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Samenvatting 

Een klein model voor de berekening van de warmte- en koelbehoeften 

wordt behandeld. 

Dit model is ontwikkeld voor het gebruik in een vroeg ontwerpstadium 

(weinig beperkingen met betrekking tot de geometrie van het ontwerp en 

alleen globale invoergegevens). 

Uitgebreide validatie met behulp van een groot rekenmodel toont een grote 

betrouwbaarheid van de resultaten aan. 

Summary. 

A small non-stationary multi-zone model for the calculation of building 

heating and cooling demands is discussed. This model is meant to be used 

in an early design stage (few restrictions on the design schemes, only glo

bal input data). 

Extensive validation with an actvaneed thermal model shows reliable 

results. 
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Preface 

Energy use and comfort are bidden aspects of a building design. Moreover 

the decisions taken in an early design stage have a major impact on the 

thermal performance of the fmal design. These facts stress the necessity of 

design tools to be used by designers in an early design stage. The majority 

of the existing computer programmes are not suited to this purpose. 

For this reason manual and graphical methods, sometimes in a computer

ized form, are very popular. We thought it a challenge to develop a more 
accurate and fiexible method, which makes an effective use of the power 

of a modern microcomputer. The campromise between reliabilîty and sim

plicity required more effort than we had estimated. 

This research was carried out by the section 'Physical Aspects of the Built 

Environment'. 

Martin de Wit, December 1986. 

,, 
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Introduetion 

A metbod for the thermal analysis of a building in an early design stage 

will only be adequate if it can meet the following requirements: 

the method has to be clear and sîmple to handlefora non-expert, 

only global building data must suffice, 

the methad has to be :flexible in order to allow a wide variety of 

designs; designers are often interested in non-conventional solutions 

fortheir design problems, 
it must be possible to study many variauts in a short time, 

the results have to predict the right trends when changing the design 

aspects. 

Present available calculation methods range from simple manual ones to 

those where large computer programmes are needed 

In large computer programmes the heat :flows in a building by conduction, 

radiation and convection can be modelled in a physically sufficiently 

correct way. They require detailed input data and can provide a detailed 

output. 

These models are important for research and for calculations in a more or 

less defmitive design stage. 

Manual methods are essentially based on a steady state heat :flow model 

with corrections for non-stationary thermal behaviour. In general these 

methods are designed with the help of the large computer programmes. 

As it is impossible to cover in a simple way a large variety of building 

designs and of heating and cooling control strategies they suffer severe res

trictions: e.g. only one temperature zone in the building, only for dwel

lings, no night set-back, no cooling load, no movable insulation, no reli

abie information about overheating. 

The main importance of these models is the simplicity and the insight one 

develops in the different quantities of heat losses and gains. As it is still 

laborious to work out a manual method, it is often implemented on a 

micro-computer. In that case the limited validity of the model will be 

easily forgotten and a mistaken conftdence will be ascribed to the com

puter output. 

The model treated in this report (ELAN) is based on a simplifted thermal 

network of a building. It can be implemented on a micro- or mini

computer. We will not discuss the way the input and output can be han

dled in order to make a real design tooi. This also depends on the 
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computational capacity of the micro-computer and the size of the fore

ground memory. 

The attention will be focussed on the physical model, on the validation 

with the help of the large model KLl (van der Bruggen, 1978, Hoen, 

1987) and on the flexibility of the presented model. 
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2 Theory 

In order to calculate the heating or cooling needed in a room it is neces

sary to determine the different terms of the heat balance: 

heat loss + heat stored 

$z + $s 

heat gains + 
$g + 

auxiliary heat 

$p 

The heat loss consists of transmission and ventilation (inftltration) losses 

through the building envelope. The heat gain is caused by incident solar 

radiation, casual gains from people, artiftcial lighting, dornestic hot water 

and appliances. 

Heat is stored and released by the building construction. Over a large time 

interval the total of this heat will be 0. However, the storage term has a 

great intluence on the heat gain terms: e.g. the storage of an excess of solar 

energy increases the amount of solar energy that can be utilized. The auxi

liary heat is supplied or extracted by the heating or cooling plant. 

2.1 The one node model 

A very simple non-stationary model of a room is given by the following 

approximations for the heat balance terms: 

heat loss $z = Ltot (Ta - Te ) 

where Ltot = total heat loss coefficient 

Ltot Lt + Lv 

Lt = transmission heat loss coefficient 

L." = ventilation heat loss coefficient 

Ta = room air temperature 

T. = outdoor air temperature 

heat storage $s 
dTa 

= C-
dt 

where C = effective storage capacity 

= time 

heat gain $g = <Psol + $cg 

where $sol = absorbed solar radiation in the room 
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<Peg = casual gains from people and appliances 

Such a model can be represented in a simple way by a network, where 

11 L 101 and C are analogous to conductance and capitanee in an electric 

network. Heat flow rates are treated as electric currents and temperatures 

as voltages. 

c 

T 
frg.l The one node model 

With a known control strategy of the heating or cooling plant the solu

tion of this model is straightforward. 

This model might be convenient for optimization of thermostat control 
when night set-back is applied. However, comparison of the heating loads 

obtained with this model and KLI showed that the accuracy is very low, 

especially when solar radiation is important (Hest, 1984). 

A main reason for this is the impossibility to distinguish between radia

tive and convective heat gain. In reality the room air tem perature will 

increase directly by convective heat gain and indirectly by radiative heat 

gain. The latter is absorbed by the construction and will be released 

slowly to the room air. 

In the one node model there is no loading or releasing of heat from the 

storage when the room air is at constant temperature. So the model 

behaves like a steady state model and all heat gain is directly released to 

the room air. 

On the other hand, if there is no auxiliary heating there will be too much 

storage due to the large capacity on the air node. 

These problems can be overcome by a two node model where the storage 

and the room air have different temperatures. 
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2.2 The two node model (1) 

A two node model can be represented with the following scheme: 

L 

c 

T 
where IPP = !Ppl + IPp2 

~Pg = ~Pgl + 1Pg2 

Ltot = L1 + L2 

ftg.2 The two node model ( l) 

Compared to the one node model there are two conductances and one 

capacitance more. Also the heat gain (!Pg) and auxiliary heating (<Pp) are 

divided. 

