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ABSTRACT

Why Is a Change Needed?

This paper presents a complete formulation of the heat
balancemethodh~ a formthat is suited to calculating cooling
loads. The method was developed under ASHflAEresearch
project RP-SZS, sponsored by TC4o 1. The modeling assumptions inherent in the heat balance methodare presented, and a
general modelcapable of representhzg the features of diverse
building spaces is developedas the basis for the method.The
mathematical foundation of the method is presented along
with a pseudo-code description of the solution technique.
Examplesshowingthe use o,[ the methodare included.

Thethree methodsfor calculating cooling loads presented
in somedetail in the 199.3 ASHRAE
Handbook--Fundamentals
(ASHRAE
1993) all spring from a basic heat balance model, but
alongthe wayfromthe initial modelto the final procedure,many
simplifying assumptionsare madeand the basic processes are
essentially lost. The user ends up dealing with a "black box"
concept such as CLTD
instead of more traditionally fundamental conceptssuch as surface temperatures,heat transfer coefficients, andheat fluxes° In that regard,the proceduresare severely
out of step with the rest of Fundamentals.

INTRODUCTION

Further, the methodsare not consistent within themselves.
Consider the simple examplegiven in chapter 26 of the 1993
ASHRAE
Handbook-- Fundamentals, shownin Figure 1. This
showsthe sensible cooling load calculated with the three methods. There is clearly a significant difference amongthem, but
since the fundamentalprocesses are completelyhidden by each
procedure,it is impossibleto say whichone is conservativeand
whichone, if any, is risky. Whilethe differences shownin Figure
1 are significant, it is importantto note what happensif the
instantaneousconvectiveheat gains for all three methodsat hour
17 are subtractedfromthe total. Theseloads are identical for all
three methodsand are about 23.6 kWoIf this total, whichdoesnot
enter into the proceduresand is the samefor all methods,is
subtractedfromthe sensible coolingload, the loads dueto procedurealone vary by up to 70%.It shouldbe notedthat the lighting
load for the exampleis very high and pr.obablydoes not reflect
current lighting load practice°

ASHRAE
TC4.1 is sponsoring a research project entitled
"AdvancedMethodsfor Calculating Peak Cooling Loads" (RP875)° This project beganon August1, 1995, and wasto continue
for 20 months.In the workstatementthat led to the establishment
of that project, the committeestates: "Thecurrent Handbook
of
FundamentalsChapter 26 includes discussion of four cooling
load methodologies(heat balance, weighting factors, CLTD/
CLF,and TETD/TA),
which is confusing to Handbookusers and
is undesirable.Theheat balancemethodis the mostscientifically
rigorous method. The description of this methodin the Handbook will be expandedto fully documentthe procedure."
Theheat balance procedureis not new. Manyenergy calculation pro~amshave used it in one form or another for many
years. The first implementation that incorporated all the
elements that form a complete method was NBSLD
(Kusuda
1967). The heat balance procedureis also implemented
in both
the BLASTand TARPenergy analysis programs (Walton
In addition to the obvious problemsshownby the example,
1983). Unfortunately, the methodhas never been described
the
procedures
lack the capability for easily determiningthe
completelyor in a formthat is applicable to coolingload calcueffect
of
making
a simplechange,such as building orientation or
lations, Thispaperoutlines the basics of the heat balancemethod
and discusses the translation of the methodinto a load calculaeven latitude, to say nothing of a morecomplexchange,such as
windowtype or wall construction.
tion procedure.

Curtis O. Pedersenis a professoremeritusand DanielE. Fisher andRichardJ. Liesenare senior research engineersin the Mechanical
and
Industrial Engineering
Department
at the Universityof Illinois, Urbana.
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Figure 1 Sensible cooling loads from Chapter 26 of ASHRAE
Fundamentals.
What Is a Cooling Load?

