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SUMMARY 

A computermodel has been developed with which the dynamic ther
mal environment in buildings can be simulated under the influence of 
the outdoor-elimate and any present heat-sourees inside the building. 
The input of the necessary building data can be realized in a very 
simple, conversational, way. 
For the solution of the heat-conduction equation's and corresponding 
boundary conditions the finite difference method has been used, which 
method provides the user with the most detailed results concerning the 
thermal behaviour of the building and building construction. 
The discretization according to Crank Nicolson is a guarantee for uncon
ditional stability • 
. This computermodel, whose reliability has been tested in a number of 
practical situations, can both be used for the computation of the ther
mal behaviour of buildings under extreme weather conditions in order to 
determine the maximal occuring heating- and cooling demands or room-air 
temperatures, and for energy consumption computations during a reference 
period, for the purpose of which a reference-year with meteorological 
data has been developed representative of a ten-year period of weather 
data. · 
The influence of the balance between the use of daylight and artificial 
light can also be included in these energy considerations. 
With the aid of this computermodel two design aids have been developed, 
which, during the design process of a building, simply and quickly pro
vide a reliablè insight into the energetical consequences of the various 
design solutions in relation to: 
1. The heat demand of the building during an average winter season. 
2. The necessity of using artificial cooling in the building under sum

mer conditions. 
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I. INTRODUCTION 

It is generally assumed that as a result of running out of 
fossil fuel supplies energy consumption in all sectors of our society 
will have to be drastically reduced in future on economie, social and 
political grounds. 
In case of economie considerations we might think of a sharp increase 
of the energy prices in the wor1d market on the one hand as a result of 
an ever-increasing scarcity on account of deel ining suppl i es, on. the 
other hand through the necessity of ever-increasing investments on 
extraction, e.g. owing to the dwindling oil- and gas fields. thinner 
coal strata at greater depths, nuclear plants and alternative sourees 
of energy, such as sun and wind. As social considerations the problems 
of storing radio-active waste could be mentioned, as well as problems 
arising from warming surface water by power-stations and the atmospheric 
pollution through coal gasification. Finally, in the case of political 
considerations, we might think of the dependenee on other countries in 
possession of primary energy-sources. the possibility of manufacturing 
nuclear weapons from fission-material available at an increasing number 
of places, and the possibility of political actions directe9 against 
large energy concentrations such as nuclear plants and depots for liquid 
natural gas. Against the dwindling fossil fuel supplies there are still 
no optimistic prospects of future alternative energy-sources, and, as 
long as there is no change for the better in this respect, drastic eco
nomy measures on energy consumption are very desirable. 
The energy crisis has demonstrated the vulnerability of an industrial 
society with a high and still increasing energy consumption, even if it 
possesses an important local souree for its energy supply. As far as 
The Netherlands are concerned this dependenee will be enhanced in future, 
when the local supplies of natural gas, a large amount of which is still 
being exported at the moment, are exhausted. Consequently, a sharp re
duction of energy consumption is a matter of the highest priority for 
The Netherlands. 
Of the total national primary energy consumption 24% is used in indus
try, 13% in transport, 22% in power-stations and 10% in chemical indus
try. Over 30% of the total energy consumption is accounted for by the 
so-called •rest consumption•, of which heating and cooling of houses 
and buildings claim considerably more than half. 
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Savings in this sector of 40 or 50%, which are certainly within reach, 
yield a reduction of 10% in the total national consumption pattern. 
For this purpose large, and economically justified ,investments are 
necessary. 
In the light of these facts it is significant to conduct research into 
the ways energy consumption can be reduced in our present and future 
houses ,and buildings. 
The research as described in this thesis will mainly deal with houses 
and buildings to be designed in future. Point of departure will be 
Dutch conditions as regards elimate and tradition of building. 

Essential for gaining a good insight into the energy consumption of 
buildings relating to heating and cooling is the development of a good 
methodology,with whichthe influence of the designfora building on 
the expected energy consumption in the future can be predicted in a 
reliable way. It also gives an insight into the measures that can be 
taken in designing to attain considerable savings in energy consumption. 
Since this method must give an accurate description of the thermal be
haviour of buildings in relation to the exterior climate. the develop
ment of a mathematical model has been conceived of. in which the ther
mal environment of a building is described. depending on a number of 
external and internal factors. such as sun. wind, temperature. internal 
heat-sources. etc. 
The computermodel has proved its reliability in a number of practical 
situations. 
Special care should be taken with the practicality of the program by 
non-specialists. With the aid of the model and a justifiable selection 
of meteorological data it is possible, on the one hand, to gain an in
sight into the thermal behaviour of a building under extreme climate· 
conditions, whereas on the other hand an estimate can be formed of the 
energy-requirements of that building over a longer reference period. 
The influence of the balance between daylight and artificial light can 
also be included into these energetical considerations. 

However such a computermodel is unfit as a tool in designing during the 
first stages of the design process of a building. In that phase a number 
of decisions are made with farreaching consequences for the future ener
getical behaviour of that building, decisions which one would like to 
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judge on the basis of their energy consumption over longer periods. 
This is impossible through lack of detailed architectural data during 
those stages and through costly computertime. Where this need arises 
during the design process, it is essential to have simple and quick 
methods available. that. nevertheless, give a reliably comparative in
sight into the energetical consequences of the various architectural 
alternatives that come on for discussion during that stage of the de
sign process. In this conneetion we might think of two design aids re
lating to the computation of the energy requirements over an average 
winter-period, and the exceeding indoor-air temperatures under summer 
conditions. 
On behalf of the development of these design aids, both dealing with 
the dynamic thermal behaviour of buildings under a specified selection 
of meteorological data, the dynamical computermodel is used instead of 
analytical methods for two reasons. Firstly the thermal environment in 
a building is so complex by the number of parameters involved that ana
lytical methods are hardly adequate to develope design aids in which 
the thermal behaviour of a building design under the influence of all 
parameters is visualized in a simple way. Secondly when once a computer
model is available, in which all parameters are thorourghly ellaborated 
the development of design aids with this model as a tool can provide 
much faster suitable results than can be expected of analytical methods. 
The objective of this research is to develop a set of aids with which 
it will be possible to design future houses and buildings in such a way 
as to sharply reduce their energy consumption for heating and cooling. 
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1. A MATHEMATICAL COMPUTERMODEL DESCRIBING 
THE THERMAL ENVIRONMENT IN BUILDING$ 

2.1 Introduetion 

The thennal environment in a building is characterized mainly 
by non-stationary outside parameters such as solar radiation, air tem
perature, wind speed and direction. As a result a number of problems 
related to the thermal behaviour of a building can not be solved 
accurately enough with analytical calculations. Two devices are then 
at our disposal; the analogon and digital computer. 
In the past the analogons were used frequently, their principle being 
based on the use of analogies between electrical and thermal phenomena. 
These analogons, however, have two disadvantages. First the input of 
real daily weathercycles causes great difficulties and secondly a new 
analogon lay-out is needed for each room, of which the heating or coo
ling load has to be calculated. This is very time consuming and requi
res a thorough knowledge of the analogon. So it can hardly be called a 
design aid for a building. 

Thanks to the development of the digital computer it is possible to use 
accurate numerical solution methods, where the input of real daily cyc
les is no problem. The development of such a computerprogram however 
takes much time and requires a computer with a great memory-capacity, 
but when these requirements are fulfilled, the digital method is very 
much to be preferred. 
The quality of a numerical calculation method depends on the way in 
which the Fourier-equations for the thermal condition and the boundary 
conditions are solved. 
At this moment there are a number of computerprograms in the world in 
which the thermal behaviour of rooms is described in a more or less 
extensive and accurate way [2-9]. 
The computerprogram as it is described in this thesis, differs from 
most other programs in a number of specific features. 
1. For the numerical solution of the Fourier-equation the finite diffe

rence method is used, because this method provides the most detailed 
data of the thermal behaviour of a building and building construc
tion. The method of Crank-Nicolson [10] is used for the discretiza
tion of the Fourier-equation. 
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2. The heat-exchange by radiation between the walls in a room has been 
taken into account. 

3, The calculation can be carried out for a number of rooms at the same 
time. The rooms are coupled in the program by the heat-exchange 
through the partition walls. 

4. A fourth specific feature of the computermodel is that it is written 
in a conversational mode, so that the required input data can be 
entered as answers to questions asked by the computer. 
This has two advantages: 
1. It is not necessary for the program user to be a specialist in 

the field. 
2. The conversational mode gives the user the possibility to intro

duce in a simple way changes in the input data to compare diffe
rent solutions. In this way it is possible to quickly examine the 
influence of windowsize, composition of walls etc •• 

2.2 The components of the heat bolanee in a room 

The thermal behaviour of a building is determined by a number 
of external and internal sourees acting upon that building. 
These sourees are: 
- outside air temperature; 
- solar radiation absorbed by and/or transmitted through the facade; 
- wind velocity and direction; 
- internal heat production by occupants, lighting, etc.; 
- installed devices to control the indoor air temperature. 
These sourees act upon the thermal condition of the building through 
three types of heat transfer: conduction, radiation and convection. 
Figure 1 shows the places where and how in a room the heat transfer 
occurs. 
The heat flows in this figure represent: 
1. Heat conduction through the walls. 
2. Heat exchange between the external walls and external environment 

by rad1ation and convection. 
3. Absorption of solar radiation by the non-transparent part of the 

external walls. 
4. Solar transmission through the windows absorbed by the internal 

wall surfaces. 
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5. Convective heat exchange between the walls and the indoor air. 
6. Radiative heat exchange between the walls in the room. 
7. Heat transfer by radiation and convection as a result of internal 

heat sources. 
8. Convective heat exchange between the innerwalls and adjacent rooms. 
9. Radiative heat exchange between the innerwalls and the walls in the 

adjacent rooms. 
10. Heat exchange between in- and outdoor air by infiltration and/or 

ventilation. 

Fig. 1. Heat flows in a room of a building. 

In this model the following approximations are taken into account: 
1. The air temperature in a room is uniform. 
2. The surface temperature of each wall is uniform. 
3. The solar radiation, transmitted through the windows of a room. is 

primarily distributed in such a way that: 
1. each wall receives the same heat flux density by diffuse radiation; 
2. the floor of the room receives the direct radiation. 

4. The radiant temperature of the external environment is equal to the 
outside air temperature. 

5. By means of an ideal temperature control the air temperature in a room 
can be maintained toa certain level. 
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2.3 Heat transfer equations 

In each wall of a room the heat transfer occurs as heat conduc
tion (fig.l,l).A wall can be built up out of an arbitrary number of 
layers separated from each other by cavities or not. A schematic cross 
section of a wall, built up out of a number of layers, is shown in the 
next diagram: 

outs i de d d inside 

Layer j is positioned between x=dj and x=dj_1. The outer side of the 
wall (at x=d

0
) has temperature T

0 
and a heat flux density Q

0 
from out

side into the wall; the inner side (at x=d
0

) has temperature Tw and a 
heat flux density Qw from the wall into the room. 

Inside each layer j the non-stationary heat conduction is described by 
the Fourier equation: 

where: 
Tj(x,t) 

aj 
Àj 

pj.cj 

(2.1) 

= temperature in layer j at place x and timet (O C); 
= thermal diffusivity in layer j (m2/s); 
= thermal conductivity (W/m.K);. 
=volumetrie heat capacity (J/m3.K). 

If a wall is built up out of more than one layer there are two possibi
lities: 
1. There is a cavity between two layers j and j+1. This cavity is situa

ted at x=dj. 
On the boundary surfaces the following two conditions are valid: 
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where: 

{2.2) 

Aca(t) =heat transfer coefficient for the cavity (W/m2 .K). 
This coefficient is dependent on the temperatures Tj+l 
and Tj of the boundaries of the cavity. 

2. There is no cavity between two layers. On the interface of the layers, 
as a result of the continuity of temperature and heat flux, we have: 

Tj(dj) = Tj+l{dj) 

and 

->; ( ',J ) x-dj • ->j+l ( >T~;t) x•d; 

(2.3) 

The internal boundary condition for the heat transfer of a wall i to 
the room and the other walls is described by: 

where: 
Qw,i = heat flux density from wall i totheroom (W/m2), 

The external boundary condition for wall i is described by: 

( liTl) 
-Àl - = Q i ax x=d o, 

0 

where: 

(2.4) 

(2.5) 

Q
0
,; =heat flux density from the external environment or the 

adjacent room to wall i. 
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The heat exchange inside the room can be subdivided into four types of 
heat transfer: 
1. Heat exchange by convection between wall i and the indoor air 

(fig. 1,5); 

where: 

(2.6) 

Qc,i(t) = convective heat flux density from wall j at timet 
(W/m2 ); 

ai,c(t) = temperature dependent internal convective heat trans
fer coefficient {W/m2.K); 

Tw,;(t) = internal wall surface temperature of wall i; 
Ta(t) = room-air temperature. 

2. Heat exchange between wall i and wall j intheroom (fig. 1,6): 

Q •• (t) =a .F .. (T .(t)-T .(t)) 
l,J r l,J W,l W,J 

(2.7) 

where: 
Q .. (t) = radiative heat flux density from wall i to wall j 

1 ,J 
(W/m2); 

ar 
F .. 
l,J 

= radiative heat transfer coefficient (W/m2.K); 
= geometrie factor between wall i and wall j. 

3. Heat transfer by direct and diffuse solar radiation to wall 
mitted through the windows g {fig. 1,4): 

where: 
Qs,;(t) = absorbed solar radiation in wall i (W/m2); 

trans-

(2.8) 

Qs,g(t) = transmitted diffuse radiation through window g (W/m2); 
Q~,g(t) = transmitted direct radiation through window g {W/m2); 
Ag = window area (m2); 
A; = floor area; 
At = total area of the walls in the room. 

The term between brackets is only used when wall i is the floor. 
4. Radiative heat transfer from internal heat sourees to wall i 

(fig. 1,7): 
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(2. 9) 

where: 
Qh .(t) = absorbed radiation in wall i (W/m2 ); ,, 
Qh{t} = internal heat production (W}; 
f = convective fraction of the heat production. 

The balance equation between the various_ heat flows passing the in
terior boundary of wall i is: 

{2.10) 

If the equations (2.6) to (2.9) are inserted into {2.10) a linear re
lation between Qw,i' the air temperature Ta• the internal wall surface 
temperatures Tw,i and known souree terms results. 

The heat exchange between the external walls and the environment of the 
building consists of two heat flows: 
1. heat exchange by convection and radiation (fig. 1,2); 
2. absorption of solar radiation (fig. 1,3}. 
These external walls can be subdivided into: 
1. The non-transparent parts of the walls; the following condition at 

the exterior boundary of wall i is valid: 

where: 

(2.11) 

a1 = absorption factor of wall i for solar radiation; 
Qsi(t) = incident solar radiation (W/m2 ) at timet; 
o.e\~) "' e.;.t<:it.r.l h(l&t ~ransfer coefficient for convection and 

radiation (W/m2.K); 
Te(t) = outside air temperature; 
T

0
,i(t)= exterior wall surface temperature of wall i. 

2. For a window the condition at its exterior boundary is: 

where: 

(2.12) 

Qsa,1(t) = absorb~ solar radiation in the first glass pane at 
time t (Wfm2). 
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The exterior boundary condition for the internal walls Q
0
,;(t) is 

the same as the interior boundary condition (2.10), with the distinc
tion ~hat a number of quantities refer to the adjacent room. 

The heat balance in the room, accounting for heat'content of air, con
vective heat transfer from the walls, the convective part of the inter
nal heat sourees and ventilation and infiltration is: 

where: 

aT 
p .c .V~= LA .. Q .(t)+f.Qh(t)+ a a d~ i 1 c,1 

Pa= mass density of air (kg/m3); 
ca = specific heat capacity of air (J/kg.K); 
V = room volume (m3); 
v = ventilation rate (1/h). 

(2.13} 

The term Q{t} in this equation is equal to 0 when there is no tempera
ture control in the room. When in the room the temperature is maintain
ed at a certain prescribed level T {t) by a control system; which sup-

- a . . 
plies a certain amount of energy Q(t) to the room, the quantity Ta{t) 
in this equation is known and Q(t) unknown. 

2.4 Discretization of the Fourier equation 

For the discretization of the Fourier equation the method of 
Crank Nicolson [10] is used. This implicit rnethod has the advantage 
above other methods that its stability is unconditional under all cir
cumstances. This is very important in our case because large and inde
pendent variations may occur in the step widths in space (0.001<h<1) 
and time {60<k<3600). 
The discrete heat conduction equation (2.1) is then given by: 
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where: d.-d. 1 
= N~-N~- , the step width in layer j {m); 

J J-1 
d. = thickness between the exterior boundàry and 1 ayer j (m); 
J-1 

N. 1 = the number of steps betWeen the exterior boundary and J-
the beginning of layer j. 

Joining the unknown terms together this comes to: 

(2.15) 

A suitable discretization of the boundary conditions is found by using 
Taylor expansions [10] around a point x: 

( aT) h2 (a2T) T{x±h,t} = T{x,t)±h ax + T ax2 + ..... (2.16) 

( aT) 2 (a2T) -T(x±2h,t) =T(x,t)±2h ax + 2h ax
2 

+ ••••• (2.17) 

After elimination of the second-order derivates we find the following 
forward and backward discretization of the first derfvative at x: 

(~~) = (-3T(x,t)+4T(x+h,t)-T(x+2h,t})/2h 

(;!) = ( 3T{x,t}-4T{x-h,t)+T(x-2h,t})/2h 

{2.18) 

(2.19) 

If a wall is built up out of more than one layer and if there is a 
cavity between two layers j and j+l situated at x=x., where i=N. the 

1 J. 
discretization of the transitional equation (2.2) is given by: 
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Àj+l ( ' ) 
- 2hj+l ,-3Tj+l{x1,t}+4Tj+l(Xi+l't}-Tj+l(xi+2,t) = 

Aca(t-k) (rj{x1,t)-Tj+l(x1.t)) (2.20) 

where: 
Aca<t-k) = temperature dependent convective heat transfer coef

ficient from the previous time step t-k. 
Without a cavity between the layers j and j+1 equation (2.20) changes 
into: 

The discretization of the internal boundary condition (2.4) of an 
n-layer wall, situated~at x=xN. where N=Nn• is given by: 

(2.21) 

(2.22} 

For the external boundary conditions (2.5) a similar discretization 
is used. 

