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ABSTRACT 

In order to quantify uncertainty in thermal building simulation stochastic modelling is applied on a 
building model. Part 1 deals with the stochastic thermal building model and a test case. This paper 
deals with the determination of the stochastic input loads. The importance of obtaining a proper 
statistical description of the input quantities to a stochastic model is addressed and exemplified by 
stochastic models for the external air temperature and the solar heat gain. 

Each of the external climate parameters is modelled as a stochastic process with time varying mean 
value function superimposed by a time varying standard deviation function. The statistics of the 
external air temperature is obtained by means of Fast Fourier Transform (FFT). A model of the solar 
heat gain is presented, considering the obvious fact that solar radiation is present only during daytime. 
The Danish Design Reference Year (DRY) is used as experimental data. 

KEYWORDS 

Thermal Building Simulation, Fast Fourier Transform, External Air Temperature, Solar Radiation, 
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INTRODUCTION 

In the design of buildings, prediction of long term system performance with regard to energy 
consumption and thermal comfort is traditionally performed with thermal building simulation 
programmes based on deterministic building models and loads. 

A deterministic approach implies that all input parameters and model coefficients are 100% certain 
with zero spread. In practise, this is not the case, for instance, inhabitant behaviour and internal loads 
may vary significantly and external loads as wind, external air temperature and solar radiation are 
obviously stochastic in nature. 



The purpose of this work is to quantify the uncertainty in thermal building simulation by means of a 
stochastic approach considering randomness in the loads as well as the model coefficients. In this 
connection, it is crucial to be able to quantify the uncertainty of the input parameters. 

Part 1 comprises the outline of a stochastic building simulation model and a test case (Brohus et al., 
2000). The stochastic thermal model presented in Part 1 requires that the loads be modelled by time 
varying stochastic processes. Hereby, the uncertainty in the load parameters is quantified in shape of 
time varying mean value and standard deviation functions. This paper considers the determination of 
those functions. As an example, statistics for the external air temperature and the solar heat gain are 
determined for instance by means of Fast Fourier Transform (Press et al., 1989). 

Load data for the stochastic model is obtained from the Danish DRY (Jensen & Lund, 1995). DRY is 
an artificial data set, which is used in thermal building simulation to predict parameters like energy 
consumption and thermal response of buildings. In DRY a typical yearly weather climate is recorded 
in terms of hourly values of external climatic parameters, gathered from selected monthly data from a 
15-year period. Although DRY is an artificial data set it will be used here to illustrate how measured 
weather climate parameters can fie used for stochastic modelling. 

EXTERNAL AIR TEMPERATURE 

The mean value function , f-la,x1(t), of the external air temperature, 8ex1(t), is modelled by the sum of a 
constant and two cosine functions accounting for the systematic yearly and daily variations, 
respectively. Fast Fourier Transform (FFT) of the DRY data obtains the model coefficients 

f-l 11 • .Jt) = 7.76 + 8.93cos(2;if;t + 2.74) + 2.45cos(2Jif.165/ + 2.73) in oc (1) 

where t is the time in seconds from the beginning of the year,.fl=l/(365 *24*3600) Hz is the frequency 
corresponding to the yearly variation and/365=11(24*3600) Hz is the frequency corresponding to the 
daily variation. When Eqn. 1 is subtracted from the original data the fluctuating part of 8ex1(t) is 
obtained. Based on visual inspection, the standard deviation function is assumed to be time 
independent and can be expressed as 

a 0 (t)= 3.42 in °C 
"' 

(2) 
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Figure 1: External air temperature data from DRY shown together with the modelled mean value 
function (dashed line) and the 95% confidence interval (solid lines) during a week in August. 
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Figure 1 shows the DRY data for the external air temperature together with the mean value function 
and the 95 % confidence interval corresponding to the mean value function ± 1.96 times the standard 
deviation function. 

SOLAR HEAT GAIN 

The following model, partly adapted from Lund (1997), determines the solar heat gain, <Psun(t), as a 
function of reflection ratio of surroundings, window orientation, inclination, window area and effective 
reduction factor. The angles are defined in Figure 2. 

Sun 

Figure 2: Definition of angles in the solar radiation model. fJ is the angle of incidence, hs is the solar 
altitude, as is the solar azimuth, a1 is the surface azimuth, Yr is the surface inclination, N is the normal 
vector to the surface (Lund, 1997). 

A number of coefficients are defined and used in the calculation in order to facilitate the determination 
of the mean value function, /-l<Psun(t), and the standard deviation function , a<Psun(t). Here, both direct, 
diffuse and reflection solar radiation are considered. 

cos(fJ(t ))= cosk(t )- a1 )cos(h, (t))sin(r 1 )+ sin(hs(t ))cos(r 1 ) 

( ) _ {cos(fJ(t )) if cos(fJ(t )) > 0 
c1 t -

0 otherwise 

c (t) = {0.55 + 0.437 cos(fJ(t )) + 0.313(cos(fJ(t )))
2 

if cos(fJ(t )) > -0.2 

QIL\ 0.4751 otherwise 

c2 (t) = cm"' (t )(1- cos(r 1 ))+ cos(r 1 ) 

c3 (t) = 0.5p (1- cos(r 1 ))sin(h,(t)) 

3 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 



The coefficient c5 considers the surface area, Afi and the effective reduction factor, Fs, accounting for 
the frame-glass ratio and all kinds of solar shading. 

