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R-IYSICS OF PASSIVE WI-AR BUILDINGS*

J. Ihglas Balc~

Los Alamos Natimal L@loratory
Los Alamos, NW M2xico 87545

2!!EQ!
Primary em@asis in the pap~r is m methods

Of characterizing ad analyzing passive snlar
hulldln(js. Slrnplifylng assunptlons are described
which make this analysis tracta: Ie withmt cc4n-
promising si~ificmt acwracy or loss of lnslght
into the basic physics of the sit~tim. The
overall nature of the mathematical sirnulatim
approach !s described. Validathm procetires
based m dsta frcm test rocms md mmltored
buildings are cutlined, issues of thermal com-
fort are dlscussd, Simpllfled m~thods of analy-
sis based m Correlatlcn procecbres are reported
and the nature of the econcmdc conservation-solar
optlmizatlm process is eKplored. Future trends
are predicted.

Introduction

Passive solar buildings are rnes shici? ure
envirmmental energies to offset surre or all of
the need For he.sting ur coolingby artificial
means. The mviromnental energy of imJor
interest for heating is solar rudia~.lon hid is
incident m the huildlng ml for ccoling it 1~
heat flm to the tilr su:rcn.nding the buil.dlny
perhaps in crmblnaticn with wild effects md also
lrmcj wave radltitlrm frmn the trui131ng to the
envlrmment.

Mtiriclal heating of the building by means
of a furrmce or 9rtificlal cool!.ng by means of m
alr crnwiltlrner 1s referred tn as “eunlliary
energy,” Aithr@ both strateqks nurmally have
the eff~ct of redclng the auxillary energy
requirements we cllstinquish between “cmse?vathm”
strat.oqles which tend to L’erlm auxlllary he~thlg
by rI?tWhg the total energy requirement, md
wpassive gnlar!t Or ll~tural cooling” stratqi~s

which rerke the mmtliory energy by prunotlnrj
enerqy trmwifer thra@ thp extf!rnnl surfaces of
tt,c h(llldlno. Althm@ t’w dlstlllctlrn iS not
very precise, ct-mscwtim ccmslsts of u “ckmIYId
sick” strntpgy wh!le passive snlar or notural
Coollnq Crmlsts or R “supply s!*” strntv~, As
we shrill see, these strnteaius rn]rk w1l togett~er
tn achlrve hujld!ng designg dllti mlnlmizr?
nuxlltnry rnergy rfqulrments fur a flx[?d trrtw)
m(kkvt hulldlnq cms.f..

In thr 1(? year% since tk tcrmlln~logy WiIS
colnrd, tlum hns bm~ cc+wldwmllr’ rtIscu~~ioIl
mm (brhl(t.lrm of tcrmn rml {mtlcularly tho

Wrds “passive” and llnatura~ll to describe the

approaches being taken. Passive,is generally
r,eant to include a~ w2hes in which the energy
flows are by natural means. By definition, this
preclucks the use of a fan or a f.kmw to cause
mergy to flwo Energy flow is by rwiaticm,
cmvecticn, or concoction. ‘~Passive solar”
nornally refers to the use of solar radiation
either for its heating or natural aaylirjhLing
value, ‘Natural cooiin~” gmerallj refers to
other, passive rim-solar ‘~proaches.

The enpnasis in this paper will be W, the
su~ly side strategies and particularly M
passive solar heating. lhls is not to m:Mr-
estimte the lrportance of correctly wmlyzing
heat flm thrcu@ walls by contictifm and
convectlcm, alr ieaka~ throu~ cracks in tlw
external fabric nf the bulldlng (lnflltratiorl),
or corrtictlon thrw~l the ~romd surrouluing the
building, or any other Conservation str~tegirs.