For the discretization of the heat balance equation (2.13) the trape
zoidel rule could be used as well. 
Using this rule the equation: 

(2.23) 

is described as: 

(Q(t}+Q(t-k})/2 (2.24} 
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Since the heat capacity of the room air is very low, compared with the 
heat capacity of the walls, a more simple discretization is sufficient, 

viz.: 

(2. 25) 

Moreover it yields greater stability, which is usefu11 since we want 
to use values of k which may be larger than the time constant 

Pa·ca.V/fA;a;c(t-k) of the room air. 

2.5 Methad of salution 

This paragraph deals with the method in which the set of diffe
'rence equations, as they are described in the previous paragraphs, are 
solved. For each wall in the room the equations are, with the exception 
of the balance equation for the indoor air (2.25), combined into a set 
of equations. 
The matrices of these sets of equations are built up as follows: 
- The first row corresponds with condition at the exterior boundary of 

the waH in question. This may be a closed facade, a window or an in
terna 1 wa 11 • 

- The last row corresponds with the condition at the interior boundary 
of the wall. 

- The intermediate rows are formed by the Fourier difference equations, 
if required supplemented by the transitional equations for walls with 
more layers with or without cavities. The number of intermediate rows 
depends on: 
1. the number of layers in the wall; 
2. the number of difference steps chosen for each layer; 
3. the possible presence of cavities. 

Such a matrix has, with the exception of a few rows, a tridiagonal 
structure and can therefore, aftera few eliminations, easily be re
duced. 
The schematic representation of the equations corresponding to such a 
wall, consisting of two identical layers, separated from each other 
by a cavity (N=7}, shows the following picture. 
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where: 

T (O,t) 
T (l,t) 
T (2,t) 
T (3,t) 

' T (4,t) 
T (5,t) 
T (6,t) 
Tw{t) 
Qw(t) 

= 

r(O,t) 
r(l,t) 
r(2,t) 
r(3,t) 
r(4,t) 
r(5,t) 
r(6,t) 
r(N,t} 

a. = coefficients of the external boundary condition; J . 

(2.26) 

cj = coefficients of the difference equationsin the layers; 
bj = coefficients of the transitional equations· for a cavity; 
dj = coefficients of the internal boundary condition; 
T = temperature at each place in the wall; 
Tw = internal wall surface temperature; 
Qw = heat flux density from the wall to the room; 
r = right hand sides of the equations depending on the values 

of T and the outer boundary flux Q0 at time t-k. 
First the encircled elements of the matrix are eliminated. Next, after 
the elimination of the sub diagonal terms by a cyclic matrix reduction, 
the matrix is patterned as: 

x x x 
x x 

x x 
x x 

x x x 
x x 

x x 
x x 

The last equation of this matrix is then given by: 

where: 

(2.27} 

H = coefficient of the interior boundary condition after the 
matrix reduction; 

Rw = new right hand side of the interior boundary condition. 
In the equation (2.27) for wall i the therm Ow,;(t) can be expressed 
as a linear combination of the wall surface temperatures T .(t}, the 

W,J 
air temperature Ta(t) and a known term by means of (2.10). 
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For each wall in the room the same procedure is used. 
A room can be formed by a maximum of ten walls subdivided into: 
1. six solid walls or solid partsof walls; 
2. a maximum of four windows in the vertical walls. 
If we comb1ne the resulting equations (2.27) of all the walls in the 
room with the balance equation for the indoor air (2.25), we find a 
maximum of 11 equations for wall- and air temperatures. 
This set of equations is solved by using the Crout method [10]. After 
that the following quantities are known: 
1. the room-air temperature Ta(t), or, if a temperature control is used, 

the heating or cooling load Q(t); 
2. the interior wall surface temperatures Tw,;(t) of all the walls in 

the room. 
By back substitution of these calculated values in (2.27} the wall tem
peratures T1(xi,t) inside wall i and the exterior wall surface tempera
tures T1(o,t} of wall i are found. With the aid of the calculations, 
described until now, the thermal state of a room without indoor walls 
is determined by the thermal state of that room at time t-k and known 
souree terms at time t. 
In the case of more than one room, separated from each other by indoor 
walls, the determination of the thermal state at time t presents the 
following problem. In the exterior boundary equation (2.22) of the in
door walls the influx quantity Q

0
, 1(t) is no longer known, but coupled 

with the thermal parameters of the adjacent room. The same problem oc
curs when the calculations are made for the adjacent room. This problem 
is solved by using an iterative method. Let the rooms be numbered in 
some order: A,B,C, ••• etc •• In the calcul.ation of the thermal state of 
room A at time t in the right hand side of the exterior boundary condi
tion of the intermediatewall between room A and B the value of the flux 
from the other room into the wall is.determined using the thermal state 
of room B at time t-k. Subsequently in the same way again room B is 
calculated using for room A the values at time t as just obtained and 
for rooms C, ••• the values at time t-k; similarly for rooms C, •••• After 
this first iteration this procedure is repeated, always using·the newest 
calculated values, until a sufficient accuracy is obtained, i.e. until 
the difference in thermal state of each room, calculated in two succes
sive iterations, is smaller than a chosen value. It will be clear that 
after one iteration cycle all indoor walls have been calculated twice. 
As a result a stable situation is readily obtained in all cases treated. 

21 



2.6 Parameters in the boundary conditions 

Apart from a number of direct input data for each calculation, 
the boundary conditions of the Fourier equation contain a number of 
parameters that must be determined for each calculation and, if 
necessary, for each time step. These parameters are: 
1. the geometrie factors F;,j for the heat exchange by radiation be

tween the walls in each room; 
2. the hourly solar radiation data: 

-incident solar radiation Qsi(t) on the roof and the non-trans
parent parts of the facade 

- transmitted solar radiation Qs (t) through the windows ,g 
- absorbed solar radiation Qsa,j(t} by the different layers of the 

windows; 
3. the heat transfer coefficients subdivided into:. 

- radiative heat transfer coefficients ar 
- internal convective coefficients aic(t-k) and aec(t-k) 
- external heat transfer coefficient ae(t); 

4. the outside air temperature Te(t). 

2.6.1 The geometrie factors 

The heat exchange by radiation between the walls in a room is 
given by the Stefan Boltzmann law: 

where: 

Q1,2 = a.e1.E2.F1,2 (ri-T~) 

Q1,2 = heat flux density from wall 1 to wall 2 (W/m2); 
a = the Stefan Boltzmann constant (W/m2.K4); 

E1,e2 = emission coefficients of walls 1 and 2; 
F1,2 = geometrie factor from wall 1 to wall 2; 

T1,T2 = wall surface temperatures (K). 
This expression can be approximated by: 

where: 

Tm 
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The radiative heat transfer coefficient between the walls is then 
defined: 

(2.30) 

Expression (2.29) changes then into: 

(2.31) 

The geometrie factor F1,2 between two arbitrary planes is given by the 
following integral equation [12]: 

(2.32) 

where: 

Al,A2 = areasof both planes; 
r = connecting line between two elernents dA1 and dA2 of 

both planes; 
e1,e2 = angles between the connecting line rand the perpen-

diculars of the planes. 
The elaboration of this integral equation can be subdivided into a 
salution for the radiative heat exchange between two parallel planes 
and two perpendicular planes. 
The schematic diagram for the geometrie factor between two parallel 
planes is shown in figure 2. 
The salution of the integral equation forthese parallel planes is 
given by: 

(P(b2-a1)+P(a2-b1)) (Q(c2-d1)+Q(d2-c1)-Q(c2-c1)-Q{d2-d1)) 

+ · 2'1T(bl-al) (dl-cl) {2.33) 
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and where: 
V = 

With this formula the geometrie factor between two arbitrary parallel 
planes in a room can be determined. 

yl 

Fig. 2. Geometrie factor between two parallel planes. 

The solution of the integral equation for the perpendicular planes is 
given by: 

{R(b2-b1)+R(a2-a1)) (S(c2-c1)+S(d2-d1)-S(c2-d1)-S{d2-c1)) 
Fl~ = 21f(b1:-a1) (d1-c1). + 

where: 
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and where: 

With this formula the geometrie factor between two arbitrary perpendi
cular planes in a room can be determined. 
The schematic diagram for two perpendicular planes is shown in figure 3. 

y2 

Fig. 3. Geometrie factor between two perpendicular planes. 

In addition to the formulas {2.33 and 2.34) the following properties 
are used in calculating the geometrie factors in a room: 
1. the reciprocity principle: 

A .. F •. = Aj.Fj . 
1 1 .J • 1 

2. the summation property: 
A1 •• F. '+k = A •• F •• +A •• F. k 

1 0J 1 1 ,J 1 1 0 

3. for the inner surfacesof an enclosed space is valid: 

!:F .. =1 
j , ,J 
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To calculate all the geometrie factors in a room the following calcula
tion sequence is used: 
- first all windows present are omitted and the geometrie factors of 

the six walls toeach other are c~lculated using (2.33),(2.34) and 
(2.35). 

- then the factors of the vertîcal planes in relation to floor and cei
ling are calculated in the following order: 
- thefactorsof the windows to floor and ceiling with (2.34) and 

(2.35) 
- the factors of floor and ceiling to the non-transparent parts of 

the vertical walls, in which windows are present, with (2.35) and 
(2.36). 

- finally the factors of the vertical planes are calculated as follows: 
- the factors of the windows in relation to the vertical walls with 

(2.33),(2.34) and (2.36) 
- the factors of the windows in relation toeach other with (2.33), 

{2.34) and (2.36) 
- the factors of the windows in relation to the non-transparent parts 

of the vertical walls with (2.37). 

2.6.2 Solar radiation on horizontal and vertical planes 

The amount of solar radiation on planes with arbitrary inclina
tion at local standard time t depends, with the exception of some 
meteorological parameters as turbidity, cloud cover factor etc., on th~ 
incident angle of the sun to that plane. This solar incident angle can 
be calculated if the following four angles are kriown: 
- the solar altitude 
- the solar azimuth 
- the wall azimuth 
- the surface tilt. 
Figure 4 shows the four angles and the relation between them. 
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sol ar 
altitude 
angle 

incident 
angle 

Fig. 4. The four solar angles. 

The solar altitude (a) is measured up from the horizontal and can be 
calculated using the following formula: 

where: 

a = arcsin(sin ö.sin p+cos p.cos ö.cos w) (2.38) 

ö = the declination of the sun to the earth; i.e. the angle 
between the equatorial plane of the earth and the sun 
beam (rad); 

p = the latitude of the place on earth where the building is 
situated (rad); 

w = the hour angle is a function of standard local time, geo
graphical longitude and the day of the year (rad). 

The declination of the sun depends on the day of the year and can be 
calculated with [14]: 

where: 

ö = IBrr (0.333-22.984 cos b-0.350 cos 2b-0.140 cos 3b+ 

+3.787 sin b+0.032.sin 2b+0.072 sin 3b) 

b 11' x n. :: '""'IB'3'""" • n = the day of the year. 
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The hour angle w is given by: 

w = TZ (t-ET-12)-~l (2.40) 

where: 
t = local standard ti~ 
ET = the time correction between the solar time and the local 

standard time t; 
~l = difference between the geographical longitude of the local 

time zone and the local longitude. 
The time correction ET can be calculated with the following time equa
tion [151: 

where: 

ET = 1-0.072 cos b+0.053 cos 2b+0.001 cos 3b+0.123 sin b+ 

+0.156 sin 2b+0.004 sin 3b 

b _ 1f x n. 
-~ n = the day of the year. 

The solar azimuth (~) is measured from true south and given by: 

Using the solar altitude and the solar azimuth the solar incident 
angle (a} can then be calculated by: 

where: 

a= arccos(sin a.cos s+cos a.sin s.cos(~~y)} (rad) 

s = surface tilt (rad); 
y = wall azimuth (rad). 

(2.41) 

(2.42) 

(2.43) 

The calculation of the direct and diffuse solar radiation on horizontal 
and vertical planes can be approached in two different ways: 
1. the calculation method for a cloudless sky, valid for all the places 

in the world; 
2. the calculationfor a clouded and unclouded sky using the sol ar 

radiation data provided by the K.N.M.I. in De Bilt over the period 
1961-1970. 
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sub 1. Calculation for the unclouded sky. 
Outside the atmosphere the energy flux density of the sun is given by: 

•= = 1353 (1+0.338 cos (~fis (n-3))) {W/m2) (2.44) 

where: 
1353 = solar constant in W/m2. 

The energy flux density of the direct solar radiation on the earth sur
face with a clear sky depends on the transparency of the atmosphere: 

where: 

(2.45) 

T = the turbidity factor which depends on the water vapour and 
dust content of the atmosphere and the solar altitude angle; 

a = the extinction coefficient; 
m = air mass {kg). 

The turbidity of the atmosphere can be calculated using [15]: 

T = ~+1:!8 +0.1+6(16+0.22w} 
0.69.e +0.83 

(2.46) 

where: 
B = turbidity coefficient of Angstrom; 
w = precipitable water content of the atmosphere (cm). 

The extinction coefficient depends on the solar altitude (15]: 

a = 1.490-2.110 cos ~+0.632 cos 2~+0.025 cos 3~-1.002 sin ~+ 
+1.008 sin 2~-0.261 sin 3~ (2.47) 

The air mass is given by: 

1 m = ___ ___;;;.._ __ _ 

sin («+0.0014 ~- 0 • 72) 
(kg} (2.48} 

The conversion of this energy flux density •o to a horizontal plane 

leads to the following equation for the direct solar radiation with a 
cloudless sky on a horizontal plane: 

{2.49) 
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Apart from the direct solar radiation reaching the earth surface there 
is also an amount of scattered radiation, the so-called diffuse radia
tion. 
This diffuse radiation on a horizontal planeis given by [21]: 

Dh = T (22-13 (cos (3a+Tz))) (W/m2) (2.50) 

The conversion of the direct radiation towards a plane with an arbi
trary inclination is given by: 

(2.51) 

where: 
a = solar incident angle (rad). 

The diffuse on a vertical plane can be calculated using [17]and [20]: 
when cos 6>-0. 3 then 

Dv = Dh (0.56+0.436 cose+0.35 cos2e) 

else (2.52) 

Dv = Dh (0.473+0.043 cose) (W/m2) 

The diffuse radiation on a vertical plane by ground reflection is 
given by: 

where: 
~ = albedo of the ground. 

(2.53) 

From literature many formulas are known for the parameters 6,ET.~m.T 
and Dv. For this computermodel the formulas are selected which give the 
most accurate results as compared with the measured values. -

sub 2. Calculation of the solar radiation parameters using the solar 
ràdiation data provided by the K.N.M.I. in De Bilt over the period 
1961-1970. 
The available measurements about the solar radiation during this period 
are: 
1. global radiation on a horizontal surface; 
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2. the relative sunshine duration. 
To subdivide this global radiation in a direct and diffuse component 
the following equations can be used [23]: 

where: 
G = global radiation {W/m2); 
s;s0 = relative sunshine duration; 
s = sunshine duration during period s0 ; 

a,b = regression coefficients as a function of the solar 
altitude a. is given in table 1. 

0 < sina< 0,05 a = 0,62 b = -0,45 
o.o5 < sina< 0,10 a = 0,86 b = -0,50 
0,10 0,15 0,57 -0,10 
0,15 0,20 0,54 -0,04 
0,20 0,25 0,52 0,03 
0,25 0,30 0,50 0,07 
0,30 0,35 0,49 0,10 
0,35 0,40 0.48 0.13 
0,40 0,45 0,47 0,16 
0,45 0,50 0,46 0,19 
0,50 0,55 0,46 0,20 
0,55 0,60 0,46 0,21 
0,60 0,65 0,46 0,22 
0,65 0,70 0,45 0,23 
0,70 0,75 0,45 0,24 
0,75 0,80 0,45 0,24 
0,80 0,85 0,45 0,24 
0,85 0,90 0,45 0,24 

Table 1. Regression coefficients a and b. 

(2. 54) 

(2.55) 

The period s0 is always one hour counted from midnight, only at sunrise 
and sunset this period may be shorter depending on the exact moment of 
sunrise and sunset. 
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These times can be derived from equation (2.38) (a=O): 

t = 12+ET- arcos (-sin o.sin p/(cos p.tan o)) 
r 0.2618 

and 

ts = 2 (ET+12)-tr 

The period s0 at sunrise is then given by: 

s0 = t-t r 

The period at sunset: 

s0 = t -t+l s 

(2.56) 

(2.57) 

(2.58) 

(2.59) 

Subsequently the direct radiation on the horizontal plane is translated 
into the energy flux density ~ 0 : 

(2.60} 

The remaining part of the calculation is quite analogous to.the method 
used for the unclouded sky. 

2.6.3 \ Reduction factors for the incident sol ar radiation; 
caused by shading objects 

It often occurs that the facade of a building is partly shaded 
by its projections. In most cases horizontal or vertical overhangs are 
projecting construction parts such as floors and walls; facades may 
even be designed to give an effective proteetion against the incident 
solar radiation. The most frequently occuring overhangs, to which the 
calculation will be confined, are: 

1. projecting floors as horizontal overhangs 
at the upperside of the facade (fig.5); 

Fig. 5. 
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2. projecting walls as vertical overhangs on 
both sides of the facade {fig.6); 

Fig. 6. 