With l/ L 3 = 0 the model is identical to the one node model. 

For the determination of the conductances, capacitances and the separation 

of heat fl.ows three different methods can be distinguished: 

empirically by measurements in real buildings, 

"empirically" by calculations with a large computer program or 

theoretically by physical assumptions. 

The empirica} methods were not considered. They have the disadvantage 

of being complicated, because of the great number of fitting parameters. A 

second disadvantage might be the problem of generalizing such results to a 

large variety of building designs. 
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For the derivation of the expressions for L 1, L 2 and L 3 a simple case was 

studied: a room with only one external wall containing a window, sur

rounded by rooms with the same thermal conditions as the room con

sidered. 

For this room the following approximations were made: 

the walls have the same interior surface temperature, only the glazing 

temperature is different, 

the surface coefficients for convection and radiative exchanges are the 

same for all surfaces, 

there is no furniture, 

the thermal mass of the walls is in direct thermal contact with the 

room air (no thermal conductance in the wall), 

the room has a uniform temperature. 

steady state approximation for transmission heat loss. 

The equations following from these assumptions were modelled by the 

networkof figure 2. The temperature T 1 was the air temperature and the 

temperature T 2 the average surface temperature of the opaque construc

tions in the room. 

The two node model (1) (Velden, 1985) tumed out to be very successful. 

However, no satisfactory solution was found for the extension to a mul

tizone model. 
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2.3 The two node model (2) 

The analogon of the two node model (2) is: 

fi.g.3 The two node model (2) 

Compared to the two node model (1) one capacitance and two conduc

tances are added. More essential are the different assumptions by which 
the model is developed: 

the room air bas a uniform air temperature, 

all radiation (shortwave and emitted longwave) is distributed in such 

a way that all surfaces absorb the same amount per unit of surface 

area, 

the surface coefficients for convection and radlation are the same for 
all surf aces. 

By these assumptions lt is possible to introduce a temperature Tx that 

together with this temperature on the other side of a wall governs the 

heat flow to the wall. 
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We will call Tx the "resulting" temperature. T .. depends on the air tem

perature (Ta), the average surface temperature (Tm) and radlation (<Pr) 

radiative part of the heat gains and auxiliary heat) in the following 
way: 

where hr = surface heat transfer coefficient for radlation 

he = surface heat transfer coefficient for convection 

At = total interlor area of the room 

The fiTst term on the right hand side is simHar to the environmental tem
perature (Danter, 1973). 

For the derivation of the different heat :flow rates to the two temperature 

nodes a convection factor CF is used to determine the convective part of 

each source. By this factor the effect of the auxiliary heating system (e.g. 

air heating CFP = 1) and of the window system (e.g. solar blinds) (Cor

neth, 1984) can be estimated. 

The expressions f or Lv , Lg , Lxa , <P g 1, <P g 2, <P P 1 and <P P 2 are given in 

annex A3. 

Two requirements are used todetermine Lx, Cx and the transmission heat 

:flow between two rooms, one room and outdoors (opaque walls) or one 

room and the ground under a :floor ( <P xy ): 

a) correctness for steady state heat transfer, 

b) correctness for steady-cyclic heat transfer with a cycle period of 24 

hours. 

The heat :flow to the wall consists of two parts: 

the heat :flow if the resulting temperature on the other side CTy) is 

the same as in the considered room. This heat :flow is zero on average 

and the sum of all these heat :flows to the walls is the heat :flow 

from Tx to Lx and C x. Requirement a) is automatically fuiftlied and 

with b) Lx and Cx for multilayered walls can be derived (see annex 

A) 

the remaining part ( <P xy ) of the heat :flow to the wall depends on 

Tx - Ty and the history of T:x - Ty. It can be proved that 

<P:xy = -<l>xy (trivial in the steady state approximation). The steady 
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state requîrement a) is fulfilled if : 

where the summatîon applies to a long period of time. 

Uxy is the U-value of the construction. 

If only values of T, - Ty and «<>xy of the previous timestep are used 

to determine the heat flow then it is not possible to fulfill require

ment b) completely. So for this heat flow we only have required that 

the attenuation of a steady-cyclic variation in regard to the steady 

state approximation is correct. Together with requirement a) that 

gave rise to the followîng expression for «<>xy: 

where * = denotes the value of the previous timestep 

a a fitting parameterfora correct attenuation. 

By «<>xy all the room-modelsof a building are linked (multîzone model). 

In the same way the air node could be used to model the ventilation heat 

flows between rooms. Until now we have not worked that out. 
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2.4 The indoor temperature control 

For the control of a heating or cooling plant any linear combination of the 

resulting temperature and air temperature can be used. This is called the 

control temperature Tc. If a certain combination of the resulting tempera

ture and the air temperature is used Tc is equal to the operative tempera

ture (A4.2). 

Concerning the control strategy three situations can be distinguished: 

a. No heating or cooling: 

al.- The control temperature without heating or cooling lies between the 

desired minimum temperature and the desired maximum temperature. 

In this case the heat gains provide sufficient heat. 

a2.- No heating or cooling emission system is present in the room. 

b. Heating: 

bl.- The control temperature is kept at the desired minimum temperature. 

The maximum heating load of the plant is larger than the heating 

demand. 

b2.- The room is heated with the maximum heating load. In this case the 

maximum load is less than the heating demand and the control tem

pcrature will be lower than the desired minimum temperature. 

c. Cooling: 

cl.- The control temperature is kept at the desired maximum temperature. 

The maximum cooling load of the plant is larger than the cooling 

demand. 

c2.- The room is cooled with the maximum cooling load. In this case the 

control temperature is higher than the desired maximum temperature. 
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This three situations can be illustrated with the figure below: 

<~>maxc 

where <Pmaxh 

<Pmaxc 

fig.4 Temperature control strategy 

maximum heating load of plant, 

maximum cooling load of plant, 

T min = desired minimum temperature and 

T max = desired maximum temperature. 

al.-c2. refer to the points above. 

