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ABSTRACT

Double-glazing units have become popular in commercial buildings because of their
saving potential and sun shading product as slat were designed to insert into double-glazing
window. Ordinarily, one-section slat or a set of parallel slats (all tilt the same angle) is used
in double-glazed window, but in this study, double-section slat window which consists of
two sets of slat (upper and lower sets) and each set of the slat can be tilted to different angles
blind is investigated. The aims of this research are to determine the daylight transmission
and heat transmission for both cases of the outer edge of the blind slats tilted downward to
ground and upward to sky by using computer program in an attempt to maximize energy
saving from lighting and air-conditioning system. In this work, the developed model was
validated with experimental data collected in a full-scale physical laboratory. Temperature
of the two glass planes and blind of double section slat window were measured to determine
the heat gain. Results of calculation from the program agreed well with those results from
experiments. The validated numerical model were used to evaluate an annual interior
daylight from the window and a whole year electrical energy consumption of a continuous
dimmable lighting system and air-conditioning system. The results show that two-section
slat window can enhance the daylight use in the building by increasing more useful daylight
illuminance, and providing better uniformity of the interior daylight distribution than the
single-section slat window. In term of energy saving potential, found that the use of two
section slat window saves electrical energy consumption as well as one section slat window.
Overall, window with slat provides better interior daylight performance and electrical energy
savings than single window with heat reflective glasses.

Keywords: double - section slat window, daylighting, heat transfer, energy saving potential
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CHAPTER 1

INTRODUCTION

1.1 Rationale

In tropical Thailand where skylight is voluminous and the daytime is long through the
year. The large glazed windows and curtain facades with no external shading are currently
popular envelope features of commercial buildings and even residential houses. The
excessive solar gain and glare condition are concerned, therefore low optical transmittance
glasses are recommended for the usage. However, using the low optical transmittance leads
to loss of beneficial gain from the daylight use including connectedness between the
occupants and exterior scene and also increase the energy demand of electric lamps on the
building even the natural daylight is efficient for building interior iilluminance.

Double glazing substantially reduces thermal loss from the inside and solar heat gain
from outside which excellent for energy savings. Daylighting from glazed windows with
external or internal shading slats has been studied under different climates and locations.
The double-pane glazed window with venetian slats located in between is a specific
configuration that has been proven to be applicable in various locations.

However, all slat windows in the literature survey are those equipped with single-section
slats that all the slats are to be altered with the same tilt angle. This thesis, focuses on double-
section slat window. Double-pane glazed window will be equipped with two sets of slat
(upper and lower sets) each set of the slat can be tilted to different angles. It is expected that

this configuration can improve the daylight utilization in buildings.

1.2 Literature Review

Entirely, many studies were interested in daylight system to estimate the performance
of illumination, indoor environmental control, glare, and its energy savings potential. Most
of studies were conducted to evaluate the performance of double glazed window with
internal slat for the maximum use of daylight to reduce electrical energy consumption in the
building. Almost published studies were in sub-tropical region. Athienitis [3] performed an

experiment of a double-glazed window with automated blind in Canada. Mathematical



formulas of transmittance were developed empirically for a double-glazed window with
automated blind. The results of simulation had shown that energy savings could exceed 75%
for overcast sky and 90% for clear sky when compared to the case of no daylighting/dimming
control. The studies were conducted by combining both dimmable and non-dimmable
lighting system with the automated blind system. Roche [21] carried out the experiment of
a double-glazed with non-dimmable lighting system of automatic blind. The result had
shown that the automated blind consumed electricity 60 % which is less than non-dimmable
lighting system. More results had shown that the movement of blind was depended on the
weather, which is varied from less than 1 min to over 6 minutes and the average was about
3 minutes. For the dimmable lighting system of internal blind slats between double-pane
windows, the research from tropical climate in daylighting application were studies by
Chaiwiwatworakul [7] and Andhy [15]. Chaiwiwatworakul [7] showed that in the automated
blind system, the use of electricity for lighting can be reduced up to 80%. The results of
Andhy [15] express that dimmable lighting can save more energy than none dimmable
lighting. Nielsen [19] had published a method for calculating direct beam illuminance on the
surface and work plane. Nielsen [19] also conducted an experimental set up to validate the
model in Sweden (sub-tropic area). Unfortunately, Nielsen [19] didn’t show the result for
direct beam illuminance calculation specifically on the paper.

In case of heat gain through windows, the internal blind in double-glazed window is
used to prevent heat gain. In Canada, Rheault [20] perform the experiment to get the effect
of the using of double glazing windows with internal multiple slats. Rheault [20] selected
the seven days of summer season where the weather was vary significantly day by day to
show the different results of transmitted solar radiation through the window. The result had
shown that cooling load had been reduced up to 61% (in 6 days) by using doubled glazed
window with internal blinds. Cho [10] made several simulations to examine the effect of the
angle of slat blind in double glazed window on solar radiation absorption in summer and
winter season. The simulations had shown that the orientation of the angle of slats play a
part in solar radiation absorption into the window. Lee [18] performed the full scale
experiment of the two adjacent rooms in the same building over a year to study thermal and
daylighting performance of automated blind system. The first room was conducted with the
automated blind in the double glazed window, another with the particularly fixed angle blind.
The result had shown that the automated blind can reduce cooling load higher than the fixed

angle blind. Therefore, energy consumption of the air-conditioning system was reduced.



More energy savings were obtained during clear days. In tropical country, Chaiyapinunt [7]
conducted research on double glazed window with automated blind. The study was focused
on in short wave and long wave optical properties part of the double glazed window with
fixed-angle blind system, which longwave and shortwave part were done separately.
Chaiwiwatworakul et al. [7] conducted experiments in a lab-scale building by separating the
building into 2 rooms. A window system with automate blinds was installed in one room and
a window without blind was in another room. Many illuminance sensors were instrumented
to measure illuminance and glare in the room. The results showed that the room with
automated blinds and dimmable lighting system consumed electrical energy for lighting less
than the room with lights fully on by 82% in average. Electricity consumption for lighting
system was in the range of 5 to 10 kWh per month where daylight can be used to illuminate
interior space efficiently without causing glare problem. Andhy [15] performed the full scale
experiment with fixed blind slats at tilt angles of 0°, 30° and 45° and developed simulation
software to evaluate the suitable configuration for tropical climate. In the simulation were
performed by changing the types of glass using (clear glass, heat reflective glass and tilted
glass), the position of blind slats at the angles of 0°, 30° and 45° and four main cardinal
orientations of window: north, east, south and west. The result has shown that using the clear
glass at the slats angle of 30 degree performs a suitable configuration in terms of maximized
electrical energy savings from lighting system and air conditioning system.

In tropical region, the sky is luminous and solar radiation is highly intense. As a
result, the luminance is excessive. Since the office buildings are commonly air-conditioned,
the use of daylight to illuminance interior space frequently encounters undesirable effects of
excessive glare and thermal discomfort. However, all of the published studies were the

automatic single-section slat with the same tilt angle.

1.3 Objectives of the Study

The main objective of this research is to investigate an appropriate daylight use
through double-section slat window for buildings in tropical climate. To achieve the main
objective, the specific objectives are as follows:

1) To develop a mathematical model of the daylight transmission through a double-section

slat window



2) To develop a mathematical model of the solar radiation gained through a double-section
slat window

3) To determine the daylight gained and heat gained through a double-section slat window
4) To evaluate the electrical energy saving potential from lighting and air-conditioning

systems of a room equipped with the double-section slat window

1.4 Scope of Research Work

The research activities include a development of simple energy balance models for
the determination of the daylight transmission, and solar and heat gains through double-
section slat windows. The capacity of developed models will enhance from those of [9] and
[14]. The developed model can determine the daylight transmission for both cases of the
outer edge of the blind slats tilted downward to ground and upward to sky. The developed
heat transfer model assumes no thermal resistance of glazing panes and slats but accounts
for the thermal storage of the window system. One dimensional heat transfer is applied for
both slat sections of the window. The models were implemented into a computer program.

Physical experiments were conducted in an outdoor laboratory room with a double-
section window oriented south. The laboratory is located at King Mongkut’s University of
Technology Thonburi, Bang Khun Tien campus. A set of measurement results from
experiments on particular days under different daylight conditions will be used to validate
the calculations from the developed models.

A whole year’s record of solar radiation and daylight illuminance from a
meteorological station at the campus was employed for yearly simulation of the double
section slat window to determine the resulting energy savings potentials from lighting and

air-conditioning.



CHAPTER 2

THEORIES

2.1 Heat transfer through the slat window

A non-steady heat transfer model was developed for the slat window. Figure 2.1
shows the slat window model consisting of two adjacent slats located at the middle between
two glass panes. The slats have a width of /7; and a separation of S and are tilted at an angle
of ¢r measured with respect to the horizontal direction. The outer glass pane with a thickness
of e, is set apart at a distance of D from the inner glass panes with a thickness of ei. The

distance from the edges of the slats to the surfaces of both outer and inner glass panes is d.
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Figure 2.1 The heat transfer model of the slat window

In the figure, the heat transfer through the slat window (gw) is analyzed based on
mechanisms of radiation exchanges and heat convections. The analysis determines the net
radiative energy absorbed (4”) by the slats and the glasses from the exchanges of the solar
(shortwave) and thermal (longwave) radiations within the air gap of the slat window. The
analysis also determines the net energy absorbed due to the heat convection of the air within
the gap between either side of the slat edge and the glass pane (4°).

The energy balances of the whole window system are simultaneously performed at
the slats and the two glass panes by considering the incident solar radiations, the net absorbed

energy from the heat exchanges within the air gap, and the heat convection on the glass



surfaces by the surrounding air. In the energy balances, the effects of thermal storage and
delay in the temperature and the heat transfer are taken into account as a result of the slat
and glass properties.

For the slat window, the slats can be rotated counterclockwise from the horizontal
line at which the angle is measured as a positive value (+¢1). Rotating the slats clockwise
from the horizontal line, the measured angle is assigned as a negative value (—).

2.1.1 Solar (shortwave) radiative exchanges

As illustrated in Figure 2.1, a fictive cavity is established for the analysis of the solar
radiative exchanges within the air gap. The fictive cavity is enclosed by the slat surfaces of
S3 to Ss and the fictive surfaces of S7 and S2. In the analysis, the incident solar radiations on
the surfaces are first determined. Figure 2.2 shows the incidences of the beam normal

radiation (Ee») on the slat window at the slat angle of +¢.
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Figure 2.2 Incidences of beam radiation on the slat window

The amount of the incident beam radiation on the slat surface S4 (W/m?) can be calculated
as

12 =7,,(1m,,) E, -CcOS77,, (1)
where zwo IS the solar transmittance of the outer glass pane. 7wo and are the incidence

angles of the beam radiation on the outer glass and on the slat, respectively. According to

[16], the dependence of the glass transmittance on the incidence angle can be expressed as

Tuo (o) = 7o (0°) -| 1.018 €08 77,,, - (1+5in° 7,.) |, )



where 7wo(0°) is the solar transmittance of the outer glass at the normal incidence.
Examining Fig. 2.2(a), the beam radiation is completely shaded by the slats. The
length of S4 can be determined from the geometrical position of the sun relative to the slat:

1
~ cosg tang, +sing,

S, S, (3)

where ¢ is the solar profile angle, defined as the angle between the outward normal of the
window and the projection of the vector from the window to the sun on the vertical plane
containing the outward normal, and can be written as

Q, = tant [tan—%] , 4)
cos(ys — 7w)

where s is the solar altitude angle and y is the solar azimuth angle. yw is the azimuth angle
of the window.