3. deeply recessed windows, the parapets of 
which may be considered a combination of 
horizontal and vertical overhangs around 
them (fig.7). 

Fig. 7. 

D 

The proteetion of these overhangs against the solar radiation is diffe
rent for either direct or diffuse radiation. The area protected against 
direct radiation depends,contrary to the diffuse radiation, on the 
incident angle of the sun. For the diffuse radiation an isotropical 
distribution over the sky is assumed. 

2.6.3.1 Reduction factors for the direct radiation 

Dependent on the solar incident angle. an overhang causes on the 
facade a shaded area characterized by the shadow length,i.e the width 
of thè shaded part on the facade. For a horizontal overhang the shadow 
length is given by (fig.8): 

Sh _ sl.tan a 
- cos (+-y) 

Sh 

Fig. 8. Shadow length for a horizontal overhang. 
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The shadow length for a vertical overhang can be calculated by using 
the expression (fig.9): 

Sv = s2.ltan (+-y)l (2.62} 

2 

Fig. 9. 
Shadow length for a vertical overhang. 

The reduction factors for the various overhangs. i.e. the fraction of 
the facade wHich is not protected against the solar radiation by an 
overhang, can be calculated for the facade as well as the window with 
the following formulas (fig.lO): 

a3 

a a2 

b3 bi! 

Fig. 10. 
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- Horizontal overhang: 
Reduction factor F1 for the total facade: 

{ 

1 , when Sh~O 

F1 = a;sh, when O<Sh<a 

0 • when Sh~a 

Reduction factor Fg1 for the window: 

{ 

1 , when Sh~a3 

Fg = a-a1-Sh when a3<Sh<a2+a3 1 · a2 • 
0 • when Sh~a2+a3 

- Vertical overhang: 
Reduction factor F2 for the total facade: 

{ 

1 , when sv~o 

F2 = ~ when O<SV<b 

0 • when sv~b 

Reduction factor Fg2 for the window: 

on the right side: 
1 , when sv~b1 

b1+b2-Sv when b1<Sv<b1+b2 62 • 
0 , when sv~b1+b2 

Fg2 = .on the left side: 
1 , when sv~b3 

b2+~~-sv, when b3<Sv<b2+b3 

0 , when sv~b2+b3 

(2.63) 

(2.64) 

(2.65) 

(2.66) 

The reduction factor for the window in the case of a combination of 

vertical and horizontal overhangs is given by: 

(2.67) 
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The reduction factor for the non-transparent part of the facade can be 
calculated with the expression: 

F a.b F a2.b2 F 
c = a.b-a2.b2 • l'F2- a.b~a2.62 • g 

- The recessed window 
The reduction factor for the window: 

Fg = (b2-Sv~ ~a2-Sh} 
a • 2 

2.6.3.2 Reduction factors for the diffuse radiation 

(2.68) 

(2.69) 

If the sky is subdivided into infinitesimal parts with a solid 
angle dn, the radiation, coming from this angle, can be. considered an 
amount of direct radiation falling on the facade with an incident 
angle e. 
The reduction factors for the proteetion against this radiation, can be 
calculated with the formulas for the direct radiation from the previous 
paragraph under the same conditions. Integration of these factors over 
the visible part of the sky results in the reduction factors for the 
facade and the window, relating to the diffuse radiation. The calcula
tion of the reduction factor for the window will now be discussed. 
If the reduction factor for the diffuse radiation from the space angle · 
dn is equal to Fg(n) then the reduction factor for the total visible 
sky is given by: 

Fgl = JFg(n)cos edn/Jcos edn 

In spherical co-ordinates with: 
cos a = sin e.cos ~ and do = sin eded~ 

this expression is converted into: 

Fgl • ~jcos •••fFg(e,o)sin'ede 
0 0 

where: 
'11 e = z- a; 

~ = cl> - y; 
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The function Fg(e.~) is given in the next table. 

Table 2. 

where: 
~ 1 = arctan (~) 

~2 = arctan (b1$:2) 

e1 = arccot (;hal • cos ~) 

e2 = arccot·(a-~~-a2 • cos~) 

Fg1 = a;~1 - !2:~~! : (2.61 and 2.64) 

Fg _ bl+b2 _ s2.tan t (2.62 and 2.66) 
2-~ 62 

Formula 2.71 changes then into: 

•1 e2 x 

Fgl = * Jcos •dt [J Fg1.sin2ede+J sin2ede]+ 
o e1 e2 

.• 2 92 11: 

+ ~ J cos •dt [J Fg1.Fg2.sin2ede+f Fg2.sïn2ede] 
•1 e1 e2 

The salution of this integral equation can be written as: 

Fgl = ~ sl.s2 (vca-al bl+b2) _ v(a-al-a2 bl+b2) _ 
1r • az:D2' ~· ---sz-; s1 • ""'Sr 

-v(a-al al'+V(a-al-a2 al)) :-sr-• S2"J sl • SZ. 
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with: 

V(x,y) = xv(y2+1).arctan ( x ) + yV{x2+1).arctan ( y ) -
v(y2+1) v(x2+1) 

Analogously, the reduction factor for the total facade Fl can be calcu
lated by substituting in expression 2.73: 

bl=al=O, b2=b, a2=a 
The expression changes then into: 

Fl = ~ • s!: 52 ( v(-fr-. ~) - v( o, -&) - v(sl-• o)) (2.74) 

The reduction factor for the non-transparent part of the facade Fel is 
then given by: 

Fel = a.b Fl a2.b2 F 1 
a.b-a2.b2 • - a.b-a2.62 · 9 {2.75) 

The reduction factor for a recessed window Fg1 can be calculated by 
substituting a2=a and b2=b in expression 2.74: 

Fg1 = ~ sl.s2 (v(a2 b2) _ v(o b2) _ v(a2 o)) 
11 ' ä2':li'2' sf' SZ • SZ sP 

(2.76) 

2.6.4 Transmitted and absorbed solar radiation through the windows 

In the previous paragraphs a method is described to calculate 
the incident solar radiation, subdivided into direct and diffuse radia
tion, on both horizontal and vertical planes. To calculate the amount 
of solar radiation absorbed by and transmitted through the transparent 
partsof the facade it is necessary to know the reflection (p), absorp
tion (a) and transmission factor (•} of the windows. For the determina
tion of these factors the methad is used as described in the report 
"Digital calculation of the reflection, absorption and transmission of 
solar radiation through windows~ by S.W.T.N. Oegema [24]. 
In this reportseven single and composed window assemblies are conside
red. These are: 
1. single pane window; 
2. single pane with inside venetian blinds; 
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3. single-pane with outside venetian blinds; 
4. double-pane window; 
5. double-pane with inside venetian blinds; 
6. double-pane with blinds between the panes; 
7. double-pane with outside venetian blinds. 
The reflection, absorption and transmission factors for these systems 
are calculated for the direct radiation, the diffuse sky radiation and 
the ground reflection. 
The calculation sequence used in the report is: 
a. calculation of the glass properties; 
b. properties of the venetian blinds; 
c. combination of the various assemblies of glass and blinds as 

mentioned above. 

sub a. The calculation of the glass properties is carried out for nor
mal clear glass. The factors a,p and T for the direct incident radia
tion are calculated by using the Fresnel formulas for glass reflection 
relating to transversal and longitudinal vibrations dependent on the 
solar incident angle. 
In the case of diffuse radiation these factors are determined by 
integration of the calculated factors for the direct radiation, again 
under the assumption that the sky is isotropical. 

sub b. The calculation of the a,p and T factors for the venetian 
blinds is done under the assumption that the slatsof the blinds are 
diffuse reflective and have no curved surface. Depending on the solar 
incident angle, the slat-width slat-spacing ratio and the slat angle, 
part of the direct radiation is directly transmitted. 
The rest is partly absorbed by the slats and partly transmitted as 
diffuse radiation dependent on the absorption factor of the slats and 
the geometrical factor between them. 
The factors a,p and T for the diffuse incident radiation are calculated 
again by integration of the direct factors. Here difference must be 
made between diffuse sky radiation and ground reflection • 

. sub c. With the transmission, absorption and reflection factors for 
the glass and the venetian blinds seperately, the factors for the 
various combinations between them can be calculated. Also the reflec
tions between the different layers of the whole system are taken into 
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account. The transmitted radiation through the blinds is then conside
red as diffuse. 

As a result of this calculation method, together with the solar radia
tion data calcula~ed in the previous paragraphs, the following solar 
radiation data at a certain local standard time t can be determined: 
- the incident solar radiation on horizontal and vertical planes with 

or without overhangs; 
- the radiation absorbed by the various layers of the window assembly; 
- the transmitted solar radiation. which will be absorbed by the surfa-

ce of the walls in the room. 

2.6.5 Heat transfer coefficients 

The heat transfer coefficients inside and outside a room can be 
subdivided into coefficients for: 
1. radiation between the walls in the room; 
2. radiation and convection on the,outside of the external walls; 
3. convection on the inside of each wall; 
4. convection and radiation between layers separated from each other by 

a cavity; 
5. convection by room air ventilation between the glass area and the 

slats of the inside venetian blinds. 

sub 1. The radiative heat transfer coefficient a is defined as: 
-------- r 

ar= 4.a.e 1 .e2.T~ 
For temperatures between 10 and 4QOC and normal building materials a 
good approximation is given by: 

ar= 5.1 W/m2 .K 

sub 2. The heat transfer coefficient for radiation and forced convec
tion on the outside of the external walls ae is given by [27]: 

ae = 10.9+4v (v~5 m/s) 

ae = 5.1+7.15v0.7B(v>5 m/s) 
(2.77) 

where: 
v "' wind velocity 

40 



sub 3. For the convective heat transfer coefficients on the inside of 
the walls the experimental formulas found by Imura and Fujii [25] are 
used. 
For the vertical walls: 

(2.78) 

For the ceil ing: 

(2.79} 

For the floor: 

(2.80) 

where: 
àT ; temperature difference between the wall and the indoor 

air (OC); 

H = height of the wall (m); 
A = surface area of the ceiling (m2). 

sub 4. The values for the heat transfer coefficients for cavities 
are [27]: 

horizontal cavity: ///Zr{/Z/ 

zti1Zzzzz 

vertical cavity: 

Aca = 6.5,when (T1~T2 ) 

Aca = 5.1,when (T1<T2) 

between glass panes: 7.4 
between layers 5.8 

sub 5. Oue to the high free or forced convective heat transfer caused 
by ventilation with indoor air between the glass panel and the slats of 
the venetian blinds, the properties of this cavity are quite different 
from normal cavities which are slightly ventilated by outside air. 
The heat balance of a window composed by single or double pane.glass 
with venetian blinds on the inside, is shown in figure 11. 
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/ 
Tg Tea Tv T; 

where: 

~cl= ael (Tg-Tea> 

~e2 = ac2 (Tv-Tea> 

~r = ar (Tg-Tv) 

<fl; = a; (Tv-Ti) 

<flv = av (Tea-Ti) 

tv = <fle1Hc2 

Fig. 11. Heat-balànce for the absorbed solar radiation. 

The parameters in this picture represent: 
~cl = convective heat transfer between the glass and the air; 

(2.81) 

~e2 = convective heat transfe~ between the slats and the air; 

~r = radiative heat transfer between the glass and the slats; 

~i = heat transfer between the slats and the room; 

~v = heat transfer by ventilation through the slats; 

<fis = absorbed solar radiation in the slats. 

To treat this window assembly as a system of two layers separated from 
each other by a normal cavity the heat balance has to be transformed 
as shown in figure 12. 

where: 

(2.82) 

Tg 

Fig. 12. 
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t1 and t 2 are given by: 

(2.83) 

After eliminatien of the terms tc1'tc2'tr,ti,tv,Tca and Tv from the 
equations (2.81) and (2.83), equation (2.82) changes into: 

where: 

={(«c2av+aiat} (avacl)+(ac2av+a;at) {aé2acl+arat) + 
at 

at = av+acl+ac2 

The heat transfer coefficients aca and ain from equation 
then given by: 

{2.82) are 

(2.85) 

(2.86) 

2.6.6 Outside-air temperature 

For the determjnation of the outside air temperature two possi
hilities are available: 
1. the temperature can be calculated by using a sinesoid around a daily 

mean temperature: 

Te = Tm+5cos Crz {t-14)} (2.87) 

where: t = time of the day; Tm = daily mean temperature. 
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This formula is valid for the sunrner situation. For the winter 
situation an amplitude of 4 instead of 5 must be used. 
For the values of the daily mean temperature (Tm) for the different 
months of the year the carier design temperatures [30] can be used. 
These are: 

Tm 

January -1.2 
February -0.7 
March . 15.2 
April 17.5 
May 20.5 
June 22.5 
July 23 
August 23 
September 20.5 
October 18.9 
November 14.8 
December -1.3 

2. The.hourly measured outside air temperatures at the K.N.M.I. in 
De Bilt or other places in the world. 

2.7 Input data 

For the calculation of the thermal environment of a building 
there are two limitations in relation to the input data of the building 
and room dimensions. 
1. The building must have a rectangular form. If a building has a diffe

rent form. but can be subdivided into rectangular blocks, the 
calculation has to be carried out for the separate blocks. The parti
tion walls between the blocks are regarded as inner walls with the 
same thermal conditions on both sides. 

2. All the inner walls used in the building must be taken continuous 
over the total length, width and height of the building. So if the 
computermodel requires walls where in reality no inner wall is pre
sent " fictive walls " can be used, i.e. inner walls with a very 
small heat resistance and heat capacity. The influence of these walls 
on the thermal behaviour of the building can be neglected. 
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Two methods are available to enter the required input data into the 
program. 
First the conversational mode can be used by way of a terminal connec
ted with the computer. The input data are then entered as answers to 
a number of questions the computer asks. This method does not require 
any insight into the structure of the computermodel. Each computer ques
tion is accompanied by enough information to get a correct answer. 
Besides, the computerprogram is provided with a number of safeguards 
in order to exclude impossible answers. 
Secondly the input data can be entered by using a datafile put on a 
disk before the execution of the program. 

A review will be given of the input data that are necessary to make 
calculations on a building or building part. 
The rooms in a building are numbered according to a co-ordinate system 
x-y-z. The front view of the building is formed by the rooms on the 
x-co-ordinate. the left side view by the rooms on the y-co-ordinate. 
the number of floors being given by the z-co-ordinate. With respect to 
the dimensions of the building and the rooms the following questions 
are asked; they can not be altered by the restarting procedure at the 
end of the calculation: 
- the number of rooms on the x-co-ordinate; 
- the number on the y-co-ordinate; 
- the number on the z-co-ordinate. 
Since the inner walls have to be taken continuous over the whole buil
ding all the rooms are then located, which reduces the number of ques
tions to the following three: 
- the width of the rooms on the x-co-ordinate; 
- the depth on the y-co-ordinate; 
- the height on the z-co-ordinate. 
The remaining part of,the input data is subdivided into sixteen groups 
of questions. 
* 1 * - The number of differently constructed external walls in the 

building. 
* 2 * - The number of differently constructed inner wa 11 s in the building. 
* 3 * - The construction of the external walls. For each wall: 

- the presence of the window; 
- the height of the window; 
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- the width of the window; 
- the height of the parapet; 
- the width of the strip on the right-hand side of the window 

seen from the outside; 
- selection must be made out of the following assemblies: 

- single ·pane; 
- single pane with internal venetian blinds; 
- single pane with external venetian blinds; 
- double pane; 
- double paM with internal venetian blinds; 
-double pane with blinds between the panes; 
- double pane with external venetian blinds. 

- the presence of overhangs to be chosen out of three types: 
- a horizontal overhang; 
- vertical overhangs; 
- a recessed window. 

- the absorption factor of the wall for solar radiation; 
- the number of layers of the wall; 
- the presence of a cavity; 
- the material properties of each layer: 

- the thickness (m); 
- the heat conduction coefficient (W/m.K); 
- the specific mass (kg/m3); 
- the specific heat (J/kg.K); 

* 4 * The construction of the inner walls. For each wall: 
- the number of layers; 
- the presence of a cavity; 
- the material properties of each layer. 

*5* For the arrangement of the various walls in the building three 
different methods can be used: 
- arrangement type 11 building "; this methad is chosen if for each 

orientation all the facades are the same, and if there is only 
one ground floor, one roof and one vertical inner wall for all 
the rooms; 

- arrangement type 11 story "; this method is chosen if the " buil
ding" type is valid for each story,,of the building; 

- arrangement type 11 room "; thi s methad is chosen i f the arrange
ment of the walls is variable through the whole building. 

46 



* 6 * - The sides of the building that are adjacent to other building 
parts. 

* 7 * - The arrangement of the external walls in th~ building: 
- the facades; 
- the ground floors; 
- the roofs. 

* 8 * - The arrangement of the inner walls in the building: 
- the vertical inner walls; 
- the floors between the stories. 

* 9 * - The ventilation rate in the building can be subdivided into: 
- ventilation rate for each room separately; 
- ventilation rate for each hour of the day. 

*10* - The internal heat gain by occupants, lighting etc. in the buil
ding can be subdivided into: 
- heat gain for each room; 
- heat gain for each hour of the day. 

*11*- For the temperature control, which may be different for each 
room in the building, one of the following methods can be chosen: 
- no temperature control; 
- continuous temperature control during 24 hours; 

- the required room-air temperature; 
- the allowed variation around this temperature. 

- interrupted temperature control; 
- the required room-air temperature during the period of temper-

ature control; 
- the allowed variation around this temperature. 

- interrupted temperature control with a required maximum and/or 
minimum temperature during the interruption; 
- the required room-air temperature; 
- the allowed variation; 
- the maximum and minimum temperatures during the interruption. 

*12* - The orientation of the front view of the building in degrees 
relative to the south. 