This aflaly51S is Cjerlerully referreu 10 dS wter-
mlnlng the builctiny “load”, energy which rrust be
su~licd either by auxiliary energy or by passive
mans, It is the mdlys~s U! the pdsslve Mwsruy
flows Hrld in the terrpor~ry StGrtiye ot Ileat withil]
massive elements of the tn,llcllnu tlval will cum-
prlse the prlmry em@asis nf the discussion.
The analysls uf these Imds is often simplified,
perhaps oversl@ifled, in oruer not totw uis-
tractmd f’ran m accurat~: evahatial uf thti cfft!c-
tlveness of various Passive mlar dlw IIHLu[131
Coollng strateglcsm IL 1s asblmzxl tlmt a dis-
cussion of a more precise maly519 of h-mm w1lJ
be the subJcut of uLller pi+purs jIl 1111:, suss~LJI
IWO tl?at R thorwgh wvJlysis ur UI} ,Ictuul iNJilu-
ittg wuuld lncluurs c~reful FItteIltlul~ lU lMSU
lkllllls, Whm Ustxl Sensitivl!ly klllu Sellshlly, lIVI
simpler hJuu nmuui!, tire often surprisin@y UC.
curatcl esfx!cltilly ful srrHllur tJulldII)gs wlwrd
tile cost nf u lm]ru complux FIllalysls 1s nut
Jmtl Ilable,

IL’ll{lysi!i Apprcm~

lrl O rLZllkWXYltal SC!fI!IUth!! l)llO~ySiS \J~ Oflcttiy
flm by rmlllrij] tnwIs lS II vury cumplux JJIIUful -
millohlu tnsk, Furtu)olely LIW must wmplex uf
tlmc prli))mw. I:aII IW I)ylmsmd W\llNJUt 1US3 1)1
Si~l~lfiCHllt. Il(l,l#ltiCy by lIIL) uSU or s~~)~~fylllu



assurrptlcrrs. The three mast important of these
are the rollming:

s Radiatkn flo# cm generally be regarded
as either short wave or lmg wave. The
short-wave solar radiatlm spectrun from
the SLII, as altered by lts trmsm.tttance
thra@ the atmosphere, is quite canplex.
But for buildlng analysis lt is not us-
ually necessary to trmk thrO@ a
detailed spectral analysis. The mast
important thing to knew accurately is the
glazlng transmittmce md this is usually
calculated ba%a a’I measureo data as a
fmctim of the eilgle OF incidence. For
the simple case of glass, a classic cal-
Culatirm Lsing the Fresnel equatirms md
measured absnrpticn characteristics is
qL,~te amq~te. By frr the knottiest
prohlem has bee! the predlcticrr of the
solar radiatim, as modlflt!cl by the
atmosphere. Thi= is normally treated by
Separating direct or bEam radiatlal md
diffuse radlatirn scattered within the
atmosphere. A variety of atmas~eric
models have been used with varying
success.

● ChCe tb= short-wave solar radiaticn enters
the building thrcu@ the glazlng, very
little is scattered hack mt, normally
less than 5%. The Effect of energy tran-
spoi’t wlthln the building by lmg wave
thermal radiat!m is so daminmt that the
snerqy moves to all of the .mclosing
suxf~ces of a dhect gain spacr? quickly.
Althc@ sane analysts have developed
detailed radl#tlm flow models mrl view
factors for thermal rndk+tlm flow between
surfflces, It is sel,kwn wOrth the effort.
Surfac- directly in the srn may be tem-
prrrarlly warmer thm uthers but within a
fewhcurs this energy will he found dis-
trihuterl nruurd the sp~ce quite mirOrMly.1
In spwclnl cases of extrenw gecnnetrles or
largC aspect rRtlOS son? Ctetalled analysis
my be warranled. Even 1P this Cl?SC
slmpllfhd models based g} Yrye-deltrr
trmsfornntlms nre very useful.7

c Whm n hulldlng is ‘5eparated into a series
of ri!,ffm+nt s~ces corilecteu hv drmrways,
cnerqy rl~ by corwcctlm tllrm,$l the
donrway hrxxwrws r+ slglificwlt ax! impr.rr-
tnnt nw?rll.sllsm, tmdlny tn nld Lln’ rfis*.rl -
h,jtl~ nf nllergy t.hr[l@l~lt the hullclinqm
The t?ncr(r~ ?lrrw rntus rW.olrInlIlr! are quite
sl~lftcrwt w1!I: mrminst. tarrrpurnturv dlf-
fcrnnue~ I)ntkeml spncrs and (rftcn tim~quntr
for hrmtlr)q rnrtll rmms with mudr:il hmai
lmfl%. Fnqlrw!r!rir!q corrt?l#rtlrIns hnve
PrC)VI?d tn h 14 r~n~{~lllllly nLIWrRtl! nlrtllr)l~
crf prm~l;l,ln~ t!lwn lmfmrt, ur\L rnrwrr!t.lvw
rffrcts,