In Eqn. 10 and Eqn. 11, statistical calculation rules for mean values and variances (and thus standard 
deviations) are applied on the deterministic formula. The standard deviation function, a<Psun(t), is 
determined by assuming independence between Ed(t) and Eo(t) 

inW (10) 

in W (11) 

Both the diffuse solar radiation, Ed(t), and the direct solar radiation, Eo(t), exhibit the characteristics · 
that both processes are zero during night and obtain a maximum at noon. The two processes are treated 
similarly, and olfly the results forthe diffuse solar radiation will be shown here. 

The mean value function, /-lEJ..t), is modelled by a parabola for each day as shown in Figure 3 

f.-l. (t) = j( ti'~.J~ \r [(r.,(k )+ t~(k ))- -t.,(k )., (k) -t'] for '~(k)s t s t,,(k) in Wim' (!Z) 
l.d fdn k /up k 

0 otherwise 

where 111p(k) and fdo(k) are the sunrise and sunset times, respectively, in seconds after the beginning of 
the year for day k, obtained from the DRY data by FFT analysis 

t"P(k) = 2.42 ·104 +8.89 ·103 cos(2Jif;86400(k -1)+ 0.12)+86400(k -1) ins (13) 

I do (k) = 7.04 ·104 + 8.95 ·103 cos(2Jif;86400(k -1)- 2.88 )+ 86400(k -1) ins (14) 

The mean value function of the maximum diffuse solar radiation process, /-lEd,max(k), is found by 
conducting a FIT-analysis on the data series consisting of the maximum values of Ed(t) for each day to 
give 

f-lF (k) = 206.26 + 139.74cos(2Jif; 86400(k -1)- 2.92) in W/m2 
.,, , nl3l 

(15) 

Figure 3: Outline of /-lEJ..t) parabola model shown for a single day 
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The standard deviation function of the diffuse solar radiation, aEci(t), is modelled as a scaled version of 
the mean value function as 

() 
a Ed,mu (k) () I·n W/m2 

a E t = ( ) f-l£ t 
d 11 - k d 

t"'f.d ,max 

(16) 

aEd,max(k) is the standard deviation of the maximum process of Eci(t). This is obtained by sampling on a 
time window using the 11 points located closest to the time in question and FFf-analysis 

a £ (k)=62.91+30.59cos(2Jif;86400(k-1)-2.65) inW/m2 
cl ,mv. 

(17) 

Figure 4 shows the DRY data for the diffuse solar radiation together with the mean value function and 
the 95 % confidence interval. 
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Figure 4: Diffuse solar radiation from DRY shown together with the modelled mean value function 
(dashed line) and the 95% confidence interval (solid lines) for a week in August. 

In Figure 5 an example is shown for one week in August for the solar gain corresponding to a vertical 
window, (At= 1 m2

, Y! = 90 °) at south (at= 0 °) with a reflection ratio p = 0.25 and a shading ratio Fs 
= 0.5. Data for the Danish solar altitude, hs(t), and solar azimuth, a5(t) , are found in Lund, 1997. 
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Figure 5 : Solar heat gain for a 1 m2 window facing south for a week in August. Results based directly 
on solar radiation data from DRY are shown together with the modelled mean value function (dashed 
line) and 95 % confidence interval (solid lines). 
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DISCUSSION 

Stochastic models for the external air temperature and the solar heat gain have been developed on the 
basis of data from the Danish Design Reference Year. The results are applied directly in a stochastic 
thermal building simulation model by means of a Stochastic Differential Equation (SDE) approach as 
described in Part 1. Alternatively, the stochastic load models can be used for other kinds of 
probabilistic modelling. 

The external air temperature and the solar heat gain are modelled as a time dependent mean value 
function superimposed by a time varying standard deviation function. Reasonable agreement between 
the DRY data and the stochastic models is obtained. 

The fluctuating part of the processes are assumed independent both regarding mutual correlation and · 
individual correlation in time, i.e. auto correlation, in order to be able to use the white noise 
assumption which is applied in the SDE approach presented in Part 1. In reality, the processes will to 
some extent be correlated both in time and mutually. Future modelling may include auto correlation 
functions, describing the time dependency of the parameters, and cross correlation functions, 
describing the mutual dependence. 

ACKNOWLEGDMENTS 

This work is part of the Danish and Canadian contribution to the work of Annex 35 of the International 
Energy Agency "Hybrid Ventilation in New and Retrofitted Office Buildings". The Danish 
contribution was supported financially by the Danish Technical Research Council (STVF). Funding 
for the Canadian author participation was made possible through a contract provided by the CANMET 
- Energy Technology Centre of Natural Resources Canada. Their supports are highly appreciated. 

