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1. INTRODUCTION 

SIMPLE METHODS FOR PREDICTING THERMAL 

BEHAVIOUR AND ENERGY CONSUMPTION IN BUILDINGS 

P. Brunella R. Zecchin 

Today' 5 designing needs call for an ever greater evaluation and comparison of different 
solutions to determine the optimum values of parameters such as glass surfaces, orienta
tion, type of insulation etc., so as to obtain a better building thermal behaviour. These 
evaluations do not only deal with energy requirements, but also with room temperatures 
existing in non air-conditioned rooms or with thermal loads in relation to given outside 
conditions. Mathematical models have been recently set up to enable the detailed simu
lation, by computer, of the thermal behaviour of buildings undergOing real meteorologi
cal conditions. 

These models, however, are not readily available and their use is so far difficult 
and expensive. Nevertheless, they permit easily the exploration of a great number of 
building types and of climatic conditions, thus determining the influence of the different 
parameters on the building's thermal balance. They are therefore particularly suitable 
to obtain the data necessary to establish simplified calculation methods for energy re
qUirements for the summer and winter climatization; such methods can be so simple as to 
be worked out manually or by small desk computers on the basis of only a few synthe
tic climatic data. This methodology has been adopted to obtain the algorithms here sub
mitted, the determination of which was set up as per NBSLD computer program 111. 

2. A SIMPLIFIED METHOD FOR THE ESTIMATION OF ENERGY CONSUMPTION 

2.1 Required input data 

The following algorithms permit the evaluation of energy needs for the heating andl 
or cooling of a building, the inside temperature of which is set within a specified tem
perature span by an appropriate system. The building's energy need is evaluated on 
the assumption that the plant capacity is always sufficient to maintain the temperature 
within these limits. To apply the procedure here suggested the following data are need
ed: 
A) Building' 5 data 

-Dimensions and orientation 
-Thermophysical properties of outer and inner walls. 
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B) Working conditions in the considered time span 
-Set-point inside temperature for the heating and/or cooling system 
-Mean number of air changes per time unit 
-Mean internal heat gains (lighting, occupants, etc.). 

C) Climatic data for the considered and previous time spans 
-Mean outside temperature 
-Total solar radiation falling on differently oriented surfaces 
-Mean wind velocity. 

These climatic data are easily obtainable from statistical evaluations already available 
for several places. 

2.2 Building's thermal balance 

In the considered P time span, for which the energy requirement has to be evalua
ted, one can list s quantities of energy E. (i::::l, s), going in and out the building; each 

1 
of them will be given a sign, the outgoing quantities being assumed as positive. As is 
shown later, in setting the building thermal balance, one can demonstrate that the heat
ing or cooling system energy requirements cannot be taken as the algebraic sum of the 
above quantities, in as much as some phenomena, due to the variable outside thermal 
conditions and to the building t s thermophysical characteristics occur. In the following 
pages, after having examined in detail the various components E., a calculation proced
ure (called "SMECC") of the above phenomena will be offered for the evaluation of the 
energy requirements. 

2.2.1 Heat amount transmitted through the envelope and caused by different outside and 
inside air temperature. EW is the amount of heat passing through the building's enve
lope (opaque walls and windows) following directly the temperature difference between 
the inside and the outside of the building. Being this difference variable and supposing 
for now a constant energy level of the envelope (this phenomenon will be studied in par. 
2.2.2), the total energy going through the envelope can be evaluated as if conditions 
were stationary; the difference of temperature between the inside and outside must be du
ly integrated. The energy quantity going through the envelope can be expressed: 

d P 
EW=f .J:. U. s. f 

.c IJ J J 0 

where: 

(t -t ) d.,
a e 

d: number of dispersing surfaces 
fc: reduction coefficient, defined below 

(1) 

when it comes to 
if cooling require

N=P IT the number of 

ta value will be equal to the set thermostat lower temperature t a , min 
evaluating heating requirements, or to the upper temperature ta max 
ments have to be determined. If T represents the day span 'and 
days in the considered period P, the integral of eq. (1) can be: 

I
p 

(t -tel d.,- =1. [J(i+l)T (t -t ) d.,-l 
o a 11 iT a e J 

Being tem,i the mean outside temperature of the day, one obtains: 

P N 

I (t -t ) d.,- = T.J:. (t -t ) . = T D o a e 11 a em 1 , 

(2) 

(3) 

the quantity D is usually called "degree days" for the considered period; the more wide
ly used method of calculating energy requirements (known as "degree- days method" /2/) 
is called after this quantity. Such method however allows only the calculation of heat 
amounts related to the inside and outside air temperature (Le. transmission through wal
ls and ventilation); solar radiation is not taken into consideration and therefore this 
method can only be used for winter conditions and even then, although conservative, it 
is inaccurate and not suitable anyway for the design stage whenever solar radiation can-
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not be neglected. To consider some of the free heat gains in winter conditions, the "de
gree-days" usually available are calculated referring to a temperature (17° + 19°C) lower 
than the value of the room temperature (t a = 20°C) and the summation is limited only to 
the days when tern is less than a set temperature (generally 12°C). To avoid confusion 
with the above "degree-daystl, reference is made in this paper to a tern temperature, 
which is the mean in the considered P time span, obtaining as per eq. (3): 

p 

f (t -t) d-r =T N (t -t ) o a e a em 

By using this relationship, eq. (1) becomes: 

d 
EW=fc Q:j 

1 
U, s,n N (t -t ) 

] ] a em 
(5) 

