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1 Introduction

This report concretely describes a smulation method of
building therma behavior. This calculation method has 2
festures the variable cdculdion time intervd and the
solving method switching depending on whether the time
zone needs an integrated solution with an HVAC system or
nat. Frg, the solving methods for the thermd equilibrium
equation of aroom are described. Next, cdculation methods
for the themd load of each component (eg., wal and
window) are described.

2 The therma equilibrium equation of gpace and the
solving methods

A thermal equiilibrium equation of the spacei is s&t up under
the conditions where the space air temperature is unknown
and the interactions between spaces have to be considered.
An equation regarding the ssngble heat of the gpacei can be
summarized asfollows:

Ci(bi /c) n=Kijn Bint XKijn OjrtFin ...(1)

where

Gi: thermd capadity of the spacei [JK];

0; air temperaure of the spacei [°C];

do; /dt: derivative value of ar temperaure of the space i
[K/sec];

n: current time sep;

Kij: coefficient for the space j in the therma equilibrium
equation of the spacei; and

F: congant term [W].

If an integrated solution with an HVAC system is nat
required, the left Sde of equation (1) can be rewritten as a
backwerd difference and the 6, , (the air temperature of the
space i) and 0;, (the ar temperature of the adjacent space j)
can be dedt with as an unknown. Accordingly, the thermal
equilibrium equetions for the multiple spaces can be solved
as Smultaneous eguations (hereinafter called the backward

method). If an integrated solution with an HVAC system is
required, the 4th order Runge-Kutta method is applied
because this methad is appropriate, egpecidly for HVAC
sysdems that ae asociaded with many nonlinear
discontinuous phenomena. This method calculates the date
values a the next time gep under the assumption that the
pace air temperature and the Sate vaues at the current time
gep are known (hereinafter cdled the forward method). The
forward method needs a shorter cdculdion time interva to
some degree. Consequently, the space air temperature
responses for weether, internad heat generation and heet
supply due to HVAC system operations can be smulated in
detal. For seasons when only vettilation is required, the
backward method may be applied if gppropriate, without
usng a short caculation time intervad. This approach is
under examination.

Space air humidity can be dedlt with as an unknown vaue
just like space ar temperature. As wdl as senghle heet, the
themd equilibrium equation for latent heat of multiple
gpaces can be solved by switching the 2 solving methods
(the forward and backward method) from one to the ather
depending on the Stuation.

The problem is how to ded with the boundaries of the
forward and backward methods. Figure 1 is an example
patern of the sdving method switch. If the backward
method is gpplied until 07:55, the calculated vaue by the
backward method is used as the space air temperature at
07:55. If the backward method is switched to the forward
method a 08:00, the space ar temperature & 0800 is
assumed to be equa to the temperature a 07:55 for
convenience because the temperature at 08:00 has to be a
known value In order to reduce the error due to this
assumption, the caaulation time intervd just before the
switch paint has to be shortened. If the forward method is
applied until 22:00, the cdculated value is the space ar
temperature a the next time step (21:00), but it is not used.
The solution of the backward method at 21:00 isto be usad



The temperature at 08:00 is not calculated.
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08:00 to 20:00: air-conditioning hours; forward method
21:00 to 07:55: unconditioning hours; backward method

Figure 1. Examplepattern of sadving method switch

asthe gpace air temperature a 21:00. A method to sdect the
mogt gppropriste cdceulation time intervd in the forward
method requires further sudy.

3. Caculation methad for each thermal 1oad component

In this Section, calculation methods for therma behavior at
walls and windows are described. Then, the cdculation
method for themd behavior a each of the other
components and the cadculation method for the thermd
environmenta index (PMV) are described.

In the calculation method for conductive heat through walls,
Matsuo's Common Ratio Method, which can accept a
variable caculaion timeintervd, is goplied. In this method,
surface temperatures of wals are nat dedt with as unknown
vaues and the convective and radigion portions are
approximatdy separated by using the response of the space
themd load W to the sace heat gain. Veticd
ar-temperature digtribution, induding arflow dong wal
surfaces is planned to be incorporated into this caculation
method. Congdering this plan, this method is desgned so
that each wall surface temperature indde the space can be
cdculaed after sdving the hest bdance equaions
Accordingly, the convective heet that tranfers sequentialy
from each wdl surface i.e, the wdl themd loed, is
cdculaed under the assumption that pendraed solar
radiation and the radigion component of internd hesat
generation isabsorbed by a prescribed surface. Equations for
cdculaing awadl themd load are summarized in Table 1.