Situation b2 where the heating demand is higher than the maximum load 

can occur aftera perîod of night set-back. 

In ELAN a routine is used to start heating up the room earlîer to avoid 

that the control temperature Is lower than the desired minimum tempera

ture at the desired moment in the morning. 
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2.5 The computer programme 

The model ELAN was the starting point for a computer program of the 

same name. As the model is almast irrespective of the geometry of a room 

only global input data are needed: 

the total area for internal walls, fioors, external walls and roofs, 

the total area, orientation and slope for glazing . 

For each surface the user has to specify a certain construction which can 

be selected from an existing data-base. 

Other input data (casual gain and ventilation regimes, control strategy for 

the heating or cooling plant, use of shutters and solar protection) are 

optional but of course necessary for certain calculations. 

The model offers the opportunity to specify zones consisting of more than 

one room. This reduces the total number of input items and wil! also 

reduce the time needed to calculate the heating or cooling load of a build

ing. 

Of course it is necessary to keep in mind that one should only join several 

rooms into one zone if the thermal properties for the different rooms are 

more or less identical. If for example a room fadng south (high percentage 

of glazing) and another room facing north Clow percentage of glazing) are 

joined results can be inaccurate. 

The user can specify which output data are needed. These range from: 

only total heating or cooling loads, 

to: 

peak loads for heating or cooling, 

hours of overheating, 

the values of the air-, resulting- or control temperature for each 

hour, 

the number of hours the heating or cooling plant is on, 

the number of hours minimum or maximum temperatures are 

exceeded. 
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3 Validation of the model 

The main purpose of the model is to achleve in a simple way reliable 

infonnation about the relation between the heating or cooling load and 

design changes. 

For the validation of the model two methods could be used: 

comparison with the measured data from actual buildings in use 

comparison with the results obtained by a sophisticated thermal 

model 
The ftrst method produces some difliculties. Many measured data of build

ings are needed to get a good insight. Certain data are diflicult to measure 

or not measurable. The actions undertaken by occupants with regard to 

window opening, blind operation and control manipulation induce extra 

problems. 

For these reasoos the second method was used. The reference model used 
is KLI, developed at the Eindhoven University of Technology (van der 

Bruggen, 1978, Hoen, 1987). 

The validation contains two parts: 

- 1 validation of heating and cooling load calculations and hours of 

overheatlog over a certain period 

2 validation of the sensitivity of the model 

Part one describes the (absolute) accuracy of the model for heating and 

cooling load calculations and hours of overheating. Two groups of variants 

were tested: 

variants with only one room and 

variants with two rooms. 

In both groups one variant with two facades with glazing (north and 

south) was chosen as a reference. The glazing percentage of the facade to 

the north for all variants is 5 %. 

The heating load was calculated for the one-room reference (20 % glazing 

south) and this reference with the following modiftcations: 

higher glazing percentage, 

three facades with glazing, 

without solar radiation, 

higher level of insulation and 

less thermal mass (light construction). 
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For two rooms the chosen examples consisted of the two-room refercnce 

and this reference with: 

higher glazing percentage, 

one room with no temperature control, 

the same but with more ventilation in the unheated room and 

the same with an insulated upper floor. 

Cooling loads were calculated only for two variants, a one-room and a 

two-room scheme with 70% glazing. 

Hours of overheating were calculated for the one-room and two-room 

scheme with 20% glazing. 

The dilferences found in the heating and cooling loads are small. For the 

heating loäds in case of a one room-building the largest differences were 

found for the variant with three facades with glazing and for the very 

well insulated variant. However this differences are small (maximum 3.5 

%). 

The calculated cooling loads are of the same accuracy. 

For the hours of overheating the results are less exact, though usefull in 

design practice. Still some impravement can be made by use of the air 

capacity as a fitting parameter. 

In the second part of the validation it was tested whether ELAN shows 

the right trends when changing certain design parameters: 

the glazing percentage 

the orientation of the building 

the thickness of insulation 

the location of insulation in rnultilayer constructions 

the used heating system 

So in fact in this validation part, in contradistinction to part one, the 

relative differences are calculated. These are often of more importance in 

design practice, especially in an early stage where a large set of possible 

solutions to a design problem are available. 

The results show that ELAN can be used as a good design tool. 

The testing of the used heating systern gave surprising results. They 

showcd that the model can also be used to make good qualitative predie

tions on the operation of the total building and heating system. 
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4. Recommendations 

Using the model and the remlts of the validation made clear that there is 

a need for further investigations. 

Some items for research on small models are: 

determination of La and Ca in such a way that more accuracy is 

obtained, 

rnadelling air flow between zones, 

modeHing the apparant solar absorptance of a room, 
actdition of passive solar systems (sunspace, air collector to preheat 

ventnation air etc.), 

a more accurate method to calculate heat lossesof the groundfl.oor. 

In relation to building design the addition of other features would make a 

small model more desirabie to use: 

impact of shadow and external shadow devices, 

capita! costs versus r~urring costs, 

linking the program to an interactive graphical program (CAAD). 
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A Model development 

Al Heatflowsin a room 

A 1.1 The heat sourees in a room 

The heat sourees consist of: 

heat supply <P P 

casual gains <P cg 

solar heat gain <Psol 

The solar heat gain of each window is: 

<Psoz = SGF(AgE) 

where SGF = solar gain factor 

glazlng area 

incident irradiance 

The incident irradiance depends on orientation, slope of the glazing area 

and the shadow factor. The total <P,01 is simply found by addition of the 

different contributions of each window. 

The heat sourees have a radiative and a convective part. The convective 

fraction will be denoted by the convection factor CF. 