In the figure, the length of the sun shaded surface Ss can be obtained by subtracting
Wiby Ss. The lengths of S3 and S5 are assigned equal to S« and Ss, respectively. The lengths
of §; and §: are both equal to Si.

Figure 2.2(b) shows another case where part of the beam radiation is intercepted by
the slats and the other part directly reaches on the inner glass pane. In this case, the upper
surfaces of the slats are fully sunlit, thus S« equals to W (Ss=0). The proportion of the sunlit
area on the total area of the inner glass pane (F») can be determined by using the relationships

presented in Table 1.

Table 2.1 Proportion of the sunlit area on the inner glass pane of the slat window (%)

Slat angle Condition Portion of the sunlit area on the inner glass pane
@ =0° All values of ¢, E _1_W|singoI _ W, cosg, tan g,
’ SI SI
9. <|n| £ _q_ Wisinjg| W cos|gtang,
=
@, <0° Sy Sy
O, 2|0, W, sin|p,| W, cos|ep,|tan
ol e 1, Wisinlp| W coslptang,

S S

The average amount of the incident beam radiation on the inner glass surface S2 (W/m?) is

thus calculated as



b
I

> =F 7o (M) - Eop - COST, (%)
where 7w is the beam incidence angle on the inner glass surface. The F» value is obtained
from the relationships in Table 3.

By assuming all the surfaces are perfectly diffusive, the solar radiative exchange due

to the multiple reflections of the incident beam radiation can be resolved by
b b b
W=pli+p 23R, (6)
]

where JP is the beam solar radiosity of surface i (W/m?). piis the solar reflectance of surface
i. Fij is the view factor from surface i to surface j. 1° is the incident beam radiation on
surface i (W/m?).

In a consequence, the beam solar irradiation on surface i (E) and the absorbed

energy on surface i ( A’ ) can be obtained from
E’=) J7-F,and 7

Ab =0 Eib ’ ®)
where i is the solar absorptance of surface i.

By Eq. (6)-(8), the calculated values of surfaces 1 and 2 are to be correspondent with

the values of the outer glass and the inner glass, respectively (i.e. 3°. =37, 3% =J?, and E°,
=E}, EX=E2, and A’ =A", A>=A>). For the slats, its values can be obtained by

averaging the calculated values of surfaces 3 to 6 weighted by the surface length (e.g.

The slats and the glasses also receive the diffuse radiations from the sky and the ground.
Figure 3.3 shows the incidences of the diffuse radiations. At this step, the lengths of S3, S4,
Ss and Ss are all set equal to half of the slat width. The incident diffuse radiation on surface
i (1%) can be calculated as:

Ywtml2 oy
Iid = J. J. Two (Uwo)RCOSUidad}’ ’ (9)

Yw—7l2 oy

where R is radiance values of the sky or the ground. aus and au are the lower and upper

limits of the elevation angle of the surface for sky or ground-reflected radiation.
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Figure 2.3 Incidences of diffuse radiation on the slat window

In Eq. (9), the radiance values (R) at any points over the sky can be calculated from
the ASRC-CIE sky model that is suitable for our tropical sky by Chaiwiwatworakul [5]
Radiance value of the ground can be derived by dividing the reflected global radiation from
the ground by .

According to the slat geometry at the positive tilted angle as shown in Figure 2.3(a),
values of the lower and upper limits of each surface in Eq. (9) can be exhibited as in Table

2. The variable B in the table represents the ratio of slat width to slat separation, B=WS..
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Table 2.2 Lower and upper limits of the elevation angle used to determine values of diffuse

light from sky and ground incident on the six surfaces of the slats.

Blind Elevation angle (@)
Visible part
segment Lower limit (an) Upper limit (aul)
Sky n/a n/a
S
Ground n/a n/a
[ 0.5-Bsing
k 0 tan™| ———1
Sky ( Bcose, j
Sz
0.5+ Bsin
Ground —tan™ (Mj 0
Bcosg,
Sky n/a n/a
Ss 1+0.25Bsing
_tan’l ittt of I —
Ground ( 0.25Bcos ¢, J @
Sky 0 tan 1-0.25Bsin ¢,
S 0.25B cos ¢,
Ground - 0
Sky n/a n/a
Ss 1+0.75Bsing
—tant| ———— -
Ground ( 0.75Bcos ¢, “
Sky 0 an-t 1-0.75Bsing,
S 0.75Bcos ¢,
Ground -0, 0

By substituting 1% for I? in Eq. (6), and J° for J in Eq. (7), and E? for E” in

Eq. (8), the absorbed energy due to the incident diffuse radiation ( A®) can be obtained.

Values of the form factors of the six surfaces are calculated in accordance with the

configuration in Figure 3.3. Finally, the total solar radiosity ( J; ), total solar irradiation ( E;,

) and the solar energy absorbed ( A} ) by the slats and the glasses due to the solar radiative

exchange can be calculated as

Js=32+3%,

ES=E2+EJ,

A

+ A,

(10a)
(10b)
(10c¢)
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where w stands for the window components that are the outer glass (wo), the inner glass (wi)
and the slat (/).

It should be noted that the limit values in Table 2 are to be applied in inverse fashion
when the slats are tilted at the angle of negative values as shown in Fig. 3.3(b).

2.1.2 Thermal (longwave) radiative exchange

The fictive cavity is also applied for analyzing the thermal radiative exchange
between the slats and the glasses. The six surfaces are assumed to be the gray-diffusive. By

using the radiosity method, the thermal radiosity of the six surfaces can be written as

4
Ji=goT' +(1-6)2 3} F, (11)
]

where J!is the thermal radiosity of surface i (W/m?). & is the emittance of surface i. Tiis

the temperature of surface i (K).

As the temperatures of the six surfaces are also unknown, an iterative process is used
to obtain the solution of these non-linear equations. In the calculation, the temperatures of
S3-Se are assigned with the same value and represent the slat temperature.

The net thermal energy absorbed by surface i (4:) can be calculated from

A=E -3, (12)

where E =ZJE-F"- :
J

At this moment, total radiative energy absorbed ( A],) by the slats and the glass panes can be

obtained by summing absorbed solar and thermal radiations:
A=A+ A (13)
where w stands for the outer glass (wo), the inner glass (wi) and the slat (/).
2.1.3 Convective heat exchange
Examining Figure 2.1 again, the outer glass pane is also subjected to the heat
convention by the outdoor air. The rate of the heat convection (qgco) can be calculated as
Ueo = Neo (T = Too) » (14)
where To is the outdoor air temperature (K). Two is the surface temperature of the outer glass
(K). heo is the convective heat transfer coefficient (W/(m?.K)) determined by the
relationships suggested by Finlayson et al. [11].
h,, =8.07-V.2*®, for Vo< 2 m/s, and (15a)

h,, =12.27, for Vo> 2 m/s, (15b)
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where Vo is the velocity of the outdoor air (m/s).
For the inner glass pane, the glass itself is subjected to the heat convection by the
room air (qci) that can be calculated as
Uo =N (T = T,), (16)
where Twi is the surface temperature of the inner glass (K). Tr is the room air temperature
(K). her is the convective heat transfer coefficient of the indoor air film (W/(m?.K)) defined
as
h, =5.6+3.8-V,, a7)
where Vr is the velocity of the room air (m/s).
The natural air circulation within the air gap also causes the heat transfer between the
slats and the glass panes. According to Collins et al. [14], the convective heat transfer (qcw)

can be calculated for either side of the slats and the glasses as follows:

ch = hCW(TW _TI) ) (183.)
Nu -k
h, = , 18b
o = (18Db)
0.
Nu—| 14 [ 0:0865Ra"™ 21" (180)
a 1+ (9000/ Ra)**
2 . . . . 3 2
Ra= £ 9 /AT (L) Pr, (18d)
7]
L D—O.YOéW, Cos ¢, ’ (18¢)

where Tw and T are the temperatures of the glass panes and the slats (K), respectively. hcw
is the convective heat transfer coefficient (W/(m?.K)). k is the thermal conductivity of the
gas in the gap (W/m.K). Nu is the Nusselt number of the half-gap cavity. Ra is the half-gap
Rayleigh number. Pr is the Prandtl number. W is the the gap width (m). g is the gravitational
acceleration (m/s?). fis the coefficient of thermal expansion. p is the gas density (kg/m?).
L is the gas viscosity (N.s/m?). ATis the temperature difference between the gas pane and
the slats (K).

By substituting Two for Tw in Eq. (18a), the calculation determines the convective heat
transfer between the outer glass and the slat (qewo). Similarly, substituting Twi in the equation,

the convective heat transfer between the inner glass and the slat (qcwi) is calculated. In this
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study, the gas within the window gap is air, thus the values of the parameters relating to the
gas in Eq. (18) can be assigned as follows: k=0.027, p=1.13, 1 =16.97x10%, and Pr=0.71.

2.1.4 Energy balances of the slat window

Figure 2.4 shows the thermal resistance network for the energy balance analysis of
the slat window system. The analysis is to be simultaneously performed at the outer glass
pane, the slats, and the inner glass panes to determine their temperature values. Due to the
high thermal conductance of the glasses and the slats, the temperatures of each component
can be represented with a single value. As shown in the resistance network, the thermal

storage effect of each window component is included in the analysis.

Ee > Two @ Twi » Ty
Exterior @ Sla @ Interior
surrounding Rroi surrounding

VWA
TS Rrs RCI’
—~— Twi
To
Rrg l I l R
RCWO —L_ RCWi -
Ty PunCpmo¥uo PEX PuiCouil¥ui
At A At
Outerglass Air gap Inner glass

Figure 2.4 The thermal resistance network of the slat window

a) The outer glass (Node Two)
In Figure 2.4, the front surface of the outer glass pane is subjected to the incident

solar radiation (lwo), the radiative exchanges with the sky (qrs) and the ground (qgrg) and the

heat convection by the outdoor air (qeco). The back surface of the glass is subjected to the

radiative exchanges and natural heat convection within the air gap. Equation 19 expresses

the formulation of the energy balance at the outer glass:

T Tuor , T Tuoe T~ Toos Tooi =Tt PucComoX (

a |+ LA — wot Ly p,wo”*wo
wo ' wo R R R ANO R At

co s rg CwWo

Two,t - Two,t—l) (19)

where Iwo 1s the incident solar radiation on the outer glass. 75 is the outdoor air temperature
(K). T is the sky temperature (K). 7g is the ground surface temperature (K). 7wo, and Tiwo,r-
1 1s the outer glass temperature at time ¢ and ¢-/ (K), respectively. 7i:is the slat temperature

at time 7. pwo is the density of the outer glass (kg/m?). Cp, wo is the specific heat capacity of
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the outer glass (kJ/kg.K). xwo is the glass thickness (m). At is the calculation time step (s).
Reo 1s the thermal resistance of the convective heat transfer between the outer glass and the
outdoor air, and can be expressed mathematically as the reciprocal of /co (Rco = 1/hco). Rewo
is the thermal resistance of the heat transfer between the outer glass and the slat by the natural
air convection (Rewo = 1/hewo). Rrs and Rrg are thermal resistance of the radiative heat transfer
between the outer glass and the sky and between the outer glass and the ground, respectively.
A, 1s the net energy absorbed by the outer glass due to the radiation exchange within the
air gap.
b) The slats (Node Ti)