It is known that the transmittance U of each dispersing surface can be written: 

1 (6) 

where: 
u: number of layers of the wall 

The surface heat transfer coefficient a can be greatly varied by the wind velocity v and 
e 

by the outside finish of the wall; so the following relationship will be useful to calcu-
late a in W/m2K /3/: 

e 
a) rough surfaces a 

e 
10.75 + 1.12 v (7) 

b) glass surfaces 'ae 8.22 + 0.888 v - 0.0024 v 2 (8) 

For the surface heat transfer coefficient a , when estimating U, the standardized 
a 

values shown in handbooks and standards are 'used. It is, however, necessary to ob-
serve that for a correct evaluation of the amounts of heat passing through the walls de
fining the envelope of a room, one must also consider the mutual long wave heat exchange 
by radiation between the internal surfaces of the same; this influence is revealed by a 
change in the internal surface heat transfer coefficient depending on the number and 
type of transmitting surfaces. This phenomenon can be taken into consideration by in
cluding the standard value a of the internal surface heat transfer coefficient and by 
applying to the heat amount fhus evaluated a suitable correction coefficient f which de
pends only on the room characteristics. This coefficient has been determinea by setting 
up a detailed room thermal balance, so as to consider separately the thermal convection 
and radiation heat exchanges taking place on the internal wall surfaces, in different 
conditions /4/. So the following expression has been obtained for fc (see fig. ]): 

f 
c 

2 
1-0.19,4 Urn + 0.0207 Urn 

as a function of the mean room transmittance 

where: 

U 
m 

ST: total internal rOOm area. 

(9) 

Urn expressed in W/m2 K and defined as: 

(10) 

The fc coefficient evaluation, however free from problems in a single room, has to 
be carefully worked out when it comes to embrace a block of rooms as a whole. In fact, 
as consideration must be taken of the mutual thermal radiation exchanges between each 
external wall and the corresponding room at the back, in such a case, it will be neCes
sary to give Urn a suitable mean value in eq. (9). 
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2.2.2 Energy accumulated in the structures. In any P time span the energy require
ment of which has to be evaluated, the final temperature of the structure and therefore 
the energy accumulated in it is generally different from what it was initially; such 
quantity of energy has to be taken into account in the building thermal balance. An ex
act calculation would need to consider the initial and final mean temperatures of each 
building component in the given time. The available data are instead the mean air tem
peratures in the given time and in various other spans of time preceding it. Once these 
boundary conditions for every wall are known, one can estimate the related mean tempera-
tUres (t) between the inside and the outside during every time span. The temperature 
variations between two antecedent time spans are significant for the considered period de
pending on the thermal characteristics of the walls. If P is the walls "response time" 
/5/, the total energy variation for the i-th wall during Cf.he time span under considera
tion can be so approximated: 

where: 

Q,C,s,)S, { (1_1-1) 
] ] ] 1 

(-!'. )_exp(_2P J ... } (ll) 
Po,i Po,iJ 

t : mean wall temperature during the n-th antecedent time span. 
If p»p (and ti1Ps situation happens for normal structures with P>10 days), eq. (11) 
b 

0, i 
ecomes: 

u 

Lle i ;; Q;, (I,c,s,) Si (1_1-1) 
1] J ] ] 

( 12) 

The quantity L1ei is partly exchanged with the internal space, partly with the outside: 
by resorting to the prinCiple of effects superposition, one can approximate the heat quan
tily E, wholly exchanged with Ihe intern~1 space by Ihe i-th wall. as follows: 

1 

R, 1 
8 =f LI u (~+-) (13) i C ei i 2 a 

e 
If the building's wal1s subject to mean temperature variations are z 
tions and floors, if subject to summer overheating), the total energy 
considered building shall be: 

z 

EM = -1: 
l' 

E, 
1 

(including parli
exchanged for the 

2.2.3 Heat amounts due to ventilation and/or infiltration. The overall quantity of en-
ergy due to ventilation and external air infiltration during the period P, can be expres-
sed as: 

where: 

QC V(I -t )d't' 
a e 

Q density of outdoor air 
c specific heat of outdoor air 
V volume flow rate of outdoor air 

(15) 

hence, by means of simple developments, similar to what has already been seen in the 
previous paragraph, one obtains: 

where: 

EV= QC Vm (I -I ) T N 
a em 

V : mean flow rate during the considered time span. 
m 

(16) 

2.2.4 Heat amounts due to solar radiation on opaque walls. Solar radiation reaching the 
opaque external surfaces of the building is partially absorbed by it and therefore adds 
energy to the building itself. Using the concept of "sol-air" temperature t 

sa 
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where: 

a 
t =t + qr sa e a 

e 

a: hemispherical 
flux of solar 

absorbitance of the exterior surface 
radiation falling on that surface 

(17) 

and, as the effect of the outside temperature t has already been analysed in par. 
2.2.1, it is possible to compute the heat quantIty ER coming into the building by using 
the principle of effects superposition, like in: 

where: 

d a. 