As shown by equaion (4-2), the effect of radiation heat
absorbed by the outside surface of the inner wall can dso be
conddered. The equation for awal theemd load (exduding
windows) can be summarized as equaion (5). Accordingly,
themd load from the wall surface can be cdculaed by
usng wdl trandfer functions ®rand @ 5o regarding the
reponse of themd load to outdde equivdent air
temperature and indde equivaent ar temperature. For the
convason of the heat gain response into thema load
response, Masuo's Common Ratio Method is dso applied
as shown in Table 2. In order to approximate the wal
trandfer functions regarding the response of thermal load,
five roots (fixed values) are used here. It is planned
that this approximation method will be improved so
that the wall transfer functions will be
approximated by deriving the most appropriate 2
roots for each wall. Table 3 shows the calculation
procedures based on Matsuo’s Common Ratio
Method where the cdculaion time interva is variade
Unde the assumption that scaene triangle waves exdte as
shown in Fgure 2, an equation isderived based on Masuo's
Common Ratio Method, for which equations for isoscdes
triangle wave exdtdion are used. As for the themd
characteridics of furniture the sudy results on thermd
responses of office furniture by Ishino, Kohri, et d. are used.
The effects of furniture on a gace themd load ae
conddered.

As shownin eguation (1) in Table 4, thewindow hegt gainis
expressed as the totd of the condudtive heat gain, the heat



Table 2. Converson method from wall heat gain to wall
Table 1: Calculation method for wall thermal load

thermal load

= Wall thermal load The space transfer function W(s) in Table 1 can be calculated
An equation of the wall thermal load Q(S) can be written by using the wall transfer function @ ,y(s) regarding the
as follows by using the heat gain HG(s) and the space response of the heat gain to th.einside gquivdent temperature of
transfer function W(s) regarding the space thermal load each wall based on the following equation;
response to the space heat gain. W(s)=he Al (he Ayt Au( @ poi(S)Ih)) (D

Q(s)=HG(s) W(s) (1) Where
HG(s) can be written as follows by using the equivalent A2 A ...(2
inside air temperature ©,(s), the equivalent outside air ] ]
temperature © (s) and the radiation heat RI(s) absorbed The wall transfer functions regarding the thermal load response

to the outside equivalent air temperature @ (s), to the inside

by the inside surface; ; . L
Y equivalent air temperature @ (s) and to the radiation heat

HG(s)=@10(S) O e(S) P no(S) Ore(S)+RI(S) (2 absorbed by the inside surface @ x(s) can be approximated by
Where using the root of a k (fixed value). For example, @ (s) can be
0,(5)=0,(s)+Ri(s)Ih, ...(3) approximated as follows.
in the case of an outside wall, LY
Pr(8)=W(S) Pro(8)=Ag+ T A (st a1 ) Ne)
O ()= 0Oo(s)+(1(s) RN(S))/h ~(41)
or in the case of aninternal wall Ak can be cal cglgted by solving the ;i mul taneous equgtions
(the air temperature of the adjacent space is unknown), qno!er the condition where the equation (3) is appropriate in the
O ce($)= O 1o(9)+RO(S) Iy, - (42) "”;'f‘;f‘ggioi o k)
With the equations (1) to (3), Q(s) can be summarized as Where ’
follow; a,={0014 0058 024 10 42}[x 10 3Vsec]...(4)
Q)=P1(9)Ou(S) Pa(S) O (+W(SRI(S)  ..(5) e iiiao-.
Where Symbols
O () =D (I, 61 hc: inside convective heat transfer coefficient;
T(S)=Pro(SW(S) (6D hr: inside radiation heat transfer coefficient;
Pa(I=P o IW(S) ~(62) ht: inside total heat transfer coefficient;
- Awt: total of the inside surface areas;
m [nside surface temperature Awi: inside surface area of thewall i;
The inside surface temperature 8 ¢ [°C] can be caculated kO: number of the root;
by using the convective heat q [W/m2] from the inside a k: root; and
surface and the inside convective heat transfer coefficient A0 and Ak: coefficients of the step response.
h, [W/m2K] based on the following equation. For other symbols, see Table 1.
8 =g/, (1)
Symbols
h: insidetotal hedt transfer coefficient; solar heat gain, exduding the solar radiation through
h,,: outside total heat transfer coefficient; i ¢ " d g
0, outside air temperature; windows. The window therma load can be caculated by
©,: space alr temperature; usng the window heat gain and equaion (1) in Table 1
O, adjacent space air temperature; , . -
I: solar radiation absorbed by the outside wall surface; based on Masuo’s Common Ratio Mehod just like the wall
RN:fnocturnaI radiation absorbed by the outside wall thermal load calculation. In this way, equation (7) in Table 1
surface; .
RO: radiation heat (e.g., solar radiation and internal heat can be used to calaulate window surface temperature by
generation) absorbed by the surface of an internal wall in cdculaing the wal themd load. However, the solar
the adjacent space; - . . .
radiation pendrating the windows is assumed to be absorbed