In this model, the slats are subjected to the solar and thermal radiative heat exchanges
and the convective heat exchanges with the two glass panes. The energy balance at the slats

can be formulated as

Tl,t n Tlt =T it

r Two B w PC ,X
A+ é ‘R =( IAptl I]<Tl,t_Tl,tl)! (20)

CwWo cwi

where g is the density of the slat (kg/m®). Cp, is the specific heat capacity of the slat
(kJ/kg.K). xiis the thickness of the slat (m). Titand Tit1 is the slat temperature at time t and

t-1 (K), respectively. A" is the net energy absorbed by the slats due to the radiation exchange

within the air gap. Recwi is the thermal resistance of the heat transfer between the slat and the
inner glass by the natural air convection (Rewi = 1/hcwi).
c) The inner glass (Node Twi)

For the inner glass, its front surface is subjected to the radiative exchange and the
convective heat transfer within the air gap and also receive the direct-transmitted solar
radiation. The back surface of the glass is subject to the interior thermal environment of the
room through the convection and radiation. The energy balances can be formulated as

wi ! wi m+ A/rvi = TWi‘t _Tr +TWivt _Tr + pwicp,wixwi (
R R R At

cwi cr rr

Twi,t - Twi ,t—l) 1 (2 1)

where lwi is the incident solar radiation on the inner glass. owi is the density of the inner glass
(kg/m®). Cpwi is the specific heat capacity of the inner glass (kJ/kg.K). xwi is the thickness
of the inner glass (m). Twit and Twit1 is the inner glass temperature at time t and t-1 (K),

respectively. A/, is the net energy absorbed by the inner glass due to the radiation exchange

within the air gap.
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Now, the temperatures of the slats and the glasses and the resulting heat transfer can
be calculated by solving the energy balance equations of the whole window system. At a
particular time ¢z, the solar radiation exchanges within the air gap are first analyzed by using

Egs. (1)-(10), and the values of A} are obtained as the result. The unknown values of the

slat and the glass temperatures are then assumed for the analysis of the thermal radiative and
convective exchanges within the air gap. The analysis is performed by using Egs. (11)-(18)

and the values of A, and gcw are obtained as the result. All calculated values are next

substituted into Egs. (19)-(21) to evaluate their satisfactions. At this step, an iterative process
of Newton-Raphson method is applied to produce the new estimated values of the slat and
the glass temperatures for their new assumed values in the next iteration round. The process
will be repeated until the energy balance equations are satisfied. For this model, the
convergence criterion is set at the residual sum from energy balances on both glasses and the
slats less than 0.05 W. After obtaining the temperature values, the total heat transfer through
the slat window (gw) can be calculated as

O = Zwi * Ei + Qo + Or » (22)
where E;, is the total solar irradiation on the front surface of the inner glass pane. ger and
qgrr are the convective and radiative heat transfer between the back surface of the inner glass
pane and the room interior.

2.1.5 A model for a single-pane glazed window

In this study, a model of a single-pane glazed window was also developed to facilitate
the determination of the thermal performance of the heat reflective glass. Figure 2.5 shows
the thermal resistance network of the model. Compared with Figure 2.4, the model excludes

the heat exchanges within the air gap, but the other parts are all identical.

.
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Figure 2.5 The thermal resistance network of a single-pane glazed window
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2.2 Daylight from the Slat Window

In this study, the daylight model developed in our previous works was adopted to
determine the interior workplane daylight from the slat window according to
Chaiwiwatworakul [7, 9]. The model requires the coordinates of the window and of the
room as the input. The interior surfaces (wall, floor and ceiling) of the room are first divided

into a number of small segments to determine the daylight distribution by using Eq. (23):
(= =LJ'¢LW cosnsingdgdy . (23)

In Eq. (23), Eai is the daylight from the slat window that directly reaches on the surface
segment i. L represents the window luminance that varies with the line of sight from point

i to the patch da on the window as shown in Figure 3.6.

! Wz

-~
/Hd I%ri\y

Poiuri

-

Figure 2.6 Light flux from a patch of window reaching segment i on interior room surface

Value of Lw is obtained as the weighted average between the luminance of the
exterior source (sky or ground) and that of slat surface (either lower or upper surface). The
luminance value of a patch of sky can be computed using ASRC-CIE sky model by
Chaiwiwatworakul [5]. The luminance values of the upper and lower slat surfaces are
calculated from reflections of lights from the sun, the sky and ground on the slat surfaces
and the two panes of the glazed window. 7 stands for the angle of incidence between the
line of sight and the normal to plan of the wall segment. ¢and yare angular variables defined
by the window configuration.

For the distribution of the non-slat-reflected sunlight from the slat window onto the

interior room surfaces, the daylight model simply determined using Eq. (24)
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E':Twolrwi'Fb'Evb'AN' n Cosni

D A, -cosn, (24)

j=1

In the equation, Evs stands for the sunlight on the outer glass pane. 7w and 7w are the visible
transmittances of the outer and inner glazed windows, respectively. Aw is the window area.
Aj is the area of the sunlit segment j. 7 is the incident angle of the sunlight on the segment
i, and n is the total number of the segments in the room lit by the sunlight. In the equation,
F» represents a fraction of the sunlit area to the total window area that the value can be
obtained from Table 1. A surface segment is assumed to receive the sunlight if a line drawn
from the center point of the segment to the sun is within the field of view from the point to
the window scene. The total direct illuminance from the window on segment i (£;) can be
calculated as the sum of Es and Es..

To deal with the exchange of the light flux by multiple reflections between the small
segments of the room interior surfaces, form factors are calculated for the whole segments.
The form factors are then used in radiosity method in determining the internally reflected
components of the daylight and the total daylight illuminance on the segments. In the final
step, the configuration factors between points on the work plane and the segments are
determined and used to calculate the workplane daylight illuminance.

2.3 Determination of Total Energy Consumption

The objective of this step is to find the amount of energy consumed by the double-
section slat window system that leads the sun of lighting and cooling energy under each
condition of a combination of glazing type and slat angle. The set of lamp in the partially
daylighted zone were operated so that the level of illuminance at the inner boundary of the
zone always attains at a value 300, 500 and 800 lux. To determine the energy consumption
of the air conditioner, it was assumed that the air-conditioner operated from7:00 to 18:00
of each day. Air conditioning load was also assumed just from heat gain of double-section
slat window and from electrical lighting system by using the coefficient of performance
(COP) of the air-conditioning to be 2.7.Therefore, the total energy is calculated from

Equation 25.

Total energy = electrical Ilghtlng energy +electrical lighting energy +heat gain through window
cop

(25)



CHAPTER 3

METHODOLOGY

Developing a suitable mathematical model for daylight application and heat
transferring of the double-section slat window system in the tropical country condition was
investigated in this research. The methodology to perform the objectives completely were
divided into two schemes: experimental and simulation studies. The measured results from
the full-scale physical experiment are compared to the results from the simulated software.
The validated model is used to estimate the energy saving potential of the system. The

working procedure is illustrated by the chart in Figure 3.1.

Experimental set up for Laboratory configuration Meteorological data
the double-section slat * Dimension *  Solar radiation
window svstem ®  Glass properties ¢ Daylight
¢ Blind angle *  Sky luminance and
®  Orientation radiance distribution
Y Y Y
Experiment Development of a model
o full scale Experiment Light Transmission Heat Transfer
o Measurement Model sSunlight (Direct-to-Diffuse) | *Short wave radiation
Interior illuminance & distribution |+ validation™ | +Skylight(Direct-to-Diffuse) | *Long wave radiation
-Glazing temperature sInterior light(Flux Transfer) | *Heat absorption from heat
balance

Simulation and evaluation

A 4
Performance Assessment
Iluminance & distribution
Lighting system
Ajr-conditioning system
Electricity savings

Reference case of heat reflective glass

¢ Artificial lamps are fully turn-on «——Comparison ——

Figure 3.1 Proposed methodology for the research study
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3.1 Development of mathematical model

In this research, there are two mathematical models to be developed; daylight
transmission solar radiation gain through double-section slat window. The knowledge from
the literature review is used in the calculation. The first algorithm is the calculation of the
interior illuminance from daylight flux transmitted through the double-section slat window.
The principals of the model are:

e to identify the daylight distribution in the daylit space

e to account for the penetration of beam light to the interior of the space
The second is the calculation of the solar radiation gain through the double-section slat
window. This algorithm was developed together with the first one and the purposes of the
model are:

e todetermine the temperature of the exterior and interior glass panes and blind

slats

e to calculate heat transfer across the double-section slat window

The model algorithms are coded using Visual Basic language for a program. In the
model calculation, the solar irradiance and daylight illuminance at the location, temperatures

of ambient air temperature and the air in the daylit space are required.

3.2 Experimental Study

The experiment was conducted at the full scale outdoor laboratory building. The room was
located at Bang Khun Tien campus of King Mongkut’s University of Technology, Thonburi
(latitude 13.57°N and longitude 100.44°E).. The double-section slat window system was set
up at the South window of the building. To evaluate light gain and heat gain, a data
acquisition system was installed to measure daylight illuminance in the experimental room.
The daylight illuminance on the outmost surface of the double-section slat window and
temperatures of the window panes and the slat were measured .The exterior daylight
illuminances were measured and recorded by a meteorological station. The experimental
facilities, equipment and measurements are described below.

3.2.1 The experimental room

The experimental room was a 3.0 m. by 3.0 m. room with a 2.65 m. height. The room
had a 6 mm. green glass window on the south wall. The window was 2.8 m. wide by 1.5 m.
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high and its sill was 0.85 m. above the floor. The interior wall surfaces were painted white
with a reflectance value of 0.73. The surface reflectance of the ceiling and floor was
measured at 0.73 and 0.43, respectively. A fan coil unit was installed for the room air-
conditioning. To validate the model, the measured values from experiments will be
compared with the simulated results from the program. For of the interior illuminance, the
comparison will be made at three points located on a line perpendicular to the window wall
across the center of the room on the work plane level (0.75 m above floor). the illuminance
sensor (EKO: model ML-020S-O) were positioned along the line at 10%D, 50%D, and
90%D depths of the room (D) as shown in Figure 3.2. Platinum RTD (Pt100) sensors were
used to measure the surface temperatures of the glass panes and a slat, and the temperature
of the room air. A data logging system was used to acquire all measured data from the sensors
every 5 min.The measured illuminance on the external surface of the exterior glass pane of
the double-section slat window was compared with the calculation. Temperature profiles of
each component in the double-section slat window between the measurement and calculation

were compared to validate heat transfer calculation.

Slat window p— A
| e
S 10%D O-- 0 =-!

N 509%D O-- Data logger E
|
FCU |
O O Lux meter !
90%D O--!
— Pt100 v
3m.

A
\

Figure 3.2 The experimental setup

3.2.2 The slat window

The slat window used in the experiments was formed by mounting a set of venetian
blinds behind the existed green glass and then affixing with another set of the same glass.
Figure 3.3(a) shows the outside environmental of the experimental room where the slat
window faced to the South orientation. Figure 3.3 (b) shows the slat blind has two sections

where each section can alter the slat blind to different tilted angles. The measured distance
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between the two glass panes was 10 cm. The blind slats were 5.0 cm wide and white-painted
aluminum. The distance between two adjacent slats was 4.2 cm. The optical properties of
the glass and the slats are summarized in Table 1.

