOUTIYILLE o | 11sl 135] 1es| 221 AUST1N 20
LA, MEW QRLEANS A0 J 1so) 138 3331 347 BROWNSYILLE n
L1 [ 13T 17 214] 240 CORPUS CRRISTI "
NATAE EASTRORT 22 | L33 1a1| 196] 200 ALLAS 3
SORTLAND 226 TG 27
WD. SALTIMORE 229 B PAIO an
MASS, BLUE PILL OBE, 18z GALVESTON J0
BOSTOX 122 BCOATON I0
MANTUCKET 227 T AN 30
MICH, ALPEMA 24 NE [ 124| 19m| 220 TN ANTONLO 30
DETROTT 0 gof 138) 180 212 UTAN SALT LAKE CITY 3
LANATNG a0 eaf 119) 175]| 215 YT, BURLINGTON 10
ESTERADA 30 | Tiz] 1ad| 24| 226 YA, LYNCHIURG 2.
GRAND RAPTDS 30 [ 7¢ 217 138 218 RORFULE 30
WARQUETTE 30 7l 113 72| 297 HicmeoND 30
SAULT STE, MARIE 0 | e3| 123) 18| 217 nASH. WORTH HEAD 22
WIww. DULUTM | 3o ) 12s) 363| z21| 233 SEATTLE a0
35 | 140] 186{ 200|331 RPOKANE 30
WI3S. JACKIOK 12 | 1301 147] 199] 244
vICRARURG 30 | 136| 141{ 198] 232 WALLA WALLA -—}E—
WO, COLUMATA 30 | L4r] 164 z07] 232 N. VA, ELEINS 24
LANBAS CITY o | 1>4] 170 233] 235 PARKIAIBUNG n
5T, IR T3 | 154 16%[ 211 231 wiE. GREEM BAY 0
:‘r. s 30 | 137] 132( zoz| 233 N
PALNGFIELD 30 | 14s| 184| 212| 208 .
WNT. BILLINGS 71 | 40| 154 | 208| 206 238 | 213 .y;"'c:'#ifu ;ul!
GREAT FALLS 18 | i54; 176] 3451 263 56 | 206 LANDER 0
NAYNE ¥ 15eIve | 34| b 360 302 SWERTDAN 30
WELEWA 30 | 13s] 168 215| 241 293 | 202 | 243| 338| 288 { 02 2. R, 8AR JUAM 30
NIS50ULA 23 854 1021 167) 200/ 2611 260l 370 228] 246] im0
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Appendi x 4: Mean Monthl y Tota | Hour s of Sunshin e Map - Januar y (USD)

! Sl d P T NEAN MONTHLY TOTAL HOURS OF SUNSHINE/‘...J—/"T.\ . f’/ %
! / thee B o . + R

__JANUARY ;
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Februar

Mean Monthl y Tota | Hour s o f Sunshin e Map -

Appendix 4, contd.

phipuin pp— ¥ ) Y 11 )
7] .
y . Eb 4
e A 1
%5 o o [
5 s . -0 e
[ \\m i " -
La & -4 o 3 —
[ T ﬂl 3 '] 14"
{ 2] ., Hi s
\h\.\l\ a- L 4 - L~
ok d E Wk () 3 9 e
1
<3 X e N ~ F)
NIy - %) W e # % : "
’ s i - s ﬂ
I w L. g bo 3—% - h -~ “
bt _u. ] —
N "y P e . .w ¥ Sy =
; o - ﬂ_ ............ ) . L
T H ; - _
& .x i ! - 0 W | :
] a ....- ix\r!l!._ L]
qu ‘ ! . | -
- y s u __ a
KA i il ; e ey
> _F H _. H e ——
R&« i L R iy ion, =l H h
! i -
H A

: MEAN MONTHLY TOTAL HOURS OF SUNSHINE

AP-28




Appendi x 4, contd. : Mean Monthl y Tota | Hour s of Sunshin e Map - Marc h

- - I - - 3 - v -

. MEAN MONTHLY TOTAL HOURS OF SUNSHINE. .
i __MARCH ; : ; :
i N % L 1) ‘ i
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Appendix 4, contd. : Mean Monthl y Tota | Hour s of Sunshin e Map - Apri |

m’mom}if‘r%m; HOURS OF SUNSHINE. © . %

ey e RY |
; ] L -
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Appendix 4, contd. : Mean Monthl y Tota | Hour s of Sunshin e Map - May
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Mean Monthl y Tota | Hour s o f Sunshin e Map - Jun e

cont'd.

