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[ 1] ABSTRACT 

... .. .. .... 

External climatic conditions such as outdoor air temperature and solar radiation fluctuate 
randomly with time, and cause the random fluctuation of room air tempereture and heating 

· and/or cooling load. To reduce operating costs or energy consumption, therefore, it is ior 
portant to have a knowledge of maximum value of the heating load and the probability dis
tribution of the heating load. In spring and autumn in Japan, there is a tenn when room 
air temperature can be kept within the target temperature range without air-conditioning. 
If the length of this period can be extended by means of ventilation without heating/cool
ing and of building structure, energy consumption can be reduced. From those points of 
view, in this paper, we present a method of analysis and analyze the stochastic properties 
of room air temperature in this period, and the effects of various means expanding this pe
riod are studied. It is shown that this period is extended about half a month by the means 
above mentioned under the climate of middle Japan. 

[2] INTRODUCTI~ 
External climatic conditions such as outdoor air temperature and solar radiation fluctuate 
randomly with time, and cause the random fluctuation of room air temperature and heating 
and/or cooling load. So far, the authors have presented a paper which analyzed the stocha
stic properties of roan air temperature and heating load during sunmer and winter, where 
only cooling in sumner and only heating in winter were needed11 . However, during spring 
and autumn in Japan, there is a period when room air temperature can be kept within the 
target temperature range without air-conditioning (in this paper this period is called the 
"intermediate period" ). If the length of this period can be extended by means of venti

lation without heating/cooling and of building structure, energy consumption can be reduced 
. In this paper, the stochastic properties of room air temperature in the "intermediate 
period" , and the effects of various means expanding the "intermediate period" are ana
lyzed. The gradient of (deterministic) annual cyclical variation of external climatic con
ditions is larger in spring and autumn in comparison with that in sunmer and winter. There
fore, cyclical variation must be taken into consideration in analyzing the "interme:iiate 
period". Although the analysis of room air temperature ·is the main object of this study, 
we have also investigated the stochastic properties of heating and/or cooling load to main
tain the target temperature, since knowledge concerning simultaneous occurence of heating 
and cooling during the day is important in air-conditioning practice. 

[3] HATHmiATICAL f«lDEL 
3-1. Basic equatiais 
(1) lnpit ootdoor temperature Be(t), solar radiatioo J(t) Data of the "intermediate 
period" has not been examined throughly. However, judging fran the results of sunmer and 
winter, outdoor temperature and solar radiation can be assumed to be expressed by the sum 
of deterministic and randan canponents as follows21 ; 

J(t) = O'J(t)J'(t)+JP(t) 8e(t) = 8'e(t)+8P(t) (1)(2) 

Discrete random components of outdoor temperature e' e ( t) and solar radiation J' ( t) may be 
expressed by ARMA and ARHAX model as follows; 

zj +I = a1 zj +~Zj-1 +a.aZj-2+ej+b1 ej- t+h2ej-2+baej-3 (3) 
Yi+I = CtYitc2Yi-1+d10'J,j+IZj+t+<kC1J,jZj+d3C1J.j-tZ;-1+e' j+g1e' j -i+~e· j-2 (4) 

(2) Thermal nxxiel For simplicity, the heat flow equation of a single wall is dealt 
with in the following formulation. Equations of the wall temperature e and the roan air 

RANK XEROX COMMUN/CA TIE SERVICE 

4.9 



temperature fh are as follows; 

e =a..(a 2 e1ax2 ) (-=d/dt) (5) 
AsJ+a0( ere) = -J..w( a e I ax) a; ( e-th) = -J..w( a e I ax) (6)(7) 
cyve R = Su a i ( e-e R )+(~Kg+cyVn)( ere A )+8g T gJ+Q (8) 

(3) Heat inpit (control) DKXiel The stochastic properties of heating and/or cooling 
load to maintain the target temperature is also investigated, since simultaneous occurrence 
of heating and cooling in a day is important in air-conditioning practice. Intermittent 
heating load Q is approximately expressed as follows 11 ; 

Q = A1G1(t)(8s-8R)-A2Ch(t)Q (9) 

3-?.. State equatioo 
Eqs.(5)-(9) are discretized by the finite difference method, and the system is expressed by 
state equations. Making use of the vector notation, T denotes transpose. 