modeldetail are useful for specific purposes,there is reasonably
Whena heating, ventilating, and air-conditioning (HVAC) good agreementamongbuilding physics researchers and practitioners that certain modelingsimplificationsare reasonableand
systemis operating, the rate at whichit is removingheat froma
appropriate.Themostfundamentalof these is that the air in the
spaceis the instantaneousheat extraction rate for’ that spaceat
thermal zone can be modeledas well-stirred. This meansit has
that time. Theconceptof a designcooling load derives from the
a uniformtemperaturethroughoutthe zone because it mixesby
need to determine an HVAC
system size that under extreme
motionwithin itself. Somecurrent research (ASHRAE
RP-664)
conditions will provide a specified condition within the zone
is
concerned
with
determining
the
limits
to
this
condition,
but so
served. Usuallythe indoor boundarycondition associated with a
far it appearsthat the modelingassumptionis quite valid over a
cooling load calculation is a constant interior dry-bulbtemperawiderangeof conditions. Thetruth of the matteris that the next
ture, but it could be a morecomplexfunction such as a thermal
step in complexityis a huge one that wouldrequire an enormous
comfort condition. Whatconstitutes extremeconditions can be
increasein computationaleffort to rnodel a zone. Thus,the well
interpreted in manywaysbut generally for an office wouldbe
stirred modelbecomesthe basis for’ most discussions of room
assumedto be a clear sunlit day with high outdoor’wet-bulband
heat transfer.
dry-bulb temperatures, a high office occupancy,and a corre..
The next major assumptionis that the surfaces of the room
spondinglyhigh use of equipmentand lights. Immediatelyit is
(walls,
windows,floor, etc.) can be treated as entities having
apparent that even the boundaryconditions for a cooling load
determination are subjective and require engineeringjudgment. o uniform surface temperatures,
For example,they might not involve constant indoor tempera¯ uniform long- and shortwave irradiation,
ture conditions but could occur in the roomingfollowinga night
o diffuse radiating surfaces, and
time "setback" condition~ After the design boundaryconditions
o one-dimensional heat conduction within.
are agreed upon, the design cooling load represents the maximumor peakheat extraction rate underthe chosendesign bound- Withthose as a basis, it is possible to formulatefundamental
ary conditions.
modelsfor the various heat transfer and thermodynamicprocesses that occur. Theresulting fon-nulationis called the "heat
DESCRIPTION OF THE HEAT BALANCE MODEL
balance model" and is described componentby componentin
the followingsections. It is importantto note that the foregoAll calculation proceduresinvolve sorne kind of model.All
ing assumptions, although cornmon,are quite restrictive and
models are approximate. The amountof detail involved in a
set certain limits on the informationthat can be obtained from
model dependsvery muchupon the purpose of the modelThis
the model.
is the reality of modeling:one choosesmodelsthat describe the
variables and parametersthat are significant to the problemat
Elements of the Heat Balance Model
hand.Thechallengeis to makesure that no significant aspects of
the process or device being modeledare excluded and at the
Withinthe frameworkof the assumptionsoutlined in the
sametime avoid unnecessarydetail. Whiledifferent levels of
preceding paragraphs, the heat balance modelcan be viewedas
460
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Figure 2 Schematic of heat balance processes in a zone.
four distinct processes: the outside face heat balance, the wall
conductionprocess, the inside face heat balance, and the air heat
balance. The relationships between these processes are shown
schematically in Figure 2.
Figure 2 showsthe heat balance process in detail for a single
opaquesurface. The top part of the figure enclosed by the dashed
line is repeated for each of the surfaces enclosing the zone. This
is indicated at the right of the figure. The process for transparent
surfaces would be similar to that shownbut would not have the
absorbed solar component at the outside surface. Instead, it
would appear in the conduction process block. This absorbed
componentsplits into two parts: an inward-flowing fraction and
an outward-flowing fraction. These components would participate in the surface heat balances. The transparent surfaces
ASHRAE
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would, of course, provide the transmitted solar energy that is
shown in the inside heat balance above.
The arrows indicate schematically where there is an
exchange by having points on both ends and where the interaction is one wayonly by having a point only on one end. The four
majorprocesses are shownas rounded blocks in the figure. Each
of these processes is described in the paragaphs that follow.
Outside Surface Heat Balance
The heat balance on the outside face of each surface is
q~.~ol+ q’~wl¢+ q’~o,,v- q’£.o =0