Appendi x 4,

I. MEAN MONTHLY TOTAL HOURS OF SUNSHINE,
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Appendix 4, contd. : Mean Monthl y Tota | Hour s of Sunshin e- Jul y
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Appendi x 4, contd. : MeanMonthl y Tota | Hour s of Sunshin e- Augus t
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Appendix 4, contd. : Mean Monthl y Tota | Hour s of Sunshin e - Septembe r
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Appendi x 4, contd.

Mean Monthl y Tota | Hour s o f Sunshin
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Appendi 4, cont'd. Mean Monthly Total Hours of Sunshire - Novembe

o RNEA TTSF T WEAN MONTHALY TOTAL HOURS OF SUNSHINE 1~ - ]
ey NOVEMBER
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y Tota | Hour s of Sunshin e - December

Mean Monthl

cont'd.

Appendi x 4,
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Sun Pat h Diagram s (RAM)

Appendi x 5 :

FO
ao*

:
:

. 1o N iToe

e

28 degree s N latitud

e

24 degree s N latitud

et

H

A0

e

36 degree s N latitud

e

32 degree s N latitud
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Sun Pat h Diagrams

| 1y
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52 degree s N latitud
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Appendi x 6 :

1Btu
1Btul bF
1Btuwh r

2F

1Btu/h r ft

1Btuh rftF
lcf m
1ft
1ft/mi n
1ft 2
1ft @
lhp
1inH,0
1 kWh
11b

1 mile/h r
1psi

1US . gal

Conversio

n Factor s

1.0550 6 k J
4186 8kJk g°C

029 3w

5.67 8 W/m?° C
1.73 1W/m° C
0.47194 7 liter/ s
0304 8m

0.00050 8 m/ s
0.092 9 m?
28.316 8 liter s

0.745 7 kW

=249.089 , liter s

3. 6MJ

045359 2k g
04470 4 m/'s
6.8047 6 kP a

3.7854 4 liter s

1ft 3

1foo t of wate r
1foo t of wate r
lgallo nof wate r
1 kWh
1ther m

1to nof refrigeratio

n

AP-41

74 8 gal

0433 5psi

08826 5i nof Hg
8345 31 b

341 3Bt u

100,00 0Bt u

12,00 0Bt u



Appendi x 7. Cost of Energ y (AND-1)

The followin g char t help s calculat eth eactua | cost of providin g heat .
It convert sth euni t pric eof th e energ y sourc e —whethe r gas , oil , or

electricit y —int oth ecost per milio n Bt u produce d insid e th e building

Typically , onl y50t o75percen t of th eheat conten t of gasoroi | is
delivere dinsid e th ebuilding . Theres t goe supth echimney . Elec -

trica | resistanc eheatin g i s 10 0 percen t efficient

1) Fin dth epoin t onth e appropriat e vertica |

scal e tha t correspond st oth eretai | pric e
of th efue | —fo r example , oi | at $1.00 /
gallo n (o r equivalently , €electricit yat

$0.025/kW handgas at $0.74/therm) ;

2) Moverigh ttofin dth eretai | cost for 1
milio nBtuof tha t fuel , or $7.40 ;

3) Continu erigh t t ointersec t th eobliqu e
lin e representin g th e efficienc yof heat
delivery , or 6 0percen t i nthi s case ;

4) Dropdowntofin dth eactua | cost per
millio nBt uof heat produced , or $12.35

RETAIL COST PER UNIT OF FUEL % EFFICIENCY OF HEAT DELIVERY 100 90 80 70
$2.007 $20 60
2.9 =1 ]
$0.06 - $: H / //
z
$1.604 246 e i 50
05 $2.00 = / / / /
$0.05 :
£ // / “
$0.04 $1.20 p S12
$1.50 § 7 7 / "
- 30
$0.03 g /& /
$0.80— o4 4 _ —
$0.02 : e $0 60.—-- ’ “’I‘ _______ / - / | "] 2
X $0.75 - A/J// |
$0.40 $4 > /w'//
~ : 10
$0.01 $0.8 g/’://*_,/’ |
$0.5 $0.20 - é,’/l‘,—_—_-—__———'
$0 o Z
Electri ¢ ail Gas $0 $4 $8 $12 $16 $20 $24 S28 S32
(1 kwh) (1 gal) (1 therm)