*13* - Two calculations can be carried out: 
- a design calculation; under extreme outdoor conditions the 

maximum heating or cooling load, or the resulting room-air 
temperatures in the various rooms of the building is calculated. 
The weather data selection can be made out of the following 
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alternations: 
- the weather data measured at the K.N.M.I. in De Bilt during 

the period 1961-1970; 
- the date out of this period; 

- the calculated weather data for a cloudless sky and a sine-
soid temperature curve; 

- an energy consumption calculation; during a longer period with 
weather data the total energy demand for heating and/or cooling 
in the various rooms of the building is calculated. 
For the outdoor conditions use is made of a reference year, 
composed of 12 months selected from the period 1961-1970. 
This reference year for the Netherlands will be described in 
chapter 4. 

- in relation to the temperature control in the building 
difference can be made between a 5 and 7-days week. 

*14* - The day of the year on which the calculation must be started. 
*15* - The number of days for which the calculation must be carried out. 
*16*- The station where the output is expected: the terminal,the prin-

ter or the plotter. 
For a design calculation in relation to the output: 
- the hours for which the results must be printed; 
- the output of the wall surface temperatures. 
For energy consumption calculations the total energy demand for 
the rooms is printed cumulativily every fortnight. 

After the input of the required data and the possible corrections on 
one or more of the sixteen groups Of questions, the calculation of the 
building is carried out and the results are printed. 
It remains possible to restart the calculation by altering the variables 
of one or more of the sixteen groups mentioned above. 
This simple process of repeated calculations with different input varià
bles can readily provide a good insight into the influence of these 
variables on the thermal behaviour of the building. 
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2.8 Flow diagram of the computermodel 

A flow diagram of the program structure is shown in figure 13. 

datafile 

time equation 

declination 

E-max 

design K.N.M.I. 

design Carier 

energy cost 

construction 

conveetien 

E. B.I. 

prmter 

terminal 

plotter 

printer 

Fig. 13 Flow diagram of the computermodel. 
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A brief exp 1 anati on wi 11 be gi ven of the symbo 1 s used in the f1 ow 
diagram. 
procedures 

input data 

correction 
glass factors 

b1inds coeff. 

shadow diffuse 

geometrie 

PF 
AF 
daycycle 

time equation 
deel i nat i on 
E-max. 
timecycle 

weather data 

shadow direct 

sun horizontal 
sun vertical 
sun window 

glass 

blinds 

declaration of the calculation procedures at the 
beginning of the ;program; 
reading of the input data by way of the conversational 
mode or a datafile; 
correction possibility for erroneously entered data; 
procedure for the angle independent absorption, trans
mission and reflection coefficients for a single and 
a double pane window; 
procedure for the convection coefficients along the 
venetian blinds; 
procedure for the reduction factors for diffuse solar 
radiation caused by overhangs; 
calculation procedure for the geometrie factors in the 
rooms: 
geometrie factors between parallel planes; 
geometrie factors between perpendicular planes; 
the start of the cycle in which the calculations are 
carried out for each day; 
the calculation once a day of the time equation, 
declination and the solar radiation outside the atmos
phere; 
the start of the cycle of daily calculations for each 
time step; 
the reading or ca1culation of the weather data depen
ding on a design ar energy consumption calct.~lation; 

procedure for the reduction factors for direct solar 
radiation by overhangs; 
solar radiation on a horizontal plane; 
solar radiation on a vertical plane; 
procedure for the absorption and transmission factors 
for the window assemblies; 
absorption, reflection and transmission factors for 
the glass; 
absorption, reflection and transmission factors for 
the blinds; 
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itercycle 

roomcycle 
construction 

convection 

EBI 

rooms 

walls 

crout 
solution 

design output 
energy output 

restart 

the cycle in which the iterations between all the 
building rooms take place; 
the start of the calculation for .all the rooms; 
determination of the construction of the walls in the 
room; 
calculation of the convective heat transfer coeffi
cients in the room; 
determination of the external boundary conditions 
for the inner walls; 
procedure of the calculation of the thermal condition 
of a room at time t; 
procedure to reduce the matrices of the walls in the 
room; 
procedure to solve the room matrix; 
procedure to calculate the internal wall temperatures 
~nd the outside surface temperatures; 
output of the design calculation within the timecycle; 
output of the energy consumption calculation each 
fifteen days of the calculation; 
restarting procedure for a partial alteration of the 
input data for a new calculation. 
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3. THE RELIABILITY OF THE COMPUTERMODEL TESTED 

IN PRACTICAL CASES 

3.1 Introduetion 

The computermodel for the calculation of the thermal environ
ment in buildings, as described in the previous chapter, is checked on 
its quality in a few practical cases. Such verifications are indispen- · 
sable to give a good value judgement about these models as to their 
reliability. Only computerroodels that are tested in practical cases and 
that have proven to be accurate enough may be used to predict the ther
mal behaviour of buildings under certain weather conditions. 
The computermodel as described in this thesis has so far been tested 
in three strongly divergent situations. In the future this will be done 
more frequently, because a model like this has always to be expanded 
and improved upon. The cases in which the model was tested are: 
1. an experimental house of the Dutch States Mines at Geleen; it rela

tes to the middle of three well· insulated one-family houses; 
2. an office room in the main building of the Eindhoven University of 

Technology, i.e. a room on the ninth floor at the corner with badly 
insulated facades; 

3. a primary school in Lelystad, i.e. a one-storey building with a rect-
angular form and normally occupied during the measurement procedures. 

In this chapter these three projects will be discussed each with its 
own specific features and results. The instruments used in the projects 
are briefly discussed first. For a detailed description of the verifi
cation of the model is referred to [42]. 

3.2 The instruments 

The instruments used can be subdivided into two groups. 
1. Instruments to measure the required physical parameters: 

- for the temperature measurement platinum resistance thermometers 
are used with a resistance of 100 Ohm at ooc; 

- pyranometers are used to measure the solar radiation. Apart from 
the pyranometers for the global solar radiation the diffuse radia-
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tion is measured by a diffusograph, i.e. a pyranometer provided 
with a band to shield it against the direct radiation; 

-wind velocity is measured with a light rotating wheel and the di
rection is determined with the aid of a vane; 

- for the air velocity in the room Low Velocity Anemometers are used 
with a range of -30 cm/s to +30 cm/s; 

- the ventilation rate in the rooms is measured with a katharometer; 
as a tracer gas helium is used. 

2. A data acquisition system for scanning the instruments and for 
treatment and storage of the data primarily: 
- a multiplexer to scan the input signals to a maximum of 100; 
- the analoque-digital converter; i.e. a digital voltmeter to con-

vert the analogue signals into digital signals; 
- a desk-top calculator with a limited memory capacity to treat the 

input data before storage; 
- a magnetic tape to store the data. 

After the measurements the data on the tape are copied into the compu
tersystem of the University, where they are available for further pro
cessing. 

3.3 Evaluating experiments in an experimental house 

In August 1975 the D.S.M. at Geleen offered the opportunity 
to carry out a measuring project in one of a row of three one-family 
houses, built by order of D.S.M. for their own research. The measure
ments were done in the middle of the three houses. Besides the verifi
cation of the computermodel this project was also carried out with the 
purpose of testing and improving the instruments and the data acquisi
tion system. 
This, one-family h<?use, on two sides enclosed,has two facades. The 
orientation of the front is North. 
A schematic picture of the plan of the ground floor and the front and 
back view of the facades is given in figure 14. 
The windows are provided by double pane glass. On the first floor the 
bedrooms and bathroom are situated. Here is also the heating and 
ventilation system installed, which was switched off during the measu
rements. 

53 



During.the measurements 30 instruments were connected to the data 
acquisition system. 
For the outdoor conditions: 
- solar radiation: horizontal global 

horizontal diffuse 
vertical south global 
vertical north global. 

- airtemperature 
- relative humidity 
- wind velocity and direction 
For the indoor conditions: 
- airtemperatures: 3 places in the livingroom; one in the other rooms. 
- wall-surface temperatures: 2 places on each wall in the livingroom. 
- relative humidity in the livingroom 
- air velocity: in the air stream along the north facing window 

in the air stream along the south facing window. 
All these instruments were scanned by the data acquisition system in a 
certain regularity. At Geleen a subdivision was made into 3 cycles: 
1. the instruments scanned once a second: wind velocity and direction 
and air velocity along the windows; 
2. the solar radiation data, scanned each 30 seconds; 
3. the temperatures and relative humidity, scanned each 30 minutes. 

The measuring period took place from the 21st until the 28th of August. 
To test the computermodel in a practical situation it is necessary to 
have measurements available over at least one week, since a dynamical 
computermodel requires a 2 to 3 days calculation to exclude the in
fluence of the assumed initial conditions. 
To make the testing calculations on the house during the measuring 
period the measured outdoor parameters are entered into the computer
model along with the building properties of the house. The results are 
plotted in figures 15 and 16. In the first graph the global solar radia
tion data for the various orientations are plotted over the last 3 days 
of the period. In the second graph the following parameters are plotted: 
1. the measured outside air temperature; 
2. the measured mean room air temperature in the livingroom; 
3. the calculated room air temperature in the livingroom according to 

the computerprogram. 
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The ventilation rate by infiltration was 0.1 during this period and no 
persons were present in the house at that time. 

l 
. 
. 

Fig. 14. 
The experimental house of 
the Dutch States Mines. 
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In the next table the used building materials and their properties are 
listed. 

d(m) À(WfmOC) P (kg/m3 ) c(J/kgOC' 
fa ca des : Korlin concrete: 0.26 0.52 1350 840 
R=1. 77m2 • o C/W glasswool : 0.05 0.04 50 840 

plaster board : 0.01 0.46 800 840 
partition walls: concrete : 0.2 1.04 2000 840 
inner walls : plaster board : 0.01 0.46 800 840 

cavity 
plaster' board : 0.01 0.46 800 840 

floor : Korlin concrete: 0.13 0.52 1350 840 R=1.66 insulation : 0.05 0.035 50 1470 
ceiling : Korlin concrete: 0.2 0.52 1350 840 
roof : wood : 0.013 0.12 550 1880 R=3.36 cavity : 

glasswool : 0.12 0.04 50 840 
plywood : 0.01 0.15 700 1880 

Table 4. The building materials of the one-family house. 
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3.4 Evaluating experiments in on office room 

A second measuring project was carried out in the building 
complex of the University of Technology itself. 
For this purpose an office room on the ninth floor of the main buil
ding was chosen. This room has two external walls. a west and a north 
facing facade. In figure 17 a schematic picture is given of the ground 
plan and the front view of the two facades. 

Fig.17. 
The office room at the 
University of Technology. 
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The windows in the room are mounted with double pane glass. The ventila
tion rate was measured twice a day and varied strongly during the test
period. The maximum value measured was 2.5. the minimum value l.O. 
Depending on the measured windspeed and direction the hourly value of 
the ventilation rate was estimated. Internal heat sourees were not pre
sent and there was no temperature control during the measurements. 
Table 5 shows the building materials used as well as their properties. 

The measuring period lasted from the 26th of July until the lst of 
August. The instruments installed were the same as those used at Geleen 
but two pressure-difference meters were added. They were used to inves
tigate the conneetion between the pressure drop over the facades and 
the infiltration rate. 
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d(m) A(W/mOC) p(kg/m3) c(J/kg0C) 
facades : glass : 0.006 0,8 2500 840 
R=0.55m20c;w asbestos : 0.002 1.3 1750 840 

cork : 0.025 0.046 200 1760 
asbestos : 0.002 1.3 1750 840 

inner wall s: plaster : 0.01 0.7 1600 840 
brick : 0.1 0.4 1150 840 
plaster : 0.01 0.7 1600 840 

floor : linoleum : 0.005 0.16 1200 1470 
concrete : 0.45 1.8 2000 840 
cavity 
aluminium: 0.001 200 2800 880 

ceil ing : linoleum : 0.005 0.16 1200 1470 
wood : 0.02 0.16 600 1880 
cavity 
aluminium: 0.001 200 280.0 880 

Table 5. The building materialsof the office room. 

The results of the .comparison between the calculated and measured 
airtemperature in the office room during the test period are plotted 
in figure 18: 
1. the outside airtemperature; 
2. the measured indoor airtemperature; 
3. the calculated indoor airtemperature. 
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35 Evaluating experiments in a primary school 

In Oktober 1976 a project was carried out by order of the 
" Openbaar Lichaam Zuidelijke IJselmeerpolders "· into the energetic, 
acoustic and thermophysiological aspects of the primary school " de 
Zandbank " in Lelystad. It is a so-called open-plan school. 
For this project the reliability of the computermodel was also checked 
in relation to energy consumption calculations. One of the aims was to . 
predict the future energy consumption of the school both in the exis
ting situation and in situations where the architectural and technical 
lay out of the school had been altered. 
During the measuring period the school was normally occupied. 
In figure 19 a schematic picture is given of the ground plan of the 
school. 
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Fig. 19 The primary school in Lelystad. 

In the school two heating systems are used. 
1. A floor-heating systern. This systern is the base heating during the 

heating season and it iscontinuouslyin operation. The control is 
effected by an outside thermostat. 
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2. An air-heating system with induction units. 
These units are provided with an amount of fresh air corresponding 
with a ventilation rate of 1.5~ This air is preheated up to 1soc. 
The,induction system is in operation from 7 to 18 o'clock. 

The external walls of the school are built up with prefabricated ele
ments with a mean glass percentage of 50. The windows are mounted with 
single pane glass and sunshades. 
The building materials and their properties are given in table 6. 

d(m) A(W/m0C) p(kg/m3) c(J/kgOC) 
facades : plaster board : 0.003 0.35 1750 840 
R=1.0Sm20C/W insulation : 0.036 0.035 40 1470 

plaster board : 0.003 0.35 1750 840 
inner wa 11 s: chip board : 0.01 0.3 1000 1680 

insulation .. 0.05 0.04 180 840 
chip board : 0.01 0.3 1000 1680 

floor : flooring : 0.045 0.1 400 1470 
R=0.32 Flevo concrete: 0.11 1.4 2500 840 

insulation : 0.006 0.035 40 1470 
roof : mastic : 0.006 0.15 1050 1470 
R•1.60 insulation : 0.03 0.035 40 1470 

wood : 0.07 0.1 980 1880 

Table 6. The building materialsof the school. 

During the measuring period 75 instruments were connected to the data 
acquisition system. Apart from more temperature measurements compared 
with the other two projects also a few different measurements were 
done: 
- water temperatures on both sides of the heat exchangers of the three 

heating circuits; 
- air temperatures of the fresh air on both sides of the heat exchanger; 
- pressure- differences over the pumps and fans. 

With the aid of the measured data the energy demand of the school over 
the measuring period was calculated and compared with the measured 
eriergy and fuel consumption of the different heating systems. The natu
ral gas consumption during the period of one week was 450m3; the calori
fic value is 3950 kWh. The boiler efficiency. based on flue-gas analy
sis. was 70%. The measured energy consumption of the three systems was: 
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- f1 oor heat i ng 
- preheating system 

470 kWh. 
700 kWh, 

- induction units 1590 kWh. 
So the total energy consumption of the three systems was 2760 kWh. 
The calculated energy demand of the school during the same period was 
2640 kWh. This corresponds with 95% of the measured energy consumption 
of the three systems. 

3.6 Conclusions 

Referring to the three projects described here a few conclu
sions can be drawn in relation to the reliability of the computermodel. 
In the projects under review the computermodel has proven to be a good 
instrument to make predictions, both in relation to the. daily tempera
ture curve in rooms and for energy consumption calculations over a 
longer period. It is therefore justified to use the model in the develop
ment of design aids. 
Certainly in relation to energy consumption calculations the model wi11 
be further evaluated in the future and still more often checked in prac
tical cases, but it has proven to be a good aid for design calculations 
and energy consumption calculations. 
For energy consumption calculations over a whole season it is advisable 
to use the reference year~ which will be described in the next chapter. 

A few remarks may be added. 
The circumstances at Geleen were optimal to check the reliability of 
the model. It concerned a house where special attention was given to 
the building construction and further details. The air infiltration 
through slits was very low. Besides, nopersons were present in the 
house during the measurements. 
Temperature differences greater than 0.3oc between the measurements and 
calculations did not occur. This is well within the accuracy of the 
experiment. There was also no phase-shift between the measured and cal
culated temperatures, so the test results of the project can be consi
dered very good. 

In the office room on the ninth floor of the University of Thechnology 
we measured a strong fluctuation in the amount of air infiltration as 
a consequence of the badly designed facade details. In spite of these 
fluctuations, which could not be measured continuously, the test results 
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are even in this case within the experimental accuracy. Differences 
between measured and calculated temperatures greater than 1oc did not 
occur and no phase-shift was found. 

The intention in Lelystad was not to campare the daily measured and 
calculated temperatures, but to make a comparison between the measured 
and calculated energy consumption during a period of one week. It is 
important to notice that the school was normally occupied during that 
time. The calculated energy consumption over this period did not deviate 
more than 5% from the calculated consumption, which can be called an 
extremely good result for energy consumption calculations, because this 
is well within the limit one may expect from the inaccuracy in the cal
culated air- and water-flows. 
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4. A REFERENCE YEAR FOR HEATING AND COOLING 
IN BUILDINGS FOR THE NETHERLANDS 

4.1 Introduetion 

Apart from the input of building parameters the computermodel 
described in chapter 2 requires meteorological data as input for 
calculations on the thermal environment in buildings. The kind of 
weather data, required for the calculations, depends on the purpose for 
which the model is used: 
1. Design calculations. 

The cooling and heating loads or the resulting room-air temperatures 
in the various rooms of a building are calculated under extreme out
door conditions. 

2. Energy consumption calculations. 
During a longer period the total energy consumption of a building 
for heating and/or cooling is determined. 

