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THE HEATING LOAD DURING “INTERMEDIATE PERIOD”
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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 im-
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 term 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] INTRODUCTION
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 room air temperature and heating load during summer and winter, where
only cooling in summer and only heating in winter were needed''. 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 summer and winter. There-
fore, cyclical variation must be taken into consideration in analyzing the “intermediate
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] MATHEMATICAL MODEL

3-1. Basic equations

(1) Input outdoor temperature @e(t), solar radiation J(t) Data of the “intermediate
period” has not been examined throughly. However, judging from the results of summer and
winter, outdoor temperature and solar radiation can be assumed to be expressed by the sum
of deterministic and random components as follows?’;

J(t) = o (AT (£)4de(L) Be(t) = 6'a(t)+60s(t) (1)(2) |

Discrete random components of outdoor temperature 0'a(t) and solar radiation J' (t) may be
expressed by ARMA and ARMAX model as follows;

Zis1 = a12;+a22-14a3l;-24e;tb1e;-1+b2e;-2tbse;j -3 (3)
Vist = Cy;j+ceyi-1tdi 0y, j+12je14d2 05, ;2;4da 0y, j-12;-14€ j+g1e - 14828 -2 (4)
(2) Thermal model For simplicity, the heat flow equation of a single wall is dealt

with in the following formulation. Equations of the wall temperature & and the room air
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temperature @r are as follows;

6 =a.(820/3x2) (-=d/dt) (5)

AsJ+qa(Be-0) = -2u(36/3x) ai(0-6r) = -Au(36/8%) )T

cYVOr = Suai (0-0r)+H(SeKetcy Vn)(Be—-60r )+Se T oJHQ (8)
(3) Heat input (control) model The stochastic properties of heating and/or cooling

load to maintain the target temperature is also investigated, since simultanecus occurrence
of heating and cooling in a day is important in air-conditioning practice. Intermittent
heating load Q is approximately expressed as follows!';

Q= AiGi(t)(Os-6r)-A2G2(L)Q (9)

3-2. State equation ,
Egs.(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.

X = [2;,2i-1,2;i-2,8i-1,8;-2,85-3,¥;,Yi-1,€ j-1,€ j-2,@i7] = [Xi] (10)
where, © : state variance vector such as wall temperature,
room air temperature, heat load and so on

Eqs.(5)-(8) are rewritten as follows;

Xi*t = [A}Xi+[B)ifei+[C)ie; (11)
From eq.(11), mean and variance equations are obtained as follows®’;
E[Xi*'] = [AJVE[X J+[B]ife Di*! = [A]'Di [A}iT+[CYVi [C)iT (12)(13)

where, E[:] : average operator
D! : variance matrix, V’ : variance matrix of Gaussian white noise

By solving these two equations, all stochastic properties of the room air temperature and
heat load can be easily obtained.

3-3. Stochastic properties of heat load

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 distribution of cumlative heat load The probability F(Qe) that heat
load Q is above the level Q during the period [0,T] is expressed as follows*’;
R(®) = 354 § o FQIt)Iadt (1)

From egs.(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 input, probability density
function f(Q|t) 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 heating and cooling During the “intermediate
period” , the maintenance of room air temperature at a set point usually requires an alter-
nation between heating and cooling. From air-conditioning point of view, it is important
to know how often this switching occurs in a day. Although the analysis in 8§ 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 from -(+) to +(-). This is expressed as follows*';

ne’ = 1 507HQ, QM na =-547 00 £(Q, Q)% (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, Or) calculated in §3-2.

[4] EXTERNAL CLIMATIC CONDITION IN THE “INTERMEDIATE PERIOD”
4-1. Period for analysis
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FIG.2 HOURLY OUTDOOR TEMPERATURE

The analysis was executed during 60 days in autumm from Sep.l1th to Nov.9th. The period
studied is subdivided into 3 different periods to reflect the about 10°C decrease of the
daily mean temperature that spaned over the 60 days. The first period is from Sep.1lth to
Sep.30th; the second period is from Oct.ist to Oct.20th; and the third period is from Oct.
21st to Nov.9th.

4-2. Outdoor temperature

The deterministic annual cyclical variation of outdoor temperature in Tokyo®’' is shown in
Fig.1. The deterministic daily cyclical variation and the random component are assumed to
be the same as that in summer period®’ (fig.2).

4-3. Solar radiation

(1) Global solar radiation on the horizontal 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 summer and winter in ref.6).