AP-42



- 98’7 €1 ystuiy 101133u1
841 - - wF/E 2111 [B21ISNODE
611 - — WE 2|11 pedLisnode

pieOqIaql} SUEDY 10 POOM

— g¢°¢ %4 21 JB21ISNIOYE

Paplow ‘pleoqiaql) [RASUIR

- $L°1T 4 (2111 JEI1ISROOF

- 98¢ 81 ;211 [ea11snoe

- +6'T L1-91 uol)e|nsul Jood 10 2103

P32} 'pPIROQIII] [RIDUIY

- b 4,0

- s8¢ 4,0¢

- Lyt ol 4,54 speaq papjow

Suandisjod papuedxy

- 5¢% q,0

- LUy 4,0t

- o0+ 4,09

- §8°¢ 61 4,67 papnax?

suaifshjod papurdxy

- BE'S 4,0

- g8’'¢ 4.5¢

- 9 4.0¢

- 88°¢ 4,524 (310W 10 ssauyIY1 |1

- 956 ALY | 4,001 umolq 11-d)

sueyraandjod papuedxy

- S5 St 4,8¢ (p13u) 12qqnJ papuedxy

- 9Lt 4,0

- 85 4,08

- LT'b 4,09

- L33 0'6-0F 4,06 1341} SSE[)

- L5t 4,0

- St E 4,0¢

- £€°¢E 4,09

- 't | 4,06

- o0t 4,0

- SgE 4,0f

- oL'¢ 4,09

- LS'¢ 0’859 4,00 PIEOQYICD

- 98¢ 4,0

- 0Lz 4,0¢

- 98¢ 4,09

ssauyan) | ssauyonp
paist) Jo3 | your aad (/ap uonydidsagg put [ealEl
ANeay Ansuaq

STIVIHIIVW DNIGTINAG 40 SINTVA-Y

- v 6 9,06 sse[d gm0
'SqQB|§ PUE SPIEOY

- oo'v 9t-Tt 13q1§ pOoM

- 0L¢ Ob-¢'1

- Zre S0 (sse|d 10 Fejs *spoos woiy)

W0} snedql) ‘|oom |BISUIW
:S1IRY pUE s1ayue[g
sjeuIaEW Junie[nsu]
8970 - — W2EIST fuuooyy poomprey
950 — - .86 pieoquinsdAn
S0 - W2 prroqunsd 4y

SO0 - - (a2qqni ‘|Aua
‘wnajour] ‘yjeydse) sqop,
800 - - el OZZBIIS |
8I0 - - 81 2111 NIOD
£T°1 - - ped Jaqqni pue 1adsen
80Z - - ped snoaquy pue 1adien
STRLIBIEW YSIuly
"13au - - wpij anseyd [eas-iodep

(AN - - 3391 S
paddows jo siade] g ‘|ess-iodep
90°0 - - 112} 3)qeawsad-1odep
Jadeg Jupjing
89°0 - - wtlE stuly poompley ‘poom
860 - - W TEIST I00[JqNs poopm
81°0 — $9 Wb ad4: preoqpiey ‘13q1y poom
- L0 59 3d£y paroqpiey “1aquy poogy

- 8§°C 9¢ (snouzdowoy 10 prreuiwe])
pireq J2qgl) peom

90'Z - 0z WTE/8T (pare0d 10 pareudasdui)
1q1y poom ‘Burngrzayg
— sT'1 b (s{euaieyy Suiptg 3as) poomd|g
$+0 - 0s LT paeoq 12152|d 10 winsd4Any
FAN Y - 0¢ WBE pleoq 1215e]d 10 wnsd4in
£0°0 - ira} LB PIEOQ JURWII-SOISIQSY
- ST0 0zl pieoq 1UIWIDS0ISIQSY
Sunoopy 'sppued ‘spaeog Juipping

ssauyayl | ssauyaiga
paasty 303 | yout aad (/9D uondidsaqg pue |euaen
LI0[EA-H ANsua(y