So the radiative part is: 

<Pr = ( l - CFP )<Pp + ( l - CFcg )<Peg + ( l - CF50z )<P50z 

The convective part is: 
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AJ.2 The net radiation exchange of internal surfaces 

In addition to the radialion coming from the different sourees there is 

radiation emitted by each surface. The total surface radiation is equal to: 

where AJ = surface area of j -th surface 

E = emissivity (assumed equal for all surfaces) 

a = Boltzmann constant 

Tj = absolute temperature of each surface j 

The calculatlon of the amount of radiation each surface will receive, 

demands a great number of data about geometry, refiectivity etc. and is 

not suited for our purpose. Therefore an approximation of the physical 

reality is needed in order to reduce the required data considerably. 

It is assumed that the sum of absorbed and transmitted radiation (the 

latter only for shortwave radiation through the glazing) per unit of sur

face area is equal for each surface. As each surface also emits radiation 

the net radiation exchange is: 

1Pr + 
H; = t:aT; 4 

In a linearized form: 

surface heat transfer coefficient for radiation 

total intertor area 

The coefficien t hr is assumed to be 5 W I m 2 K f or all surf aces. 



- 29 

A 1.3 The heat balance at an interior surface 

The heat balance at an opaque surface is 

where lP x heat :flow directed to the wall 

H; :::::: net radiation exchange 

Ta = air temperature of the room 

A; = surf ace area 

The surface heat transfer coefficient he is assumed to be 2 W /m 2K for 

all surfaces. The air temperature is the same near all surfaces. (This is a 

simHar approximation as the one for radiation). 

The heat :flow 4> x can be written as: 

4> x t A; (he + h,. )(Tx - T; ) 

where 

h,.'LiAiTi +lP,+ hcAtTa 

A 1 (h,. + he) 

For each surface the resulting temperature Tx has the same value. Tx is 

simHar to the concept of 'environmental temperature' (Danter, 1973). 

If a surface is not opaque the reflected solar radiation coming from the 

room surfaces is partially transmitted. If this solar radiation is assumed 

to be transmitted completely the heat :flow through the glazing is: 

) 
Ag 

Ag (he + h,. )(T:x - Tg - (I - CF sol )~Pso~
At 
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A1.4 The heat balance of the interior air 

The heat balance of the air is: 

dTa ( Ca-= T T, dt ~ 

where Ca = heat capacity of the air 

Lv = ventilation heat loss coefficient 

T. = external air temperature 

where Pa = density of the air 

L = V 

cP specHic heat of the air 

Vol = volume of the air 

where ac = air change rate (h 1) 

Elimination of the smface temperature with the expression for Tx leads 

to the following equation: 

= 4 (Te - Ta) + <Pc + Lxa (Tx - Ta)- ~c <Pr 
r 

where 

The equation for the 'resulting' temperature node with the same heat flow 

from Tx to Ta is easily derived from the expression for T,: 

) = <P, 

or: 
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The equations for the air point node and the 'resulting' air node can be 

represented by a thermal network: 

fig.A.l Thermal network for the air and remlting temperature node 
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A2 Heat flow through the construction 

From Al it follows that the unidirectlonal heat flow through the con

struction depends on the 'resulting' temperatures on both sides. of the 

construction and lts thermal properties (including surface coefficients). 

The resulting temperatures outdoors will be the air temperature for glaz

ing, the sol-air temperature for opaque walls and weighted average of soil 

temperature and external temperature for the ground floor. 

The calculation of the heat flow is simplifted by demanding correctness 
only for: 

steady state transfer (mean heat transfer) 

steady-cyclic transfer with a cycle perlod of 24 hours. 

The temperature distribution through a homogeneons slab subject to one

dimensional heat flow is given by: 

f>2T- 1 ST 
Sx 2 - a-·Së 

where e = time 
x = distance 

T = temperature 

a = thermal diffnsivity ( Js....) 
pc 

p = denslty 

c = speciftc heat 

k = conductivity 

For sinusoidal variations of temperature the solution to this equation for 

a homogeneons slab can be written as: 

where fx , Ty, and iix , qy are the cyclic variations of the 

temperature and heat flow density on both sldes of 

the partition. 
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and A = cosh ( 1 + j )'11 

B = ( 1~ )W.sinh ( 1+ j )'11 

D = ( 1+ J )'11 .sinh (1 + j )'11 

'11 = I ~~2 r5 
R = thermal resistance of the slab = ! 
(c) = 211 times the frequency of heat input 

= thickness of the slab 
j2 = -1 

Ifa is high and (c) is low (stationary situation) the matrix becomes: 

Here R is the total thermal resistance of the layer. 
In this way also boundary layers or air layers can be modelleci. 

The exchange between the resulting temperatures on both sides of a con
struction can than be written as a continuous product: 

where Rx = surface resistance of surface x 

Ry = surface resistance of surface y 

A 1 ••• Dn are the complex elements for n layers including air gaps. 

So ftnally the following equation holds for sinusoidal variations : 

= 
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It can be proved that the determinant of de matrix always equals 1 so: 

Mxx Myy - Mxy My:x = 1 

By manipulating the system of equations one can derive for the heat 

flows: 

iix = +YxyTx + Uxy/xy(Tx- Ty) 

ijy = -Yy:xTy + Uxyfxy(T:x- Ty) 

where Y xy, Yy:x 

YX)' 

= 

= 

admittance 
Myy- 1 

Mxy 
M:xx- l 

Mxy 

U:xy = U-value of the construction 

f xy = complex decrement factor 
1 = 

UxyMxy 

The nrst term on the right hand side represents the heat flow if there 
were no (thermal) dUferences between either side of the wall (heat flow 
'into' the construction or 'stored' heat flow). In the steady state approxi

mation this part is zero. 
The second term represents the transmission (heat flow 'through' the con

struction). For a steady state approximation f xy = 1. 