(1)

where
q~o = conduction flux into the wall, (q/A)
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q~sot = absorbeddirect and diffuse solar radiation flux,
q"cwR = net longwaveradiation flux exchangewith the air
and surroundings, and
q~o,,v = convective exchangeflux with outside air.
All terms are positive for net flux to the face except the conductionterm, whichis traditionally taken to be positive in the
direction fromoutside to inside of the walt.
Eachof the heat flux terms in Equation1 has been modeled
in several ways,and in somefo~nulations the first three terms
are combined
by using an equivalent temperaturecalled the "solair temperature." The modelsfor the outside heat transfer are
covered in detail in a companionpaper (McClellan1997).

internal Heat Balance

Wail Conduction Process
There are probably more ways to formulate the wall
conductionprocessthan any of the other processes. As a result,
it is the topic that has receivedthe mostattention overthe years.
Among
the possible waysto modelthis process are
o
¯
o
°

numerical finite difference,
numerical finite element,
transform methods, and
time series methods.

The heart of the heat balance methodis the internal heat
balanceinvolvingthe inside faces of the zonesurfaces. This heat
balance has manyheat transfer components,and they are all
coupled. Both longwave (LW)and shortwave (SW) radiation
are important, as well as wall conductionand convectionto the
air.
Theinside face heat balancefor’ eachsurface can be written
as follows:
q’~wz+q"sw+q"tws+q;, +q;ot +q’£o,,v=0

This process introduces part of the time dependenceinherent
in the load calculation process. It is shownschematically in
Figure 3, which showssurface temperatures on the inside and
outside faces of the wall element and corresponding conductive heat fluxes awayfl’om the outside face and to the inside
face. All four of the quantities are functionsof time. Thedirect
formulation of the process has the two temperature functions
as input or knownquantities and the two heat fluxes as outputs
or resultant quantities.
In someformulationsthe surface heat transfer coefficients
are included as part of the wall element. Thenthe temperatures
in questionare the inside and outsideair temperatures.Thisis not
an acceptableformulationsince it hides the heat transfer coeffi-

Wall
El ement

~ q
ko

Figure 3 Schematic of wall conduction process.
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cients and prohibits changingthemas airflow conditions change,
and it also prohibits treating the internal longwaveradiation
exchangeappropriately.
Since the heat balances on both sides of the elementincorporate both the temperatureand heat flux, the solution technique
must be able to deal with this simultaneouscondition° Froma
computational standpoint, two methodsthat have been used
widelyare a finite difference procedureand a time series method
using conduction u’ansfer functions. Becauseof the computational time advantage,the conductiontransfer function formulation has beenselected for the heat balanceprocedurepresented
here.

ki

(2)