ER = -f 1:. (US. t l.l (18) 
c 1J J J e J 

I.: amount of solar radiation falling per unit of surface 
J period P. 

in the given 

The values of solar radiation falling on differently oriented surfaces can be obtain
ed from the total radiation on horizontal surface by means of the procedure suggested in 
/6/. 

2.2.5 Heat amounts due to solar radiation on glass surfaces. The solar radiation arriv
ing on the building' 5 glass areas is absorbed, reflected outside and transmitted inside 
according to their -optical properties and its angle of incidence. As it is known, the 
amount of energy reaching the room can be satisfactorily expressed by the product of the 
S Its hading coefficient l1 characteristic of the glass considered /7/, with a value of 0.87 
that expresses approximately a single strength glass transmission coefficient. This 
amount of high frequency radiant energy is absorbed by the internal walls and later gi
ven back by convection to the air and by low frequency radiation to the surrounding sur
faces. If, according to the principle of effects of superposition, the temperature diffe
rence between the outside and inside air is nil, it 1 S easy to take into account the rela
tive temperature rise of the walls and the consequent convection-conduct ion heat loss to
wards the outside. Such phenomenon can be estimated by means of a reduction coefficient 
fr (see fig. 1) obtained from the room 1 s thermal balance, and it can be shown: 

2 
f =1-0.32U + 0.03 U (19) 
r rn rn 

where Urn (expressed in W/rn2 K) has expression (10). 

It is moreoever necessary to take into account another coefficient fJJ showing the average 
fraction of the glass area exposed to the sun in the given P time span, including shad
ing from rolling shutters, screens or other buildings. Therefore, if g is the number of 
windows in the building, the amount of energy for an internal balance shall be: 

where: 

I.: 
J 

S. : 
J 

g 

(; 'f! 5.1. 
J J J J 

(20) 

amount of solar radiation arriving per surface unit on the j-th win
dow in the P span of time 
area of the j -th window 

2.2.6 Heat amounts due to solar radiation storage in the buildings structures. As already 
seen in par. 2.2.2 for the effects of long term outside temperature variations, it is 
possible to treat similarly also the variations of the mean solar radiation intensity, by 
estimating the consequent mean temperature variations undergone by the structure. For 
this purpose, with the help of the superposition of the effects principle and the concept 
of I1so1-airl1 temperature, one can evaluate, with reference to steady state, the mean tem-
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perature (t r) of the different sunlit walls in contact with air at O°C on one side and 

on the other with air at a temperature: 

where: 

t' 
a qr 

a 
(21) 

q : mean solar radiation. flux per time unit falling on the wall 
r 

a : inside or outside surface heat transfer coefficient depending on the 
position of the considered surface. 

The calculation of variations of stored energy should be related to both the radia
tion arriving to the outside surfaces of the building and the one reaching the internal 
surfaces of the rooms; in the latter instance a certain distribution of solar radiation ar
riving through the windows onto the various internal surfaces must be assumed. 

In the temperatures t I, computed by 
spans, the procedure is altogether similar 
in the same hypotheses, the variation of 

11 

eq. (21) for the different walls in the P 

to the one in par. 2.2.2; in eq. (12) too, 
energy for any i-th wall can be written 

,de: ;, (Y. s.e.Q.)S. (t'l -t') 
1 i'i1111-

(22) 

where: 

u: number of layers of the wall 

time 
and 
as: 

From this, along with eq. (14), the total amount E of 
s 

during the considered time span P can be expressed as: 
stored solar energy exchang-

ed 

y Rw 1 
E = -f 1: ,de' U.(-+-) 

5 e Ii i 1 2 a 
(23) 

where: 

y: number of considered walls (generally different from the z number 
shown in eq. (13». 

Conclusions similar to the ones in par. 2.2.2 can be reached when the considered 
span is compared to the wall r s response time. 

2.2.7 Amounts of heat due to internal energy sources. Inside buildings one can find 
sources of energy other than those from air-conditioning system, like for instance the 
electric system, stoves, fridge r s condensers, electrical household appliances; people too 
can be considered. Heat transmission to the room happens mainly by convection and ra
diation; having mentioned in par.2.2.S how radiant energy affects the thermal balance of 
the building, it becomes clear that radiant components must be treated separately from 
the convection ones, by resorting precisely also to the f coefficient as in eq. (19). 

. r 
Therefore the heat amount due to Internal energy sources is expressed by: 

where: 

r 

E = - rf 1:. 
I [r l' 

(w ). 
rm 1 

e 

+l;(W).]TN 
11 em 1 

W mean thermal power originated by radiation in the time span P by 
rm the internal sources 

W : mean thermal power originated by convection in the time span P by 
cm the internal sources 

r number of radiant sources 

c : number of convective sources 
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2.3 Evaluating energy consumption. 