(@) South window of the experimental room (b) Installation of a double-section slat in the
testing room
Figure 3.3 Configuration of a laboratory building at
KMUTT, Bang Khun Tien campus

Table 3.1 Optical properties of the glass and the shading slats of the slat window

Description Green glass Slat

Solar range Transmittance 0.44 -
Reflectance 0.05 0.68
Absorptance 0.51 0.31

Visible range Transmittance 0.74 -
Reflectance 0.06 0.77
Infrared range Emittance 0.84 0.65

3.2.3 The meteorological station
During the experiments, the exterior solar radiations and daylight illuminances include the
global, diffuse horizontal and beam normal components on four cardinal orientations (North,
East, South and West) were measured by The meteorological station where is set up on the
roof deck of the building at the School of Bioresources and Technology in the university

campus.
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3.3 Simulation Study

The developed calculation algorithm was used to determine the daylight transmission
and heat transfer to the double glazed windows with internal slat. The results from the
developed calculation model were validated to the experimental measurements. The
validated calculation model was used to simulate the annual interior daylight from the
window and to forecast the electrical energy consumption of a dimmable lighting system and

air-conditioning system.



CHAPTER 4
RESULTS AND DISCUSSION
4.1Experimentation, Results and Discussions

The series of experiment were conducted to measure interior daylight illuminance on
the work planes and temperature of glass surfaces and slat of two-section blind window in
the experiment room. Measurement results from the experiment were compared to those
obtain from the computer program by using Visual Basic 6. The experiments were performed
for the -30°, 0°, and 30°slat angles.

4.1.1 Upper slat angle at 0°, Lower slat angle at 0°

The experiment of two section slat at upper slat angle 0° and lower slat angle 0° was

performed on 13™January 2015 as shown in Figure 4.1.

\:‘

Lower

......-. .‘............ s s

i Upper

v

Exterior glass Interior glass

Figure 4.1 Experimental set up of upper slat at 0 degree and lower slat at 0 degree

Figure 4.2 exhibits a plot of exterior global (Evg) and diffuse horizontal illuminance
(Evd) on the experiment day. Variation of sky ratio, the ratio of the diffuse to global
irradiance, was also presented in the plot. On this day, the sky was partly cloudy and overcast
sky in 6am-12pm as the sky ratio was in range 0.9-1, the value of global and diffuse

illuminance are nearly the same. But in the noon, the sky was clear, observing from value of
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sky ratio varied in the range of 0.2-0.3 and global illuminance was appeared again and its
peak reached 83 klux at the noon.
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Figure 4.2 Variation of global and diffuse horizontal illuminance and sky ratio on 13/1/2015

Figure 4.3 exhibits the results of the measurements of interior daylight at 10%, 50%
and 90% depth of the room (D). The corresponding illuminance obtained from the simulation
was also presented in the same plot for comparison. It can be observed that the work plane
daylight illuminance had the similar trend to the global illuminance (Evg) in Figure 4.2. The
illuminance on work plane at 10%D increased from morning and high up to 2700 lux during
noon and drop rapidly to about 1500 lux and 700 lux at 50%D and 90%D, respectively.
Overall, the plots show that the calculated values from the model well agree with the

measurement.

—E10 Cal —E50 Cal —E90 Cal

—E10 Ex —F50 Ex —F90 Ex
3000 P =P =P
=
52500
g
£ 2000 .\
51500 1
"
£ 1000
=
E 500 ]
=]
g J
0
12 AM 3AM 6 AM 9 AM 12PM 3PM 6 PM 9PM 12 AM
Time (hour)

Figure 4.3 Comparison between the measurement of interior daylight illuminance at 10%%,

50% and 90% depth of the room and its corresponding results from simulation on 13/1/2015
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Figure 4.4 (a) shows the global (Eeg) and the diffuse (Eed) solar radiations on the date
of the experiment. Temperature of the ambient air (T_amb) is also shown in the plot. The
maximum value of the global radiation was about 800W/m? at noon time. Figure 4.4 (b)
shows the incident solar radiation on the outer glass pane from the measurement. As the sun
stays in front of the window, the incident radiation was high up to 600 W/m?. In the figure,
the corresponding values of the incident radiation from the calculation using the radiation
data together with the ASRC-CIE sky model were compared. A good agreement can be
observed from the plot.
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(a) Solar radiation and ambient air temperature (b) Incident and transmitted solar radiation

Figure 4.4 Measurement of solar radiation on 13/1/2015

For the two section slat, the measurement was divided into upper and lower section.
The temperature of the outer glass, slat, and inner glass from the measurement and from the
calculations are compared in Fig. 4.5 (a), (b), (c), (d), (¢) and (f). Again, the plots show that
the calculated values from the model well agree with the measurement.

Figure 4.5 (a) and (b), the temperature of the exterior glass (upper and lower) were
rising up from 12pm and highest due to incident solar radiation. At the afternoon, the exterior
glass temperature slowly decreased and its temperature was closed to the ambient air
temperature during the night.

Figure 4.5 (c) and (d) exhibits the good agreement between temperature of upper and
lower slat surface from the measurement and calculated values from the model. The
temperature of slat have the identical trend with the exterior glass but slightly higher than
the exterior glass.

Figure 4.5 (e) and (f) shows the simulation can perform well prediction of the interior
glass (upper and lower) temperatures.
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Figure 4.5 Comparison between temperature measurement and its corresponding results

from simulation on 13/1/2015 (continued)

Figure 4.6 shows the resulting heat transfer through the slat window calculated from
the model. Both upper and lower slat were set at the same angle therefore heat transfer
through window were the same as shown in Figure 4.6(a) and (b). The maximum heat
transfer through window was about 180 w/m? during the noon. The heat transfer due to the

solar radiation is also shown in the plot, the maximum value was high up to about45 w/m?
at noon.
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Figure 4.6 Heat transfer through window on 13/1/2015

4.1.2 Upper slat angle at -30°, Lower slat angle at 30°
On this experiment day, the upper slat was set up at the tilt angle -30° and the lower

slat was set at the tilt angle 30° as shown in Figure 4.7

Q Lower
4
"‘,...o""" Unner
f"...;-"'”" v
Exterior glass Interior glass

Figure 4.7 Experimental set up of upper slat at -30 degree and lower slat at 30 degree

Figure 4.8 show the variation of global and diffuse horizontal illuminance on 5%
February2015. From the plot, value of the sky ratio varied between 0.2-0.4 during 10 am —
3pm. The sky was rather clear on the experiment day except in the early morning and the
late noon. The global illuminance was about 87 klux and diffuse illuminance was 23klux at

the noon time.
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Figure 4.8 Variation of global and diffuse horizontal illuminance and sky ratio on 5/2/2015

Figure 4.9 exhibits the measurements of interior daylight that well agree with the
simulation. From the plot, the illuminance on the work plane at 10% D was peak up to
1800lux at noon, and drop rapidly to about 1300 lux and 750 lux at 50% D and 90% D,
respectively. Considering at the noon time, the values of interior illuminance on work plane
at 10% D and 50% D, were lower than the previous case even though The amount of exterior
illuminance (Figure 4.7) at the noon time was quite the higher than the previous case. This
is because the lower slat was blocked the daylight to penetrate into the work plane more than
the previous case (lower slat tilts at 0°) even though the upper slat opened to see the sky
more than the previous case, but at 90% D, the value of the interior illuminance, instead of
decreasing as 10%and 50% but its value was quite similar to the previous case. This is
because the upper slat had effected to the interior daylight illuminance in the deeper position,

it allowed daylight to penetrate more than the previous case (upper slat tilts at 0°).
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Figure 4.9 Comparison between the measurement of interior daylight illuminance at 10%,

50% and 90% depth of the room and its corresponding results from simulation on 5/2/2015
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Figure 4.10 (a) shows the global (Eeg) and the diffuse (Eed) solar radiations on the
date of experiment. Temperature of the ambient (T _amb) air is also shown in the plot. The
maximum value of the global radiation was about 840 W/m?2at noon time which is higher
than the previous case. Figure 4.10 (b) shows the incident solar radiation on the outer glass
pane from the measurement. As the sun stays in front of the window, the incident radiation
was high up to 500 W/m?.
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Figure 4.10 Measurement of solar radiation on 5/2/2015

The comparison between temperature measurement and simulation is shown in
Figure 4.11 Similar to Figure 4.5.Figure 4.11(a) and (b) temperatures varied closely with the
incident radiation of the outer glass. Figure 4.11(c), (d), (¢) and (f) noticed that the
temperature profile of lower slat (d) was a bit less than upper slat (c) and the temperature
profile of lower interior glass (f) was a bit less than upper interior glass (). This is because
the lower slat angle (30°) tilts more closed, while upper slat angle (-30°) tilts are more opened
to receive daylight and radiation. As the upper slat angle allowed the incident radiation
falling rather than the lower slat, therefore the temperature of the upper slat and the upper

interior glass were higher than the lower parts.
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Figure 4.11 Comparison between temperature measurements and its corresponding results

from simulation on 5/2/2015

The total heat transfer through window from calculation of the upper slat window
was high up to 165w/m?and heat transfer from solar radiation was 36 w/m2during the noon
while total heat transfer through window of the lower slat window was about 145w/m?and
heat The heat transfer due to solar radiation was 22 w/m? approximately as shown in Figure
4.12 (a) and (b). Values of heat transfer from upper slat window was higher than lower slat
window because the angle of upper slat was tilted in negative position as daylight and heat

can enter through window more than the positive degree angle of lower slat which prevent
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daylight and heat gain through window. Due to incident solar radiation was less than the
previous case (Figure 4.6), therefore the amount of heat gain through window on this day
was lower.
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Figure 4.12 Heat transfer through window on 13/1/2015

4.1.3 Upper slat angle at 0°, Lower slat at 30°

The experiment of two section slats at upper slat angle 0° and lower slat angle 30°

was performed on 8" February 2015 as shown in Figure 4.13.
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Figure 4.13 Experimental set up of upper slat at O degree and lower slat at 30 degree

Figure 4.14 shows a plot of variations of exterior global (Evg) and diffuse horizontal
illuminance (Evd) on the experiment day. From the plot, global illuminance was varied

smoothly and its peak reached 78 klux at the noon as same as the maximum diffuse
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horizontal reached 40 klux at the noon. The climate on this experiment day was partly cloudy
sky condition.
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Figure4.14 Variation of global and diffuse horizontal illuminance and sky ratio on 8/2/2015

Figure 4.15 exhibits a plot of the measurements of interior daylight and from
simulation. At 10%D, the interior illuminance on work plane was high up 1300 lux,
50%Dwas 900 lux and 90%D was 500lux at the peak, respectively. The interior illuminance
on work plane were less than the experiment performed on two previous cases due to on
this day had more cloudy and the slat angle prevented daylight transmission into the room
more than two experiment cases above. Overall, the experiment and simulation results

perform a good agreement.
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Figure 4.15 Comparison between the measurements of interior daylight illuminance at 10%,

50% and 90% depth of the room and its corresponding results from simulation on 8/2/2015

The global (Eeg) and the diffuse (Eed) solar radiations on the experiment day is shown
in Figure 4.16 (a). Temperature of the ambient air (T_amb) is also shown in the plot. The

maximum value of the global radiation was about 750W/m? at noon time which is lower than
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the two previous case. Figure 4.16 (b) shows the incident solar radiation on the outer glass
pane from the measurement and simulation. The incident radiation was high up to 360 W/m?

at noon and again, the plot show a good agreement between the simulation and the

experiment.
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(a) Solar radiation and ambient air temperature (b) Incident and transmitted solar radiation
Figure 4.16 Measurement of solar radiation on 8/2/2015