where
q~wx= net longwaveradiant exchange flux between zone
surfaces,
q"sw = net shortwaveradiation flux to surface fromlights,
q"LWS = longwaveradiation flux from equipmentin zone,
q"ki = conductionflux through the wall,
q]~o
z = transmittedsolar’ radiation flux absorbedat surface,
and
convectiveheat flux to zoneair’.
Eachof these terms will be discussed briefly in the following
paragraphs and will be described in more detail in a companion paper’ (Liesen 1997)~
LongwaveRadiation Exchange AmongZone Surfaces
Thereare twolimiting cases for internal LWradiation exchange
that are easily modeled.
1. The zoneair is completelytransparent to LWradiation.
2. The zone air completely absorbs LWradiation from the
surfaces within the zone.
Mostheat balance formulationstreat air as completelytransparent. Thenit does not participate in the LWradiation exchange
amongthe surfaces in the zone. The other limiting case of
completely absorbing air has been used for load calculations
and also in someenergy analysis calculations. This second
modelis attractive becauseit can be formulatedsimplyusing a
combined
radiant and convectiveheat transfer’ coefficient fi’om
each surface to the zoneair’ and thereby decouplesthe radiant
exchangeamongsurfaces in the zone. Because of this it is
generallyconsideredto be inferior to the first rnodel.
ASHRAE
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Furniture in a zonehas the effect of increasing the amount
of surface area that can participate in the radiant and convective
heat exchanges.It also adds thermal massto the zone. Thesetwo
changes affect the time response of the zone cooling load in
opposite ways--the added area tends to shorten the response
time, while the addedmasstends to lengthen the responsetime.
Theproper modelingof furniture needsfurther research, but
a heat balance formulation at least allows the effect to be
modeledin a realistic mannerby includingthe furniture surface
area and thermal mass in the radiant and convective heat
exchangeprocess.
LongwaveRadiation from Internal Sources The traditional tnodel for this sourcedefines a radiative/convectivesplit
for the heat introducedinto a zonefromequipment.Theradiative
part is then distributed over the surfaceswithin the zonein some
prescribedmanner.This, of course, is not a completelyrealistic
modeland it departs fromthe heat balanceprinciples. If it were
handled in a true heat balance model, the equipmentsurfaces
wouldbe treated .just as other LWradiant sources within the
zone. However,since informationabout the surface temperature
of equipmentis rarely known,it is reasonableto keepthe radiative/convective split concept even thoughit ignores the true
nature of the radiant exchange.It shouldbe notedthat TC4.1 has
initiated a research prqject to determineradiative/convective
splits for manyadditional equipmenttypes. This will tend to
institutionalize the radiative/convective split modelfurther,
although the research will address the exchangeproblemin a
limited way.
ShortwaveRadiation fromLights The short wavelength
radiation fromlights is usuallyassumed
to be distributed overthe
surfaces in the zone in someprescribed manner.The newprocedurewill retain this approachbut will allowthe distribution function to be changed.
Transmitted Solar Energy ASHRAE
TC 4.5, Fenestration, is currently revising the calculationprocedurefor determining transmittedsoIar energy.Theyare proposingto use the solar
heat gain coefficient (SHGC)
directly rather than relate it to that
for a double-strength glass as is done whenusing the shading
coefficient (SC). This approachwas described by Wright(1995).
The problemwith this plan is that the SHGC
includes both the
transmitted solar energyand the inward-flowingfraction of the
solar radiation absorbedin the window.In keepingwith the heat
balance formulation, this latter part should be addedto the
conductioncomponentso that it can be included in the inside
surface heat balance°
Transmitted solar radiation is also distributed over the
surfacesin the zonein a prescribedmanner.It wouldbe possible
to calculate the actual position of beamsolar radiation, but that
wouldinvolve partial surface irradiation, whichis inconsistent
with the rest of the zonemodelthat assumesuniformconditions
over an entire surface.
The current cooling load proceduresincorporate a set of
prescribed distributions. Since the heat balance approachcan
deal with anydistribution function,the sensitivity of the load to
this function can be investigated, and principles for selecting
ASHRAE
Transactions:Symposia

logical distributions underdifferent conditions can be developed.
Convectionto ZoneAir The inside convectioncoefficients
presented in ASHRAE
Fundamentals and used in most load
calculation proceduresand energy programsare based on very
old natural convection experiments and do not accurately
describe the heat transfer coefficients that are present in a
mechanicallyventilated zone. In the current load calculation
procedures,these coefficients are buried in the proceduresand
cannot be changed. A heat balance formulation keeps them as
workingparameters. In this way, newresearch results such as
those from RP-664can be incorporated into the procedures. It
will also permitoneto determinethe sensitivity of the load calculation to these parameters.
Air Heat Balance
In heat balance formulations aimedat determiningcooling
loads, the capacitanceof the air in the zoneis neglectedand the
air heat balance is done as a quasi-steadybalance in each time
period. Thereare four contributors to the air heat balance. They
are convectionfromthe zonesurfaces, convectiveparts of internal loads, infiltration and ventilation, and the HVAC
systemair:
qconv+qce +qlv + q~ys= 0

(3)

where
qcE
q~v
qsys

= convectionheat transfer from the surfaces,
= convective part of internal loads,
= sensible load due to infiltration and ventilation air,
and
= heat transfer to/from the HVAC
system.