The heat amounts intervening in a building's thermal balance have been covered in 
the preceding paragraphs. As already seen, the sign of some of them is completely de
fined, while for others, it is related to the thermal condition to which the building un
dergoes in the given P time-span. Each of them can perform a pro or against role in 
regard to energy requirements, whether heating or cooling is studied. One must distin
guish also the case when, in a given time span, only the heating or cooling system is 
working, from the one when both are working in relation to the respective set-points. 

a) Energy requirements for heating only If the heating requirements of a building have 
to be estimated, all the amounts of energy with a positive sign (with an outgoing direc
tion) , will form an energy requirement which the system has to provide; Bindicates their 
total, so: 

e = };E. (VE. >0) , , (25) 

Yet in the building's thermal balance, the amount of energy needed is compensated 
by energy gains which, with a negative sign, have an incoming direction; let II be their 
sum, therefore: 

(26) 

It's easy to realize that the building's net requirements cannot be given simply by 
their algebraic sums: during the span P, in fact, the building's emerging and entering 
thermal powers are subject to remarkable variations (only think of the ones originated by 
solar radiation); there could be some spans of time when the energy gains are abundant 
in relation to heat losses, thus originating a rise in the internal temperature and the 
switching off of the system, with dispersions to the outside bigger than the ones evalua
ted with an inside temperature equal to the set-points. This way the addition of energy 
II is not fully utilized, and this must be considered in estimating the consumption C

H 
by inserting a reduction coefficient 'fJ that leads to: 

(27) 

The reduction coefficient'fJ can be expressed, not only as a function of the ratio 
S/IT in the given time between total loss and total gain, but also as a function of the 

thermophysical characteristics of the building and particularly its thermal inertia and 
mean transmittance; it is reasonable to assume that a bigger thermal inertia and a 
greater mean building's transmittance are both entities opposing the overheating caused 
by the peak loads of energy collected by the building. The mean transmittance can still 
be represented by the U parameter defined in (10), while the thermal inertia can be ta-

m 
ken into account by means of the specific mass defined as: 

M = [1 pS + ~ 1: ps] IS f (28) 
1J J J 1" , 

where: 

d number of dispersing walls 

b number of non dispersing walls 

p mass of every wall, per area unit 

Sf floor area of the room 

As already shown in /8/, whenever estimating M, particular attention must be paid 
to the position of insulation inside the walls, generally assuming that only the interior 
parts of the walls characterize the thermal inertia of the building. Moreover to estimate 
energy requirements of a group of rooms (e.g. a whole building), one must select a suit
able mean value for M from those of the single rooms. 
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Numerous tests, using NBSLD computer program, and considering various climatic 
data and very different buildings, have made it possible to obtain for'f} the trend report
ed in figs. 2, 3 and 4 for various values of U and different conditions of specific mass 

m 
M. An approximate analytical expression for 'f} is: 

(29) 

where: 

'P=[1.561 U - 0.151 U
2

+ 0.168 (~)_ 
m m 100 

0.016 ( M )2 0.126 ( M ) U 
100 - 100 m l 

. exp{- [1.58 ~ -0.126 ( ~ )2J} 

with the condition that when the resulting value of'f} is greater than e / IT one must as-
sume: 

'1)= 
e 
II 

(30) 

b) Energy requirements for cooling only In this case, contrary to the previous one, 
the energy requirement consists of the quantity of heat entering (negative sign), while 
the outflowing energy (positive sign) consists of !!free lt components in the global balance; 
therefore this time: 

e = 1;E (\IE", 0) 
J J 

(31) 

II=1;E. (\IE >0) 
I I 

(32) 

Since the phenomenon taking place in the building is largely the same as in the 
previous case, however reversed, it is possible to use the same methodology, writing 
again: 

C=6J+'I)II 
C 

(33) 

where for ~ the curves of figs. 2, 3 and 4 and expressions (29) and (30) are always 
valid in relation to 8/II and to the characteristics of the building. In this case, in 
fact. the quantities of heat directed towards the outside are inclined to lower the inter
nal temperature below the set-point expected of an air-conditioning system, reducing EW . 

c) Both cooling and heating required In the intermediary seasons and whenever the 
set-point values for heating and cooling units are very close, it could happen that in 
the same considered period of time P, heating and cooling are both required. In this 
case, therefore, in the sum (27) the quantities of heat Cc supplied by the cooling unit 
must be added (as a component of e ), and the same applies in the balance (33) for the 
quantity of heat C

H 
supplied by the heating system. The calculation therefore must be 

carried out by trial and error, calculating for exanr!-Jle C
H 

after having taken a certain 
C' to be included in (27); once C

H 
is known, one can then calculate Cc through eq. 

(3f); if Cc and C' C differ excessively the procedure must be repeated with the new va
lue of C (27), until convergence is reached. At this point the correct values of C and 
of Cc wHl be known. It must be pointed out that when the considered situation o~curs, 
the values of Cc and C

H 
are much lower than those of t9 and II; particular attention 

should therefore be paid in evaluating 1} to avoid relevant percent errors: anyway, these 
errors have generally a negligible infiuence on the overall seasonal balances. 

2.4 Influence of different parameters on n. 

The trend of the coefficient 'f}, as shown in figs. 2, 3 and 4, 
actual distribution of the incoming and outgoing quantities of heat 
building acts in such a way that the utilization of the "free energy" 
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higher the ratio filII. the thermal inertia of the building (specific mass M) and the 
hea t losses are. 