By far tne mmst successful analytical
approach has been mathematical sirndation of
the energy flm in the building uSlng finite
difference technlq~s. The building can De
regarded as a simple thermal network with
si~iflcant heat-storing masses within the
buildlng cMmctea by therrml contictances.4
The situation 1s analacjcrus to an electrical
network with resistive and capacitive elements
rely. The result is a set of sinple first+rder
differential equatlcms whim nust be solveo
simultaneously. %me of the energy transport
mechanisms result in rim-linear terms althouc$
mmst of the raaiatlon flow terms can be rea-
sonably well characterized using linearize
equatims since the total temperature range, m
an *solute temperature scale, is relatively
small. This is not tru?,hchw’er, of the
cmvective effects.

These equatirms are normally solveo either
using implicit or explicit finite41ifferen03
techntq~s. The computation M3rches tllraum
time, Simulating the energy flows in the builolny
and prealcting temper~tures. hxiliary eneryj 1s
Supplies, as requlrea, to maintain estabiiWml
comfort conditions.

The tiavantags of tixplicit solutions 1s the
simplicity of the analysis althoucji mathematical
stability and accurbcy requirements may force a
time stup of only 10 or 20 minutes. It slnulaticm
of an entire year performance 1s requlreu, Lhi>
can bc very time consuming.

Impllcit solutims are norrrally performeu
using cmtral differenCing in both time anrJ space
(Crank-NiUwlson technique). The Uifflwlty witl~
this approach is the computing Lime requireu Lo
solve the simultaneous cllfferential equations
which typically numtrer at least 7 mib m’rwtlnk’s
u~ards to 10CI, The prcblem is usmlly solveu by
linearization and either ~trix inversicm or
other starlauru LeChnlqueSi4

Experience hus stmn that the overall problem
is usually quite linear m bi-llnear. TlkJs, mly
me or two rmtrlx inversims rmy be iN?cessdry.
Also, wall scctl(~ls behave quite llnearly anu
thus Grem’” iurctim Lype of sLJhJLims are
approprl?:e, These Lake Ulffert!nL forms varlwsly
calleu ‘.r&nsfer fmctlms (nul LO be cwIFuserJ
with Fourier Lrunsforn&), and wt:lyhtlny twlctitms.

In larger bullc!!ngs Ginulatlorl uf the per-
form3nLw of tlvs auxllltiry ellcr~y system car! be
very lmpoxtant and comqdex. in tile mortr cwhplex
building slmulatlal cumui this is rv]rmiilly uu:e
using u llbrary of raut.ine~ repr~.enting ult-
fcrent equ~~t p~ckages.

Thfi slnulatlul is drlvm u~lIlg lmurly twn-
pcruturu ml sular riKlliltJLIl Uahr tul lIW situ ut
Intwrest. Cnlculntirms aru typlct+lly r.krrlu Iul
sl?lectW prxl~h uf L)utll [!RtrL!!(’ illlU avurti~
weather condiLicNls ir] u~.~ft?rurlt SWSWM LIIlti UISU
fur an entire year Irl urti!r tu IIrLKllct uverdll
auxllilry trlw~y rer@rr3rWrlts.

ryplcnlly, o Slrnllntlrll ful m} IYltitt! ye~l
uslrlg u se;~es of 11 Ulffcrorlt ulf’rerurlli:il
!?ll,Jnt~rrlS rLX~l!r~ dl(llll 6[) %(!C[lIII!!I 1)1 (!lllflfllltlllu
tlfIW! [11 a hlr\)(? (l~h.-~b[]u) ITkllrlfrklnK’ CUll!]Utl!l. d
!NJcll pr(tilrvrrl uru !imm!t iMl!!) rls~ [M1 m~r)~cury)lllul:l
nJMl rw:w} mll:rocisrq hjtcr!; , lrl wll~(jl L:u:;u I.llu
i:q)til lIl\I t,lrm! rmy 111’ m’vl!rul INNJ13S



Validatim of Mathematical Techniq@s

The rrmthmatical simulatim equatims
described kove are validated by canparing
results from actual mmitored bujldings with
predictions made using tk analysis teckiques.
7or these Calcl:latims the inmt data to tne
analysis are usually the measured solar racliatim
and Cutside tanperature. lhe calculated and
measured data conparisrns are dmc based on
temperatures observed at variotis points within
the building and the auxiliary energy requirement.