@ (). wall transfer functions regarding the heat gain
response to the outside equivalent air temperature; by the floor and furniture surface. As shown in Tale 4, each
@ o(9): wall transfer functions regarding the heat gain

response to the inside equivaent air temperature; of the solar hest gain components can be calculated by using
@ (s): wall transfer functions regarding the thermal load the solar heat gain coefficients, window tranamittances and
response to outside equivalent air temperature; and " ; ;

@ A(s): wall transfer functions regarding the thermal load long-wave: radiation factors' Appllcr';\ble windows at the
response to the inside equivalent air temperature curent dage are conventional windows and arflow

windows (hereinafter cdled AFW). As for the thema
pefoomance of windows, the conventional window
radiation component of interna heat generation) and the performance data in the database will be extracted and used.
convective component and long-wave radiaion portion of the If the window performance regarding solar radiation is



Table 3: Calculation method with a variable calculation time
interva based on Matsuo's Common Ratio Method

In order to apply Matsuo's Common Ratio Method, this
Method has to be modified to accept a variable
caculation time interval. The response to scalene
triangle wave excitation (see Figure 2) during the time
series of gn (N =0, 1, ...) can be expressed by the
following equations;

@ o:Ao+gkolxk,o (1-1)
ko ko

¢ 1= Za= 2 (Ra Xo Xt -.(1-2)

@, n 2):£;Zkvn:ékj n Zint ...(1-3)

Ro=€ k4T (2

X= Al (0« ATHHL R -(3)

If the time series @ n regarding temperature fluctuation
is given, the thermal response gn at the time step n can
be expressed by the following equation;

kO
Qn=¢7 on 2 n+glzk,n (4)
ko
@ 0,n=A0+g1xk,n (5)
Zk,n= Rk,n Zk,n-l+ (Rkn xk,n-l xk,n) e n1 (6)
Where
Z =R X0 X/ o (1)
Symbols

A Tn: calculation time interval [sec] (the difference
between the current and the previous cal culation time
point); and

@ 0,n: response value to the scalene triangle wave
excitation at the time 0

Excitation 8 n

Response @

}
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Figure2: Reponseto scalenetrianglepul se excitation

Table 4: Calculation methods for window therma
load and sdlar heat aain

m Window thermal load

After the heat gain HG [W/m2] is calculated, the window
thermal load can be calculated by using the equation (1) in
Table 1. The equation (1) in Table 1 can be rewritten by
using the outside air temperature € 0 [°C], the space air
temperature 6 r [°C], the nocturna radiation absorbed by
the outside wall surface Ry [W/m2], the radiation heat
absorbed by the inside wall surface RI [W/m2] and the
convective and the long-wave radiation portion of the
solar heat gain HG g ¢, g are [W/m2] asfollows.

HG=U(6, RNh, 6, +Ri(1 Uh)+HGgcug ...(1)

Symbols

U: window U-factor [W/m2K];

hi: inside total heat transfer coefficient; and
ho: outside total heat transfer coefficient

m Solar heat gain

The short-wave radiation portion Hgg o, the long-wave
radigtion portion HGg ; and the convective portion
HGg of the solar heat gain can be calculated by the
following equations.

HGgrs=lp T ptls T syt lg T gr ...(2)
HGxr=k rR(HGx HGxx) ..(3

HGx=Ip N ot Is 7 syt le 17 er (4
HG=HGg HGgg HGgx .05

Symbols

I : direct solar radiation incident on awindow [W/m?];

I sky solar radiation incident on awindow [W/m?];

I reflected solar radiation from the ground incident on a
window [W/m?];

T o+ window transmittance to the direct solar radiation [-];

T o Window transmittance to the sky solar radiation [-];

T o Window transmittance to the reflected solar radiation from
the ground [-];

k - coefficient for the long-wave radiation component;

N - solar heat gain coefficient for the direct solar radiation [-];

1 & Solar heat gain coefficient for the sky solar radiation [-];
and

1 o Solar heat gain coefficient for the reflected solar radiation
from the ground

required, however, the difference in the incidence conditions
of solar radiation has to be correded. If the window
U-factars are required, the difference in the thema
resistance of the gas gpace hasto be corrected aswell. Asfor
the AFW performance, anather correction is required bassd
on the arflow rate of the window ather than the corrections
desribed above. The carrection methods are given in
Table 5. The equations (6), (7) and (9) in Table 5 are



Table 5: Calculation method far thermal perfarmance of
awindow

m Solar shading performance

Thenn ,andthet  (see Table 4) of a conventional window can
be calculated by the following equations. In other words, the n
and the 7 extracted from the database have to be corrected
because these values were obtained under the standard solar
incidence conditions. As for the 77 gy» 7 gr T gy @ T
extracted va ues from the database are used without correction.