(T-HSV) sSmopuTM pue ‘sodedg ITY ‘STETIDIBH 103 SON[EA ooUPWIOJISg [eWIay]

STVIMALYW DNIQTING 40 STNTVAYH

:g x1puaddy

AP-43



- a1’ 0 0l nedardde pury
— L9°0 <3 »183203 30 snpang
P00 - - WS YIT] [BIIW U0 ‘pUUry
650 - 13 W 8/€ a1rdaadde yyd sy
TE0 - [ WI 21e82233 wRomyyihg
seyd wnsd 4o
- 0z 0 o11 yrdaudde pues aiseid 1uowon
sprumew fuuased
- so'n SL1-081 A[GIBWL DUEIL)
- g0°0 - puEs 1o 2l agmg
8's - - (SIL0D Pa|[i§ ‘Pwies
8t'C - - W21 LAl 85 2500 ¢
05 — — mwusu P TAusEs
817 - - W8 LAl #7007
6oL - — mm.ﬁc.q PR awes
§o°1 - — W9 LAl 61 2100 ¢
sa1edaidde wdamayd]
£6°1 - - (510D P3|y aules
0T - - .8 »a1 9% ‘200 Z
31edaaide parid puw pueg
2102 e nBueida ‘SHI0[Q 21210007
LT - - A
002 - — W8 (2o1und *Jefs 5o 21e)s
[+ § - - F Ao *afeys papurdxo)
L1 - - Wf 2edardde 1qdpmiydn
68’1 - — A
Ll - ~ .8
i - - ¥
980 - - Wt a1eda.83e 1apuin
8T'1 — - A
It - - .8
120 - - “F s1edasdde (paesd pue pueg
2103 |BAO € 'Y20]q 21315U07
08T - - A daap syar ¢
2 - - 01 daop span ¢
SRl - - W8 dasp syiaa 7
FA | - - W9 daap s[jea ¢
11 - - ¥ daap (a3 |
080 - - o daap o2 1
mofjoy 31 LejD
ssauypangy | ssauspony
pasifaof | yow aad ( 1/ uondiiasaqq put [estew
LIN[EA-Y A1suagg

STVIMALVW DNIATING 40 SANTVA-H

- o o¢l JERLINS BIEL:
0z'0 0z1 PEDRITUPIVARS RIFH
snuny AJuosew
- 00 91l enng
—= B0°0 0r1 (pauip 10u) ajedasdde
U018 10 jaaes3 pue pueg
- 1o 01 (P311p uaan) Meddde
2u01s 10 PPaesd pue pueg
- £4°1 0z
- 98’0 (434 (531215u02 JE[R|[3D
- 650 09 $21[no1ULI3A 40 331jaad astwnd
- ot'o 0s ts1aputd 1o ‘sBe[s papuedxa
- 820 001 ta3e)s 10 Ke[d ‘ajeys papuedxa)
- 61°0 01 sarefandde wydomaydiy
— 090 1§ {1310000 gz, 71 ‘wnsdAS
%24/ g) 1210002 1dqj-wrnsd Ao
- 0Z0 911 121I0W LU
$33213007) —s[ELIITY Kiuosey
- we SI-8°0 sBuiaeys 10 1s0pMmes
- 86'C 4,0
- Lze d,0€
- 812 4,09
- 802 80L 4,06 (papuedxa) annanuasp
- [A%3 4,0
- o' 1,0
- BLZ ) 1,09
- £9°2 0'8-0rs 4,06 (papuedx2) anfaad
- SEy 4,0
~ 00t 4,0¢
— oL§ 4,09
- ¢ 0e-07 4,06 Joom [RISUIW
- L6t §€-5°¢ dind 10 1aded payeisoey
S|P 350077
- 91 [£4 (sqE|s pawiogard
‘PIUdLIDI) poOM PAPPAIYS
£eg - - of
95°g - - 4
8LC - - ol L193p joos Bungnsuy
ssauNdIyd | ssauny
paisy a0y | yout 1d (:13/9) uondiosaq pue [eLRIEK
L2N[EA-Y Ansuagg