The input of meteorological data is required for both types of calcula
tions. Extreme outdoor conditions will be used to calculate the necessa
ry capacity of the installation for the building. 
Energy consumption calculations require weather data over a longer 
period. It should be calculated for the life time of a building. 
Meteorologists advise to take a period of 30 years as representative, 
but reliable data about solar radiation are not available for more than 
about 10 years. Therefore10years are used to make predictions about 
the average yearly energy consumption of a building. 
However, it is impossible to carry out calculations over such a long 
period with computerprograms describing the dynamic thermal behaviour 
of buildings. The necessary computertime would become very extensive, 
which would make the calculations far too expensive. 
Thereforeit is necessary toselect a short period of weather data out 
of a longer period which is sufficiently representative for the whole 
period. In this chapter the determination of such a period, a so-call
ed reference year, for the Netherlands will be described. First some 
methods used in other countries to select a reference year will be 
discussed. 
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4.2 Methods of determining a reference year 

From literature some methods are known for determination a 
reference year. 

For Denmark H.Lund [31] composed a reference year by selecting 
12 months out of a period of 11 years {1959-1969). 
His selection of each month was based on the following grounds: 
1. From the available weather data three parameters were selected: 

- daily mean temperature 
- daily maximum temperature 
daily sum of solar radiation on a horizontal surface. 
The monthly mean value of these parameters was compared with the 
average of the same months over the 11-year, period. 

2. Also the standard deviation of these 3 parameters was compared wîth 
the average value of the 11-year period. 
With criteria 1 and 2 the 11 comparable months were ranked in de
creasing order. 

3. Months with abnormal weather conditions were excluded. Therefore 
about 20 different weather parameters from the period 1959-1969 were 
compared with the corresponding values in the period 1931-1960. 

If this criterion did not exclude the "best" month resulting from the 
first and second selection, this month was selected for the reference 
year, otherwise the second or third in rank was selected. 

In Japan H.Saito and Y.Matsuo [32] used another methad to compose a 
reference year. 
Fora room in a building with either a light or a heavy construction 
the energy consurnption for heating and cooling for each year of a ten
year period {1960-1969) was calculated. This was done by the hour for 
the orientations North, East, South and West. 
First the specific year was searched for, of which the load profile was 
closest to the average of the ten years. Because however a good sirni
larity was not found similar analyses were made on monthly profiles to 
cornp~se an artificial year. This yielded very good results, compared 
with the avera~e of the ten-year period. 

In the U.S.A. still another method was used. 
Here the monthly mean temperature was compared with the average for the 
10 comparable months. The most extreme months were marked and then the 

65 



number of marked months was counted for each year. 
The year with the lowest number was selected. With the marking of the 
months a 11weighing method 11 was used; e.g. an extremely hot June is more 
important than a cool June. 

Both the American and Danish methods to select the reference year di
rectly from the meteorological data, have a serious disadvantage. 
Such a year is not necessarily representative for average anual energy 
consumption calculations, because the energy consumption of a building 
will not be influenced in the same way by different meteorological 
parameters. 
The Japanese method is based on the cooling and heating loads of the 
building and therefore corresponds better with the problem. 

4.3 The determination of a reference year for the Netherlands 

The reference year is intented to be used for absolute and 
comparative energy consumption calculations. For that reason the selec
tion of the reference year is based on the energy consumption of buil
dings. For these calculations only 10 years (1961-1970) of meteorologi
cal data have been used because data about sun radiation have only been 
available since 1961.A review of the selection should be made on the 
basis of 20 years in the early eighties. It was calculated how much 
energy had to be supplied ·toa certain room for maintaining a desired 
room-air temperature for each month of these ten years. The heat-gain 
by solar radiation and internal heat-sourees was subtracted. 
The 10 comparable months were ranked in order of the agreement of the 
monthly energy consumption with the average of these 10 months. 
To gain a good insight in the behaviour of the monthly energy consump
tion, calculations were made for 64 different room situations in which 
the following parameters were varied: 
- Orientations 
- Insulation 

- Window-area 

North, East, South,. West. 
: a) badly insulated 

- single pane window 
- thermal resistance wall 0.64 m2.K./W 

b) well insulated 
- double-pane window 
- thermal resistance wall 1.58 m2.K/W 

30-60% of the facade 
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- Ventilation rate 
- Internal heat-sourees 

2-5 air changes per hour 
0-50 W/m2 floor área. 

The calculation of these monthly energy consumptions has the following 
limitations: 
1. For the calculations a simple computermodel has been used which does 

not take into account the heat capacity of the construction. 
2. The room used had one exterior wall, including a window. 
3. The meteorological data that were used only referred to the center 

of Holland (De Bilt). The period was 1961-1970. 

The influence of limitation 1 was estimated by calculating some of the 
divergent situations in which the heat capacity was taken into account. 
Therefore the computermodel, described in chapter 2, has been used. 
From these calculations the following conclusions can be drawn: 
1. The selection of the reference months, made with the simplified 

model, doesnotchange at all when the heat capacity is taken into 
account; the selected months remain the same. 

2. The absolute values show differences of 20 to 30% between the two 
calculation methods; this justifies the conclusion that energy 
consumption calculations always have to be done with a model that 
takes the heat capacity of the construction into account. 

4.4 Results 

If the results calculated with the reference year have to cor
respond within 5% with the average energy consumption of the total pe
riod of ten years it is not possible to construct one year for heating 
and cooling together. For heating and cooling seperately one year is 
sufficient to remain within this limit. This composed year is valid, 
without regard to ~he construction, orientation, glass area etc. of the 
building. This is in agreement with the results of H.Saito and Y.Matsuo. 
In tabl.e 7 the composition of the two years is shown. 

If on the other hand an accuracy of about 10% is acceptable as compared 
witp the total period of ten years, one reference year can be used for 
heating and cooling together. The composition of this year is shown in 
table 8. 
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Month Heating Cooling 

January 1961 1966 
February 1965 1962 
March 1965 1963 
April 1964 1964 
May 1965 1969 
June. 1961 1969 
July 1964 1968 
August 1961 1968 
September 1967 1962 Table 7. 
October 1970 1970 Reference years for heating 
November 1967 1961 and cooling separately. 
December 1961 1966 

Month Heating and Cooling 

January 1968 
February 1965 
Mar eh 1963 
April 1964 
May 1965 
June 1963 
July 1968 
August 1964 

Table 8. September 1968 
Reference year for heating October 1970 
and cooling together. November 1967 

December 1961 

In the figures 20 and 21 an example is given of a comparative energy 
consumption calculation for an office-room for the heating and cooling 
season. For this calculation the period of 10 years, the reference year 
for heating and cooling separately and the one reference year as 
meteorological input data for the computermodel from chapter 2, have 
been used successively. 
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In both graphs the results are represented cumulativily by: 
- a continuous line the average over the ten-year period 
- crosses the reference years for heating and cooling 

separately 
- triangles the year for combined heating and cooling 
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Fig. 20 Comparative calculations for the heating season. 
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Fig. 21 Comparative calculations for the cooling season. 
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The composition of the reference years was followed by a research into 
the possibility of using the heating reference year for energy calcula
tions on solar heating systems. For this purpose a computermodel on 
solar systems was used, based on flàt plate collectors with a short 
term, thermally stratified,storage and auxiliary heating [34]. 
As meteorological input data the reference year for the heating season 
was chosen, because the thermal load of such a solar heating system is 
closely bound up with the simultaneous heat demand of the house or 
building for which the system is intended. 
The results of the comparative calculations between the ten-year peri~d 
and the heating reference year have shown that the reference year gives 
an accurate picture (within 5%) of the collector output over a longer 
period of 10 years. 
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Fig. 22 Comparative calculations for the collector output •. 
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In figure 22 an example is shown of such a comparative calculation. 
The line shows again the result of the calculation for the ten-year 
period and the crosses indicate the results of the calculation for the 
heating reference year. 
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5. THE INFLUENCE OF LIGHTING ON THE ENERGY 

CONSUMPTION 

5. I Introduetion 

The optimization of window size and orientation during the de
sign process in relation to the energy consumption gives an unrealistic 
picture if only the thermal properties of the window assemblies are 
taken into account. The thermal properties of a window for transmission 
and solar radiation are after all not more than a side-effect of its 
main property, viz. the possibility to admit an amount of daylight into 
the room. The amount depends on window size and shape, room depth, sky 
luminanee and external and internal reflection factors. 
If in a room demands concerning the illuminance and luminanee varia
tions have to be met the presence of windows can have a reducing effect 
on the necessary amount of artificial lighting duringa major part of 
the year and in accordance on the yearly energy demand of the room. 
Artificial lighting has a threefold effect on the energy demand of a 
room: 
1. The amount of artificial lighting results in an electrical input, 

which generation needs, with the present effiency .of the power sta
tions,a threefold amount of primary energy. 

2. The artificial lig~ting has a reducing effect on the heat demand of 
the room, because the supplied electrical energy is released in the 
room as heat. 

3. During the summer season the lighting has an adverse effect on the 
cooling load of the room in case a cooling equipment is used, or on 
the air temperatures in the room if there is no airconditioning. 

These three factors can have a large influence on the total energy de
mand of a building,for heating, cooling and lighting. It is therefore 
important to take into account the influence of the window concerning 
the daylighting. 

In this chapter a start is given to the integration of day- and arti
ficial lighting into the energy consumption calculations of buildings. 

·A mathematical computermodel on the design of artificial lighting 
systems combined with daylight is used [34]. This model has been modi-
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fied and expanded to mal<e it suitable to include the balance between 
day- and artificial lighting into the energy consumption calculations 
of the mathematical model discussed in chapter 2. 

5.2 Calculation procedure for day- and artificial lighting 

The lighting calculation has to be carried out hourly just lil<e 
the energy consumption calculation for heating and cooling, because the 
energy output of the artificial lighting has to be supplied hourly to 
the heating and cooling calculation. 
For each room the lighting calculation is split up into a time indepen
dent calculation part (1) and one part that must be carried out hourly 
to determine the energy output as a result of the necessary artificial 
lighting used during that hour (2). The time independent part of the 
calculation procedure is subdivided into: 
1.1. The lighting contribution of all the present, separately connec

ted, artificial lighting groups on the measuring areas in which 
the walls and worl<ing surface are divided. 
The direct illuminance on all these areas caused by each lighting 
group is calculated using the formulas for the form factors of 
Yamauti [35] under the assumption that the lighting armatures are 
considered as point sources. These illuminances are, dependent on 
the local reflection,factor, converted into the luminanee of that 
area. 
Subsequently the illuminance on each measuring area caused by the 
illuminance of the other areas is calculated using the form fac
tors of the areas to each other. This process is carried out itera
tively until ~ st.ifficient accuracy is obtained. 
With this method the total illuminance, consisting of a direct and 
an indirect part, on all the areas in the room can be calculated 
as a result of each, separately connected, lighting group. 

1.2. For the lighting contribution of all the present windows on the 
measuring areas in the room the same calculation procedure is 
used. However for the time dependent luminances of the windows 
primarily the value 1 is assumed. So, opposed to the artificial 
lighting groups, not the illuminance on the measuring areas is 
calculated, but the factors by which the time dependent window 
luminances must be multiplied to get the final illuminances on all 
the areas of the walls and worl<ing surface. 
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The hourly calculation procedure previous to the thermal calculation 
is subdivided into: 
2.1. The total daylight contribution as a result of the luminanee of 

the windows. 
To this end first the window luminances are calculated from the 
incident solar radiation through the windows. For the luminous 
efficacy of this radiance the value of 115 lm/W is used [40]. 
Only the diffuse part of the solar radiation is taken into account 
and the radiance is assumed to be distributed isotropically over 
the sky. 
The illuminance of each window on the measuring areas in the room 
is then obtained by multiplying this luminanee with the factors 
mentioned under 1.2 •• 

2.2. The necessary artificial light contribution dependent on the 
amount of available daylight, the required illuminance on the wor
king surface and the maximum allowed luminanee variation in the 
room. 
The present lighting groups are switched on or of dependent on 
these criteria and the lighting control in the room. 

2.3. The energy amount that on the one side must be supplied for the 
artificial lighting and on the other side is released to the room 
as an internal heat source. 
This internal heat souree is used as input in the computermodel 
for the calculation of the thermal behaviour of the room. 

5.3 Input data 

Except from the room parameters. necessary for the calculation 
of the thermal environment in the building, the following input data 
are required for the lighting calculations: 
* the refiection factors of the walls, windows, ceiling and working 

surfaces; 
* the height of the working surface above the floor; 
* the,position of the lighting fittings on the ceiling; 
* the selected fittings according to the BZ-method; 
* the luminous flux and electrical input of the lamps; 
* the number of separately connected lighting groups and their relative 

positioning at the ceiling; 
* the required illuminance on the working surface; 
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* the maximum allowable luminanee variation between the walls in the 
room; 

* the number of hours the lights are kept on after they are switched on; 
* the necessary lighting period dur,ing the day; 
* the maintenance factor of the artificial lighting. 

5.4 Flow diagram of the lighting model 

The flow diagram of the lighting computermodel as it is linked 
to the model for the thermal calculations is shown in figure 23. 

Fig. 23. Flow diagram of the lighting calculation. 
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The data input is located after the input of the building parameters. 
The time independent lighting procedure is carried out befare the start 
of the day cycle and the time dependent procedure i.s executed in the 
time cycle after the calculation procedures on the solar radiation data. 

5.5 Energy consumption due to lighting 

The influence of day- and artificial lighting on the energy 
requirements of rooms and buildings can betaken into account by linking 
the lighting calculation procedure from the previous paragraph to the 
computermodel· described in chapter 2. 
In this paragraph two office rooms will be worked out further in this 
respect as examples. The intention is to provide some insight into the 
integration of lighting in the building design and the influence of the 
balance between day- and artificial lighting on the energy consumption. 
In accordance with the normal way of artificial lighting system design 
in office rooms an· uniform illuminance on the working level and a 
maximum allowable luminanee variation between the various planes in the 
room is required. 
The selected office rooms are identical except from their width-depth 
ratio; the dimensions of both rooms are 4.8x3.6x2.7 m3, but in one case 
the room depth is 3.6m and in the other 4.8m. 
The lay out of the lighting fittings ( one lamp in each fitting) on the 
ceiling of both rooms is shown in figure 24. They are either considered 
to be connected to one lighting group or to two resp. three groups. 
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Fig. 24. Lay out of the lighting fittings. 
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The per.centage of double pane glass in the facades is varied from 25 
to 75% as a horizontal strip always beginning at 0.7m from the floor. 
The facade orientation is varied over South, East, North and West. 
The used building materials and thdr properties are given in table 9. 

d(m) !.(WjmOC) p(kg/m3) c(J/kgOC) 

facades : concrete : 0.1 1.8 2500 840 
R=2.4m20C/W insulation : 0.06 0.035 40 1470 
inner walls : plaster : 0.01 0.7 1600 840 

brick : 0.1 0.4 1150 840 
plaster : 0.01 0.7 1600 840 

floor : flooring : 0.045 0.1 400 1470 
concrete : 0.15 1.8 2500 840 

ceiling : concrete : 0.15 1.8 2500 840 
cavity 
aluminium : 0.001 200 2800 880 

Table 9. Building materials and their properties. 

The temperature control by the heating and cooling equipment is set 
from 8-18 o•cfock with an interruption during the weekends. The requi
red room-air temperature during these hours is 22oc with an allowable 
variation of zoc. The ventilation rate during the working hours is 2 
else 0.5; the internal heat gain by persons 10 WJm2. 
Concerning lighting the following input data are used: 
- reflection factors of the working surface : 0.3 

walls 0.8 
ceiling 0.6 
window 0.1; 

- height of the working surface : 0. 7 m; 
- lighting fittings according to the BZ-classification : 8; 
- lamps : TL 40W, colour 33, luminous flux 3200lm; 
- subdivision in separately connected lighting groups is varied from 

1-3 parallel to the facadé; 
- required illuminance on the working surface : 5001ux; 
- maximum luminanee variation : 1:20; 
- the number of burning hours after lighting is varied from 1-10 hours; 
~ the lighting period is set from 8-18 o'clock; 
- maintenance factor : 0.8. 
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The calculations are carried out using the reference year for heating 
and cooling as described in chapter 4. 
Besides the variations in glass percentage and orientation the follow
ing input parameters are varied concerning the lighting calculation: 
1. Without the presence of an artificial lighting system and therefore 

also without internal heat gain caused by the lighting. 
2. All present artificial lighting groups continuously on during the 

working hours. 
3. Only one artificial lighting group present. which stays continuously 

on during the rest of the day after artificial lighting has become 
necessary; i.e. no "off-control" during the day. 

4. One present lighting group only used during the hours when necessary; 
i.e. hourly "on and off-control" during the day. 

5. Two or three separately connected artificial lighting groups, depen
ding on the room depth, each staying continuously on during the rest 
of the day after necessary lighting. 

6. Two or three lighting groups, burning only during the hours when 
necessary. 

Necessary means in this context conform to the input data concerning 
illuminance and luminanee variations. 
The results of these calculations are plotted in eight graphs in figures 
25 and 26. The numbering of the lines in the graphs corresponds with the 
above mentioned six lighting control situations. 
The energy requirements for heating, cooling and lighting are converted 
into the primary energy values. 
The used conversion factors are: heating 1.3 

cooling 1.0 ,i.e. l/3x3 
lighting 3.0 

5.6 Conc/usions 

With due regard to the limitations, stated in the previous 
paragraphs, a number of conclusions can be drawn from these graphs indi
cating the importance of a good integration of lighting into the energy 
consumption calculations of buildings. Under the given terms of the 
situations 1 to 6 an ideal control of the artificial lighting system 
is assumed. 
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Room depth: 4.80m. 
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1. If the lighting is not taken into account (sit. 1) the graphs show 
that the primary energy demand for heating and cooling together in
creases with the glass percentage. Thé maximum difference of 35% 
occurs between the south orienta,tion, combined with a room depth of 
4.8m and the east orientation with a depth of 3.6m. . . 