By recalling expressions (27) and (33). it can be easily verified that C : 0 only 
if 7] ::::: (jIll, while in observing the trend of'YJ it can be noted that even when "free l1 ener
gy (II) is slightly higher than the demand ( e). in many cases 'f/< e III. and therefore 
e :f. O. This fact can be explained taking into account that, even in these conditions, 
the inevitable time-delay between requirements and available "free" quantities of heat 
may cause the latter not to be able to cover moment by moment the energy requirements 
of the building. Furthermore, it should be pointed out that it is possible to have an 
idea, however very approximate, of the maximum variations occurring in the internal tem
perature in relation to a set-point temperature; in fact referring, for example, to the 
heating at a certain set-point temperature, the maximum overheating of the room corres
ponds to that temperature which, used as set-point for the air-conditioning, in the same 
period of time, will result in no consumption. 

2.5 Comparisons. 

The results obtainable with the above shown energy requirement forecast method 
have been compared, considering P 1 month, for different climatic and architectural 
conditions, with those provided by the complete NBSLD hourly simulation computer program. 
An example of this comparison is given in fig. 5. The reasonable agreement between the 
two methods has nevertheless brought forth the importance of evaluating the storage of 
energy in the structures whatever the span P examined. Yet besides the simplicity of 
applying this method and the easy accessibility of the climatic data required, it is poss
ible to obtain very detailed information on the influence exercised on energy consumption 
by the various morphological and constructive parameters of the building, thus allowing 
an evaluation of the benefit obtained from certain decisions, both in the planning and in 
the "retrofitting" stage. 

3. THERMAL LOAD AND INTERNAL TEMPERATURE EVALUATION 

A careful study of buildings on "design daysll is necessary both for the correct di
mensioning of climatization systems and for the determination of the degree of comfort in
side the rooms in the aDsence of air conditioning. A methodology allowing a very simp
lified yet precise enough calculation of the thermal load of a room and of the inside tem
perature in the absenc:e: of air conditioning during periodic conditions if offered (PTBE 
method) . 

3.1 Periodic transfer functions 

The behaviour of any phys,lc system can be described by a transfer function K re
lating to the output 0 (1: ) with the input H (1: ): 

o (1: ) K" H (1: ) (34) 

where a suitable convolution is symbolized by ~'(. 

In this case the system is a room, Le. some walls enclosing a volume of air, while 
the input parameters are heat gains due to: 

-heat conduction through the envelope 
-solar radiation incoming through glass, and the radiation component of possible 

internal heat sources (lighting, people etc.) 
-internal convective heat sources. 

Every acting quantity can be assumed to contribute to the room r S thermal load by 
means of a transfer function the determination of which is possible by observing that, as 
per eq. (34). it is defined as responses 0u ( 1:) to a single unit impulse Hu ( 1:'). It may 
be convenient not to treat as continuous functions the examined quantities, but to con-
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sider a suitable sampling (time series) at given L1 time intervals /9/. 
So if K. (j=l, .. 00) is the time series of 0u (7: ), the output at any k-th instant, to an 
input J ( 7: ), can be expressed as: 

.. 
o ~~. K. H(k' ) A (k 

k I]] -]+1 .a 
I, ..... ) (35) 

since all the previous values of the excitation play a part in any specific value of the 
output. When in periodic conditions, an expression like eq. (35) is used for determining 
any of the thermal loads components, it is necessary to adopt an iterative procedure. 
This calls for a complex calculation and hence the need of a computer. This drawback 
is avoided by introducing periodic functions. They express the response of the system 
when an impulse repeating indefinitely at exactly the same interval of time takes place, 
this condition being typical of the periodic state. In practice, by adopting these new 
functions there is no need of following in the calculations the iterative procedure neces
sary when the previously mentioned transfer functions are applied. In fact, if P is the 
time period, and n the number of intervals A in the time considered, (in this work A= Ih, 
n = 24, but the methodology is rather standard), the system's response in any k-th in
stant to a series of impulses Hj (j=l, .... n), if Xj(j=I, .... n) is the periodic transfer func
tion, is: 

n 

(k~I, ... n) (36) 

with h=k-j+1 if k-j+1 >0, or h=n+(k-j+l) if k-j+I';; O. 

By applying a modified version of BR-202A and BR-202B computer programs (NRC 
of Canada) the periodic transfer functions correlating the following entities have been 
determined: 

a) thermal load with outside air temperature 
b) thermal load with inside short wave radiation 
c) internal air temperature with convective heat gain. 

3.2 Thermal loads evaluation 

The algorithms for determining the various components of the thermal load, indivi
dually shown later, are presented with these distinctions: 
a) thermal conduction gains through the room's envelope 
b) solar radiation through glass areas 
c) heat gains due to internal energy sources 
d) heat gains due to ventilation. 