The total heat flow to the surrounding envelope is: 

L,AyYxyT:x + L,AyUxyf xyCTx 
y y 

If a zone consists of more rooms the admittances of the partitions within 
the zone can be added to the nrst term on the right hand side. The second 

term will be zero for these partitions as T"' = Ty. The same holds for 

furniture in a room. 
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The fi:rst term can conviently be represented by a simple first order ther

mal network that also meets the steady state requirement: 

fig.A.2 First order thermal network 

The conductance Lx and capacitance Cx can simply be formed by equat

ing the real and imaginary parts of the following equation: 

1 + 1 ----
i:AyYxy jwCx 
y 

where = 21T 
(,) 

24.3600 
j2 = -1 

The second term cannot be represented in a simple way by a thermal net

work. Compared with the heat flow for f X>' 1 (stationary) the heat 

flow cycles will be delayed (the phase shift can be more than 90°) and 

attenuated. This term also links all rooms and makes a simple salution 

impossible. 

To solve this problem we choose a standard delay time of one time step 

and requiroo the correct attenuation for 24-hour cycles. The expression 

usoo to calculate <I>.xy is as follows: 

where r;' r;' <P ;)' are the valnes at the precooing 

timestep 

0:' a factor to account for the attenuation 

This expression obeys the requirement that for steady state the heat flow 

is given by: 
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The factor ex can be determined by the next equation: 

lejwlit - (1 - ex) I = 

where (J}/::,.t == 
21T (if the timestep is 1 

With l 

IJ I = decrement factor 

cns( _!!_) = t:/ 
12 

T the solution 

1 

M-4- _ 4 + t:,.2)2 
I 12 

2 lfï2- 2 

(IJ I 

is: 

hour) 

< 1) 

Fig.A.3 shows for different materials (concrete, brick and ps foam) ex as a 

function of the thickness. 
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Fig.A.4 shows for these materials the time delay as a function of the 

thickness. The time delay is calculated as: 

•t(f) = t -lcim(f )) 1i. 
i.>. an Re (f ) • 21T 

where Im(f) = 
Re(f) 

the imaginary part of f 
the real part of f 

g 
~:t-~--~4-~--L-~~--~~~ 

•. 

.. .. .. 

' la ... ' . o" 

----- .. -. 
----- Ml!.R~'t 

• ........ • LUiiNt 

fig.A.4 time delay as a function of the thickness 

For the heat loss through the ground floor some extra approximations are 

necessary as: 

the heat flow is not one--dimensional. One can distinct two com

ponents: the heat loss to the zone of constant temperature (e.g. -5 m 

and 10 °C) and the edge losses to the adjoining ground. 

the heat capacity of the ground is very large. So the heatflow will 

depend very much on the initial conditions. 

As the risk that the initial conditions are not accurate is very great we 

calculated , Cx and I f I for the ground floor with only a small slab 

of ground beneath (0.2 m). 

The steady state heat loss can be approximated by: 
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where Ay = the area of the ground floor, 

Uxgr = U-value of the floor including 5 m of soil, 

Uxed = U-value for the edge losses, 

Tgr = constant ground temperature (10 °C ), 

t. = temperature of the ground near the edge. 

The calculation of Uxgr is straightforward. For Uxeá extra data are needed 

like the perimeterlengthof the floor (DIN 4701, 1959). Up to now the 

following approxlmation is used: 

1 1 

Rxeá = 1 + R + RA + _1_ 
h; c he 

where hi = 1 W/m 2K 

Re = thermal resistance of the groundfloor without 

boundary layers 

RA = equivalent thermal resistanre of the ground floor 

= 0.28-JA; 

he = 25 W /m 2K 

We did not find a good solution for fe yet. So far it was estimated by: 

fe = 0.5Te + 0.5Tgr 

So finally <Pxy can be calculated in the same way as for other construc

tions, with: 

Uxy = Uxgr + Uxeá 

_ UxgrTgr + Uxeáfe 
Ty-

Uxy 

We did not validate the heat loss through the ground :floor until now. 

A problem is that also large computer programmes like KLI make crude 

approximations for this heat loss. 
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A3 The room model 

Combination of the remlts (Al.l, A1.4 and A2) for one room leads to 
the ELAN network: 

<Pp2 

fig.A.7 The room model of ELAN 

where: 



Lg = EjAgUg 

he 
Lxa = h(hc + hr )At 

r 
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lf shutters are used Ug is the U-value including shutters. 

The thermal capacitance of the air is: 

Ca = PaCp Vol 

The conductance l/ is added for future developments. In the model 

tested up to now 1/ La = 0. 

For Lx , C x and 4> xy see annex A2. 
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A4 The solution of the network 

A4.1 General solution 

The model can be described with four equations: 

Heat balance at the air temperature node; 

Lxa(Ta- Tx) + 4(Ta -1~) + cPa = cPpl + cPgt 

- Heat balance at the resulting temperature node; 

Lg (Tx - Te) + L:x:a (Tx - Ta)+ cl> :x: = cl>pz + cl>gz 

- Heat flow to the air capacity; 

After Crank-Nicolson discretisation: 

where 

OI = a 

+ -.--
LaM 

Up to now only the value Ola = 1 is used in the ELAN model. 

Heat flow to the construction capacity; 

C:x: d cl> x ---+cl> - c L:x: dl x- xdl 

After Crank-Nicolson discretisation: 

where 

(I) 

(2) 

(3) 

(4) 
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In eq.(3) and eq.(4) valm:s having superscript * are the known quantities 

of the previous timesteps. 