2. If a constant artificial lighting is used during the working hours 
without considering the daylight contribution (sit. 2) the necessary 
energy demand of the room increases a factor 2.1-2.4 above sit. 1 
without artificial lighting. This shows the importance of a good 
artificial lighting control. The proportional differences between 
the orientations decrease to 20%. 

3. Using one artificial lighting group combined with only an "on" con
trol during the day depending on the lighting requirements (sit. 3). 
shows a minimum energy demand at 35% glass for a room depth of 3.6m 
and 55% for a depth of 4.8m. The reduction on the primary energy de
mand at these points as a result of the "on" control is already 30% 
related to sit. 2. This reduction however starts only from 10 resp. 
30% glass depending on the room depth, because by using lower glass 
percentages the illuminance at the back of the room by daylight ne
ver reaches the required level of 500lux. 
The optimum at 35 resp. 55% glass is caused by the threefold influ
ence of the glass percentage: 
1. positive by the daylight contribution and through that a decrease 

in necessary artificial lighting; 
2. positive by reducing the energy demand for heating on the south 

orientation and negative on the other orientations; 
3. negative by the increase of the cooling load during the summer 

season. 
If moreover a subdivision is made in two or three separately connec
ted groups (sit. 5), the reduction takes already place below 10 resp. 
30% glass because then in a number of cases the lighting of one 
group is already sufficient to get the required illuminance at the 
back of the room. 
The reduction due to the separate group control increases from 30 to 
35% related to sit. 2. 

4. An hourly "on and off" control (sit. 4) reduces the primary energy 
demand at the optimum glass percentages to 45% related to sit. 2. 
Besides the reduction starts already below 10% glass. 
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Separate group control {sit. 6) increases this reduction further to 
50% related to sit. 2. 

From these graphs the overall conclusion can be drawn that an accurate 
control of the balance between day- and artificial lighting can reduce 
the extra primary energy demand for artif1cial lighting to an average 
of 15% of the energy demand for heating and cooling. Although in these 
calculations the lighting control is idealized the results provide a 
good impression of the influence of the use of artificial lighting and 
its control on the total yearly energy consumption of a building and 
the role of the various building parameters. 
The calculation results show also very clearly the energetical conse
quences of a required uniform illuminance at working surface over the 
whole room on the total yearly energy consumption. From the viewpoint 
of energy conservation it seems reasonable to subject the present light
ing requirements in buildings to a closer examination. 
The main purpose of this chapter was to show the importance of such a 
closer examination and to provide the instrument., 
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6. METHODS FOR ENERGY CONSUMPTION CALCULATIONS 

6.1 Introduetion 

The design process of a bui'lding is in general characterized 
by the course of development from schematic and rough design plans to 
a very detailed and ellaborated final building design. In order to in
troduce the energetic aspects relating to energy consumption for heatin9 
and cooling and thermal behaviour under extreme outdoor conditions into 
the design process it is necessary to develope design aids on these is
sues that correspond with the building design process. 
The design aids have to provide a comparative view on the energetic con
sequences of the various architectural design solotions during the de
sign process. 
The existing methods for the determination of the energy consumption of 
buildings and houses during a reference year can hardly be used during 
the design process. Most computermodels are not accessible for the archi
tectural designers. non-specialists in the field of building physics and 
computer software. These models require a detailed set of input data that 
is not available during the first stages of the design process. A selec
tion between different design solutions becomes therefore impossible. 
Moreover the computertime, connected totheuse of such computermodels 
for energy consumption ca1culations. is so expensive that these models · 
can not be used in practice for the optimalization between design alter
natives concerning the energy consumption. Finally only a few people 
have the facilities at their disposalto use the.available computer
models in an interactive way. 
The only methad that can be used at this moment without the aid of a 
computer is the degree-days method according to the VDI [43]. This me
thod has not the mentioned disadvantages of the computermodels, but its 
accuracy is very doubtful. Anyway dynamical parameters as solar radia
tion and internal heat sourees can not be accounted for in this method. 

In order to give an insight into the energetic consequences of the va
rious design alternatives during the first stages of the design process 
it is necessary to develope simple and sufficiently accurate design aids 
starting from accurate calculation methods. In this chapter three me
thods of energy consumption calculations are compared with each ather 
with respect to their accuracy for the winter season. 
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6.2 Degree.days method 

This method is based on the temperature differente between the 
mean outside air temperature (T ) during the heating season and the ge 
daily mean indoor air temperature (T91 ). The hourly mean heat loss (Qm) 
of a room is given by: 

where 
k =heat transfer coefficient (W/m2 DC); 
A= external wall surface (m2); 
V= ventilation volume (m3/s); 
p = specific mass of air (kg/m3); 
c = specific heat of air {J/kgDC), 

(6.1) 

The total energy demand (Qt) for that room over a whole heating season 
is then given by: 

(Wh) (6.2) 

where : 
D = the number of degree-days during the heating season. 

For the determination of the number of degree-days the following para
meters are important: 
- The length of the heating season. In the Netherlands the period from 

the 15th of September until the 15th of May is mostly selected. Only 
during this period the heating installation is used if required. 

- The daily mean indoor air temperature. 
- The mean outside air temperature during the heating season; over the 

period 1961-1970 for the Bilt this is 5.soc. 
• The number of heating days; i.e the days where the mean outside air 

temperature lies 2.5oc below the indoor temperature. 
- The number of degree-days; i.e the product of the heating-days with 

the mean temperature difference between inside and outside. 
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According to the VDI 2067 the energy demand over the heating season 
is given by: 

where 

Qe 
Qt = r:-:,...- 24D.e.y 

, e 
(Wh) 

Qe = the maximum heat loss according to the DIN 4701; 
Te = design temperature for the outside air; 
Ti = required minimum indoor air temperature; 

{6.3) 

e = temperature limitation factor for the Qe-calculation in 
the DIN 4701 dependent on: · 
- temperature lowering during the night; 
- weekend interruption. 

y =factors eliminating the additional factors in the 
Qe-calculation for: 
- working interruption; 
- orientation of the facades; 
- cold inner surfaces. 

If not the maximum heat loss Qe according to the DIN 4701 is used but 
the average heat loss Qm the reduction factors e and y become the 
value 1. 

As an average for the period 1961-1970 the heating-days and degree-days. 
dependent on the daily mean indoor temperature are given in table 10. 

Heating season 
Indoor temperature Heating-days Degree-days 

22oc 243 3933 
21oc 242 3682 
20°c 240 3417 
19oc 238 3144 
18°C 235 2870 
17oc 230 2570 

Table 10. Degree-days for the heating season in the Netherlands. 

6.3 Computing methods 

For the comparative energy consumption calculations two compu
ting methods have been used: 
1. A computing method without heat capacity. 
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2. A method which takes the heat capacity of the construction into ac
count. 

sub 1. This method is based on the hourly calculation of the heat loss
es of a room using the reference year for heating and cooling described 
in chapter 4. The heat capacity of the construction is not taken into 
account in this computermodel. The total energy demand over the heating 
season is found by the sum of the hourly heat loss calculations. 
The hourly calculated heat balance for a room with one facade is des
cribed by: 

where 

Q(t) = (~+ ~ + p.c.V(t)) (r1(t)-Te(t))- ö.~.Os;(t)-
Re Re 

- ap.Ap.Qs 1 (t)~- aw.Aw.Os;(t)~ 

Q(t) = heat losses at timet (W); 
~ = window surface (m2); 
~ =air to air thermal resistance window (m20C/W); 
Ap = parapet surface; 
Rp = air to air thermal resistance parapet; 
p = specific mass of air (kg/m3); 
c = specific heat of air (J/kg.OC); 
V(t} = ventilation volume (m3Js); 
Ti(t) = indoor air temperature at time t (OC); 
Te(t) = outside air temperature at timet (OC); 
ö = transmission factor window for solar radiation; 
~i~} = incident solar radiation at time t (W/m2); 
ap = absorption factor of the parapet; 
aw = absorption factor of the window; 

. Re = external heat transfer resistance (m20C/W). 

(6.4) 

sub 2. For the calculation where the heat capacity of the construction 
is taken into account the computermodel for the dynamic thermal beha
viour of buildings, as it is described in chapter 2, has been used. 
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6.4 Room data 

For the energy consumption calculations on behalf of the com
parison between the three methods mentioned in the previous paragraphs 
an office room is chosen with one facade. The room dimensions are fixed, 
a number of other·parameters, i.e windowsize, orientation, building 
materials and working hours, are varied. 
The room dimensions are: 5x5x2.8 = 70m3 

facades 5x2.8 = 14m2 
window: 25%. 5x0.7 = 3.5m2 

50% 5x 1.4 = 7m2 
For the construction of the walls in the office room two very divergent 
construction types are chosen: 
I . Double pane window; well insulated (R= 2.7m2 .0C/W); great heat 

capacity. 
II. Single pane window; poorly insulated (R= 0.9m2.oC/W); low heat 

capacity. 
The matching building materials and their properties are listed in 
table 11. 

d(m) ;!,(W/m. 0C) p(kg/m3) c(J/kg. 0C) 
I parapet : brick : 0.1 0.8 1600 840 

insulation : 0.08 0.035 50 1470 
brick : 0.1 0.8 1600 840 

floor/ : concrete' : 0.2 1.4 2500 840 
ceiling cavity 

aluminium : 0.001 200 2800 880 
inner walls : poriso : 0.11 0.4 1100 840 

II parapet : as bestos : 0.12 1.2 1750 840 
insulation : 0.02 0.035 50 1470 

floor/ : wood : 0.021 0.16 600 1880 
ceiling cavity 

aluminium : 0.001 200 2800 880 
inner walls : poriso : 0.11 0.4 1100 840 

Table 11. Building materials and their properties. 

For the accupation during the day a subdivision _is made into: 
- a 24 hours occupation; 
- a 12 hours occupati?n (7-19h). 
The required room air temperature during the accupation hours is 2ooc; 
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the minimum air temperature outside this period is 16°C. 
There are no heat losses to adjacent rooms. 
The ventilation volume in the room is 70m3/h. 
Concerning the influence of the solar radiation on the calculation re
sults the following orientations are chosen: 
- no solar radiation at all, because in the degree-days method the sola.r 

radiation influence can not be accounted for; 
-a north facing facade; i.e. the minimum quantity of solar radiation 

on a facade during the heating season; 
- a south facing facade; i.e. the maximum available solar radiation on 

a facade. 

6.5 Results 

The results of the energy consumption calculation, carried out 
with the three methods, are printed in table 12 including the ventila
tion losses. In this table the total energy demand over the heating 
season is given for the eight selected room-type variations and the 
different orientations. The numbers I and 11 in the table relate to the 
two different construction types of table 11. 

6.6 Conclusions 

If the influence of the solar radiation is not accounted for in 
the two computing methods the differences between the calculation results 
of the three methods are very small. 
- For the stationary- and degree-days method can be concluded that the 

results fora 24-hours accupation are almost identical;for 12-hours 
occupation the differences are limited to 2% related to the degree
days method. This difference is caused by the use of a daily mean in
door air temperature in the degree-days method, which results in devia
tions from the hourly calculation method, if the indoor air temperature 
is not uniform during' the day. 

- The differences in results between the stationary and dynamical compu
ting method are caused by the fact that in the dynamical method the 
heat transfer resistance at the inner side of the walls is split up 
into a convective and a radiative heat transfer; this in contrast with 
the stationary method, where all the heat transfer at the inner side 
of the walls occurs as convective heat transfer. 
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Heat demand 1n kWh/heating season 

orienta- accupation glass con stuc- degree- without with 
ti on perc. ti on days heat heat 

capacity capacity 

without 0-24 . 25 I 3068 3048 2971 
sol ar IJ 4122 4097 3974 
rad ia- 50 I 3815 3792 3604 
ti on II 5202 5170 4927 

7-19 25 I 2577 2614 2490 
II 3462 3512 3314 

50 I 3204 3251 3011 
II 4369 4433 4096 

North 0-24 25 I 3068 2719 2488 
IJ 4122 .3681 3454 

50 I 3815 3237 2728 
II 5202 4484 4053 

7-19 25 I 2577 2285 2040 
11 3462 3098 2824 

50 I 3204 2700 2198 
11 4369 3751 3270 

South 0-24 25 I 3068 2434 1923 
11 4122 3297 2854 

50 I 3815 2910 1789 
11 5202 4021 3164 

7-19 25 I 2577 2000 1514 
11 3462 2713 2215 

50 I 3204 2371 1357 
II 4369 3286 2371 

Table 12. Results of three energy consumption calculation methods. 

During the heating season the wall surface temperatures inside the 
room are in general lawer than the prescribed room air temperature. 
The radiative heat transfer from the walls ta the window, tagether 
with the canvective heat transfer. is thus smaller compared with.the 
stationary computing method in which the heat transfer totally occurs 
as canvective heat transfer. The results show a maximum difference of 
8% at a window percentage of 50. 

If in the computing methods the solar radiation is taken into account 
the results show large differences. 
- The maximum difference between the dynamical and stationary method is 

40% far a south facing facade with 50% glass and a heavy construction, 
related to the statianary method, because in the stationary methad 
there is no possibility to store a temporary surplus of solar radia
tion in the construction. 
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The minimum difference is 5% for a north facing facade with 25% glass 
and a light construction, caused by diffuse solar radiation only. 

- The maximum difference between the dynamical method and the degree
days method, related to the last one, is 60%; the minimum difference 
is 15%. 

As a result of the large deviations that can occur the degree-days 
method and the stationary computing method are not reliable enough for 
energy consumption calculations, especially because the differences are 
strongly divergent for the various room situations. 
The results show that the differences are mainly caused by the influence 
of the solar radiation. Therefore it seems possible to search for reduc
tion factors that take into account the influence of the solar radiation 
on the energy demand. If this succeeds then the degree-days method, or 
another comparable method which is as easy to handle, can provide a 
reliable picture of the future average yearly energy consumption for 
heating. 
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7. AN ENERGY CONSUMPTION CALCULATION METHOD 
ACCOUNTING FOR· SOLAR RADlATION AND 
INTERNAL HEAT SOURCES 

7.1 Introduetion 

From the previous chapter the conclusion can be drawn that the 
degree-days method should be supplemented with the necessary correction, 
factors for solar radiation and internal heat sourees in order to make 
reliable comparative,energy consumption calculations during the design 
process possible. Nevertheless this existing degree-days method has not 
been used in developing a simple and reliable calculation method. The 
reason is that the degree-days method starts from,daily averages concer
ning the outdoor temperature and the required indoor temperature; there
fore the determination of the number of heating days during the heating 
season is also based on these average temperatures. 
This leads, besides the influence of solar radiation and internal heat 
sources, to the following limitati~ns: 
1. As a result of the use of daily mean temperatures problems occur when 

the various parameters in the heat balance are not constant during 
the 24-hour period. Examples are: 
- different indoor-àir temperatures during day- and night-time; 
- different ventilation rates during day- and night-time; 
- a variable influence of the solar radiation during the 24-hours; 
- possible variations in transmission coefficients caused by curtains. 

insulated shutters etc. 
When these parameters are averaged over the 24-hours considerable 
mistakes (20% or more) may occur in the calculated results. 

2. In the degree-days method a day is considered as a heating day if the 
mean outside-air temperature over the 24-hours lies 2.soc below the 
mean indoor-air temperature. This reduction of 2.soc should be due to 

the thermal inertia of the building to the outdoor elimate and possi
ble present internal heat-sources. 
Days on which the outside-air temperature swings around the required 
indoor-air temperature are not considered as heating days. 
The precise origin of the value of 2.5oc could not be traced; more
over in literature other values are mentioned [45]. 
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7.2 Calculation method without solar radiation and interna I 
heat-sourees 

Jn order to avoid the limitations of the degree-days method, 
mentioned in the introduction, in the proposed method not the daily 
averages of the temperatures are used. Instead of the number of heating 
days the number of heating hours is determined over the heating season. 
As heating season the period from the 15th of September until the 15th 
of May has been taken into account. All the hours are marked as heating 
hour when the outside-air temperature lies below the momentary required 
indoor-air temperature (Ta). So the number of heating hours during the 
heating season depends on the hourly required indoor-air temperature. 
By the summation of the product of the heating hours with the tempera
.ture difference between inside and outside for each hour of the day 
over the whole heating season, the total number of degree-hours over the 
heating season can be obtained for each hourly period of the day. 
The degree-hours are totalized for the 24-hours subdivided into three 
periods; in that case most accuring var1ations in accupation time can 
be composed. 
These periods are: 1 - 7 o'clock 

7 - 19 o'clock 
19 - 1 o'clock 

In table 13 the degree-hours are listed dependent on the required indoor
air temperature and the period of the day. 
This method creates the possibility to take into account variable ven
tilation rates, internal heat-sources, transmission coefficients and 
room-air temperatures for the different periods of the day. 
By using table 13 the heat demand of a room during an average heating 
season can be calculated if neither the solar radiation nor the pre
senee of internal heat sourees as lighting, persons, machines etc. is 
taken into account. 

(7 .1) 

where 
Qt = total energy demand during the heating season (kWh); 
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Gr1 = degree-hours according to table 13 for the period 
1 - 7 o 'clock; 

Gr2 = degree-hours for the period 7 - 19 o'clock; 
Gr3 = degree-hours for th( period 19 - 1 o 'clock; 
k1_3 = heat transfer coefficients for the three periods (Wfm2,0C); 
Ek.A = summation of thè heat transfer for the different parts of 

the outer walls (WfDC); 
A =area of the different wall parts (m2); 
p = specific mass of air : 1.2 kg/m 3 ; 

c = specific heat of air : 1000 J/kg.OC; 
V = ventilation volume of the room (m3/s). 