In an actual Occupied building it is very
difficult to amurately knCw all of the important
parameters. “Occupant effects” can have a sig-
nificant influence m the results md !hese are
difficult to control in nmst instances. There
are very fa cases where m retire building has
hem constructed simply for the purpose of
obtaining mmltored buildi,’g results.

In order to address these ccncerns, a dual
approach has been taken. Data are taken in small
IItest r~sll ~i~ are inexpensive to bu~.ld ~d

can be operated mder care?ully cmtrolled con-
ditions. 5everal sets of test rooms have been
built at different places within the US. A
secrmd advantage to this approach is that the
bulldlna can be msde sufficiently simple so that
the analySis is not cmfused by extrmeous geo-
metric mmph=xity which is not important to the
physics of the energy flm. The most cmnpre-
henslve set of test rorxns have been built at the
Los Alamos Natimal L*oratory, st~rting with two
test rooms in the winter of 1976-77 and t,uild;ng
lip to !45test rcmms tiring the last two
winters,

These test moms are smali c~iclec measuring
5 feet r?ast-west by .9 feet north-swth by 10 feet
him, Thr?y are moderately well J.nsulated frame
structures with fiberglass md foam insulation
anri are scaled to rerUce inflltratlm. The south
side of each test room 1s rleaicatt?d to a passive
Snlar ~eature Suti as a window, a Trc#nhe wall, or
an attached sunspace, The test rocnns are most
oft, m operated with the insl, de temperature con-
trolled to a fix~d level by means of resistance
heating elenmts In the roan. The effectiveness
of different strategies can be compared directly
In side-hy-side tests by cumparlng auxiliary
heetlno rf?qulwments. The test rocms also give
d~ta for the validatim of the ccurrputer codes.

Another level of validritim oata are obtained
from actu~l lived-in buildln~s, I+3re the intt?nt
is to obtain lnforrnatla, mhlct~ might not be
avallshle in test rmns such as the effect of
rtoor npeninqs betwem d I!rrusc and a smspace :!nd
rrultlstury and multlrrxmn effects. Evel~tlo, of
the data 1s very tIm cnnsumlng and difficult
ht?causp or the many vari~lr+s involved, Recause
nf the complex.lty ml cost, very few of these
huilrfinqs have actually bem successfully
monitrmd in R comprehensive way.

Th~ rir!nrxal rwults of the nwtel vniirtntinll
work hew hmn very MCWrarJ!nq. Relatively
simpl~ model~ sefwn tn givp qljitr accurate
prertictlcns of performance, It is generally
fw’mihle tn prmlil!t temperatures lIlsi@ the test
rmns tn within ] or 2“C’ uwhr conditlrns wtlmr
irlsirl~-nul’;l(fp tnnl)pr:+turr? riiffcrewcs ore in tht?

rmge of 20°C. Auxiliary energy requirements
can be preaictea tu within recut 4% of the total

6 This correspmmnceEullcling heating load.
has givmb cmflaenm in the use of the n~therrtit-
ical techniques to aevelop other tools suitable
for design analysis,

Oata comparisons frcmn lives-in munltorea
lwildlngs have also given confidence, The level
of auxiliary heat requirements is generally rea-
sonably close to predictims based m the msthe-
netical models. The error in the cowarisms is
generally within the rags o? urcertqinty of the
data.

Ccmfort—.

The @ysiological study of therrml ccmfor’. 1s
w old and established fiela Energy-baldnm
nudels For h~ns basea m the >arlo~s mechanisms
of heat loss have bem well mvelopea anu cali-
brated using data fran a variety of tijects
takm in carefully controlled tests. 3

-n respmse to therrel imbalanm o:
@IysiolGgical stress has been characterlzea in
ternts of “percent of pecrple als$atisfieu” anii a
scaJe has been develcipea to quantif~ this.