The comparison between temperature measurement and simulation is shown in Figure 4.17
Similarly to Figure 4.11, the temperature profile varied correspondingly to radiation falling
on the glass surface.
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Figure 4.17 Comparison between temperature measurements and its corresponding results
from simulation on 8/2/2015
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Figure 4.17 Comparison between temperature measurements and its corresponding results

from simulation on 8/2/2015 (continued)

Figure 4.18 shows the amount of heat transfer through the slat window calculated
from the model. In Figure 4.18(a), at the upper slat window, the maximum total heat transfer
through window was high up to 120 w/m? during the noon. The heat transfer due to the solar
radiation was high up 22 w/m? at noon. Figure 4.18(b) exhibits the calculated heat transfer
of the lower slat window. At noon, the maximum total heat transfer through window was
about100 w/m?and heat transfer due to the solar radiation was high up 18 w/m?. The lower
slat provided amount of heat transfer through less than upper slat due to the tilt angle was
set in the positive degree, radiation was prevent. Comparing heat transfer through the
windows with the two previous case, this case had a lower amount of heat gained than others

because the incident solar radiation was lower than others.
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Figure 4.18 Heat transfer through window on 13/1/2015

4.2 Simulation-based analysis

After the calculation model was validated with the experiments, the calculation
algorithm was used to simulate the interior daylight and heat transfer through the window
from the two-section slat window facing south for a whole year. A completed one-year
hourly record of the daylight measured in Thailand was used for the simulation. In the
simulation, a model room was set similar to the test room (window to wall ratio =0.6) but its
length was extended to 15 m allowing daylight to penetrate deep into the interior without the
limit of room depth. A series of simulations was performed by varying the slat angle in upper
and lower sections from -60° to 60° at 10° step size. The ratio of the upper and the lower slat
sections is kept at 50:50. Calculation of electrical energy consumption are made on during
typical office hours 8:00-17:00 for five days a week (Monday-Friday). The COP of system
was assumed equal to 2.7. The design room of required illuminance levels at 300 lux, 500
lux and 800 lux are studied. A series of simulation results are shown in appendix
In the simulation results, the two selected months will be shown in here. As January is used
to be a representative for the Sun stayed northern hemisphere and June for the Sun stayed
southern hemisphere. The values of a window using heat reflective glass without slat was

used as a reference case.
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4.3 Daylight performance

Figure 4.19 exhibits characteristics of the interior daylight at different points inside
the room. D/H values indicate the ratio of depth of the room measured from the window to
height of the window. The labels in the plot refer to angles of the upper slats. The values in
the horizontal axis are the ratio of depth of the room measured from the window to height of
the window D/H of any fixed lower slat angle. At D/H=1(room depth is one time of the
window height), the distance of work plane is nearest to window, D/H=9 (room depth is nine
times of the window height) is the farthest distance of work plane from window. The slat
angles of 60°,-40°,-20°, 0°, 20°, 40° and 60°were selected to show in the plot. In Figure.4.19
(a), the lower slat was fixed at -60° in January.

The plot shows that at any upper slat angle, daylight is entering exponentially as
interior daylight illuminance at D/H=1 has the highest value and drops rapidly at D/H=3 to
D/H=9, respectively. From the plot, when the upper slat tilts negative angle -10° to -60 °, the
interior daylight illuminance on work plane at D/H=1 has higher value than interior daylight
illuminance on work plane when the upper slat tilts positive angle 0° to 60 . The angle of
upper slat at -40° gives the maximum interior daylight illuminance on work plane at 3500
lux approximately. This is because at this angle, daylight is allowed entering from sky the
most. Interior illuminance at -60° degree angle has lower interior daylight illuminance value
than -20° because it is almost set in the closed position while at -20° degree angle fully open
to receive daylight. For the positive degree angle slat, when turns the angle from 0°, 20°, 40°
to 60°, blind slat is performed to closed and closed, respectively. Therefore daylight is more
prevented when the slat angle is set more positive degree, for this reason, the upper slat
angle at 60° (almost closed) allows daylight penetrate the least, the minimum interior
illuminance on work plane is at 1100 lux approximately. Comparing all the lower slat angles
in January (on the left hand side) in Figure 4.19 (a), (c), (e), (g), (i), (k) and (m), the lower
slat was varied at -60°,-40°,-20°, 0°, 20°, 40° and 60°, respectively. The plots show that at
any upper slat angles, the lower slat at -20° gives the maximum interior daylight illuminance
on the work plane. In June (on the right hand side), Figure 4.19 (b), (d), (f), (h), (j), (I) and
(n) the interior daylight iluuminance on work plane has a similar characteristic as January,
but the value of daylight entering is lower than January. This is because in June the sun stay

behind the window (Northern hemisphere), the effect of interior daylight is due to diffuse
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illuminance only, while in January, the sun stay low in front of the south window during the
operate time therefore the daylight penetration is due to beam and diffuse illuminance.
Therefore, high daylight distribution occurs when both upper and lower slat angles
are set in the range of negative degree. At upper slat -40° and lower slat -20° of any months,
daylight can penetrate into a room the most. In January, the maximum average interior
daylight illuminance value is about 5200 lux and in June is about 2500lux at D/H=1. The
daylight has less potential in the area deeper than the position of D/H=7. At most of the slat
positions, windows with slats provide better daylight performance than windows using heat

reflective glass (HR).
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Figure 4.19 Interior daylight



5500.00
5000.00
4500.00
4000.00
3500.00
3000.00
2500.00
2000.00
1500.00
1000.00

500.00

Average daylight on workplane in January (lux)

0.00

—— .60

—— 20

——0

——20

—— 40

—— 60

Depth/Window height
Lower Blind angle at-20 degree

e) Lower slat angle at -20° in January

5000.00

4500.00

4000.00

3500.00

3000.00

2500.00

2000.00

1500.00

1000.00

500.00

Average daylight on workplane in January (lux)

0.00

Depth/Window helght
Lower Blind angle at 0 degree

g) Lower slat angle at 0° in January

5000.00

4500.00

2500.00

2000.00

500.00

Average daylight on workplane in January (lux)

0.00 -

4000.00 |

3500.00 |

3000.00 |

1500.00 |

1000.00 |

—— 600

—— 40

—e—-20

——0

——20

—.—40

——60

Depth/Window height
Lower Blind angle at 20 degree

i) Lower slat angle at 20° in January

38

_ 2500.00
z
=
o
5 2000.00
3 ——60
E
H ——-40
2 1500.00
g —*— 20
=l
s ——0
g 1000.00
= ——20
e
= —8—40
©  500.00
5 ——60
2
H st HR
< 0o
1 3 5 ‘ 9
Depth/Window height
Lower Blind angle at -20 degree
o:
b) Lower slat angle at -20° in June
. 2500.00
o
2
©
H
2 2000.00
s —— 60
F
—— 40
% 1500.00
H — e .20
e
= 1000.00 20
] ——2
] —a— 40
% 50000
2
<
=
0.00
Depth/Window height
Lower Blind angle at 0 degree
o
h) Lower slat angle at 0° in June
2500.00

500,00 |

=

=

g

5 200000

= —— 50
s

H —.—40
2 150000 |

-;‘c_ — 20
=

s ——0
2 1000.00

= >
2 ——20
B

= —— 40
<

1)

=

£

<

2

=

0.00

Depth/Window helght
Lower Blind angle at 20 degree

j) Lower slat angle at 20° in June

Figure 4.19 Interior daylight (continued)
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Figure 4.19 Interior daylight (continued)

4.3.1 Average daylight illuminance of each room depth

Figure 4.20 (a) shows the average daylight of room depth of 3 m in January. The
labels in the plot are referred to angles of the upper slats. The values in the horizontal axis
are angles of the lower slats. One section slat blind (1SB) in the plot is the angle of the upper
and lower slat tilts same angle. The values of 1SB are included in the plot for comparison.
When lower slat angles are positive, most of the average daylight illuminance values of
window with two-section slat blinds are higher than that with one-section slat while one
section slat blind provide higher daylight illuminance values than two section slat blind when
it was set in negative degree angles. The maximum average daylight illuminance value
occurs when upper and lower blind of two-section slat window are set at -40 and -20 degree,
respectively is about 5200lux. The maximum average daylight illuminance value of one
section slat is at -30 degree about 3100 lux. Figure 4.20 (c), (e), (g), and (i) show the average

daylight of room depth of 6 m, 9 m, 12 m and 15 m, respectively. The trends of average



40

daylight illuminance are the similarly to Figure 4.20 (a) but the value of average daylight is
decreasing gradually by the depth of the room. As well as average interior daylight in June,
the trend of average interior daylight in each room depth is the same with January but the
value of average interior daylight comparing with its corresponding angle is less than January

because of the sun position. At any room depth, window using heat reflective glass provides

the minimum daylight illuminance to the room.
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Figure 4.20 Average daylight illuminance at each room depth in January and June
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Figure 4.20 Average daylight illuminance at each room depth in January and June

(continued)

4.4 Light power density

The study assumes that ceiling-mounted luminaires are used to provide the uniform work

plane illuminance at 0.75 m. above floor. Each luminaire is housed with two T8 fluorescent
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lamps (36W each) and one electronic ballast (2W). Table 4.1 summarizes the specific
information of the luminaires and its rated power calculated using the IESNA Lumen
method. From the table, to meet the target illuminance at 800, 500 and 300 lux, the lighting
power densities (LPD) are at 28.0, 17.5 and 10.5 W/m?, respectively. For the base case, all
the lamps were fully turned on during typical office hours 8:00-17:00 for five days a week
(Monday-Friday)

Table 4.1 The luminaire and lighting power density for interior lighting in the modeled

room
Light Luminaire Ew = (LLF) (CU) (L+/P) (P/A)

Number of lamp 2
Number of ballast 1 | where
Total light flux (Im) 5,360.0 | Ew = Target workplane illuminance
Total power (W) 74.0 | LLF = Light loss factor (assumed 0.8)
Efficacy (Im/W) 72.4 | CU = Coefficient of Utilization
Workplane illuminance (assumed 0.5)
(lux) 800 ) 500 1 300 L+/P = Efficacy
Light power density 28.0 | 175 | 10.5 | P/A = Light power density
(W/m?)

With the daylighting, the dimming controller is used to regulate the light from electric
lamps to supplement the daylight. The electric power is lowered linearly with the lighting
reduction. However, the system still consumed electricity at 10% of its rated power even
when the daylight alone could meet the target illumination level.

Figure 4.21 shows lighting power density required illuminance levels at 300 lux. The
labels in the plot are referred to angles of the upper slats. The values in the horizontal axis
are the ratio of depth of the room measured from the window to height of the window D/H
of fixed lower slat angle. Figure 4.21 (a) exhibits fixed lower slat angle at -50° in January.
The trend of LPD of each slat angle is increasing when the D/H increase (more depth of the
room). LPD values are inversely to daylight performance and target illuminance. To reach
required illuminance target, if daylight potential is less, the demand of lighting is more, LPD
value increase. As daylight penetrate to the room exponentially, the daylight has less
potential in the area deeper, therefore at D/H=9, LPD values of every slat angle are higher.

From the plot shows the upper slat angle at 50° has the highest LPD value at 8.2 w/m?, while
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the upper slat angle at -30° has the lowest the LPD value at 6 w/m?. Figure 4.21 (b) shows
the LPD of fixed lower slat angle at -50° in June. The trend of LPD in this month is similar
to January but the value of LPD is higher than in January because of the exterior condition.
Observing that in January the angle of slat still has impact to LPD in the deeper area while
in June every slat angle has similar value.