Degree-hours/1000 for the three periods 

Ta Gr1 (6 hours) Gr2 (12 hours) Gr3 (6 hours) 

oe 1 - 7 7 - 19 19 - 1 
30 37.6 67.0 36.0 
29 36.1 64.1 34.6 
28 34.7 61.2 33.1 
27 33.2 58.2 31.7 
26 31.8 55.3 30.2 
25 30.3 52.4 28.8 
24 28.8 49.5 27.3 
23 27.4 46.6 25.8 
22 25.9 43.7 24.4 
21 24.5 40.8 22.9 
20 23.0 37.9 21.4 
19 21.5 35.1 20.0 
18 20.1 32.2 18.6 
17 18.6 29.5 17.1 
16 17.2 26.7 15.7 
15 15.7 24.1 14.2 
14 14.3 21.5 12.9 
13 12.9 19.0 11.5 
12 11.5 16.7 10.2 
11 10.2 14.5 8.9 
10 8.9 12.5 7.7 

Table 13. Degree-hours for the period 1961-1970 in de Bilt. 

If the ventilation rate and the transmission coefficients are not va
ried over the three periods the heat balance equation (7.1) can bedes-. 
cribed as: 

(7.2} 
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In these heat balance equations (7.1 and 7.2) the overall heat trans
mission coefficients (k) of the different parts of the facade are used 
including the external and internal heat transfer coefficients. The 
heat transfer from the room to the facade is supposed to occur only as 
a convective heat transfer between the facade and the room-air. 
In the dynamical computing method on the contrary the internal heat 
transfer coefficients of the walls are split up into a convective and 
a radiative part. The convective heat transfer takes place between the 
facade and the room-air, the radiative heat transfer between the facade 
and the other internal wall surfaces.Due tothefact that during the 
heating season the internal wall surface temperatures are in general 
lower than the room-air temperature, the heat transfer from the room to 
the facade is smaller if this heat transfer is split up into a convective 
and a radiative part, than if all the heat transfer is supposed to be 
convective. In order to get identical results out of the two calcula
tion methods corrections must be made for this different approach of 
the heat transfer between the room and the facade. The size of the cor
rections is coupled of course to the temperature difference between the 
room-air and the internal wall surface temperatures. The internal wall 
surface temperatures depend on the area ratio between the facade and all 
the other walls in the room and the average inside surface temperature 
of the facade. 
Under the assumption of a uniform wall surface temperature of all the 
inner walls in the room figure 27 can be used for the determination of 
the corrections in transmission coefficients of the facade. 
On the horizontal axis the average transmission coefficient k of the 
facade is plotted. On the vertical axis the decrease of this average 
transmission coefficient 6k caused by the radiative heat transfer. In 
the graph lines are plotted for the various area ratios between the sum 
of the inner walls A; and the facade Af (B = A;/Af). 
When the average .transmission coefficient of the facade k and the ratio 
B = A;/Af are known the decrease in transmission coefficient of the fa
cade can be found. 
If in the computing method the radiative heat transfer is simulated as 
convection, or if in the degree-hours method the corrections on the 
transmission coefficients are used according to figure 27, the calcula
tion results of both methods are identical. 
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This justifies the conclusion that, if no solar radiation or internal 
heat sourees are taken into account, the influence of the heat capacity 
of the construction is negligible for energy consumption calculations • 

• 6 r-----.-----,r----r----r---..,. 8=2 

B=A;fAf 
àk .4~---4----~----+---~--~, 

.2 
a•4 

3 4 5 

Fig. 27. Correction on the transmission coefficient k (kcorr=k-àk) 

7.3 Reduction by solar radiation 

In order to introduce the solar radiation into the degree-hours
method, as it is described in the previous paragraph, it is important 
to know the influence of the solar radiation, transmitted through the 
windows, on the various building parameters. 
A number of quantities, related to the building and its environment, 
determine the size of the reducing effect of the solar radiation on the 
seasonal heat demand. 
1. Dependent on the orientation of the building facades a certain amount 
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of solar radiation is falling on these facades during the heating 
season from the 15th of September until the 15th of May. The choise 
of the window assembly is decisive for the percentage of this radia
tion which is transmitted through the window. In table 14 the total 
amounts of incident and transmitted solar radiation are listed de
pendent on orientation and window assembly. 

Orientation Incident Transmitted radiation 
radiation 

double pane single pane 
window window 

South 527kWh/m2 369kWh/m2 422kWh/m2 

North 165 116 132 
East 317 222 254 
West 290 203 232 

Table 14. Total amounts of incident and transmitted solar 
radiation during the heating season. 

2. Thewindow-sizein the facades. An increasing window-size enlarges the 
total reducing effect of the solar radiation on the heat demand, but 
per square meter increasing window area the reducing effect is get~ 
ting smaller. The increasing surplus of sol ar radiation during autumn 
and spring is due to this phenomenon. 

3. The heat losses of the room. The reducing effect of the solar radia
tien increases when the heat losses of the room by transmission and 
ventilation are higher; the surplus of solar radiation decreases. 

4. The heat capacity of the room. When the heat capacity of a room is 
large, the solar radiation transmitted through the windows, which is 
at first absorbed by the walls in the room, is released more spread 
over a longer period. The surplus gets smaller, so the reducing ef· 
fect of the solar radiation increases with an enlarging of the avail
able heat capacity of the room. 

Research has been carried out into the relation between the reducing 
effect of the solar radiation on the energy consumption of a room and 
the above mentioned four parameters:~ orientation and window assembly; 

- window-size; 
- heat losses; 
- heat capacity. 
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On behalf of this study the mathematical computermodel for the thermal 
behaviour of buildings, as described in chapter 2, is used in combina
tion with the heating raferenee year of chapter 4. 
Fora number of rooms, in which th~·four mentioned parameters are 
strongly varied, energy consumption calculations are made for the heat
ing season both with the dynamical computermodel and the degree-hours 
method. In this way the influence of the solar radiation on the energy 
consumption could be studied by camparing for each case the calculation 
results found with both methods. 

The results are plotted in the four graphs of figures 28 and 29. 
Different graphs are made for double and single pane windows, because 
the transmission factor for a double pane window is smaller than for 
single pane. Also different graphs are made for the accupation times: 

7 - 19 0 1clock 
and : 7 - 1 o1clock or 1 - 1 o•clock. 

An increase in accupation time shows an enlarging of the reduction on 
the heat demànd by solar radiation as a result of the heat storage in 
the construction. This effect is only perceptible for the transition 
from 12 to 18 hours occupation. For the transition from 18 to 24 hours 
accupation the differences in reduction are negligible. 
All the quantities on the axes of these graphs are expressed per square 
meter window-size, because the size of the window area on a certain 
orientation determines mainly the amount of transmitted solar radiation 
for which the reduction on the energy consumption must be found. 
On.the vertical axis is plotted: 
Qs/m2 window; i.e. the quantity of transmitted solar radiation per square 
meter window-size deductible from the heat losses as an effective heat 
source. 
On the horizontal axis is plotted: 
Qd/m2 window; i.e. the calculated heat losses according to the degree- · 
hours method for the day-period (7-19). The heat losses of the day-period 
are chosen because the effective use of the transmitted solar radiation 
is mainly affected by these heat losses and not by the heat losses of 
the total 24-hours. 
The curves in the four graphs show for each orientation the deductible 
solar radiation per square meter window-size on the heat demand of the 
room. Per orientation the curves for the various heat capacitiès are 
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expressed as a function of the total accessible mass of all the walls 
in the room per square meter window-size (M/m2 window). In order to cal
culate the accessible mass in the room for the storage of solar radia
tion, the total mass of the outer walls and half the mass of the inner 
walls must be taken into account. Only when the floor of the room is 
provided with a carpet its mass may not be accounted for. This is also 
valid for the mass of the ceiling if it is provided with free-hanging 
panels. 
When the influence of the transmitted solar radiation through the win
dows is taken into account the heat balance of a room for the energy 
demand over a heating season equation (7.1) comes to: 

where 

(7.3) 

Qs ~ deductible solar radiation per square meter window-size 
from figures 28 and 29 (kWh); 

A,w = total window area (m2). 

If a room has more than one external wall provided with windows, the de
ductible solar radiation, caused by the windows on both orientations, 
can be determined by interpolation between the graphs for the different 
window orientations from figures 28 and 29. 
This linear interpolation must be carried out according to the ratio of 

the window areas on the different orientations. 
The thus found Qs/m2 must be multiplied with the total window area on 
both facades. 
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7.3.1 Weekend interruption 

The influence of a weekend interruption on the total energy de
mand over the heating season can be,accounted for in a simple way. 
The calculation methad proceeds as follows. 
First the degree-hours are determined over the three periods of the 24-
hours both for the working-weeks and the weekends. The degree-hours for 
the weekend period are multiplied with 2/7, the working-week with 5/7. 
Next the terms tk.A and p.c.V from the formulas 7.1 and 7.2 are deter
mined seperately for the working-week and the weekend. By using these 
data the energy demand over the heating season can be calculated not 
accounting for the solar radiation. 
The deductible solar radiation from formula 7.3 is determined with the 
ai~ of figures 28 and 29 by using on the horizontal axis the summatien 
of the terms Qd/m2 for the working-weeks and the weekends 

7.4 Reduction by internat heat-sourees 

Besides the reducing influence of the transmitted solar radia
tien through the windows on the heat demand of a room over the heating 
season, also present internal heat-sourees as artificial lighting, per
sans, machines, etc. have a reducing effect on the seasonal energy de
mand. In general the heat emission of these heat-sourees is not taken 
into account, because their influence on the energy demand can hardly 
be estimated. The main reason is that the presence of the heat-sourees 
is,not always simultaneously to the heat demand of the room. If the heat
emission takes place when no heat, or a minor quantity of heat, is re
quired in the room, a surplus of heat is available, especially in spring 
and autumn, which can not be used. 
In order to take into account the reducing effect of the internal heat
sourees on the seasonal energy demand the following quantities are im
portant: 
1. The amount of heat emission from the heat-sources. An increasing 

amount of produced heat in the room causes a surplus during a major 
part of the heating season. 

2. The window-size and orientation. As a result of the transmitted solar 
radiation through the windows the efficiency of the simultaneous 
presence of internal heat-sourees is smaller. 
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3. The heat losses of the room. When the heat losses in the room by 
transmission and ventilation are high, a surplus of heat, caused by 
the heat-sources, occurs less often. 

4. The heat capacity of the room. Dependent on the accessible heat ca
pacity in the room the radiative part of the heat emission of the 
heat-sources, stared in the construction, is released more spread 
over a longer period to the room. 

In order to find the efficiency of the internal heat-sourees related to 
the seasonal energy demand in the same way as for the solar radiation 
again the dynamical computermodel for the thermal behaviour, combined 
with the reference year, is used. 
The efficiency of the internal heat-sources, dependent on the four para
meters mentioned above, is found by comparing for a number of various 
rooms the results of the calculations, carried out with and without the 
presence of the internal heat-sources. 

The results are plotted in the six graphs of figure 30, 31 and 32. 
Different graphs are made for the orientations South, East/West and 
North, as a result of the differences in solar radiation. The differen
ces between theEast and West orientation are negligible, and no dif
ferences were found either for single and double pane windows. 
Also different graphs are made for different accupation times. 
The influence of the solar radiation has its main reducing effect during 
the period from 7 to 19 o'clock; consequently the efficiency of the in
ternal heat-sourees during this period is smaller than during the other 
periods. 
For the same reason as mentioned for the graphs related to the solar 
radiation all the quantities in the graphs are expressed per square me
ter window area. 
On the vertical axis is plotted: 
Qd/m2 window; i.e •. the calculated heat losses during the day-period 
(7-19) per square meter window area. 
The curves in the six graphs show, dependent on the heat emission of the 
internal heat-sourees per m2 window (Qi/m2) and the heat losses of the 

. room per m2 window (Qd/m2), the efficiency of the heat emission. 
In order to find the total reduction of the internal heat-sourees on the 
seasonal energy demand the found efficiency n on the vertical axis must 
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be multiplied with the heat emission of the internal heat-sourees per 
m2 window area, the total window area and the number of hours during 
the heating season in which the heat-sourees are present. 
There are no different curves for the various heat capacities of the 
room because the internal heat-sourees are in general constant during 
each of the three periods of the 24-hours. The effect of storage in the 
construction is therefore very small. Moreover the reduction on the 
energy demand as a result of the internal heat-sourees may only be taken 
into account under this condition; i.e. a rather constant character 
during each of the three periods. 
The heat balance of a room for the energy demand over a heating season 
(7.1 and 7.3) can be expanded as follows: 

where 

+ Gr3(Ek3.A + p.c.V3) - Aw.Qs- n.Qi.h.d/1000 (kWh) (7.4) 

n = efficiency of the internal heat-sources; 
Qi = heat-sourees per m2 window area (W/m2 ); 

h = number of hours during the day in which the heat-sourees 
are present; 

d = number of days during the heating season; i.e. 245. If a 
weekend interruption is used this number must be reduced 
to 175. 

7.5 Comparison with other methods 

In the previous chapter comparitive calculations were carried 
out for three energy consumption calculation methods: 
1. degree-days method; 
2. computing method without heat capacity; 
3. computing method which takes the heat capacity of a room into account. 
In this paragraph calculations are carried out for the same types of 
rooms with the degree-hours method as described in this chapter. The 
results of these calculations are printed in table 15 together with the 
results from the previous chapter. In the last column of this table the 
accuracy of the degree-hours method is given related to the dynamical 
computing method. 
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..... 
0 
0\ 

Heat demand in kWh/heating season 
orientation occupation gl ass construc- degree- without with 

perc. ti on days heat heat 
capacity capacity 

1 2 3 
without 1 - 1 25 I 3068 3048 2971 
sol ar II 4122 4097 3974 

50 I 3815 3792 3604 
radiation II 5202 5170 4927 

7 - 19 25 I 2577 2614 2490 
II 3462 3512 3314 

50 I 3204 3251 3011 
II 4369 4433 4096 

North 1 - 1 25 I 3068 2719 2488 
II 4122 3681 3454 

50 I 3815 3237 2728 
II 5202 4484 4053 

7 - 19 25 I 2577 2285 2040 
II 3462 3098 2824 

50 I 3204 2700 2198 
II 4369 3751 3270 

South 1 - 1 25 I 3068 2434 1923 
II 4122 3297 2854 

50 I 3815 2910 1789 
II 5202 4021 3164 

7 - 19 25 I 2577 2000 1514 
II 3462 2713 2215 

50 I 3204 2371 1357 
II 4369 3286 2371 

Table 15. Comparison between the four energy consumption calculation methods. 

degree- 4 to 3 
hours % 

4 
3027 2 
4068 2 
3697 3 
5045 2 
2606 5 
3502 6 
3183 6 
4343' 6 
2642 6 
3631 5 
2997 9 
4275 5 
2221 9 
3065 8 
2383 8 
3573 9 
1925 0 
2913 2 
1807 1 
3155 0 
1556 3 
2382 8 
1433 6 
2558 8 



Compared with the results of the computing method without heat capacity 
and the degree-days method the new degree-hours method shows very good 
results related to the dynamical computing method. 
Differences in results greater than 10% between these two methods do 
not occur. ~Also other test studies. in which the influence of the inter
nal heat-sourees is investigated show no differences greater than 10%. 
If the method is used as a design aid for comparative energy consumption 
calculations the mutual differences will be still smaller. 
These results. together with the simplicity of the method. justify the 
conclusion. that the degree-hours method can be an asset as design aid 
to provide a good comparative view on the energetic consequences of the 
various architectural design solutions during the design process of 
buildings. 
In order to expand this method in the future special attention should 
be given to the influence on the energy consumption of other window 
assemblies. floor heating and radiation heating systems. 
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8. AIR TEMPERATURES IN ROOMS WITHOUT ARTIFICIAL 
COOLING UNDER• SUMMER CONDITIONS 

8.1 Introduetion 

With the aid of the degree-hours method, described in the pre• 
vious chapter, the possibility is created to optimize window-size, 
orientation etc. during the building design process in relation to the. 
energy consumption over an average heating season. With-respect to this 
optimization process. it has become of importance to get also a fairly 
good insight during the first stages of the design process into the in
fluence of the different design solutions on the necessity of artificial 
cooling during the summer. Architectural design decisions about orienta
tion, mass, glass percentage and window assembly can have an important 
influence on the necessity of artificial cooling ánd the use of artifi
cial cooling has great energetical consequencesin relation to the future 
yearly energy consumption of the building. It is therefore desirable to 
get a good judgement about the influence of the var1ous building design 
solutions, found with the calculation results of the energy consumption 
during the heating season, on the room-air temperatures to be expected 
under summer conditions. Moreover it is not unlikely that future buil
ding-regulations will limit the installation of cooling equipment. 
As a result on a number of werking days the room-air temperatures may 
rise to an unacceptable high level. 
Besides the architectural and energetical consequences this shows once· 
more the importance to search for design aids in order to gain in a fast 
and simple way a reliable insight into the influence of the various 
building parameters on the occuring room-air temperatures and how these 
building parameters have to be altered or adapted in order to prevent 
the necessity of artificial cooling. 
In this chapter a simple method is described to provide a reliable in• 
sight into the influence of the various building parameters both on the 
extreme room-air temperatures that occur under extreme summer conditions. 
and on the average number of days pro year on which a certain specified 
room-air temperature will be exceeded if no artificial cooling equipment 
is available. 
In order to make the calculations the weather data at the KNMI in the 
Bilt have been used over the period 1961 - 1970. 
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8.2 Maximum room-air temperatures\ under \summer conditions 

Before calculating the maximum room-air temperatures under ex
treme summer conditions for an extensive number of 'room types, first 
the days_ have been selected on which the expected maximum room-air tem
peratures may occur. Those days were selected out of the period 1961 -
1970. The periods from the lst of March until the lst of October in 
this decennium were chosen for this purpose. 
From this selection the following design days are resulted as sets of 
days on which the maximum room-air temperatures for the different 
orientations are found: 

South : the 16th-20th of September 1961 
the 30th of August 1961 
the 26th-28th of August 1967 

West the 28th-31th of August 1961 
the 26th of August 1964 
the 29th- 2nd of July 1961 

East the 1st- 3rd of July 1961 
the 29th of July 1969 

North the 24th of July 1969 
the 15th-19th of July 1964 

With the aid of the dynamical computermodel as described in chapter two 
and the above mentioned sets of design days calculations are carried 
out on 720 room types to find the maximum occuring room-air temperatures. 
The following variations in room parameters are accounted for: 

Orientation South, West, East and North. 
Mass heavy: 800 kg/m2 floor area 

medium: 400 kg/m2 floor area 
light: 100 kg/m2 floor area. 