qconv, the convectionfrom zonesurfaces, is the sumof all the
convectiveheat transfer quantities fromthe inside surface heat
balance. This comesto the air via the convectiveheat transfer
coefficient on the surfaces.
qCE,the convectiveparts of internal loads, is the companion
to the radiant contribution frominternal loads describedpreviously. It is addeddirectly into the air heat balance.Sucha treatmentalso violates the tenets of the heat balanceapproachsince
surfaces producingthe internal loads exchangeheat with the
zone air through normal convective processes. However,once
again, the details requiredto includethis level of detail into the
heat balancem’egenerallynot available, so includingit into the
air heat balancedirectly is a reasonableapproach.
In keepingwith the well-stirred modelfor the zoneair, any
air that enters by wayof ventilationor infiltration, q~v, is immediately mixedwith the zoneair. Thedeterminationof the amount
of infiltration air is quite complicated
and subject to significant
uncertainty. Sometimesit is related to the indoor-outdoor
temperature difference and wind speed; howeverit is determined,it is addeddirectly to the air heat balance.
The conditioned air that enters the zone from the HVAC
systemand providesq.~.s is also mixeddirectly withthe zone
Thisis consistent with the well-stirred model.
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THE GENERAL ZONE FOR LOAD CALCULATION

reconciles the nonlinear aspects of the surface radiative
exchangeand the other heat flux terms.
Theheat balance procedurebased on this generalized zone
is describedmathematicallyin the next section.

The heat balanceprocedureas describedhas beenapplied to
energy calculation programs,whichalso havethe capability to
do load calculations but frequently are perceived to be too
cumbersome
to be used for that purpose. Thusthere is a needfor
MATHEMATICAL DESCRIPTION OF
a framework
that is tailored to a single thermal zone. ThedefiTHE HEAT BALANCE PROCEDURE
nition of a thermalzoneis sometimes
confusingbut, in a way,the
heat balancemodelhelps to defineit. Recallthat oneof the basic
Conduction Process
assumptionsis that the air is well stirred, that is, at a uniform
Becauseit links tbe outside and inside heat balances, the
temperature.So, the test for determiningwhatpart of a building
wall
conduction process plays a key role in the overall heat
can be called a thermal zonecomesdownto howthe temperature
balanceprocedure.It is the processthat regulates the timedepenis goingto be controlled. If air is being circulated throughan
entire buildingor an entire floor in sucha waythat it is reasonable dence of the cooling load. For the heat balance procedure
to considerit well stirred, then the entire buildingor floor could presented here, the wall conductionprocess will be formulated
using conductiontransfer functions (CTF).Theserelate conducbe a thermalzone.Onthe other hand,if there are different control
tive heat fluxes to the current and past surface temperaturesand
schemesfor each room, then it maybe necessax2¢to consider
the past heat fluxes. Thegeneral formis
each roomas a separate thermal zone. The frameworkneeds to
be flexible enoughto accommodate
any zone arrangement, but
the heat balance aspect of the procedurealso requires that a
complete zone be described. Accordingly, a generalized 12surface zoneis used as a basis to present the method.This zone
(4)
nq
nz
consists of four walls, a roof or ceiling, a floor, and a thermal
+ roTo +)~YjTo, t-jS+
masssurface as shownin Figure 4. Eachof the walls and the roof
can include a window
(or skylight, in the case of the roof). This
for" the inside heat flux and
makesa total of 12 surfaces, any of whichmayhavezero area if
it is not present in the zoneto be modeled.
Theheat balanceprocessesfor this general zoneare fon-nuq~o(t) = - roTi, t-j~= l l~Ti, t-j~
lated for a 24-hoursteady periodic condition. Thevariables of
(5)
the problemare the inside and outside face temperaturesof the
nz
nq
12 surfaces plus either the HVAC
system energy required to
+ XoTo,, +j~=, XjTo, t-j~ +j~__, dPjq"ko, t-jr
maintaina specified air temperatureor the air temperature,if the
systemcapacityis specified, for eachof the 24 hours. This makes
for the outside heat flux where
a total of 25 x 24 or 600 variableso Whileit wouldbe possible
to set up the problemfor a simultaneoussolution of these vari= outside CTF,j = 0, 1 .... nz (also called a),
Xj
ables, the relatively weakcouplingof the problemfromone hour Yj
= cross CTU,j = 0, 1 .... nz (also called b),
to the next permits a doubleiterative approach,whichincorpo= inside CTF,j = 0, 1 .... nz (also called c),
rates an iteration throughall the surfaces in each hour and then Zj
= flux CTF,j = 1, 2 .... nq (also called d),
an iteration throughthe 24 hours of the day~This automatically (I)j
= inside face temperature,
~
T
o
q~o

~Roof and Skylight

q~i

Back Wall and Window

Floor
Front Wall/Window
and lhermal Mass
are not shown

Figure 4 Schematic view of general heat balance zone.
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= outside face temperature,
= conductiveheat flux on outside face,
= conductiveheat flux on inside face.