The various parameters wtll?h characteriz~
comfort have been iaentifiea ano the influence uf
each has been in$)estigateti. The primary variables
are air temperature, mean rauiant te~erature,
relative humidity, alr motion, the ~letabclic rate
of the person, and the amomt OF clothing worn.
Basea mr these, thermal co,nfort can be quantlfleu
and standards establlsheu,

Dining the heating season, the most influen-
tial parameters are the air te~erature in tht:
builaing anc the mean radiant temperature. Thus
Calculatlun of the temperature of the surroulolng
walls is particularly relevant. In passive solar
builaings it is particularly important to evaluate
and quantify thermal comfort effects and ck?terndne
single parameters which can b.: compareu with WI
wc:all measure of the cost of auxill;lrj heat.
hssthods f r *veloplng such parameters halve beef]
props.wd, 9

~lmplifiea Methous of Lrmlysts

Few I.rullding av$lgners Iwve the ca~lllty,
the lnclinatirn, the equipment, or ihe time to
use the clmpuLi’r sinulatlrn mdlysls. t4)!Jt
de.lgnl’rs ask f~~r simpler meLhods which are
Nnerw!ble to unalysis using hand ctilcultiturs il~
which estimates cao be Uevelops+.1 in u few
minutes, CJrrelatlm} techn~qws htIVC LWrgeU ah
u resalable prmetire which meel tt$stl requlie-
~lltS and gl\Ie reoswlaL)le UCCur~Cy,

In a correlatim Lecllniq@ IJW SFqkS tu
relate a ~rsmcter uf inlerest, such t15 sular
savings fractlcm, to me or mare crlrri+latlng
paranmtcrs (gvlw:ally aimerlslmless), klci%bs is
rrucfl rrrrre likeiy if tbv correlotillg parameters
chosen preserve some esstnvx~ of the uvcrall
~lyslcs governing Lhe murgy b~lIon\%s,

For sular ~’ncryy systums it has Ueerl
appruprlatc to corrul:lle c41 tlw busis of d ule-
mmth hlturval, that ls, to usu monthly wealher
*ta t.o prwlict mmltl}ly pcrf’or~ll~w.



A mmth lms bem fomd to be a particularly
convenient time interval, being lmtg ens@ that
statistical varlatims tend to average out and
short enat~ so that the basic weather statistics
are stationary, Furthermore, CsTly ei@t to
twelve calculatlms are then required in order to
predict annual performance. The predlctim of
monthly performance leads to relatively hi@
standard errors (*B%, typicallv) but annual
performance is predicted with a standard error of
cnly i3%, typically. This is adequate for design
purposes, being siyificaItly less thm the
year-to-year variatim which can be anticipated.

A secord feature is that the correlatims aie

dmie using “data” developed from hour-by-hwr
computer simulations. Thus the correlatimr
techniques are a secmd+eneratim analytical
procedure, and their results are intrinsically no
better than thuse obtained from simulations. The
correlatim techniques, hcwever, are at least two
orders of mg)it.ude easier to use in terms of the
computing power and tna computing time required,

The hour-by-hour simulations which are used
as the hasls for the correlations are dme with a
detailed model af the bulldlng in which all of
the different desig parameters are specified.
The cmly desiq parameter which is changed is the
ratio of the glazing area to the building load
coefficient of the building. Typically abmlt
four different values are chosen so that the
correlation should ade u3tely reflect variations
in this key parameter, ~

Thus the correlatims do not ailcw the
desi~er to estimate performance variations due
to changes in any of the many other design
paramt,?rs an(: the correlations relate only to
the reference desi~ used in the simulatims.

In order to overcom this dlffiCult~’,
sensitivity calculatlcms have heen dme using the
hour-by-hour slmulat!m rmdes, The procedure is
to perform a series of year-lmq simulations for
several different values of tne of the design
parameters, holdlnq fill other parameters at the
reference level, These results are generally
presented in graphical form and allm the
deslgl~r to S- the effect of fi~qlng me
particular deslgr param?ter. This procedure is
fnllwed fog ea~ of the different deSlgn
parameters, ~

Correlatlm techniques are especially
ammable tn use in mlcrncrsnputer rmtlnes which
can he used in a dt?slp OffiCe, Very quick
mswers can he ohtn!ner’1 during the stiematlc
desi~ and rtesl~ development phases of H
hulldlng to ald in d?cidlng between different
dr?slr?l r)ptlrwls, This wrx.tld lrr!luck tradecffs
iletween varinus crnservatlm optims md passlvc
solar optlnns.