Window assembly double pane 

Glass percentage: 
Ventil at ion 

double pane with inside venetian blinds 
double pane with outside venetian blinds. 
20, 40, 60 and 80 percent of the facade. 
60, 120, 180, 300 and 600 m3/h. (24 hours) 

Internal heat-sourees are not taken into account and related to the mass 
· of the room the assumption is made that no storage obstructions are pre

sent as heavy carpets and low-panel ceilings. 
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With the results of these calculations nine graphs are drafted for the 
three mass variations and window assemblies mentioned abové. With these 
graphs, plotted in figures 33-35 the maximum, once in the ten-year pe
riod 1961-1970 occuring, room-air témperature can be determined for each 
arbitrary room type. 
The inaccuracy of the graphs, related to the results with the dynamical 
computermodel. is about 1 oe. 
In each of the nine graphs the mass of the room per square meter window· 
is plotted on the vertical axis. The use of this parameter can be ex- · 
plained as follows. 
The amount of transmitted solar radiation through the windows depends. 
for a given window assembly and orientation. on the size of the window 
area. The influence of the window area on the room-air temperature is 
then dependent on: 
1. The present mass in the room related to the amount of transmitted 

solar radiation, i.e. the available heat capacity in the room for 
the starage of the transmitted solar radiation per m2 window area. 

2. The accessibility of the available mass for the storage of solar 
radiation. When in a room the available mass is spread over a greater 
wall surface the efficiency of the heat storage will be higher. The 
mass per m2 floor area is the determining quantity for the accessi
bility of the available mass in the room. An increasing mass per m2 . 
floor area reduces the accessibility of the mass. 

On the horizontal axis in the graphs the maximum occuring room-air tem
peratures are plotted; for each orientation another graduation-scale is 
used. From a comparison between these scales the following conclusions 
can be drawn with respect to the influence of the window orientation. 
1. In all cases the north facade shows the lowest maximum temperatures, 

although. using outside venetian blinds, the differences with the 
other orientations become very small. 

2. On the East and West facades higher temperatures occur compared with 
the South facade. The reason is that in summer the solar incident 
angle on the East and West facade is smaller so the amount of trans
mitted solar radiation per m2 window area is higher • 

3. Mutual comparison between the East and West orientation show that the 
room parameters mass and window assembly determine the orientation 
on which the maximum temperature occurs. 
lf the heat storage has an important influence, for example in a heavy 
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building without venetian blinds, the highest temperatures occur on 
the East facade. In that case the in the morning transmitted solar 
radiation~ stored into the construction, is released to the room in 
the afternoon and consequently a simultaneity arises with the maximum 
outside~air temperature. 
If, on the contrary, the role of the heat storage is small, as it is 
in light buildings, the highest room-air temperatures occur on the 
West facade. 

In the graphs five lines are plotted for the ventilation rates 60, 120, 
180, 300 and 600 m3/h. 
With these graphs the maximum, once in ten years occuring, air tempera
ture in a room can be determined if the following room parameters are 
known: 
- room dimensions; 
- the mass of the room per m2 window area and per m2 floor area; 
- the window assembly in the facade; 
- the glass percentage in the facade; 
- the Qrientation of the facade; 
- the amount of the outside ventilation air. 
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8.3 · Exceeding rates of room-air temperatures 

Except from the maximum accuring room-air temperatures under 
extreme summer conditions from the previous paragraph it is far more 
important to get some information about the frequences with which cer
tain desired room-air temperatures are exceeded during an average sum
mer period. 
In order to provide a reliable picture of these exceeding rates calcula
tions have to be carried out on far more summery days than was necessary 
to find the maximum room-air temperatures. The calculation period must 
contain both the design days and all the days on which any desired room
air temperature will be exceeded. Therefore from the period 1961-1970 
a total set of 1032 summery days has been selected that meets the above 
.mentioned requirements. 
Next with the aid of the dynamical computermodel again calculations are 
carried out on 96 various room types and the hourly room-air temperatu
res are determined for all the 1032 days. Frequency tables are drafted 
with the calculation results from which, dependent on the room parame
ters, the number of days can be read where a certain desired room-air 
temperature will be exceeded a number of hours. 
These frequency tables are drafted in order to develope graphs that 
can be used, in combination with the graphs for the maximum temperatures 
from the previous paragraph, to determine in a very simple way, without 
using a calculation method at all, exceeding rates of arbitrary desired 
room-air temperatures in an average summer period. 
The exceeding rates are expressed as the average number of days pro year 
on which a desired air temperature in a room will be exceeded. 
The average yearly number of exceeding days is plotted on the horizon
tal axis of the six graphs in figures 36-38. 
On the vertical axis is plotted the ratio between the desired room-air 
temperature (Tdesired) for which the exceeding days must be found and 
the maximum room-air temperature (Tmax), found from the graphs of the 
previous paragraph. 
In the six graphs for the different window assemblies and building 
masses lines are plotted for the various orientations indicating the 
conneetion between the ratio.of Tdesired/Tmax and the average number 
of exceeding days pro year. 
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A number of test studies have shown that it is of great advantage to 
use the maximum air temperatures from the previous paragraph in order 
to determine the exceeding rates. In the maximum air temperature of a 
room the influence of the various ro~m parameters are effectuated in 
such a way~that these parameters have hardly any influence on the ex
ceeding rates. This is in particular valid for the influence of the 
glass percentage and the ventilation ; hence these parameters do not 
appear any more in the graphs. 
Also the influence of differences in building mass, window assembly and 
orientation play hardly an important part in the determination of the 
exceeding rates. This can be concluded from the very great uniformity 
of the graphs for the different building masses, window assemblies and 
orientations. 
By using the dimensionless ratio Tdesired/Tmax in the graphs the number 
of exceeding days becomes, as a result of similarity considerations, 
independent on the absolute value of these temperatures. 

The maximum air temperature in a room under extreme summer conditions 
when no cool ing equipment is used can be determined in two ways: 
1. With the graphs from the previous chapter, in which an inaccuracy 

can occur of 1 °e related to the dynamical computermodel. 
2. With the dynamical computermodel itse1f by making a calculation for 

the specific room on the design days. As design days the following 
two sets of days can be used, depending on the window orientation: 
- for the South and West orientation: 

the 26th-30th of August 1961; 
- for the North and East orientation: 

the 24th-29th of July 1969. 
After that the exceeding rates can be determined by using the graphs 
from this paragraph. 
During the first stages of the design process the first methad is of 
course to be preferred in spite of the inaccuracy of about 1 oe. 

8.4 Comparison with the dynamica/ computermodel 

For a number of arbitrary cases a comparison has been made be
tween the results found with the methad as it is described in this chap
ter and the dynamical computermodel from chapter two. Therefore sixteen 
examples are selected with different room parameters related to orien-
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tation, mass, window assembly, glass percentage and ventilation. 
First the maximum room-air temperatures are determined for these rooms 
both with the graphs of figures 33-35 and the computermodel. 
Next the average number of days pro year is determined for the sixteen 
rooms on which the desired room-air temperatures of 25, 30 and 35 °e 
will be exceeded; this was donè again both with the graphs of figures 
36-38 and the computermodel. In table 16 the results of this comparison 

are printed. 

With respect to the determination of the maximum air temperatures in 
the rooms under extreme summer conditions the results, found with both 
methods, also show in these cases that deviations greater than 1 °e did 
not occur. A comparison between the determination of the yearly average 
exceeding rates with both methods shows that the differences between 
the methods stay within about 20%. The estimation of the maximum room
air temperatures with the graphs is mainly responsible for these devia
tions, 
If the maximum room-air temperatures are determined by using the compu• 
termodel the differences in exceeding rates become very small; notmore 
than about 5%. 

From this comparison the overall conclusion can be drawn that this me
thod, developed to determine in a simple way for a room the maximum 
room-air temperature and the exceeding rates under summery conditions, 
yields satisfactory results. Therefore this method can be a good desigo 
aid in the weighing process between the necessity of either artificial 
cooling, with its energetical and financial consequences, or architec
tura 1 a lterati ons or adaptations on those building parameters that are 
responsible for two high room-air temperatures during the summer period. 
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-N -

Mass Orienta- Window Glass % Ventil. Te x Te x T25 T30 T35 T25 T30 T35 
ti on assembly ra te · comp. comp. comp. comp. 

Heavy South without 33 1 36.5 37 >60 24 2 >60 29 2 
South ins i de 75 3 37 37 >60 34 3 >60 38 4 
East outs i de 33 3 28 28 4 0 0 3 0 0 
East without 75 1 >46 >46 >60 >60 47 >60 >60 43 
North ins i de 33 1 30 29 15 0 0 17 0 0 
North outs i de 75 3 28.5 28 5 0 0 5 0 0 
West without 33 3 33 33 32 3 0 31 2 0 
West ins i de 75 1 46 47 >60 >60 35 >60 >60 43 

Light South outs i de 33 3 33.5 33.5 26 3 0 23 3 0 
South without 75 1 >54 >54 >60 >60 >60 >60 >60 >60 
East ins i de 33 1 46 46 >60 57 25 >60 58 27 
East outs i de 75 3 35 34.5 28 5 0 27 4 0 
North without 33 3 35 35 50 10 0 41 8 0 
North ins i de 75 1 >40 >40 >60 >60 45 >60 >60 43 
West outs i de 33 1 36 36 33 7 0 33 5 0 
West without 75 3 >55 >55 >60 >60 >60 >60 >60. >60 

Tex = Etreme room-air temperature determined with the aid of the graphs 
Texcomp. = Extremeroom-air temperature calculated with the computermodel 
T25 = Number of days per year that a room-air temperature of 25 oe will be exceeded with the graphs 
T30 = Number of days per year that a room-air temperature of 30 oe will be exceeded with the graphs 
T35 = Number of days per year that a room-air temperature of 35 °e will be exceeded with the graphs 
T25comp. ~ Number of days per year that a room-air temperature of 25 °e will be exceeded with the computermodel 
T30comp. = Number of days per year that a room-air temperature of 30 °e will be exceeded with the computermodel 
T35comp. = Number of days per year that a room-air temperature of 35 °e will be exceeded with the computermodel 

Table 16. eomparison with ·the dynamical computermodel. 
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SAM ENVA TIING 

Een computermodel is ontwikkeld, waarmee de dynamische warmte
huishouding van gebouwen kan worden gesimuleerd onder invloed van het 
buitenklimaat en, eventueel aanwezige~ warmtebronnen binnen het gebouw, 
waarbij het invoeren van de noodzakelijke gegevens op een zeer eenvou
dige, conversationele wijze kan plaatsvinden •. 
Voor de oplossing van de warmtegeleidingsvergeli'jking en de bijbehoren
de randvoorwaarden is gebruik gemaakt van de finite difference methode, 
waarbij de discretisatie volgens Crank Nicolson een waarborg is voor 
onvoorwaardelijke stabiliteit. Deze methode voorziet de gebruiker van 
het meest gedetailleerde pakket gegevens met betrekking tot het ther
misch gedrag van een gebouw en de bouwkundige constructie. 
Dit computermodel, dat aan de hand van een aantal praktijksituaties op 
zijn betrouwbaarheid is getoetst, kan zowel worden gebruikt voor de be
rekening van het thermisch gedrag van gebouwen onder extreme klimaat
omstandigheden ter bepaling van de maximaal optredende warmte- en koel
behoeften of vertrektemperaturen, als voor energieverbruiksberekeningen 
over een referentieperiode, ten behoeve waarvan een referentiejaar met 
meteorologische gegevens is ontwikkeld dat representatief is voor een 
langere periode van tien jaar weergegevens. 
De invloed van de balans tussen het gebruik van dag- en kunstlicht kan 
bij deze energiebeschouwingen worden betrokken. 
Met behulp van dit computermodel zijn een tweetal design aids ontworpen 
welke op eenvoudige en snelle wijze inzicht verschaffen tijdens het 
ontwerpproces van een gebouw in de energetische consequenties van de 
verschillende ontwerpoplossingen met betrekking tot: 
1. De warmtebehoefte van het gebouw gedurende een gemiddeld winter

seizoen. 
2. De noodzaak tot het gebruik van een kunstmatige koelinstallatie 

onder zomerse omstandigheden. 
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POSTSCRIPT 

After a period of four years of research directed to energy 
conservation it seems wise to draw the attention of the reader to 
other consequences of the approach. 
The research of this thesis was· carrie~ out as part of the activities 
of the department of architecture and building science of the Techno
logical University of Eindhoven. This department incorporates a group 
for teaching and searching environmental engeneering inside buildings. 
The group gave me the opportunity to develop a methodological approach 
to so called design aids. To this end the computermodel described in 
chapter two, with the additions of chapter four, was developed. In 
contrast toother direct-application oriented models, this model is 
meant to be as scientific as possible and the computation results are 
controlled by measurements in real practica. In a univarsity-school a 
model of this type has many advantages. 
In using the finite element method temperatures are calculated at every 
step-level in the walls. The internal material temperatures are there
fore available that are necessary to handle dilatation problems. Work 
in this field has recently been started, 
The way is open to use the calculated temperatures inside the walls 
for the salution of problems concerning water vapour transport. 
The heat transfer intherooms takes place by two processes, i.e. 
convection and radiation, that are treated separately in the computer
model. This makes it possible, tagether with the calculated wall
surface temperatures,· to find the mean radiant temperature everywhere 
in a room. Hence it is possible to conneet models for human-comfort 
to the program. 
The heat production of the internal heat-sourees can be subdivided into 
a convective and a radiative part. With some adjustment floor-heating 
and ceiling-heating in relation to the building and to human comfort 
can be connected to the model. This has allready been done as a pilot 
experiment. 
The lighting procedure described in chapter four can be used both to 
design artificial lighting installations combined with daylighting and 
to calculate the energy requirements due to artificial lighting. 
The model presented can be regarded as a tool fora variety of buil
ding design problems and hence as a starting point for further research. 
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STELLINGEN 

BEHORENDE BIJ HET PROEFSCHRIFT VAN 
R.J.A.van der BRUGGEN 

29-9-1978 

1. De massa van een gebouw als warmte-akkumulator moet niet, zoals tot 
op heden gebruikelijk is. worden uitgedrukt per eenheid van vloer
oppervlak, maar per eenheid van raamoppervlak. 

Dit proefsah't'ift, hoofdstuk 7. :5. 

2. In tegenstelling tot wat de praktijksituatie doet vermoeden, is het 
onder Nederlandse klimaatomstandigheden mogelijk kantoorgebouwen 
zodanig te ootwerpen dat met een installatie zonder kunstmatige koe
ling kan worden volstaan. 

Dit proefeah't'ift, hoofdstuk 8.1 en 8. 1. 

3. Bouwkundige energiebesparingsmaatregelen, zoals isolatie en passief 
gebruik van zonnewarmte, vormen een belangrijke hinderpaal voor de 
ekonomische introduktie van zonna-installaties voor de woningverwar
ming in Nederland. 

Wit, M.H.de. On the aomputation of the thermal load fora eolar 

heating syetem. 

Liège, Energie Solaire 1977. 

4. Voor een geïntegreerd bouwkundig ontwerpproces. waarbij de ontwikke
lingsgang van globaal naar specifiek wordt gevolgd, is de beschikbaar
heid van design aids voor de verschillende betrokken vakgebieden on
ontbeerl_ijk. 

Sherratt, A.F.C. Integrated environment in building design. 

Applied Saienae publ. 1974. 

Luxemburg, L.C.J. Binnenmilieu en het ontwe~proaes. 

Intern rapport FAGO,. afdeling boUbJkunde T.H.E. sept. 1978. 



5. De maatschappelijke bewustwording van de eindigheid van de fossiele 
brandstofvoorraden in de wereld wordt niet bereikt door een over
heidsbeleid gericht op voorlichting. maar gericht op maatregelen en 
voorschriften die liggen op privaat-ekonomisch en sociaal terrein. 

Inventarisatie van de problemen samenhangend met het energie

verbruik in gebouwen. 

Rapport S.E.G. aug. 1975. 

Naar verminderd energieverbruik in de geb~de omgeving. 

Rapport LSEO koördinatie-kommiesie OREGO febr. 1978. 

6. Het aantal optredende komplikaties in een bouwkundig ontwerp neemt 
rechtevenredig toe met het ontbreken van de samenwerking tussen de 
noodzakelijke vakdiciplines tijdens het ontwerpproces. 

7. De invoering van de middenschool, tesamen met een studietijdverkor
ting op de universiteiten en hogescholen gaat ten koste van het be
reikte vakkennisniveau na afronding van het onderwijs aan deze in
stellingen. 

8. De lengte van de meeste kortlopende arbeidskontrakten is omgekeerd 
evenredig met de verwachte arbeidsprestatie per tijdseenheid. 