Substituting eq.(3) in eq.(l) and eq.(4) in eq.(2) and solving the system 

of linear equations leads to the general solution for Ta and Tx: 

Ta = al+ bl<Pp 

Tx = a2 + b2<Pp 

A4.2 Control strategy 

(5) 

(6) 

In ELAN any linear combination of the air temperature Ta and the 

resulting temperature Tx can be used for control of the heating or cooling 

plant. So: 

If the air temperature is used for the control then: 

8 = 1 

If the 'operative' temperature (0.5(Ta + Tm + <Pr I hr A1 )) is used: 

s = 0.5(1 

Tm is the mean radiant temeperature: 

T = m 

With eq.5 and eq.6 this leads to: 

where a 3 = 8a 1 + (1 - S)a 2 

b3 = 8b1 + (1 - S)b2 

(7) 

(8) 
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At the beginning of a timestep control criteria are netrled. These criteria 

are formulated with the help of three temperatures: 

Control temperature with no heating or cooling, <PP = 0 : 

Control temperature with maximum heating capacity, <PP = <Pmaxh 

Control temperature with maximum cooling capacity, <Pp = <Pmaxc 

Now the criteria are: 

Tee ~T max <Pp = 4>maxc ...... Tc :::= Tee 

Tco~T max> Tee Tc :::= T max <l>p = T max-Tco ...... 
b3 

T max> Tc o> T min <Pp = 0 ..... Tc = Tco 

Tch >T min~Tco Tc = T min <Pp = T min-Tco ..... 
b3 

T min~Tch <PP = <Pmaxh ...... Tc = Tch 

Night set-back 

If night set-back is applied the minimum control temperature is lowered 

(Tminnight) and raised again in the morning (Tminday ). If this is done at a 

fixed moment it offers no extra problem for the model, but lt can offer a 

comfort problem in the real situation. This can be avoided by heating up 

earlier to arrive at the desired control temperature at the desired moment 

in the morning. 

In order to calculate the heating up of a room the air capacity is 

neglected. This leads to a first order model. The analytica! solution for 

this first order model can easily be found and is: 

- with respect to Ta : 

t Ta (t ) = Ta co - (Ta 00 - Ta ).exp (--) 
T 

(9) 



46 

and with respect to Tx: 

where: 

r= 

i.) 
T 

(Lg + Lxa )( q,g z+Q)maxh z) + Lxa ( q:,g 1+q:,maxh 1) 

Lg Lv + Lv Lxa + Lg Lxa 

Lxa(q,g2+Q)maxh2) + (Lv+Lxa )(Q)gl+Q)maxhl) 

Lg Lv + Lv Lxa + Lg Lxa 

q:,ma:xh 1 = (CFP ~c (I-Cf~ ))Q)maxh 
r 

(10) 

(11) 

(12) 

(13) 

As Tc=oTa+(l-o)Tx the first hour Tc(h.t) is below Tmimûty heating up 

starts. At is the number of hours left in the set-back period. 

T 

t 
Tao ----------------------~-~-

Tmindayl---
/ 

T minnighr - - -

/ 
/ 

/ 
/ 

fig.A.8 Plant control when night set-back is used 
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A4.4 Simulation start-up period 

The simulation start-up period is required to eliminate the effects of the 

assigned initial air- and resulting temperatures. These temperatures are 

calculated by the use of a stationary heat balance: 

where Le = 
A; = area of external surfare i 

U; = U-value of surfare i 

The second equation used to determine Ta and Tx is (see section A.4.2) : 

The control temperature Tc is given the maximum value of Tminday Csec

tion A.4.3) or zero (in case of no control). 

The in:Huence of a start-up period is shown in two cases: 

a winter situation where night set-back is used (fig.A.9) 

a summer situation with free-floating temperatures (fig.A.lO) 

There is no clear metbod to calculate the start-up period. It is however 

in a certain way related to the time constant of the system (Mackey & 

W right, 1946 ). 

So the next procedure is used: 

- 1 calculating the time constant of each multilayered construction: 

It follows from the expression 1 ex = 17 , where r is the 

time constant and ex is the factor which accounts for the attenua

tion (see section A2). 

So if ex << 1 then r = ~. 
ex 

- 2 taking forthestart-up period 3 times the maximum time constant 

- 3 rounding of to whole days. 
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fig.A.9 effect of the start-up period (winter situation) 

~t-~--~~8~-r--9T6--T--1~1-I~--~~9~2--r--2TI0--~-2~B-B~---t338 
-----> TIME CHJ 

fig.A.lO effect of the start-up period (summer situation) 

The ftgures show that the start-up period is of more importance for the 

summer situation. This can be explained by the fact that the used sta

tionary heat balance does not include solar radiation. 
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B Validation. 

As mentioned in chapter 3 ELAN has been validated with a large compu

termodel named KLI. 

The validation contains two imrts: 

Validation of the heating and cooling load calculations. This part also 

includes a comparison of hours of overheating calculations as 

obtained by ELAN and KLI (see section B.2). 

Sensitivity analysis of the model. In an early design stage it is often 
of more interest to know what the influence of certain design deci

sions is then to know absolute values for heating or cooling loads. In 

this part is tested whether ELAN shows the right trends when 

changing certain design aspects (see section B.3). 

B.l Description of the simulations 

This validation has been carried out for thrre different geometries, in 

which the percentage of glazing, the amount of insulation, the thermal 

mass of the building and the air change rate are varied. Heating and cool

ing loads and the effect of overheating calculated by ELAN and KLI have 

been compared. 

The elirnatic data that have been used are part of the THE reference year 

for heating and cooling. Calculations have been made for typical winter 

conditions (January, February and March, ftg.B.l and B.2) and typical 

summer conditions (June, July and August, ftg.B3 and B.4). 

Daily heating loads are calculated from day 10 (10 January) till day 90 

(31 March). Daily cooling loads are calculated from day 152 (1 June) till 

day 243 (31 August). Overheating is calculated over a period of one 
month (July ). 

For this validations the following assumptions were made: 

the resulting temperature for external walls is not the sol-air tem

pcrature as mentioned in A2 but the outdoor air temperature, so 
there is no absorption of solar radlation by the walls, 

the conductance 1/ La between the air temperature node and the heat 

capacity of the air is set to 0, 

the factor cxa in eq.3 in A4.1 is set to 1, so the heat flow to the air 

capacity does not depend on the value of a previous timestep, 
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only geometries which have no ground:fioor were tested, 

the factor Fg in A2 is set to 0. 