The subscript following the commaindicates the time period
for the quantity in terms of the time step 6. The first termsin
the series havebeenseparatedfromthe rest in order to facilitate solving for the current temperaturein the solution scheme.
The two summation
limits, nz and nq, are dependenton the
wall constmctiouand somewhatdependent ors the schemeused
for calculating the CTFs.If nq = 0, the CTFsare generally
referred to as responsefactors, but then theoretically nz is infinite. Thevalues for nz andnq are generally set to minimizethe
amountof computation. A developmentof CTFscan be found in
Hittle (1979).
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The Heat Balance Equations
Theprimaryvariablesin the heat balancefor the general
zoneare the 12 inside face temperaturesand the 12 outside face
temperaturesat each of the 24 hours° Wewill assign the first
subscript, i, as the surfaceindexandthe secondsubscript,j, as the
hour index, or, in the case of CTFs,the sequenceindex°Then,the
primaryvariables are:
Tsol.j = outsideface temperature,i= 1, 2 ....
12;j=1, 2 .... 24
Tsii. j = insideface temperature,
i = 1, 2 ....
12;j = 1, 2 .... 24.
In addition, wehavethe variable qs~,sj=coolingload,j = 1, 2 ...
24.
Equations 1 and 5 are combinedand solved for Tso to produce
12 equationsapplicable in each time step:
nz

nq

nz

+ qctsolij

+ qLWRij + TsiijYi,

0 + To hco

Zi, 0 + h coij

Oi,j

~ ~°"~-- (6)

where
outside air temperature,
outside convectioncoefficient, introducedby using
q"co,,v =hco(To-T,o)
Thisequationshowsthe needfor separatingthe first termof
the CTFseries, Zi,o, since in that waythe contribution of the
current surface temperature to the conduction flux can be
collected with the other terms involving that temperature. A
companionpaper ~cClellan 1997) presents alternative equations for the outside temperature,dependingon the outside heat
trar~sfer modelthat is chosen.
Equations 2 and 4 are combinedand solved for 7~i to
producethe next 12 equations:
T’;°~ ij Yi, ° +

k=~" zsii’j-~’zi’k
1 Zs°i’J-~’Yi’k-k~=l

(7)

where
= zone air temperature;
T
a
=
convectiveheat transfer coefficient on the inside,
hci
obtainedfromq’~o,,,,, = hci(Ta - Tsi)"
Note that in Equations6 and 7, the opposite surface temperature at the current time appears on the right-hand side° Thetwo
equations could be solved simultaneously to eliminate those
variables. Dependingon the order of updating the other terms
in the equations, this can havea beneficial effect on the solution stability.
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The remaining equation comesfrom the air heat balance,
Equation3. This provides the cooling load, q.~,s, at each time
step:
12
qsysj

~" y~ Aihc, i(~s’ii,

+ qCE + qlV"
) - Za))

(8)

i=1

InEquation8, the convectiveheat transfer term is expandedto
show the interconnection between the surface temperatures
and the cooling load.
Overall HBIterative Solution Procedure
Theiterative HBprocedureis quite simple. It consists of a
seri6s of initial calculations that proceedsequentially followed
by a doubleiteration loop. This is shownin the procedureshown
below.
1. Initialize areas, properties, and face temperaturesfor all
surfaces, 24 hours.
2~ Calculate incident and transmitted solar flux for all
surfaces and hours.
3. Distributetransmittedsolar energyto all inside faces, 24
hours.
4. Calculateinternal load quantities for all 24 hours
5. Distribute LW,SW,and convective energy from internal loads to all surfacesfor all hours.
6. Calculateinfiltration andventilationloads for all hours.
7o Iterate the heat balance according to the following
scheme:
For Day=1 to Maxdays
Forj
=1 to24 {hours in the day}
For Surfacelter=l to Maxlter
For i=l to 12 {Thetwelve zone surfaces}
Evaluate Equations6 and 7.
Nexti
Next Surfacelter
Evaluate Equation8.
Nextj
If not converged, Next Day
8. Display Results
It has beenfoundthat four or six surfaceiterations are generally sufficient to provideconvergence.Thesolution of Equations
6 and 7 maypresent convergenceproblemsunder somecircumstances. If so, it maybe necessaryto use an under-relaxation
coefficient whenupdatingEquation7 or changethe algorithmto
provide a simultaneoussolution of the two equations. Also, the
form of the longwaveradiant exchangeflux can significantly
affect the stability. A companion
paper (Liesen 1997) examines
several different waysto calculate that term and presents some
insights on their effect on the solution.
The convergencecheck on the day iteration should be based
on the difference betweenthe inside and the outside conductive
465