The results show that at higher required illuminance level in 500 lux as shown in
Figure A.1 and 800 lux in shown in Figure A.2, the LPD requirement increases, respectively.
However, the patterns of the LPD requirement at these three illuminance levels are similar
because daylight potential is identical at the same outside conditions. As the consequence,
the interior illuminance distributions of natural light are the same.

The results of annual average LPD at 300, 500 and 800 lux required illuminance
levels are in the range of 1.8 t010, of 1.8 to 16 and 1.8 to 27 W/m?, respectively. The
average LPD values of window with heat reflective glass are 10.35, 16.79 and 27.66 W/m?

for the cases of 300, 500 and 800 lux required illuminance levels, respectively
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Figure 4.21 Characteristic of lighting power at 300 lux
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4.4.1 Average Lighting Power density

Figure 4.22 exhibits average light power density at 300 lux of each room depth in
January and June. The average LPD values are low when the high daylight potential of upper
slats and lower slats are set at negative angles in the range of -30 to -10. At room depth of
3m, almost upper and lower slat angles provide the similar average LPD values except for
when set the slat angle at the closed position. This is because daylight cannot penetrate
through window. From the plots, any target illuminace at room depth of 6m, 9m, 12m
and15m in both January and June, upper and lower slat angle at -30° and -20°, respectively
provides the minimum average LPD value. According to the same reason, one-section slat
window at -20 degree provides the lowest LPD value at all illuminance level requirements.
Heat reflective glass window always gives the maximum average LPD value of any
illuminace requirement and room depths.

Average light power density of 500 and 800 lux are shown in Figures A.3 and A.4.
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Figure 4.22 Average light power density of each room depth at 300 lux in January and June
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4.5Heat Gain through window

Heat transfer through window depends on solar radiation transmission as shortwave
radiation and air temperature difference as longwave radiation. When slat angles are
negative, there are high chances that slats tilt parallel to beam solar radiation which enters
the room. For this reason, the results of negative slat angles show higher heat gain through
window as shown in Figure 4.23. At very high degrees of slat angles both in positive and
negative directions such as -50, -60, 40,50, and 60 degree, heat gain through window reduces
because the blind slats are almost closed and beam radiation cannot penetrate through gaps
between blind slats.

When the sun passes through the northern hemisphere in June, at the south window,
heat transfer through the window results from diffuse radiation and temperature difference
only. Therefore heat gain through window is lesser than the months of sun toward southern
hemisphere in January.

The combination of shortwave radiation and longwave radiation gives the maximum
of the average heat gain through window in January is high up to 523.44 Watt when upper
and lower slat tilts at -30°, while the average heat gain through window in January is high up
to 245.74 Watt when upper and lower slat tilts at -20° as shown in Figure 4.23 (a) and (b),
respectively. When both upper and lower slat angles are set in the close position slat at 60°,
the minimum average heat gain through window occurs at 278.26 Watt in January and
131.82 Watt in June because solar radiation cannot penetrate through gaps between blind
slats. The plot show two section the when lower slat angles are in the range of negative
degree give the average heat gain through window lower than one section slat angle while
in the positive degree angle, two section slat angles provide the average heat gain through

window higher than one section slat angle.
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Figure4.23 Average heat gain through window in January and June

4.6 Lighting energy consumption

The electricity from lighting system depends on the LPD values as a consequence of
daylight performance. Figure 4.24 exhibits average lighting energy consumption of each
room depth at 300 lux. The trends of lighting energy consumption are identical with average
LPD as mention previously in Figure 21.The upper slat and lower slat at -30 and -20 provide
the minimum electricity from lighting of any room depth and illuminance requirements
because this upper and lower slat angle allow maximum daylight to penetrate through
window. The average lighting consumption increase as more room depth and more required
illuminance level. However, average lighting consumption in June is higher than average
lighting consumption in January because of the sun position. Using window with heat
reflective glass always gives the highest lighting energy consumption in every room depth
and every required illuminance level. For target illuminance at 500, and 800 lux, the average

lighting energy consumption are shown in Figures A.5 and A.6, respectively.
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Figure 4.24 Average lighting energy consumption at 300 lux in January and June
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Figure 4.24 Average lighting energy consumption at 300 lux in January and June
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(continued)

4.7 Air-conditioning energy consumption

The energy consumption of the air-conditioning system is an effect of cooling load
due to lighting system and heat gained through the window. More room depth and
illuminance level is required, more air-conditioning energy is used. The proportion of the
heat gain from window and heat gain from lighting is varied according to the depth of the
room and required illuminance level.

The study has found that the target illuminance of 300 lux in January of any room
depth as shown in Figure 4.25 (a),(c),(e),(g) and (h) (on the right hand side), in this month,
heat transfer through window is the primary effect to cooling load of air-conditioning system
of room. The pattern of air-conditioning energy consumption in each angle is following the
trend of heat transfer through window as shown in Figure 4.25 (a). Except for lower slat
angles in the range of positive degree at 40°, 50°, 60° of room depth 9 m,12 m and 15 m and
lower slat angles in the range of negative degree at -50°,and -60° of room depth 12m and
15m. Observing when the slat angle is set in the closed position, air-conditioning energy
consumption is increasing although heat transfer through window is decreasing. This is the
effect from the required higher lighting to reach target illuminance, more heat from lighting
becomes cooling load of the air-conditioning system. At upper and lower slat angle at -30°
and -20°, respectively provides the maximum air-conditioning energy consumption in every
room depth.

In June, heat transfer through window is less than January significantly (half of

January) but still affected cooling load of air-conditioning system of room depth of 3m and
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6m as shown in Figure 4.25 (b) and (d).From the plot, the pattern of air-conditioning energy
consumption still following the trend of heat transfer through window in Figure 4.25(b). At
room depth of 6 m,9 m, 12 m and 15 m in June as shown in Figure 4.25 (d), (), (h), and (j),
the pattern of air-conditioning energy consumption is the combination between heat transfer
through window and lighting. According to the same reason of January, when the slat angle
is set in the closed position at -60°,-50°, -40°, 40°, 50° and 60° of lower slat angle, the pattern
of air- conditioning energy consumption is increasing due to lighting.

Heat gained through the window is the main effect of air-conditioning energy
consumption more than heat gain from lighting when the room depth is short, while heat
gain from lighting has primary influence to air-conditioning energy consumption when more
illuminance and more depth of the room are required. However, the proportion of air-
conditioning energy consumption from heat gain through window and heat gain from
lighting is depended on the depth of the room and required illuminance level. As required
higher illuminance level 500 and 800 lux are shown in Figures A7 and A8, respectively.

As the reference case, window with heat reflective glass consume the maximum air-
conditioning energy consumption compare to any case of window with slat angle except for
the negative degree angle of room depth of 3m at required illuminance at 300lux in January

as shown in Figure 4.25(a).
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Figure 4.25 Average air-conditioning energy consumption at 300 lux in January and June
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(continued)
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Figure 4.25 Average air-conditioning energy consumption at 300 lux in January and June

(continued)

4.8 Total energy consumption

Total energy consumption is composed of electric energy from the dimmable lighting
system and the room’s air-conditioning system as mentioned previously. Therefore, daylight
performance has the major effect on the total energy consumption because it influences both
in lighting system and air-condition system.

Figure 4.26 exhibits average total energy consumption at 300 lux in January and
June. In January, when the room is designed for low illuminance level as shown in Figure
4.26 (a), (c), (e), (g) and (h) (on the right hand side). High daylight level becomes excessive.
From the plots, as room depth of 3 m and 6 m as shown in Figure 4.26 (a) and (c) show that
heat gain through window play more important role to the total energy consumption. As a
result, two-section slat windows with positive angles of the lower slat section provide lower
energy consumption because less heat is gained through the window in these cases while
their daylight performances are comparable. While room depth of 9m to15 m as shown in
Figure 4.26 (e), (g) and (h), daylight began to influence energy consumption, the slat angles
are opened to receive more daylight distribution although heat gain to window increase.

In June, heat gain through window still plays more important role to the total energy
consumption of room depth of 3 m and 6 m as shown in Figure 4.26 (b) and (d). However,
after room depth of 9 m to 15 m, more daylight is required. The lower slat angle is in the
negative range of -30° to -10° consume less energy consumption than other angles as shown
in Figure 4.26 () (h), and (i).
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Figure A.9 exhibits average total energy consumption at 500 lux in January and June.
Heat gain through window has an effect of room depth 3 m and 6 m in January and only
room depth of 3 m in June as shown in Figure A.9 (a), (b), and (c). Besides others room
depth, daylight performance plays more important role to the total energy consumption.

Figure A.10 exhibits average total energy consumption at 800 lux in January and
June. The results of total energy consumption are similar to total energy consumption at 500
lux.

However, comparing any case of the window with slat to the window with heat
reflective glass, the results show that using heat reflective glass window never consumes

energy less than window with slat for all case.
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Figure 4.26 Average total energy consumption at 300 lux in January and June
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Figure 4.26 Average total energy consumption at 300 lux in January and June (continued)

4.9 Energy Saving

The purpose of the slat window is to shade beam illuminance. Table 4.1 to 4.15 show the
angle slats that provide the minimum total energy consumption without beam illuminance in
each month of each room depth and required illuminance level. Energy consumption from

lighting, heat transfer through window, air-conditioning system of double section slat (2SB),
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one section slat (1SB) and heat reflective glass (HR) are also shown in the tables. Energy

saving of double section slat is used one section slat and heat reflective glass as references.

From the results show that the performance of two section slat is provide higher efficiency

than heat reflective glass window significantly but when compare to one section slat window,

the performance of two section slat is not much different in term of energy saving.

Table 4.2 Room depth of 3m at 300 lux required illuminance level

300lux Room depth of 3m
Angle (degree) Energy consumption without beam illuminance (kWh/month) Saving(%)
Month 2SB ] 2SB 1SB HR compared to HR compared to 1SB
upper _[lover | 1B Ilght JAir-cond[Total [Light JAir-cond[Total  [Light [Air-cond[Total [Light [Air-cond[Total [Light _[Air-cond[Total

Jan 60 60 60 3.62 21.86 25.48 3.62 21.86 25.48] 16.98 38.61 55.59 78.66 43.39 54.16] 0 0 0
Feb 60 60 60| 331 17.08 20.40 331 17.08 20.40 15.33 31.88 47.21 78.39 46.41 56.79 0 0 0|
Mar 60 40 60 3.55 15.38 18.94 4.34 14.88 19.22 16.98 30.44 47.41 79.06 49.46 60.06 18.16 -3.39 1.48
Apr 60 40 50 3.08 13.18 16.26 3.32 13.22 16.54 16.43 24.37 40.80 81.26 45.92 60.15) 7.14 0.31 1.68
May 60 40 50 3.53 11.45 14.98 341 12.27 15.68 16.98 26.56 43.53 79.22 56.89 65.60) -3.42 6.68 4.49
Jun 60 40 50 3.17 11.19 14.35 3.48 11.28 14.75 16.43 23.77 40.20 80.72 52.94 64.29 8.85 0.81 271
Jul 60 40 50 3.20 11.62 14.83 3.43 11.69 15.12 16.98 24.68 41.65 81.13 52.90 64.40 6.54 0.55 191
Aug 60 30 50 319 1241 15.60] 3.74 12.28 16.02] 16.98 25.36 42.34 81.19 51.06 63.14 14.65 -1.03 2.63,
Sep 60 30 60 319 13.99 17.19] 419 13.27 17.47 16.43 27.14 43.57 80.56 48.43 60.55) 23.80 -5.44 1.58]
Oct 60 60 60| 4.28 17.10 21.38 4.28 17.10 21.38 16.98 32.95 49.93 74.78 48.11 57.18 0 0 0|
Nov 60 60 60 3.26 22.33 25.59 3.26 22.33 25.59 16.43 39.30 55.73 80.16 43.18 54.09 0 0 0
Dec 60 60 60 3.38 25.78 29.16 3.38 25.78 29.16 16.98 44.10 61.07 80.10 41.54 52.26 0 0 0)
All 30 30 30 36.84 13.65 50.49 36.84 13.65 50.49]  199.90 74.04  273.94 81.57 8157 81.57 0 0 0)