REFERENCES 

Brohus H., Haghighat F., Frier C. and Heiselberg P. (2000). Quantification of Uncertainty in Thermal 
Building Models. Part 1: Stochastic Building Model. Proceedings ofROOMVENT 2000, Reading. UK. 

Jensen J. M. and Lund H. (1995). Design Reference Year, DRY- et nyt dansk referencear, Meddelelse 
Nr. 281, Laboratoriet for Varmeisolering, ISSN 1395-0266, Technical University of Denmark, 
Lyngby, Denmark (In Danish). 

Press W. H., Flannery B. P., Teukolsky S. A. and Vetterling W. T. (1989). Numerical Recipes, The 
Art of Scientific Computing, ISBN 0 521 38330 7, Cambridge University Press. 

Lund H. (1997). Udeklima, Chapter 2, In: Hansen H. E., Kjerulf-Jensen P., Stampe 0. B., Varme- og 
Klimateknik, Grundbog, 2. udgave, ISBN 87-982652-8-8, Danvak ApS, Denmark (In Danish). 

6 



RECENT PAPERS ON INDOOR ENVIRONMENTAL ENGINEERING 

PAPER NO. 109: E. Bj0rn: Simulation of Human Respiration with Breathing Thermal 
Manikin. ISSN 1395-7953 R9944. 

PAPER NO. 110: P. Heiselberg: Hybrid Ventilation and the Consequences on the 
Development of the Facade. ISSN 1395-7953 R0033. 

PAPER NO. 111: P. Heiselberg, M. Pedersen, T. Plath: Local Exhaust Optimization and 
f Worker Exposure. ISSN 1395-7953 R0034. 
! 

PAPER NO. 112: K. Svidt, P. Heiselberg: Push-Pull Ventilation in a Painting Shop for Large 
Steel Constructions. ISSN 1395-7953 R0035. 

PAPER NO. 113: P. Heiselberg: Design Principles for Natural and Hybrid Ventilation. ISSN 
1395-7953 R0036 

PAPER NO. 114: A. Andersen, M. Bjerre, Z.D. Chen, P. Heiselberg, Y. Li: Experimental 
Study of Wind-Opposed Buoyancy-Driven Natural Ventilation . ISSN 1395-7953 R0037 

PAPER NO. 115: P. Heiselberg, K. Svidt, P.V. Nielsen: Windows- Measurements of AirFlow 
Capacity.ISSN 1395-7953 R0040 

PAPER NO. 116: K. Svidt. P. Heiselberg , P.V. Nielsen: Characterization of the Airflow from a 
Bottom Hung Window under Natural Ventilation . ISSN 1395-7953 R0041 

PAPER NO. 117: Z. Yue, P.V. Nielsen: Flow Pattern in Ventilated Rooms with Large Depth 
and Width . ISSN 1395-7953 R0042 . 

PAPER NO. 118: P.V. Nielsen, H. Dam, L.C. S0rensen, K. Svidt, P. Heiselberg: 
Characteristics of Buoyant Flow from Open windows in Naturally Ventilated Rooms. ISSN 
1395-7953 R0043. 

PAPER NO. 119: P.V. Nielsen, C. Filholm, C. Topp, L. Davidson: Model Experiments with 
Low Reynolds Number Effects in a Ventilated Room. ISSN 1395-7953 R0044. 

PAPER NO. 120: P. Lengweiler, P.V. Nielsen , A. Moser, P. Heiselberg, H. Takai : 
Experimental Method for Measuring Dust Load on Surfaces in Rooms. ISSN 1395-7953 
R0045. 

PAPER NO. 121 : L. Davidson, P.V. Nielsen, C. Topp: Low-Reynolds Number Effects in 
Ventilated Rooms: A Numerical Study 1395-7953 R0046 . 

PAPER NO. 122: F. Haghighat, H. Brohus, C. Frier, P. Heiselberg: Stochastic Prediction of 
Ventilation System Performance. I SSN 1395-7953 R004 7. 

PAPER NO. 123: H. Brohus, F. Haghighat C. Frier, P. Heiselberg: Quantification of 
Uncertainty in Thermal Building Simulation. Part 1: Stochastic Building Model . ISSN 1395-
7953 R0048. 

PAPER NO. 124: H. Brohus, F. Haghighat C. Frier, P. Heiselberg: Quantification of 
Uncertainty in Thermal Building Simulation. Part 2: Stochastic Loads. ISSN 1395-7953 
R0049. 

Complete list of papers: http://iee.civil.auc.dk/i6/publ/ iee.h tml 



ISSN 1395-7953 R0049 

Dept. of Building Technology and Structural Engineering 

Aalborg University, December 2000 

Sohngaardsholmsvej 57, DK-9000 Aalborg, Denmark 

Phone: +45 9635 8080 Fax: +45 9814 8243 