heat flux terms, q~. A limit, such as requMngthe difference
betweenall inside and outside flux terms to be less than 1%of
either flux, seemsto workwell.
INPUTS REQUIRED FOR HEAT
BALANCE PROCEDURE
Previous methodsfor calculating cooling loads have
attemptedto simplify the procedureby precalculating cases and
groupingthe results with various correlating parameters. This
generally tendedto reducethe amountof informationrequired to
applythe procedure.In the case of the heat balanceprocedure,no
precalculations are made,and the procedurerequires a fairly
completedescription of the zone.
Global information
Becausethe procedureincorporates a solar’ calculation,
someglobal information is required. This includes latitude,
longitude, time zone, month,day of month,north axis of the
zone, and the zoneheight. Additionally,if the user wantsto take
full advantageof the flexibility of the methodto incorporate,for
example,variable outside heat transfer coefficients, it wouldbe
necessaryto specify such things as windspeed, winddirection,
and terrain roughness.Thesevariables and others wouldalmost
certainly be defaulted to somereasonableset of values, but the
flexibility remains.
Wall Information (Each Wall)
Since the walls are involved in three of the fundamental
processes (external and internal heat balance and wall conduction), eachwallof the zonerequiresa fairly large set of variables.
They include
o facing angle with respect to building north,
o tilt (degrees from horizontal),
o area,
o solar absorptivity outside,
° longwave emissivity outside,
o shortwave absorptivity inside,
o longwave emissivity inside,
o exterior boundary temperature code,
o external roughness, and
o layer-by-layer construction information.
Again, someof these can be defaulted, but they are changeable and indicate the morefundamentalcharacter of the heat
balance methodsince these parametersare related to true heat
transfer’ processes.
Windowinformation (Each Window).............
Thesituation for windows
is similar’ to that for walls, but the
windowsrequire someadditional information because of their
role in the solar load. The necessaryparametersinclude
o
o
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area,
normalsolar’ transmissivity,

o
¯
¯
o
°
o
¯
o

normal SHGC,
normal total absorptivity,
longwave emissivity outside,
longwave emissivity inside,
surface-to-surface thermal conductance,
reveal (for solar shading),
overhang width (for solar shading), and
distance from overhang to window(for solar shading).