5
no=n () ..(1) ()= 2 A, cosi (2
7 o=7 g(i) ...(3) g(i):nzlen cos'i (4)

The n of an AFW can be calculated by adding the correction
value 4 n to the value of the AFW without ventilating, i.e. to
the value of a conventional window 77 * with the same glass blind
specification. The window transmittance and long-wave radiation
component coefficient are the same as those of the AFW without
airflow.

n=n'+4n . (5)
Where an=(n’" 1’ )r ... (6)
r=Cy+C, € 91V+c, e 92V o ()

m Window U-factor

As for a conventiona window, the U-factor and the long-wave
radiation component coefficient can be extracted from the
database. If the gap thickness between glasses or the type of filler
gas is different, the U-factor has to be corrected. As for an AFW,
the value of an AFW without ventilating has to be corrected.

U=U’ +4U ..(8)
Where

AU=Dg+D, € P1vip, e B2V (9
Symbols

f: normalized solar heat gain coefficient [-];

g: normalized window transmittance [-];

i: solar radiation incidence angle;

An and Bn: approximation coefficients;

n’ and 1’ solar heat gain coefficient and window
transmittance of a conventional window with the same
specifications of glass and blind as those of AFW[-];

A n : correction value of the solar heat gain coefficient based on
the difference in the airflow rate [-];

r: correction coefficient based on the difference in the airflow
rate[-];

V: airflow rate [liter/sec];

CO0, C1, C2, a 1 and a 2: approximation coefficients;

U’: window U-factor of a conventional window with the same
same specifications of glass and blind as those of AFW
[W/m2K];

A U: correction value of the window U-factor based on the
difference in the airflow rate [W/m?K]; and

DO, D1, D2, 8 1 and 8 2: approximation coefficients

equations newly proposed in this report. The
assumed slot angle of window shades is 45 degrees
only at the current stage. However, a new calculation

method that can accept slot angle variation is
planned to be developed. As for external window
shades, the effects of horizontal and veticd louvers
can be ds0 cdculated. The effects of adjacent buildings are
a so planned to beinduded.

Dréft air can be calaulated by the following two methods a
method usng a given ar exchange rate and a method
cdculaing the envdope leakage rate by using the outer
surface area of the building. The ar exchange rate between
each zone can be cdculaed by entering the boundary
lengths between each zone and the airflow rate per boundary
length.

Asfor acalculation of heat generation from human bodies a
simplified two-node modd is applied to determine the hest
trandfer ratios of the 3 components: convective, radiation and
letent. In this method, the heet transfer amount of the each
component is cadculated by entering the metabadlic rate,
cdothing, arflow vedodty, opeative temperature and
humidity ratio. Thelag two gate vaues are provided by the
cdculdions at the previoustime sep. Heat generation dueto
lighting and equipment operaions can be calculated by
entering the maximum wattage, maximum sensble hegting
value and maximum latent hegting vaue. The input vaues,
such as the ratio of people in the space, ratio of operated
lighting fixtures and raio of operated equipment, are any
values a a certain time. The date vaues of each time step
can be caaulated using alinear interpolation method based
on theseinput vaues

After the themd equilibrium for goace and systems are
solved, a thermd environmentd index (PMV) can be
caculated. Rather than MRT, the AST of each zoneis usad
inthiscaculation.

4. Future challenges

An approach to leverage the advantages of the variable
cdculaion timeinterva has to be established and promoted
fird. Then, dudies on the sdting method for the mogt
appropricte cdculaion time inteva in the integrated
cdculaion method for systems and sudies on the usage of
different caculaion timeintervas between the building and
the systems have to be conducted. Incorporation of block
modds into the caculation method and the evauation of
veticd artemperaure didribution are dso induded in
future chalengesthat must be overcome



5. Condudon

This report describes the caculation methods for thermd
loads and ingde environments In the themd load
cdculaion method, the caculaion time interval is variable
and the 2 solving methods (the forward and backward
methods) can be switched from onetothe other.
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