STVIHALYIW DNIO'TING JO SANTVA-Y

AP-44



‘uotssiwaad Aq parsiaday 761 ‘Sinuawipun.y fo yooqpubyl 'IVHHSY AIEN0S
“SUCINPUOD Iawwng

SUOLIpUOd ._uuc;»w

- - cTo +A:.m putm yduws 24 £

- - 10 JAue | puim ydu g
e Sutaow

oLl 3 | £9°0 $SO10E lenuan

TTT FAN 1 9L 0 umop adojs _s¢

LE1 P11 790 dn adojs s¥

L 4 0Lz 260 umop jelozIIoH

ZE'l or'I 190 dn [€IU0ZLIOH
e s

a>eyins asepms arepns
3A133[)21 3M113]J33 EINFRETPET! mo|4 189N wpd Ay jo
Ay Ajeq -uoN J0 uonTIuALg
U Wi Ay 103 Inpea-y GLTSREYE | pue adAj,
SWTIA 81V 40 SEMIVA-H

‘vorssiuniad Aq pa1uaday (2961 RiNamBpu, [o Yooqpuo JVHHSY  ADHNO0S
‘UCLIEINSUL [OOM [ESSUIW 10 ‘3311ad “a1namunaps,

‘Buoy  g/s—s1 Aqydy  grg—z A1newixoadde sx20[q 3o saydam

SAINYEA-YH PUR SIISUIP 594D IATY SAEMIE 100 Op 3I1IQ UOWIWIOD PUE HDIiq 308y
IIINDEINUEW [HM IEYMIWOS Alea

A s5IUHIIYL .mﬁu._.ﬂ_uc EI15 25241 129U O] 35521 JU._ﬂu Gm Umvﬂc._ si .._Omu.m._:wc_ WP wﬁ.o.mﬂ
‘san|ea dFvaane e asay) tsucneroyiad

30 y1dap pue 3215 *3d A1 ays pue pieoq 241 uodn pusdsp 211 [E31SN0SE JO SaN[EA-Y
"I9S ELIouU

ur sjzaaew 3uipiing £1p jo sanjea udisap se 3sn 10] PRpuUaILY $aN|EA dalEIuasaIday

s
4
3

teT - - wl
+O'e - - w1
e - - S B
961 - - ol 230> prjog
s100(] poop
S$t - [A] LB/S—E
8Z'¢E - Zt W8/5—T
£0°Z - 43 851
B6'0 - [4] wCE/SE
ssauydlys | ssaujongy
paisiy a0p | yow aad (374D uonduasaq pue e iew
LONjEA-YH Ansua(g

- YA Tt (2uid ‘iry) spoomijog
— 160 St ' (yeo 'ajdeur) spoompae}]
spoop

Y0 Z - — 25152 (Awsuap 1endan)
FA - — WO paeoq Bunepnsur ‘Suyieayg

- 0o 91r 020G
+6'0 - - SHE
8L°0 - - W8/%

0 - - i/l

L0 - - WB/E

1£°0 - - WF poomAld
650 - - W8I padde| ‘poomdig
SOl - - {padde)

. WO X %) 19439 "poog
I8°0 - - (padde .8 % %) doap ‘poom
6.0 - — (.8 X ..1)doip ‘poom
91 - - el Burpis dunemsuy 1eydsy
S0 - - Suiprs loa yreydsy
12°0 - - WF padde] Juswusa-solsagsy

Buipis
oyl - - L9178 piroq 1ayoeq
Bunensur snyd ‘poop
611 - - axnsodxs 7]
yum  g[ 2|qnop ‘poom
08’0 - - ansodxa | 217 yum 97 ‘poom
120 - 0z1 IUIWAI-SQISISY
sajduys
spearew Suipis
+6°0 - - sa[urys poom
SO0 — — LUt dujool e
¥'0 - 0L w8/ fuijoos dnayping
s1°0 - 0L dunyoos o1 neydsy
1270 - 0zl sapduIys JuAWId S0ISIqS Y
sjelaey dujooy