$rmervatlon vs 5olar

when m? links at cormrvatlrm mu paSSivt’
solar as denmnd side md wpply side strategies,
r~spectlwly, t,wn prrssihle viewpoints merge,
13w 1~ that t.lwy nre In crynp~tltlm r.mi the other
1s that th~y auutm!nt me armther. In a serm?,
ho+h ,. . olnts are VH1lLI n% rilwussruj llnl~.

Ccmpetitim exists because if energy savings
are ~de by a reticeo dermna using a cmcervatim
strategy, thm less solar collectim area will be
ree@d tu achieve a particular performance level.
Thus the more insulatim solo the less will be
the tkmand for glass arm concrete for Trcmlw
walls.

The other point of view, and the u,e which
leads to more raticmal bu~lahg oesign, is that
cmservatim and passiwe solar work well together
as a pair of strategies #lich can prrcuce a
building which uses minhmm energy for a tixea
initial investm.m:m

The prcblem is easily resolvea in a mthe-
mticol sense by looking at the nat~re of the
rmthamstical fmctims which reiult fran the
mergy analysis. In oroer to st?e this most
clearly it is useful to use the simplified
rrethcfls of analysis because they lead la a Detter
awreciat~m of the overall natu:e of the
per?orrran~ surface.

mppuse we start with a Crrn\entimal tract
house located in D3age City, K?,nses. This base
or “reference” house has mly wnlnal levels of
insulatlm and no expllcit passive solar features;
that is, Ouilding orimtatin and winmw ylazing
are chosen with m referma to solar orientatim,

The various conservzi;~:-, optims which are
available ccmslst of disclete choices which can
be marle for insulatim levels in the wall, @il-
ing, and perimeter, numbl?r of winmw glazings,
ma various strategies which might be taken to
ccmtrol inflltraton, including alrtightness,
sealing of the house and the possible use of
inside-outside air exchan~rs with heat reco’,ery.
As showc 111 Ref. 10, the overall cost of con-
servatism savings varies as an inv~rse f~c!i~l
of the o~erall building heat loss coefficient,
Ccnvenlmt algorithms for selectlng ammg the
various ccmservatlm strategies can be c.evelupcu
lYy assuming that the cost-loau fmcticns art!
smooth inverse fmctlrns which pass through tlui
discrete points available,

Figure 1 SIMMS the re$ult$, of the dlkilysis
for the D3dge City, Kan”,as example, using rea-
sonably Currrnt estimates uf the adu+m costs fur
both cmservatlm and soJar strategies. The
COStS Of COnSerVHtim md SOlt- dre indlvimally
plotted m the Y-axis anu X-axis, respectively,
The solld curverl lines SIIW paths of constant
mergy savings for a heutlng season c~ared Lc
the referm~ rtoube.

Lhes of Ccmstarlt L“llllal lnvestmar}t art!
straight l!nes conmctll,, I?qual cost pulnts cm
each axis, such as till’ $4(J)u wtt.ed llne shwn LV1
Fig. 1. 11w2mlnlmjm energy use fol < flxeu
Initial investmmlt crlrres~mds to tllc lW.IS uf
points #wrI! the @slleU llnes arf: tungrmt tu LIN!
curvcr.1 lines, This ~OCllS of polllt$ ~S ltJtJuluu
the “LJptlm.lm mix” l~nt! (x] FAg. 1. Irl eccmomlc
parlarwx thl,: 1s ci]ll~~ ar) “L!xpuIl~lun llIIc”, 11
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kind are umsrtainties in pred~Ctin Q the future which allow the designer to quickly flna optimum
cost of fuel md the prbbiems of dkicomtlmg that levels of hisulathm W7d other CC4WerVatl~
back to a present value. This entails cmsicler- strategies which represent an ecmomic oalancx?
ation of interest rates md a nwber of other with the level of passive solar per?orrance being
eccnomic factors. The opthun Mix line cm fig. 1 achieved.
provides a nw3thodology for allocating rescurc=
i-vetwem cmservatim and solar tut gives M
guidance as tohcm far cut that line it makes
eccnomlc sense tc proceed.