3.2.1 Input parameters In a room, the morphological and thermophysical characteristics 
of which are known, the heating or cooling loads required with a constant internal air 
temperature can be calculated specifying the following hourly parameters: 
-outside air temperature 
-radiation falling on differently oriented surfaces 
-air exchanges 
-value of all heat gains due to internal energy sources 
-portion of surface shadowed by external shading devices 

3.2.2 Thermal loads due to heat conduction through the building's envelope The opaque 
or transparent walls of a room are liable to heat conduction due to the temperature gra
dients establishing inside them because of both the temperature difference between inside 
and outside air and the occasional solar radiation impinging their external surface. Both 
parameters can be dealt with simultaneously by means of the tlsol-air" temperature (see 
eq. (]n ). The thermal load due to heat gains through the walls, Q

W 
at k-th hour can 

therefore be stated as: 
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with h=k-j+l if k-j+l > 0 or h=n",k-j+l) if k-j+l" 0 

where: 
d: number of dispersing walls 

fc : reduction coefficient (see eq. (9) ) 

b j : periodic function values 

(37) 

The b-values are given in Table I as a function of the specific mass of the wall, 
except for very lightweight walls (including windows ) the b-value of which are given 
in Table II as a function of the mass M of the whole structure (see eq. (28)). This 
parameter is very important because of its influence on mutual internal radiation ex
changes. 

3.2.3 Thermal load due to solar radiation falling on glass areas As already obser
ved, the high frequency radiation (qt) passing through a glass surface has a part in 
the thermal load only after having been absorbed by the internal surfaces of the build-
ing and having raised their temperatures; the component absorbed by the glass in-
stead, is only in part let through to the room, as thermal energy (qa)' by low frequen
cy radiation and convection, in relation to the thermophysical characteristics of that 
glass. Leaving aside the glass thermal capacity, the thermal radiation absorbed by a 
layer j-th (glass or screen) of the window (qg,j)' is instantly delivered to the inside, 

(qt'),and to the outside (qttj),in connection with the total thermal resistance (Rtj and 
Rtt~) linking the surface to the inside and outside: 

Q" r Q' - -R" R' 
a litH 1111: a 

These fluxes, along with the principle of effects superposition, are not depend
ent from inside and outside air temperatures, and turn out to be: 

q' . 
J 

R" 
j q . 

g,J 
(38) 

Estimating thus all the different radiation fluxes absorbed in relation to the 
different w elements of the window investigated, the total radiation q k transmitted to 
the room by the window at k-th hour, as a result of this phenomenon fs': 

w R" 
j 

Rtt + R t 
j j 

q . k g, J , 
(39) 

Let us observe that in estimating the R 1. and Rtt reslstances, the values in 
/10/ can be used; it is particularly necessary td use a Jurface standard coefficient aa 
on the inside surface of the window, summing up the convection and infrared radiation 
effects. The magnitudes of radiation transmitted and absorbed by the various surfaces 
in the window can be defined by resorting to the xj(j=l, ..... . w+l) coefficients, shown 
in /7/ for a wide range of cases, and stated as the ratio between the energy absorbed 
by the layer examined and that (J) wholly transmitted by a single strength glass (the 
coefficient xl' regarding the radiation absorbed by the room, will particularly pro
vide the ene~gy' qt sent as radiation): 

x. 
J 

(j=l, .... w) 
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qt 
xw+1 ~-J-

According to eq. (40), eq. (39) becomes: 

R" 
j 

RI1 + R' 
j j 

sen. 
It can be ascertaIned that the x coefficients are 

The estimate of the contnbution to
l 

the thermal load 
two effects of solar radiation, can be obtained through 

n 

b i qa,h - fr~i u i 

with h~k-i+1 if k-i+1 >0 or 

where: 

g: number of windows 
S: window' 5 sunlit area 

not dependent on 
Q at k-th hour 
the following 

(40b) 

W) 

the hour cho
due to these 
relationship: 

(42 ) 

b i : periodic functions, shown in tab. II, as a function of the speci
fic mass of the structure 

ui: periodic functions, shown in tab. I I I, as a function of the speci
fic mass of the structure 

f r : reduction coefficient given by eq. (19) 

The solar radiation heat gains are very often calculated by means of the "Shad
ing Coefficient" (Ii) /10/ defined as the ratio between the total heat gain (sum of 
transmitted and absorbed radiation) of the considered window and that of a single stre
ngth glass. If one wants to use this method, only the sum 

(43 ) 

can be calculated, but the subdivision of any energy gain between qa and qt is left to 
the wise choice of the designer. 

3.2.4 Thermal load gains due to internal energy sources Internal energy sources quite 
often exist inside buildings causing thermal exchanges by convection or radiation: 
therefore, it is necessary in this case to determine appropriately the consequences on 
the thermal load. considering at k-th hour the convection component qc as a direct con
tributor to the thermal load, and using for radiation fluxes qr the relative transfer 
function u i . Consequently the thermal load component Qr. due to internal sources, can 
be written as: 

(44 ) 

with h=k-j+1 if k-J+1> 0 or h~n+(k-j+l) if k-j+1"; 0 

3.2.5 Thermal load due to ventilation The presence of external air due to ventila
tion or to any infiltration through the envelope, gives the thermal load an additional 
contribution Q

V 
that, for the k-th instant, can be calculated as follows: 

(45 ) 

where: 
V

k 
volume flow rate of outdoor air 

3.3 Total thermal load 

The whole thermal load can be calculated, hour by hour. as the sum of the con-
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tributions shown in the paragraphs above: 

(46) 

3.4 Inside temperature variations without climatization 

It is very often necessary to know the level of the inside temperature in ab
sence of HVAC system. This problem is particularly important as the energy crisis re
quires positive choices for buildings to limit heating energy consumptions (insulation 
values, ratio between windows and opaque walls, etc.): such architectural solutions, 
especially in summertime, could give rise to overheating and so make living uncomfort
able. 