Table B.l shows the different variants that have been compared with their 

properties, table B.2 the different temperature regimes, table B.3 the air 

change rate regimes and table B.4 the casual gain regimes. 
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fig. variant (1) (2) (3) (4) (5) (6) (7) (8) * •• • •• 
B.8 A20 0.91 20 WH H 
B.9 A20ZZ 0.91 20 WH zz H 
B.lO A70 1.51 70 WH H 
B.ll A70ZZ 1.51 70 1 1 WH zz H 
B.12 A20NA 0.91 20 2 1 WH H 

B.13 A20SU 0.57 20 1 1 2 WH H 
B.14 A20LI 0.91 20 1 WH L 
B.15 A70EN 1.51 70 1 WH EN H 
B.l6 A70K 1.51 70 1 1 SC H 
B.l7 A20KT 0.91 20 4 1 ST H 

B.18 A20KTZW 0.91 20 4 1 ST WB H 
B.19 B20 0.82 20 1 1 1 1 1 WH H 
B.20 B20MV 0.82 20 1 3 1 1 1 WH H 
B.21 B20MV2 0.82 20 3 3 2 3 WH H 
B.22 B20MV2F 0.82 20 3 3 2 3 WH IU H 

B.23 C20 0.91 20 1 1 WH H 
B.24 C70 1.51 70 1 1 1 WH H 

'B.25 C70K 1.51 70 1 4 1 SC H 
B.26 C20KT 0,91 20 4 4 1 ST H 

(1) average U-value (W /m 2K) 

(2) % g1azing south 
(3) temperature regime room 1 
(4) temperature regime room 2 
(5) casual gains room 1 
(6) casual gains room 2 
(7) ventilation regime room 
(8) ventnation regime room 2 

* WH winter heating 1oad 

SC summer cooling load 

ST summer temperature 

** zz without so1ar gains 
EN 20 % glazing north & east 
WB with solar blinds 

IU insolated upper Boor 

*** H double brick 

L timber 

The narnes of the variants refer to ng.B.5, B.6 and B.7. 
table B.l Narnes and properties of the variants. 
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18-24h D-24h 

3 

4 

5 
5 

20 

20 

5 

20 

20 

20 

5 
20 

table B.2 Temperature [°C] 

1 nr. 1 o-sh s-18h 

I ~ I 
3 

1 

0.5 

1 

0.5 
2 

18-24h 

1 

0.5 

2 

table B.3 Air change rate [ h 1 1 

nr. ü-8h 8-18h 18-24h 

1 7 7 7 

2 7 0 0 

3 0 7 7 

table B.4 Casual gains [ WIm 2 ] 

25 
25 
25 

free 

All the variants have only a north and south external wall and 5 % glaz

ing on the north facade, except one which has a window on the north, 

east and south wall. 

The construction consists of double brick with cavity for external walls, 

concrete for internat walls (0.1 m) and :floors (0.2m), except for one vari

ant with a light construction: timber for external and internal walls. 
Walls are insulated with 5 cm insulation, variant A20SU with 15 cm. 

Variant B20MV2F has an insulated (5 cm) internal floor between the two 

rooms. 
The glazing type used is double glazing. 
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The three geometry modules are: 

A.- One room, w * l * h = 6 * 5 * 3 (m). 

/ 
/ 
I 

A / 
/ 6 

fig.B.5 Geometry module A. 

B.- Two rooms, one above the other, each 6 * 5 * 3 (m). 

I I 
I 

"' 
/ 

~ / 
i / 

fig.B.6 Geometry module B. 

C.- Two rooms, one along the other, each 6 * 5 * 3 (m). 

I I 
lil 
IV 
IV 

c IV 3 

I 
fig.B.7 Geometry module C. 
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B.2 Results of the validation. 

Table B.5 summarises the results of the validation and ág.B.8 to B.26 

show the remlts for the different variants. 

I Variant Heating or cooling load Peak load 

I ELAN KLJ diff ELAN KLJ diff 
I [kWh] [kWh] [%] [W] [W] [%] i I I 

I A20 1248 1245 0.3 1653 1635 1.11 
I A20ZZ 1565 1541 1.5 1743 1710 1.9 I 

A70 1234 1222 1.0 2078 2035 2.1 . 

I A70ZZ 2127 2093 1.6 2315 2256 2.6 I 

A20NA 1137 1130 0.6 2489 2405 3.5 

I A20SU 416 427 -2.7 826 819 0.9 
I A20LJ 1241 1236 0.4 1797 1712 5.0 

I A70EN 1657 1601 3.5 2574 2510 2.5 

I A70K -809 -793 2.0 -2200 -2105 4.5 

I B20 2528 2534 -0.3 3187 3160 0.9 
B20MV 1858 1867 -0.5 21l8 2096 1.0 
B20MV2 1577 1585 -0.5 2011 1947 3.3 
B20MV2F 1133 1156 -2.0 2389 2353 1.5 

C20 1835 1838 -0.2 2559 2547 0.5 

C70 1827 1830 -0.2 2996 2965 1.0 
C70K -815 -795 2.5 -2639 -2554 3.3 

Table B.5 Summary of validation results. 

Each figure with the compared heating and cooling loads consists of two 

parts: 

the upper part shows the actual calculated daily heating or cooling 

load of ELAN and KLI over the specified period, 

the lower part shows the proportional difference !::..elan as a function 

of the calculated heating or cooling load of KLJ. 
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The proportional difference Aelan is deftnro as: 

100 (%) 

A positive proportîonal value means that ELAN appears to give too large 

heating or cooling loads in comparison with KLI, a negative value implies 

too small loads. 

Note that if the loads are small, a difference of e.g. 40 % with KLI has 

only little influence on the total n~ult. 
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B.3 Sensiti vity of the model 

In this part several design aspects and the influence of changing them are 

tested: 

the glazing percentage 

the orientation of the building 

the thickness of insulation 

the location of insulation in multilayer constructions 

the used heating system 

The last aspect may not seem to be very important for designers but, as 

the results will show, the total of building and heating system has of ten 

a great influence on energy use. Therefore chosing a heating system in an 

early design stage can be important for the whole design proces. 