(2) Separation of solar radiation into direct and diffuse components The methods of
separating solar radiation into direct and diffuse component which is suitable for stochas-
tic analysis are developed, here. Although several methods of separation have been pro-
posed”’, it is assumed that direct component can be given by Bouguer equation and that dif-
fuse component can be given by Berlage equation. That is,

Jw = JePe°secPsinh Jsn = 0.5Jasinhx (1-pPe°sech)/(1-1.410g.P) (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, Ju
and Jsu are approximated as a liner equations of J(t) as follows;

(1) 92xh(t) 20000

Po= (55" — w000 ) X Boixnm T 0! (19)
. 275xh(t)=1200 18xh(t)

dh = { 20000 x (P-0.1) + 40000 } X Je (20)
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Since the coefficients of these equations include h(t) only, which is the function of time
only, these equations are linear.

x (P-0.1) + } X Ja (21)

[5] NUMERICAL RESULTS : STOCHASTIC PROPERTIES OF ROOM AIR TEMPERATURE AND THE HEATING LOAD
5-1. Thermal model and numerical values used (Fig.4) i
A room in the middle floor of an office building is considered. The room is enclosed on
three sides by partition walls and on one side by an external wall with 30% glazing area.
The air temperature in the neighbouring rooms varies in the same manner as that of the room
being considered. The wall opposite the external wall is well insulated. The air condi-
;ion period of 10 hours from 8:00 to 18:00 with a target temperature of 26.0°C is assumed.
-2. Results
(1) Room air temperature (without heating or cooling) Fig.5 shows the room 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 period during the “intermediate period” , the room air tem
perature is kept in a range between 22 °C (target temperature in winter) and 26 °C (target
temperature in summer) in the daytime. Furthermore the maximum standard deviation is about
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2.5 °C. On the contrary, room air temperature in the first period exceed the maximum value
of target temperature range as shown in fig.5~@.
In fig.8, the heat load distribution is shown, under the condition that air temperature is
kept at 26.0 °C.
(2) Effect of ventilation (case Q@) To study the effect of the exchange rate on
the room air temperature, the following two cases are analyzed.

(Dexchange rate n=5/3600 during 1st period

@exchange rate n=5/3600 (11:00-18:00),1/3600 (0:00-11:00,18:00-24: 00) during 2nd period
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 autum (from first pe-
riod to third period). Therefore, ventilation is very effective in enlarging the “interme-
diate period” . Standard deviation becomes smaller as n becomes greater.
(3) Effect of thermal insulation (case @) To study the effect of insulation, we an-
alyse the following case.

(@exchange rate n=1/3600, 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 period” 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. From these re-
sults, the probability of switching from cooling to heating is very small, but the proba-
bility of switching from heating to cooling is about 18% which occurs prior to or at noon.
Thus, these results can be used to evaluate whether air-conditioning is needed.

[6] CONCLUSIONS
In this paper, the stochastic properties of room air temperature in the “intermediate pe-
riod” are analyzed, and the effects of various means expanding the “intermediate period”



are studied. The results are summarized 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 “intermediate
period” .

4. The method of calculation of the probability of switching between heating and cooling
in a day is investigated.

NOMENCLATURE
Je(t) : deterministic component of solar radiation (W/uof)
o.(t) : hourly standard deviation of solar radiation (W/m)
J' (t) : random component of solar radiation
O»(t) : deterministic component of outdoor temperature (°C)
€'a(t) : random component of outdoor temperature
At : time increment e;,e ; : Gaussian white noises X : coordinate
a« : thermal diffusivity of the wall (=A./cu¥u) (m/s)
As absorpt1v1ty of the exterior surface of the wall to the solar radiation
aa, a; : heat transfer coefficient through the outer and inner air layer (W/nd°C)
Au @ thermal conductivity of the wall (W/m"C)
c¥ : volumetric heat capacity of the air (J/m*°C)
Su : area of the wall (nf) S, : area of the window (nof)
Cv¥Yw : volumetric heat capacity of the wall (J/m*°C)
T, : transmittance of the g:.zing to the solar radiation
Ko : overall heat transfer c.:fficient of the window (W/ni°C)
n : exchange rate (1/s) Q : heat input by the air-conditioning system (W)
A1 ,A2 : constants @s : target temperature (°C)
f(QIt) : probability density function of Q at time t
Nos*,Naa": the expected number of crossing of Q at Q. with
' positive and negative slopes within the interval [ti,t.], respectively
£(Qa,Q) : joint probability density function of Q and Q
w : direct radiation (W/nof) Jsu : diffuse radiation (W/ni)
Jo : solar constant (W/of) h : solar altitude at time t
P : atmospheric transmittance
Z;=' (L) , vi=60'a(t;) , ti=iat
Gi1(t) = 1.0 (air-conditioned) or 0.0 (not air-conditioned) , G2(t)=1.0-G:(t)
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