Xj = [Z;,Z;-1,Zi-2,ej-1,e;-2,ej-a,Y;.Y;-1,e' i-1,e' ;-2,Sil] = [Xi]T 
where, e : state variance vector such as wall temperature, 

room air temperature, heat load and so on 

Eqs.(5)-(8) are rewritten as follows; 
xj•I = [A]iXit[B)ifpit[C]ie; 

From eq. (11), mean and variance equations are obtained as follows31 
; 

(10) 

(11) 

E[Xi•t] = [A];E[Xi]+[B];fPj Di•I = [A]iDi[A]iT+(C]iVi(C)iT (12)(13) 
where, E[·] : average operator 

Di : variance matrix, Vi : variance matrix of Gaussian white noise 
By solving these two equations, all stochastic properties of the roan air temperature and 
heat load can be easily obtained. 
3-3. Stochastic properties of heat laid 
For the analysis of the "intermediate period" , not only the room air temperature but also 
the probability distribution of total heat load can give us useful informations. 
(1) Probability distributioo of OJ1111lative heat laid The probability F(Q;i) that heat 
load Q is above the level ~ during the period [0,T] is expressed as follows41 ; 

F(Qe) = ~ S ~ S '-
00

f(QI t)d~t (14) 

From eqs.(12)(13), the mean and the variance of heat load Q at every time can be obtained. 
Since the system studied is linear with Gaussian noise as an inpit, probability density 
function f(Qlt) is also Gaussian. Thus, since the Gaussian probability density can be de
termined by its mean and variance, probability density of heat load Q is calculated. 
(2) Probability of switching between beating mi cooling During the "intermediate 
period" , the maintenance of roan air temperature at a set point usually requires an alter
nation between heating and cooling. Fron air-conditioning point of view, it is important 
to lmow how of ten this switching occurs in a day. Al though the analysis in § 3-3 cannot 
give us information about the switching probability, the frequency of simultaneous occur
rence in a day of heating and cooling may be judged by the probability that heat load 
changes fron -(+) to +(-). This is expressed as follows 41

; 

OQa + = S ~~ S ~f(Q. ,Q)QJQJt OQe - = - S ~~ S ~f(Q. ,Q)QJQJt (15)(16) 

The probability that heat load changes from-(+) to+(-) is calculated by setting Q. to 0. 
The joint probability density function of Q. and Q can be obtained by substituting eq.(9) 
into f(Q, 8 R) calculated in § 3-2. 

[4] EXTERNAL CLIMATIC C(Jf])ITillf IN nm "'IHTEBMEDIATE PERIOD" 
4-1. Period for analysis 
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The analysis was executed during 60 days in autumn fran Sep.11th to Nov.9th. The pericxi 
studied is subdivided into 3 different pericxis to reflect the about 10°c decrease of the 
daily mean temperature that spaned over the 60 days. The first pericxi is from Sep.11th to 
Sep.30th; the second pericxi is from Oct.1st to Oct.20th; and the third pericxi is from Oct. 
21st to Nov .9th. 
4-2. ~tdoor temperature 
The deterministic annual cyclical variation of outdoor temperature in Tokyo51 is shOtill in 
Fig.1. The deterministic daily cyclical variation and the random component are assumed to 
be the same as that in sU11111er pericxi21 (fig.2). 
4-3. Solar raiiatioo. 
(1) Global solar raiiatim oo. t.he horizoo.tal surface Fig.3 shows daily means and 
standard deviations of global solar radiation in autumn, used in this paper. Those values 
are determined by the interpolation between those in sunmer and winter in ref .6). 
(2) Seperatioo. of solar radiatioo. into direct and diffuse caapooents The methods of 
separating solar radiation into direct and diffuse canponent which is suitable for stochas
tic analysis are developed, here. Although several methods of separation have been pro
posed71, it is assumed that direct canponent can be given by Bouguer equation and that dif
fuse component can be given by Berlage equation. That is, 