Table 4.3 Room depth of 6 m at 300 lux required illuminance level

300lux Room depth of 6m
Angle (degree) Energy consumption without beam illuminance (kWh/month) Saving(%o)
Month 2SB ] 158 2SB 1SB HR compared to HR compared to 1SB
upper  lower | Light Air-cond|Total Light IAir-cond ITotaI Light IAir-cond ITotaI Light IAir-condITotaI Light IAir»condITotaI

Jan 60 40 40 7.78 24.69 32.47 7.32 25.82 33.13 33.96 44.90 78.86 77.10 45.01 58.82| -6.31578 4.351959 1.996706
Feb 60 30 30 6.86 19.87 26.73 5.99 21.03 27.02 30.67 37.56 68.23) 77.64 47.08 60.82| -14.4312 5500195 1.07941
Mar 30 30 30 7.44 18.35 25.79, 7.44 18.35 25.79 33.96 36.72 70.68, 78.09 50.04 63.51 0 0 0
Apr 30 30 30 6.55 15.75 22.30 6.55 15.75 2230 3286  30.46 6332 80.07 4828 64.78 0 0 0
May 30 30 30 8.26 14.07 22.33 8.26 14.07 2233 3396 3284 66.80| 7717  56.12 66.82] 0 0 0
Jun 30 30 30 6.82 13.70 20.52 6.82 13.70 20.52 32.86 29.85 62.71 79.26 54.10 67.28, 0 0 0
Jul 30 30 30 6.75 14.17 20.92 6.75 14.17 20.92 33.96 30.96 64.92 80.12 54.24 67.78, 0 0 0
Aug 30 30 30 7.15 14.85 22.00 7.15 14.85 22.00) 33.96 31.65 65.60) 78.95 53.08 66.47| 0 0 0
Sep 30 30 30 7.13 16.54 23.67 7.13 16.54 23.67 32.86 33.22 66.09 78.30 50.21 64.18, 0 0 0
Oct 30 30 30 7.32 21.00 28.33 7.32 21.00 28.33] 33.96 39.24 73.20, 78.43 46.48 61.30 0 0 0
Nov 60 40 50 7.04 25.06 32.09 7.47 25.07 32.54 32.86 45.38 78.24 78.58 44.79 58.98| 5.848997 0.048915 1.381153
Dec 60 50 60 7.74 28.07 35.80 8.42 27.65 36.07, 33.96 50.38 84.34 77.21 44.29 57.55| 8.102326 -1.52291 0.724469|
All 30 30 30 6.33 31144 317.77 6.33 31144 317.77 30.67 81244 84311 79.35 61.67 62.31) 0 0 0

Table 4.4 Room depth of 9 m at 300 lux required illuminance level

300lux Room depth of 9m
Angle (degree) Energy consumption without beam illuminance (kWh/month) Saving(%)
Month 2SB ] 1SB 2SB 1SB HR compared to HR compared to 1SB
upper _[lower | Light _[Air-cond[Total _[Light [Air-cond[Total _|Light _[Air-cond[Total _|Light _[Air-cond[Total _[Light _[Air-cond[Total

Jan 30 30 30 1206 2882 4087 1206 2882  40.87| 5001  50.85 100.86| 7589 4332  59.47| 0 0 0
Feb 30 30 30 11.68 23.14 34.81 11.68 23.14 34.81 45.17 42.93 88.10 74.14 46.10 60.48 0 0 0
Mar 30 10 10 1365 2241  36.06| 1267 2381 3648 5001 4267 9268 7271 4749  61.10| -7.69764 5876716 1.160749
Apr -40 0 0 10.60 21.36 31.96 11.16 21.53 32.69 48.39 36.21 84.61 78.10 41.01 62.22 5.03 0.79 2.24]
May -40 0 -40 11.88 20.19 32.07 12.80 20.02 32.81] 50.01 38.79 88.80) 76.24 47.96 63.89 7.15 -0.85 2.27]
Jun -40 0 -40 10.66 19.10 29.75] 10.99 19.49 30.48, 48.39 35.61 84.00 77.98 46.37 64.58 3.03 2.03 2.39)
Jul -40 0 0 10.54 19.82 30.36 11.22 19.71 30.93, 50.01 36.91 86.92 78.93 46.31 65.07, 6.07 -0.53 1.86]
Aug -40 20 0 11.76 19.52 31.29 11.44 20.53 31.98 50.01 37.59 87.60 76.48 48.07 64.28 -2.80 4.92 2.16|
Sep -40 30 20 11.33 21.02 32.35 13.02 20.11 33.12 48.39 38.98 87.37, 76.59 46.07 62.97, 12.95 -4.54 2.33]
Oct 30 20 20 12.98 23.98 36.95 12.57 24.71 37.28, 50.01 45.19 95.19 74.05 46.94 61.18| -3.20762 2.966466 0.884251,
Nov 30 30 30 1109 2921 4030 11.09 2921 4030 4839  5L14  9953] 77.09 4287  59.51] 0 0 0
Dec 40 30 30 1163 3266 4429 1110 3322 4432 50.01  56.33 106.34| 76.73 4203  58.35| -4.83137 1.712041 0.073591
All 30 30 30 13.47 43179 44525 13.47 43179  445.25 4517 1056.94 1102.10| 70.18 59.15 59.60) 0 0 0
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Table 4.5 Room depth of 12 m at 300 lux required illuminance level

300lux Room depth of 12m
Angle (degree) Energy consumption without beam illuminance (kWh/month) Saving(%)
2SB | 2SB 1SB HR compared to HR compared to 1SB
Month | upper [ lover | 1s8 Light [Air-cond[Total [Light [Air-cond[Total _[Light [Air-cond[Total [Light [Air-cond[Total [Light  Air-cond Total
Jan 30 30 30 23.27 32.97 56.24 23.27 32.97 56.24 67.91 57.48  125.39 65.74 42.64 55.15 0 0 0
Feb 30 30 30 22,79 271.25 50.04 22.79 21.25 50.04 61.34 48.92  110.26 62.85 44.29 54.62 0 0 0
Mar 10 10 10 24.30 28.11 52.41] 24.30 28.11 52.41] 67.91 4930 117.21 64.22 42.98 55.29 0 0 0
Apr -40 -10 -10 20.38 25.82 46.20 19.97 26.47 46.45 65.72 42.63  108.35 68.99 39.43 57.36] -2.02 2.46 0.53,
May -40 -10 -20 23.36 24.44 47.80 22.65 25.64 48.29 67.91 4542 11333 65.60 46.20 57.82 -3.16 4.70 101
Jun -40 -10 -10 20.50 23.58 44.08 20.41 24.12 44.52 65.72 42.02  107.74 68.81 43.89 59.09 -0.43 2.22 101
Jul -40 -10 -10 20.16 24.29 44.44 20.06 24.80 44.86 67.91 4354 111.45 70.32 44.22 60.12] -0.49 2.07 0.93,
Aug -40 -10 -10) 20.11 24.96 45.07 19.98 25.54 45.51 67.91 4422 112.13 70.39 43.56 59.81 -0.65 2.25 0.98
Sep -40 -10 -40 177 26.91 44.68 18.83 26.72 45.54 65.72 4540 11112 72.96 40.71 59.79 5.62 -0.73 1.89]
Oct 20 10 10 22.35 29.55 51.90 21.47 30.43 51.91 67.91 5182 11973 67.09 42.98 56.65) -4 3 0
Nov 30 30 30 21.86 33.20 55.06 21.86 33.20 55.06] 65.72 57.55 12327 66.74 42.31 55.33] 0 0 0
Dec 30 30 30 15.07 34.70 49.77 15.07 34.70 49.77 67.91 62.96  130.87 77.81 44.89 61.97 0 0 0)
All 30 30 30| 23843 29297 531.39] 23843 292.97 531.39] 799.60 591.38 1390.98 70.18 50.46 61.80) 0 0 0)
Table 4.6 Room depth of 15 m at 300 lux required illuminance level
3001ux Room depth of 15m
Angle (degree) Energy consumption without beam illuminance (kWh/month) Saving(%)
2SB 2SB 1SB HR compared to HR compared to 1SB
Month [ upper [ lower | 18 Ilight  JAir-cond[Tol _[Light [Air-cond[Total _ [Light [Air-cond[Total _[Light _[Air-cond[Total _|Light _[Air-cond[Total
Jan 30 30 30 36.71 37.95 74.67 36.71 37.95 74.67] 84.89 63.77  148.66 56.75 40.48 49.77 0 0 0
Feb 30 30 30| 35.51 31.96 67.47 35.51 31.96 67.47] 76.67 5460 13127 53.69 41.46 48.60 0 0 0
Mar 10 10 10 37.92 33.15 71.07 37.92 33.15 71.07] 84.89 55.59  140.48 55.33 40.36 49.41 0 0 0
Apr -30 -10 -10) 32.08 3112 63.20 32.42 31.08 63.51 82.15 48.72  130.87, 60.94 36.12 51.70 104 -0.12 0.48
May -30 -10 -20 36.15 30.00 66.15 35.96 30.57 66.53] 84.89 5171  136.60 57.42 41.98 51.57 -0.53 1.88 0.57
Jun -30 -10 -20 32.33 28.82 61.15 32.14 29.41 61.54 82.15 48.11  130.26 60.64 40.10 53.05) -0.62 2.00 0.63,
Jul -30 -10 -20 32.01 29.57 61.58 31.80 30.19 61.99 84.89 49.83 13472 62.29 40.66 54.29 -0.67 2.04 0.65
Aug -30 -10 -20 31.65 30.17 61.82 31.44 30.82 62.26] 84.89 50.51  135.40 62.71 40.27 54.34) -0.68 210 0.70,
Sep -40 -10 -20 28.71 30.97 59.67] 27.87 32.56 60.42] 82.15 5148  133.63 65.05 39.85 55.34 -3.02 4.88 1.24]
Oct 10 10 10 33.97 35.06 69.03 33.97 35.06 69.03] 84.89 58.11  142.99 59.98 39.66 51.72 0 0 0
Nov 30 30 30 34.82 38.00 72.82 34.82 38.00 72.82] 82.15 63.64  145.79 57.62 40.28 50.05) 0 0 0
Dec 30 30 30] 26.97 39.10 66.07 26.97 39.10 66.07] 84.89 69.25  154.14) 68.23 43.53 57.14) 0 0 0)
All 30 30 30| 498.96 389.46 888.42| 49896 389.46 888.42| 999.50 665.42 1664.92 50.08 41.47 46.64 0 0 0)
Table 4.7 Room depth of 3 m at 500 lux required illuminance level
5001ux Room depth of 3m
Angle (degree) Energy consumption without beam illuminance (kWh/month) Saving(%o)
Month 2SB | 2SB 1SB HR compared to HR compared to 1SB
upper _[lover | 1B gt [Air-cond[Total [Light JAir-cond[Total _[Light _[Air-cond[Total _[Light _[Air-cond[Total _|Light _[Air-cond[Total
Jan 60 30 60 3.47 23.72 27.19 5.85 22.68 28.53 28.30 42.81 71.10 87.73 44.58 61.76) 40.62 -4.58 4.68,
Feb 60 30 40 3.27 18.54 21.81 3.66 19.21 22.87, 25.56 35.66 61.22 87.22 48.01 64.38, 10.74 3.47 4.63,
Mar 60 30 30| 4.29 16.02 20.31 4.07 17.10 21.16 28.30 34.63 62.92 84.85 53.74 67.73 -5.45 6.31 4.05
Apr 60 30 30 3.44 13.62 17.07] 3.28 14.54 17.83] 27.38 28.43 55.81 87.42 52.09 69.43 -4.91 6.35 4.28,
May 60 20 30 4.37 12.30 16.67| 4.83 12.80 17.63] 28.30 30.75 59.04 84.56 60.01 7177 9.55 3.91 5.45
Jun 60 20 30 3.24 12.04 15.29] 3.45 12.45 15.90] 27.38 27.82 55.21 88.15 56.72 72.31 5.87 3.30 3.86
Jul 60 20 30 3.58 12.05 15.63] 3.43 12.94 16.37| 28.30 28.87 57.17, 87.33 58.26 72.65 -4.62 6.87 4.47
Aug 60 20 30 3.59 13.18 16.76] 3.88 13.64 17.52] 28.30 29.55 57.85 87.33 55.41 71.02 7.63 3.38 4.32
Sep 60 20 30 3.64 14.85 18.50] 3.96 15.37 19.33] 27.38 3120 58.58, 86.69 52.39 68.42 8.05 3.37 4.33)
Oct 60 30 30 4.38 18.52 22.90 4.16 19.83 24.00 28.30 37.15 65.44 84.53 50.14 65.01 -5.09 6.60 4.57
Nov 60 40 60 3.69 23.82 217.51 4.88 22.93 27.81 27.38 43.35 70.74 86.52 45.07 61.11 24.36 -3.88 1.08]
Dec 60 60 60 4.85 26.32 31.17, 4.85 26.32 31.17, 28.30 48.29 76.58, 82.87 45.49 59.30, 0 0 0)
All 30 30 30 44.04 16.31 60.36) 44.04 16.31 60.36] 333.17 12340  456.56 86.78 86.78 86.78 0 0 0]
Table 4.8 Room depth of 6 m at 500 lux required illuminance level
5001ux Room depth of 6m
Angle (degree) Energy consumption without beam illuminance (kWh/month) Saving(%)
Month 2SB | 158 2SB 1SB HR compared to HR compared to 1SB
upper _lover | Light _[Aircond[Total _[Light [Air-cond[Total [Light [Air-cond[Total _[Light [Air-cond[Total _[Light _[Air-cond[Total
Jan 30 30 30 931 2780  37.12 931 2780 37.12] 5659 5329 10988 8354 4782  66.22 0 0 0|
Feb 30 30 30| 8.95 2212 31.07 8.95 2212 31.07 51.12 45.13 96.25 82.50 50.98 67.72 0 0 0|
Mar 30 10 20 10.70 21.32 32.02 11.22 21.25 32.47 56.59 4511 101.70 81.09 52.74 68.52 4.59 -0.31 1.38]
Apr 30 -10 -40 8.24 19.25 27.49 8.02 20.45 28.47 54.77 38.57 93.34 84.96 50.09 70.55 -2.66 5.84 3.44
May -40 10 -40 9.29 18.39 217.68 9.48 18.79 28.26 56.59 41.23 97.82 83.58 55.40 71.70 195 212 2.07
Jun -40 10 -40 7.83 17.49 25.33 7.78 18.30 26.08 54.77 37.97 92.73 85.70 53.92 72.69 -0.68 4.42 2.90
Jul -40 20 -40 8.13 17.53 25.66 8.09 18.56 26.65 56.59 39.35 95.94 85.64 55.45 73.26) -0.39 5.52 3.73
Aug -40 20 -40 8.65 18.37 27.01 8.26 19.95 28.21 56.59 40.03 96.62 84.72 54.12 72.04 -4.67 7.93 4.24
Sep -40 30 20 8.62 20.02 28.63 10.04 19.01 29.05 54.77 41.34 96.11 84.26 51.58 70.21 14.16 -5.32 1.41]
Oct 30 20 20| 10.36 23.01 33.37 10.08 23.79 33.87, 56.59 4763 104.22 81.69 51.69 67.98, -2.77 3.28 1.48]
Nov 30 30 30 8.19 28.14 36.32 8.19 28.14 36.32 54.77 53.50  108.26 85.05 47.40 66.45 0 0 0|
Dec 30 30 30| 8.28 32.18 40.47 8.28 32.18 40.47] 56.59 58.77  115.36] 85.36 45.24 64.92 0 0 0|
All 30 30 30 11.08 39156  402.64 11.08 39156  402.64 51.12 1157.24 1208.36 78.32 66.16 66.68 0 0 0)
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Table 4.9 Room depth of 9 m at 500 lux required illuminance level