This paragraph shows a simplified methodology that allows the calculation of 
internal temperature variations in absence of climatization from the knowledge of the 
thermal loads necessary to maintain given fixed and arbitrary conditions t·. The fol

a 
lowing relationship can in fact be obtained for ta: 

n 

t k = t' + 2:. (y. - Ay) Q
T 

h (47) 

with h=k-i+l if 
a, a 11 1 , 

k-i+l > 0 or h=n+(k-i+l) if k-i+l <;; 0 

where: 

QT: room's thermal load as per eq. (46) for constant internal temperature 

y i: periodic transfer function value 

,1y: correction term 

t' 
a 

The y-values are given in tab. IV as a function of the specific mass M of the 
(see eq. (28) ); the correction term Lly depends on the mean transmittance Urn G:icfined by 
eq. (10) ) and is given by the relationship: 

Lly = 0.2532 - 0.2350/U + O.0269/Um
2 - 0.0035/U 3 (48) m m 

and if y. - Ay<;; 0 one will assume y. - Ay = 0 
1 1 

3.5 Comparison 

The results obtained with the above shown method are compared in figs. 6 and 
7 with those of NBSLD computer program, with reference to the two rooms shown in the 
same figures and considering solar radiation corresponding to a cloudless sky at 21st 
July (latitude 40 0 N); the external air temperature varies between 23°C and 34°C. 

4. CONCLUSION 

By using only pocket or desk-top calculators, the above illustrated methods of
fer an accurate evaluation of some important quantities for estimating the thermal per-· 
formance of buildings, i.e. total energy consumption for given periods and, on lIdesign 
daysll, hourly thermal loads and internal temperature variations. The results obtainable 
are in very good agreement with those from very detailed mathematical models running 
on large computers; however theoretic, this agreement proves the consistency of the 
methods here presented along with those more sophisticated which, in their turn, have 
been experimentally checked with satisfactory results. By considering separately the 
effects of the different input parameters, the methodology used allows assessing also 
which of them are significant in a particular case: besides being basic for design con
siderations, this assessment permits the calculation itself to be performed at different 
complexity levels. 
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NOMENCLATURE 

absorption coefficient a 
b 
c 

periodic conduction transfer function 
specific heat 

C 
D 

E 
f 
H 
I 
K 

M 
N 

P 
P 

Po 
q 
Q 
R 
5 

S 
t 

T 
u 

U 

energy consumption 
degree-days 
amount of energy 
reduction coefficient 

input 
solar radiation 
transfer function 
specific mass of the structure 
number of days 
specific mass of the wall 
time span, period 
response time 
heat flux 
thermal load 
therma 1 resistance 
thickness 
area 
temperature 
day span 
periodic radiation transfer function 
overall thermal transmittance 
mean wind velocity 
flow rate of exterior air 
internal energy sources 
periodic transfer function 

v 
V 

W 
X 
y 

J 
a 

periodic internal temperature transfer function 
solar heat gain through a single strength glass 
surface heat transfer coefficient 

"I 
e 
A
n 
Q 
,,; 

efficiency 
total lIenergy requirement" 
thermal conductivity 
total lIfree energylt 

density 
time 

SUBSCRIPTS 

a inside 
c convection 
C cooling 
e outside 
f floor 
F radiation through the windows 
g absorbed 
H heating 
I internal energy sources 
m mean 
M long term temperature variation 
max maximum 
min minimum 
r radiation 
R radiation absorbed by the external surfaces 
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( ) 

( ) 

( J/kgK ) 
( J ) 
( K ) 

( J ) 
( ) 
( ) 

( J/m2 ) 
( ) 

( kg/m2 ) 
( ) 

( kg/m2 ) 
( 5 ) 

( 5 ) 

( W/m2 ) 
( W ) 
( m2K/W ) 
( m ) 

( m2 ) 
( K ) 

( 5 ) 

( ) 

( W/m 2K ) 

( m/s ) 
( m3 Is ) 
( J ) 
( ) 

( K/W ) 
( W/m2) 

( W/m 2K ) 
( ) 

( J ) 
( W/mK) 
( J ) 
( kg/m3 ) 
( 5 ) 



S long term radiation variation 
sa sol-air 
t transmitted 
T total 
V ventilation 
w wall 
W conduction through the envelope 
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~ 