JH = Japcosechsinh JsH = 0.5JasinhX(l-pcosech)/(l-1.4logeP) (17)(18) 

In an analysis of stochastic properties, it is desirable that the system is linear. Thus, 
P is approximated as a linear equation of J(t) which fits well in the range of h(t) between 
0°-60° and in the range of P between 0.3-0.7. By making use of this expression of P, JH 
and JsH are approximated as a liner equations of J(t) as follows; 

p = ( J~;) - 9~&t) ) x ~~~~(t) + 0.1 (19) 

JH - { 275xh(t)-1200 x (P-0 1) + 18Xh(t) } x Ja (20) 
- 20000 • 40000 
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*NUMERICAL VALUES 
[CCl1HON] 

As = 0.8 
ao= 23.3(W/irlK) 
a i= 9.3(W/u{K) 
A.w= 1.62(W/mK) 
Cw = 0.88(J/kg) 
y w=2200. O(kg/m3 ) 
Kg = 4.06(W/arK) 
TF 0.8 

[CELLING AND FLOOR] 
12 =0.12(m) 
lP =0.006(m) 

[EXTERNAL WALL] 
li =0.15(m) 
&.1 =5.0x3.5( of) 
Sg1=3.Ox1. 75( nf) 

[PARTION WALL] 
b =O. l(m) 
Sw3=5.0x 3.5 X2( nO 

a i' =1.0/(1.0/ a i+Rair+lP/ A_p )(W/nfK) 
Rair=0.17( nfK/W) 
&.2 =5.0X5.0X2(nf) 
A.P =0.464(W/mK) 

FIG.4 SCHEMATIC OF RCXli EMPLOYED IN SIMULATION 

JsH = { 26Xh~~6rio1200 X (P-0.l) + 7~~~t) } X Je (21) 

Since the coefficients of these equations include h(t) only. which is the function of time 
only, these equations are linear. 

[5] NllmRICAL RESULTS : Sl'OCHASTIC PROPERTIES OF RCXlf AIR TBHPBRATURE AND THE HEATING LOAD 
5-1. 11lermal lllldel am numerical values usErl (Fig.4) 
A room in the middle floor of an off ice building is considered. The room is enclosed on 
three sides by partition walls and on one side by an external wall with ~ glazing area. 
The airtemperature in the neighbouring roans varies in the same manner as that of the room 
being considered. The wall opposite the external wall is well insulated. The air condi
tion pericd of 10 hours fran 8:00 to 18:00 with a target temperature of 26.0"C is assumed. 
5-2. Results . 
(1) RoClll air temperature (wit.hoot heating or cooling) Fig.5 shOtlS the roan air tem-
perature. The exchange rate n is 1/3600. The external wall faces south and is not insu
lated. In the second and third pericd during the "intermediate period" , the roan air tem
perature is kept in a range between 22 "C (target temperature in winter) and 26 "C (target 
temperature in sumer) in the daytime. Furthenoore the maximum standard deviation is about 
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2.5 °C. On the contrary, room air temperature in the first pericxi exceed the maximum value 
of target temperature range as shown in fig.5-(I). · 
In fig.6, the heat load distribution is shown, under the condition that air temperature is 
kept at 26.0 °c. 
(2) Effect of ventilatioo (case (lXID) To study the effect of the exchange rate on 
the room air temperature, the following two cases are analyzed. 