It can be seen that considerable design flexibility is possible
for windows.
Roof and Floor Details
Theroof and floor surfacesare specified similarly to walls.
The maindifference is that the groundoutside boundarycondition will probablybe specified moreoften for a floor.
Thermal Mass Surface Details
Thegeneral formulationincludes an "extra" surface, which
is called a thermalmasssurface, but it can serve several functions. It is includedin the radiant heat exchangewith the other
surfacesin the spacebut is only exposedto the inside air convective boundarycondition. Asan example,one of the uses of this
surface wouldbe to accountfor the movablepartitions within a
space. Theconstructionof the partitions is specified layer’ by
layer similarly to walls, and those layers store and release heat
via the sameconductionmechanism
as walls. As a general definition, the extra thermalmasssurface shouldbe sized to r’epresent all of the surfaceswithinthe spacethat are exposedto the air’
mass, exceptthe walls, roof, floor’, and windows.In the fo~nulation, bothsides of the thermalmassparticipate in the exchange.
Internal Heat Gain Details
Thespacecan be subjectedto several internal heat sources.
Theyare people,lights, electrical equipment,andinfiltration. In
the case of infiltration, the energyis assumedto go immediately
into the air heat balance,so it is the least complicated
of the heat
gains. For the others, it is necessaryto specify several parameters. Theseincludethe followingfi’actions:
the fraction of the heat gain that is sensible energy,
the fraction of the heat gain that is latent energy,
the fi’action of the energythat enters as short wavelength
radiation,
the fraction of the energy that enters as long wavelength
radiation,
the fraction of the energythat enters the air immediately
as convection,
the activity level of the people, and
the fi’action of the energyof the lighting heat gain that
goesdirectly to the return air.
Radiant Distribution Functions
As mentionedpreviously, the generally accepted assumptions for the heat balance methodinclude specifying the distriASHRAE
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bution of radiant energyfromseveral sourcesto the surfacesthat
enclosethe space. Thisrequires a distribution functionthat specifies the fraction of the total radiantinput that is absorbedbyeach
surface. Thetypes of radiation that require distribution functions
are
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o long wavelength radiation from equipment and lights,
¯ short wavelengthradiation from lights, and
¯ transmitted solar radiation.
Other Required Information
Additionalflexibility is includedin the modelso that results
of fundamental research can be incorporated easily. This
includesthe capability to specify such things as
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Figure6
heat transfer coefficients/convection models,
solar coefficients, and
sky models.
Theamountof informationindicated in the precedingsections
mayseemextensive, but in most routine applications of the
method,manyof the parameterscan be set to default values, ~eatly
reducingthe amountof informationrequired. However,
all of the
parameterslisted can be changedwhennecessaryto fit unusual
circumstancesor whenadditional informationis obtained°
THE HANDBOOKEXAMPLE USING
HEAT BALANCE PROCEDURE
The heat balance proceduredescribed in a previous section
has been implemented in both Fortran90 and Basic. Those
pro~ams have been used to calculate the example from
ASHRAE
Fundamentalsdescribed previously. The results are
shownin Figure 5. The results using the other methodsfrom
Figure 1 are shownfor reference. Withoutextensive experimental verification,it is not possibleto say that the heatbalanceresult
is correct, but it does stand to reason that using the complete
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Inside sutface temperatures
Handbook example°

for ASHRAE

procedure that the other methods only approximate should
providea better result.
The other advantage of using the complete heat balance
procedureis that additional useful informationabout the performanceof components
is available, not just the final coolingtoad.
For example,Figure 6 showssomeof the inside surface temperatures for the walls and windows
of the example.Thehigh calculated temperaturesindicate that additional insulation mightbe
appropriatefor this building.
Anotherexampleshowsthe procedurebeing used to determinehowchangesto the building structure can affect the cooling
load. The results from modelinga simple zone are shownin
Figure 7. The zone was a southwest comer zone with windows
on the south and west walls. The zone originally was modeled
with a suspendedceiling in the roof by using a roof construction
consistingof a layer of concrete,an air space,and a layer of ceiling tile. Thepropertiesof the layers are givenin the table below.
Notethat the thermalresistance of the air layer (E4) is specified
by the ratio of thickness to thermalconductivity(L/k).
The heat balance procedure was run with the three wall
layers as shown.Thenit was rerun without the air layer (E4).
This wouldbe equivalent to havingthe ceiling tile glued to the
bottom of the concrete. It was then run again with only the
concrete layer (C5). Theseruns are labeled SuspendedCeiling,
NoSuspendedCeiling, and NoSCNoTile, respectively, in the
legend. It is clear that the air spacein the suspended
ceiling has
someeffect, but the moresignificant effect comeswhenthe insulation of the ceiling tile is not present. It wouldbe easyto investigate the effect of reducingthe radiant transfer across the air
layer resulting from changing the surface emissivities. This
wouldchangethe effective thermal resistance of the air layer.
CONCLUDING REMARKS

Figure g ASHRAE
Fundamentals example using heat
balance procedure.
ASHRAE Transactions:
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This paper has presented a completeformulationof a heat
balance procedure for determining cooling loads. The fundamental assumptions involved in the zone model have been
presentedand their reasonablenessdiscussed. Incorporatingthe
467

energy analysis programs, DOE-2and BLAST,into a single
progambased on the heat balance procedure outlined in this
paper, it is an appropriatetime for the load calculation community to adoptthat procedureas well.
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