As an extra testcase the influence of joining rooms into one zone is tested. 

lnjluence of glazing percentage 

The first aspect tested was the glazing percentage. Fig.B.27 shows the 

results. Heating loads are calculated over a period of 81 days ( 10 January 

31 March). The geometry used is the same as in section B.l fig.B.5. 

Results obtained by ELAN show an optimum glazing percentage of 50 % 

whereas KLI shows an optimum of 60 %. Further research on handling 

window-systems jp the model may improve the result. 
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--> ï. GLAZING IN HALL FACING SOUTH --- ··--w--•- IJ.tl 

fig.B.27 Infiuence of glazing percentage on heating loads 
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Influence of orientation 
The same geometry with two different glazing percentages (20 and 70 %) 

was used to test the influence of the orientation of a building (fig.B.28). 

For the wall with the glazing the orientation was changed. 

The results show that ELAN prediets the right trend for this design 

aspect. 
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fig.B.28 Influence of the orientation on heating loads 
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lnfluence of the thickness of insulation 

For the next design aspect ( thickness of insulation) the same two variants 

as for the orientation were used. 

The thickness of the insulation in the externall walls was varied from 0 

to 15 cm in steps of 5 cm (:óg.B.29). 

Results as obtained by ELAN are satisfying. 
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fig.B.29 Influence of the thickness of insulation on heating loads 
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lnfluence of the location of insulation 

Design aspect four, the location of insulation in multilayer constructions is 

showed in fig.B.30. 

Por two variants, calculated by ELAN, the hours of overheating are com

pared. The first has an external construction consisting of 5 cm insulation 

outside and 22 cm brickwork inside. For the second variant the two 

layers were exchanged. 

In case of the variant where the insulation is located inside, solar energy 
penetrating through a window can not be stored as the insulation acts as 

a harrier. The surfare temperature will rlse and so will the adjacent air by 

the proces of natural convectlon. This will lead to more hours of 

overheating compared with the variant where the insulation is located 

outside. 

The results obtained by ELAN show this effect. 
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fig.B.30 lnftuence of the location of insulatlon 

on hours of overheating 
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lnftuence of the heating system 

The next aspect tested was the used heating system. In ElAN different 

heating systems are modelled only by means of a convection factor CF as 

stated is section 2.3. For all the variauts the operalive temperature was 

used as the control temperature (section A4.2). 

Three heatlng systems were tested: 

air heating (CF= 1) 

central heating (CF= 0. 7) 

radiant heating (CF=0.3) (Hoogendoorn, 1986) 

Any radiant energy emitted by a heating system is distributed diffusely in 

the model, in contradistinction to reality where radlation has a certain 

preferentlal direction. 

Fig.B.31 shows the infiuence of increasing thermal resistance on the heat

ing load (calculated for the Dutch heating season; 16 September - 16 
May). 

In case of a high glazing percentage (70 %) only the very well insulated 

variant with triple glazing shows that radiant heating will be profttable. 

This is caused by the higher surface temperatures in case of radiant heat
ing which lead to more transmission losses. 

This ftgure also shows that using triple glazing has more effect with 

higher glazing percentages (column 2 and 3). The extra saved energy in 

case of 20 % glazing is only small in comparison with the extra saved 

energy in case of 70 % glazing. 

Fig.B.32 shows the same variauts when night set-back is used. In all cases 

radiant heating (and also central heating) will be less profitable as it will 

cost much energy to heat up the construction after a period of night set

back, whereas air heating will heat up the air temperature very quick to 

arive the desired control temperature. 

It is striking that wlumn 1 and 3 show less energy losses in case of 

higher glazing percentages. This is caused by the fact that in case of higher 
glazing percentages during the set-back period the difference between inter

na! and external temperature will decrease rapidly which implies that 

transmission and ventnation losses will be less. 

Finally fig.B.33 shows fora variant of 70 % glazing the influence of venti
lation losses on the heating load for different heating systems. The higher 
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the ventilation losses will be the more radiant heating will be profitable. 

SimHar results for different heating systems were found in an earlier 

research work (Loeffen, 1987). 
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Jnjluence of joining rooms in zones 

An extra testcase, not influenced by design changes, completes this valida

tion part. 

As stated in section A2 the model can handle zones consisting of more 

then one room. The partitions in the zone contribute to the total capacity 

of the zone. 

It was tested what the infiuence of joining rooms is on the heating and 

cooling load calculations. Heating loads were calculated for the Dutch 

heating season ( 16 September - 16 May ), cooling loads for the cooling sea

son (16 May - 16 September). The geometry used is a storey of a typical 

office building. It consists of eight rooms and one corridor. 

The geometry is defined in four ways: 

1 as nine zones 

2 as five zones 

3 as three zones 

4 as one zone 

Results are shown in fig.B.34. The differences in comparison with the real 

situation (9 zones) are given in table B.6. The obtained accuracy is satis

factory. 

However one should always be careful joining rooms with different ther

mal properties (for example rooms with high glazing percentages facing 

south and other rooms with low glazing percentages facing north). 

:zones 

5 
3 8 

139 

0.2 
2.6 

cooling 

16 

380 

table B.6 difference in comparison with 9 zones 
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ZONE HEA11NO COOLING 

1 2 3 4 
(kWh) (kWh) i 

1005 .545 
2 662 722 
3 662 722 

9 4 1005 .545 
s 624 931 
6 352 1127 

5 6 7 8 7 352 1127 
8 624 931 
9 0 0 

TOT AL .5288 6649 I 

I 

1 21 1 ZONE HEA11NG COOIJNG-I 

[kWh) (kWh) I 

I 2011 1089 

5 2 1324 1443 
3 1249 1862 

I 4 705 2255 

3 14 3 
s 0 0 

TOT AL .5288 6649 

I 

I I T 
I 11 I 
I I I 

I ZONE HEATINO I 
C'OOLING I 

[kWh) (kWh) 1 

3 3345 2524 
2 1951 4109 

I I T 3 0 0 

I 12 I 
TOT AL 5296 6633 

I I I 

I I l 
I I I 

- -'- _I_-'- -
1 

I ZONE HEA 11NG COOUNG I 
{kWh] [kWh) 

5149 7029 ---- T - T - T TOT AL 5149 7029 

I I I 
I I I 

ftg.B.34 Infiuence of joining rooms 