~change rate n=S/3600 during 1st pericxi 
(2)exchange rate n=S/3600 (11:00-18:00),1/3600 (0:00-11:00,18:00-24:00) during 2nd pericxi 

Fig.7 shows that by adjusting the exchange rate n, the room air temperature can be brought 
into the target temperature range without heating or cooling during autumn (fran first pe
ricxi to third period). Therefore, ventilation is very effective in enlarging the "interme
diate pericxi" . Standard deviation becomes smaller as n becomes greater. 
(3) Effect of thermal insulaticn (case @) To study the effect of insulation, we an-
alyse the following case. 

@exchange rate n=l/3600, with insulation 
By insulating exterior wall, the room air temperature becomes warmer by about 1.5 ...... 2.0 °C 
in all periods, as shown in fig.8. The effect of insulation is noticeable especially in 
the third period. 
The results of (1)(2) and (3) suggest that the "intermediate pericxi" can be extended with a 
suitable combinations of ventilation and insulation. 
5-3. Probability of switching between heating and cooling 
Using the method of § 3-4, the probability of switching between heating and cooling in a 
day is calculated. Fig.9 shows the expected number of crossing of Q at 0. Fron these re
sults, the probability of switching fran cooling to heating is ven small, but the proba
bility of switching fran heating to cooling is about 1ai which occurs prior to or at noon. 
Thus, these results can be used to evaluate whether air-conditioning is needed. 

[6] CClfCLUSICJfS 
In this paper, the stochastic properties of room air temperature in the "intermediate pe
ricxi" are analyzed, and the effects of various means expanding the "intermediate period" 



-· are studied. The results are sumnarized as follows; 
1. The method of analysis is proposed which gives the stochastic properties of the heating 

load and room air temperature in the "intermediate period" . 
2. The method of separation of global solar radiation into direct and diffuse components, 

which is suitable to the stochastic analysis, is proposed. 
3. Proper combinations of ventilation and thermal insulation can extend the "intennediate 

period" . 
4. The method of calculation of the probability of switching between heating and cooling 

in a day is investigated. 

NClfENCLATIJRE 
JP(t) : deterministic canponent of solar radiation (W/nf) 
O"J(t) : hourly standard deviation of solar radiation (W/rrr) 
J' (t) : randan component of solar radiation 
e p ( t) : deterministic canponent of outdoor temperature (°C) 
e' a(t) : random component of outdoor temperature 
.6.t: time increment e;,e'; : Gaussian white noises x: coordinate 
aw : thermal diffusivity of the wall (=.lw/Cw'Yw) crrr/s) 
As : absorptivity of the exterior surface of the wall to the solar radiation 
a" , a ; : heat transfer coefficient through the outer and inner air layer (W/ nf°C) 
.lw : thermal conductivity of the wall (W/m°C) 
cy : volumetric heat capacity of the air (J/m3°C) 
Sw : area of the wall ( nf) Sg : area of the window ( nf) 
Cw i' w : volumetric heat capacity of the _ wall (J/m3 °C) 
T g : transmittance of the g; :.:zing to the solar radiation 
Kg : overall heat transfer c;.,~fficient of the window (W/nf°C) 
n : exchange rate ( l/s) Q : heat inp,it by the air-conditioning system (W) 
A1 ,A2 : constants 9 s : target temperature (°C) 
f(Qlt) : probability density function of Q at time t 
nos•, nos - : the expected number of crossing of Q at Q. with 

positive and negative slopes within the interval [t1,i:2], respectively 
f(Qa,Q) : joint probability density function of Q. and Q 
JH : direct radiation (W/nf) JsH : diffuse radiation (W/nf) 
Ja : solar constant (W/nf) h : solar altitude at time t 
P : atmospheric transmittance 
Z;=J' (t;) , y;=9' ra(t;) , t;=j.r6.t 
G1(t) = 1.0 (air-conditioned) or 0.0 (not air-conditioned) , G2(t)=l.o-G1(t) 
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