- 6570 St a1e82188e supnoiwaap
ot 0 - - 251 Y1E] poOom U ‘aweg
ora - - WHE 1E] [E131 UQ *3WEeg

ssauyoiyy | ssauxaiys
paisi| 20y | your aad (/Q) uolidudsaqg pue [euarew
LANjea-y Ausuagy

STVIIILVW DNIITING 40 SANTVA-A

STVIMALVIW ONITTING A0 SANTVA-U

AP-45



Ul @it mO[J IEaY 10§ 2ae s]auked [RIUCZ1I0Y 10§ SIN|BAN

‘uarssiwaad Aq payuuday
"TLE1 SppiuAspuny fo yooqpury “AVUHSY  (HDUNOS
‘aneyns 1ou ‘Suiuado jo vase uo paseq

HaWns Ul gmOpn pUe A1UIm

t

SUCTSUIWIP {eulitou

‘sse[d jo s1ygdy jo 13quinu Ay 01 sap2a aduy pue-2jqnop

A AHAU/MIY JO situn UL

woisstunad Aq paveaday 2461 Spinawispunyg fo yooqpuop "IVENISY  cIDUNOS

‘SUOIUPUOD JAWng
SUCNIPUOD 1AM,

+

‘3DE;IAS JA1133]j21-UOU E S| adeds 11z 241 JO IPIs 280,

at0 0L'0 pPa|[EM-31gNOpP
0RO SI'1 pajjem-23us
$521qqnqg 2used
$1°0 150 IIPIATP A11AED UM
Y e XTI X 2T
SE0 £€°0 J2pIATp A1AEBD Yllm
P L E X T X T
$Ho0|q ssTD
A AY 99°0 saeds e | 7/
90 0L azeds e | 4
6+0 20 axeds a1e | o/f
Nu_ﬁ_zc_vlwma_m Funemsu|
£8°0 rAl | sse[d 1e)y sued apduig
,iS1aued jeiuozoy
001 601 139ys suseld ajduig
92+°0 80 1IPIALP AJIAED U)im ‘2ures
+5°0 960 P20 b X8 X8
LS°0 09’0 LU D G 4
5120]q SSE[O
+50 o5 D aoeds se b1
SMOpUIM WIS
€0 ot'0 saseds aie 7/
s¢0 L0 saceds e | 4/
2dun—sserd Bunernsu|
950 860 azeds ate | 7/1
19°0 £9°0 aoeds Jie | /]
+9°0 69°0 »eds e 91/f
2lanop—sse(d Junensu|
90 ] £T°1 sse(d 1e|) sued ajdurg
:sjaued [Edop
awuumg SEILITETY
[ SIN[EA-() uondsag

SIHDITANS GNV SMOANIM 40 SANVIVAN

LA 91't 160 «F

BT ore ¥8°0 gSseE L%

St'f 234 101 Wb

gy 98T 10°1 xS5010€ W [E21113A

. 05'¢ 060 oF

1433 60°C ¥8°0 gumep | %

84 5.7 80°1 ¥

Ls'¢ or't Wt LUMOP M4

00 86°1 z80 4

187 061 18°0 +a= Y

a0'f e 9260 ob

8L'T 707 ¥6'0 Jn % odors gy

08 8¢t 660 "

vTs 9Lt £6'0 Al

Tt 80T ¥80 +_._.$ov %

v6'R (AN 4 LY AN 4

¥L'§ 1Ze vl WAl

$5'¢€ 68°C 01 Lumop | %

SLT 131 080 oF

-Tard £9°1 9L0 FLUN A0

LT 661 ¥6'0 a®

£2°7 IL1 L8O «dn | % Jmwozioy
3epns adepns asejins
EYVIRENEN 311333 2A1103)331 moyg 1e3y asedg a1y Jo
Kyhy Aineyq -uoN j0 ssauyay ] ¥

*uucmum...._ aordg ary Joj anpea-y uoNI31I] UCLIEIUILI
SADVIS HIV 40 SANTVA-H

198 1- 34 D- 997/162 3

GOVERNMEN PRINTIN G OFFICE:

u.s.

AP-46