The value of future fuel savings can tJe ackkd
to the equations and a @Obal optimm can be cb-
tained. me way of presenting this information
~s to shm contours or constant life<ycle savings
m a plot having the same x-axis ad Y-axis
coordinates as Fig, 1. This is shcnvn in Fig. 2
for some assured values of fuel cost md flnanc-
Mg scenario. The details are givem in Ref. 10.
The important thing to notice cm Fig. 2 1s the
shapeof the optimlzatim surface. It 1s a
relatively steep-sided surface with a moderately
flat top. This IS a very typical result. Note
that the global optimun point m Fig. 2 lies
along the qtlrrum mlx line m Fig. 1.

There are twa p:”icy implicatlms of these
observatims. The first is that tlw opthmm mix
path 1s a good strategy which leads to a global
nptinum for some assunsd future financial scenario
and thus lt always makes sence to desi@ alcmg
this line. The secmd irrplicatim is that it’s
rmt so important to be precise atmt the op-
timizatlrx pr~ess but rather T use it as a
~~neral guim to get in the okerall vicinity of
the ~timum.

Optimizing a building design is scmewhat like
climbing .+ momtain. 5een from a rl~stance the
momtain, revered with tre~, seems fairly smooth
and it’s easy to make cut the overall tiape and
lcrate the sunrnlt. A hiker al the mcnmtain has
an entirely different perspf?ctlve. *can’t tell
much about ttw? overall sham of the muntain but
1s ahiorbed in the detallecl structure in his
vlcln!ty wh~.ch was obscured and ignored by the
faraway vipwer, The hiker may attain the top or
a Inc.1 outcropping thinking that he has re~hed
the sunmlt when he is still far belcnu lt.

% lt 1% with the designer trying to find the
best cfesl~ 5tretegy, He may waste a lot of time
lonklng for a lcral optimum when he’s in the
wrcng place altogether. All he really wants to
do 1s get near the LOP knowing that attalnlng an
exact opt.lmum is rather memhglewi becaust! the
cnsts are not that well kncwm anyway. The shape
of tk cmstant llfe-cycle cost ccntwrs define a
surface ti~cll 1s a rather flat-top mmntuin with
%t.e@p sjrh?5 (see rig. 2). rnce tho dr~l~cr 1S

in the right vlclnity mly smll chan~s in
life-cycle cnst can be made by relatlvply large
shifts in h=vel OF cmscrvatlm 0: passive
srflar, lhis 1s the cesr’ because the performance
ch~rl~s arp Just :Aout offset by the mst
cMnq%, At this pnlnt the desl~er will be hr
more om~rncd with other fsrtors #-rich drive the
d~l~o such as conwnience of framing, avnil-
abillty of mterlnls, ond aesthetics.

In n pract!ca] sense tables can be r!ons-
tructrri wh!cll provide ttm clint.edepmrjellt
pr?rfrmmnnce factors used in tb,e optJmIziatim
prncrss for clJfrelent ptrssivc Msiqn strotrqlr,
mwi dlfrrrroi lncntlm5, 51mnlt? fimctJnlls remllt
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Future Trends

The analysis of energy flew in buildings has
been neglected and we are still in the infancy of
our knowledge regardirq ‘his important field.
Better mderstancli,ng of mergy flow mechanisms
and tk effeCtS of these m human c~fort are
needed. Study of natural cooling mechmlsms is
just beainning. These are .fntrinsically more
difficult because the system is op&n to the
envircment rather than being closed as in the
case of a building in winter. The effects of air
buoyancy and wind driv~ effects in the building
are Ck3minant, whereas they are minor in the case
of a heating analysis.

Future trm,ds can be anticipated in several
complementary directions. me is a more detailed
study of seine of tt,e inportant heat transfer
nw?chanisms sIJch as convection Detwean adJacent
Spacl!s. Mother will be In increasing the nunber
of oifferent system d=i~ opti3ns which have
been analyzed in detail and theli characteristics
tabulated. A variety of analytical deSl~ tools
will be developed and validated appropriate to
different desi~er levels md building types.
Feedback of data frnn m!mitored test rocrns and
buildings w1ll play a cmtinuing important role.
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