~ kg/m 
1 Z. 3 4- , 6 -, 8 9 10 11 1l 13 14 15 16 17 18 1, 20 Z1 2.2. 23 Z4 I 

, 

80 .018 .098 .14-0 .130 .105 .082 .065 .052 .04 • • 036 .031 .027 .024- .Oz.t .019 .017 .015 .014- • 013 .012 .011 .0lD .009 .008 
150 .012 .026 .057 .079 .086 • 087 .083 .074 .065 .0581.052 .046 .040 .035 .032 .028 .0Z.5 .Ol2 .020 .018 .016 .014 .013 .012 
300 .024 .024 .0251.027 .044 .049 .055 • 058 .060 .058 .• 056 .055 • 053 • 050 .048 .045 i .043 .039 .037 .034 .03Z .030 .028 .022 
500 .033 .032 .031 .032 • 035 .038 .042 • 045 .047 .0481.049 .050 .051 .049 .048 .04-7 1. 046 .045 .043 .041 .039 .038 .036[.035 
800 .038 .037 .036 .036 • 036 .036 .038 .040 .042 .044 .0't5 • 046 .047 .047 .046 .O~ .046 .045 .044- .043 .042 .04-1 .040 .039 

TAB. I values of Condunction Transfer Functions, depending on the mass of the wall ( p ~80 kg/m
2 

). 

~ kg/m 1 2 3 4- 5 6 7 9 9 La 11 12 13 14- 15 16 17 18 19 ZO U U 23 24 

150 .b09 • 1 z.4- .083 .057 • 04-0 .027 .018 .013 .009 .006 .004 .003 .002 .001 .001 .001 .0 .0 .0 .0 .0 .0 .0 .0 
300 .507 .508 .044- .037 .032 .030 .028 .Oa6 .021r .022 .oao .019 .018 .017 .016 .015 • 014- .013 .012 .011 .010 .009 .009 .009 
500 .504- .056 .04-3 .036 .031 .029 .02.7 .025 .023 .Oal .02.0 .019 .018 .017 .016 .015 .01+ .014 .013 .013 .Oll .012. .011 .011 
aoo .502 .055 .042 • 015 .031 .028 .02.6 .024 .022 .OU .020 , . 

.019 :018 .017 .016 .01S .015 .015 .014- .014 .014- .013 • 013 .013 

TAB. II, values of Conduction Transfer Functions for very lightweight walls ( p < 80 kg/m
2 

), depending on the mass of 

the structure. 

~ kg/m 
1 2. 3 4- 5 6 7 8 9 10 lL 12. 13 14- lS 16 17 18 19 2.0 21 at 23 Zot 

150 .314 .112 .119 • 089 .068 .052. .OH .032 .02.5 .019 .015 .01% .009 .007 .006 • 005 .004 • 003 • 002 • OOZ .001 .001 .001 .001 
300 .2:n .132. .098 .079 .065 .056 .048 .042 .036 .052- .OU .025 .OU .019 .017 .015 .0Ilt .009 .008 .007 .006 .005 .004 .003 
sao .156 • 09: • 072 .061 .055 .051 .04-7 .044 .041 .038 .OM .031r .032 .030 .028 .026 .02+ .02.2 .021 .020 .au .018 .017 .016 
800 .138 .083 • 067 .057 .052 • 048 .04-5 .042 .040 .038 • 036 .03+ .032 .031 .030 .029 .028 .027 .DZ6 .OZ5 .024 .023 • 02.3 .Oll 

--- -------- --------- _______ 1--- _______________ L--L-- __________ L..... L~ ~ ~ -

TAB. III values of Radiation Transfer Functions, depending on the mass of the structure. 

~ "1m 
1 2- 3 Ir S 6 7 8 9 10 1.1 12 n 14 15 16 11 18 19 2.0 2.1 22. 230 2.4 

1.50 1.629 .386 • :l6S .3.31 .314- .2.97 .283 .2.66 .2.53 .2.39 .229 .218 .208 .198 .188 .177 .167 .161 .154- .14-7 .14-0 .133 .126 .119 
300 1.468 .324 .300 .2.80 .266 .256 .249 .2.42. .23' .232 .229 .22.5 .222 .%18 .215 .211 .208 .205 .201. .198 .195 .191 .188 .186 
SaO 1.400 .283 .2.69 • 2.6~ .256 .2.52 .24-6 .242 .23' • a;;6 .2202 • 2.2.~ .22.5 .22.2 .220 .218 .2.16 .215 .214 .213 .212. • all .2.10 .209 
800 1.365 .273 .266 .2.60 .2.53 • 2.4~ • z't-5 • l.421·2~9 .2S6 .234 .232. .230 .228 .227 .226 .22.5 .224 .223 .lIZ .HZ .22:l .22.1 .221 

TAB. IV values of Temperature Transfer Functions ( expressed in 10
3 

K/W ), depending on the mass of the structure. 
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OPAQUE WALL: 
P=200 Kg!m' 
U=0.55 w!m' K 

sm,JmI~1 i WINDOW: U=3.5 W/m2 K 

Sm' =if _SMECC 
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Fig. 5 energy consumptions: compa
risons between NBSLD and 
SMECC methods. 
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cooling load and room temperature 
without HVAC System: comparison bet
ween NBSLD and prBE methods. 
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Fig. 7 cooling load and room temperature 
without HVAC System: comparison bet
ween NBSLD and prBE methods. 
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