5001ux Room depth of 9m
Angle (degree) Energy consumption without beam illuminance (kWh/month) Saving (%)
Month 2SB | 1SB 2SB 1SB HR compared to HR compared to 1SB
upper _[lower | Light _[Aircond[Total _[Light [Aircond[Total [Light [Air-cond[Total [Light _[Air-cond[Total Light _[Air-cond[Total

Jan 30 30 30 23.92 33.21 57.14 23.92 33.21 57.14 83.35 63.20  146.54 71.30 47.44 61.01 0 0 0
Feb 30 30 30 24.19 21.77 51.96 24.19 21.717 51.96 75.28 54.08  129.36 67.87 48.65 59.84 0 0 0
Mar 10 10 10 25.75 28.65 54.40 25.75 28.65 54.40 83.35 55.02  138.36 69.11 47.93 60.69 0 0 0
Apr -30 -10 -20 19.06 26.29 45.35 18.84 26.93 45.77 80.66 4816  128.82 76.37 45.40 64.79 -1.16 237 0.92
May -30 -10 -20 23.00 25.61 48.61 23.19 25.85 49.04 83.35 5114 13448 7241 49.92 63.85 0.84 0.91 0.88,
Jun -30 -10 -20 19.42 24.03 43.45 19.22 24.62 43.85 80.66 4755 128.21 75.93 49.46 66.11 -1.00 240 0.91
Jul -30 -10 -20 18.33 24.50 42.83 18.11 25.12 43.23 83.35 49.26  132.60 78.01 50.26 67.70 -117 245 0.93,
Aug -30 -10 -20 18.23 25.20 43.42 18.04 25.86 43.89 83.35 49.94  133.28 78.13 49.54 67.42 -1.05 2.54 107
Sep -30 -10 -20) 15.97 26.25 42.21 1555 27.64 43.19] 80.66 50.93  131.58] 80.21 48.46 67.92 -2.68 5.04 2.26
Oct 10 10 10| 2128 3036  51.64 21.28 3036  51.64/ 8335 57.53 140.88| 7447  47.23  63.34 0 0 0
Nov 30 30 30| 2224 3334  5559| 2224 3334  5559| 80.66  63.09 14374 7242  47.14 6133 0 0 0
Dec 30 30 30| 2141 37.04 5845 2141 37.04 5845 8335 6868 15202 7432  46.06 6155 0 0 0
All 30 30 30 27.59 669.98  697.58 27.59  669.98  697.58 75.28 1564.74 1640.02 63.35 57.18 57.47) 0 0 0)

Table 4.10 Room depth of 12 m at 500 lux required illuminance level

5001ux Room depth of 12m

Angle (degree) Energy consumption without beam illuminance (kWh/month) Saving(%o)

2SB 2SB 1SB HR compared to HR compared to 1SB

Month | upper I lower | 158 Light  |Air-cond|Total Light IAir—cond|TotaI Light IAir»condITotaI Light IAir»condITotaI Light  Air-cond Total

Jan 30 30 30 46.64 41.63 88.26 46.64 41.63 88.26| 113.19 7425  187.43 58.80 43.94 52.91 0 0 0
Feb 30 30 30 45.74 35.75 81.49 45.74 35.75 8149 102.23 64.06  166.29 55.26 44.20 51.00 0 0 0
Mar 10 10 10 48.91 37.23 86.14 48.91 37.23 86.14| 11319 66.07  179.25 56.79 43.65 51.95 0 0 0
Apr -30 -10 -20|  40.03 3406  74.09| 39.70  34.66  74.36| 109.53 5886 168.39| 6345 4213  56.00 -0.84 1.72 0.36
May -30 -20 -20 45.57 33.97 79.54 45.80 34.22 80.02| 113.19 6219 17537 59.74 45.37 54.64 0.49 0.72 0.59
Jun -30 -20 -20 40.05 32.15 72.20 40.19 32.39 72.58| 109.53 58.25 167.78 63.44 44.81 56.97| 0.35 0.74 0.52
Jul -30 -20 -20 3892 3265  7157| 3908 3288 7196 11319 6031 17349 6561 4587  58.75] 0.40 0.71 0.54
Aug -30 -20 -20 38.43 33.20 71.63 38.50 33.43 7193 11319 60.99  174.18 66.05 45.56 58.88 0.19 0.70 0.43
Sep -30 -20 -20 33.09 3431 67.41 33.40 34.60 68.00( 109.53 61.62 17116 69.79 44.32 60.62 0.92 0.84 0.88,
Oct 10 10 10 42.48 38.21 80.69 42.48 38.21 80.69| 113.19 68.59 18177 62.47 44.29 55.61 0 0 0
Nov 30 30 30 44.15 41.46 85.61 44.15 41.46 85.61|  109.53 73.78  183.32 59.69 43.81 53.30 0 0 0
Dec 30 30 30 29.07 39.88 68.95 29.07 39.88 68.95 113.19 79.73 19291 74.32 49.98 64.26) 0 0 0)
All 30 30 30] 48848 38558  874.05] 488.48 38558 874.05| 1332.67  788.82 2121.48| 63.35 5112 58.80) 0 0 0)

Table 4.11 Room depth of 15 m at 500 lux required illuminance level

500lux Room depth of 15m

Angle (degree) Energy consumption with shaded-sun (kwWh/month) Saving(%)

2SB 2SB 1SB HR compared to HR compared to 1SB

Month [ upper [ lover | 158 [ight  JAir-cond[Total _|Light [Air-cond[Total [Light _[Air-cond[Total _[Light [Air-cond[Total _[Light _[Air-cond[Total

Jan 30 30 30 71.39 50.79  122.18 71.39 50.79  122.18| 141.48 84.73  226.21 49.54 40.05 45.99 0 0 0
Feb 30 30 30 68.67 4424 112,91 68.67 4424 11291 127.79 7353  201.32 46.26 39.83 43.91 0 0 0
Mar 10 10 10 73.84 46.46  120.29 73.84 46.46  120.29| 141.48 76.55  218.03 47.81 39.31 44.83 0 0 0
Apr -30 -10 -20) 63.32 42.69  106.01 62.94 4327 106.21| 136.92 69.00  205.92] 53.75 38.13 48.52] -0.59 134 0.19
May -30 -20 -20 70.16 43.08  113.24 70.41 4334  113.75 14148 72,67  214.15 50.41 40.72 47.12 0.36 0.60 0.45
Jun -30 -20 -20 63.34 40.77  104.11 63.50 41.02 10452 136.92 68.39 20531 53.74 40.38 49.29 0.25 0.61 0.39)
Jul -30 -20 -20 62.57 4141 103.97 62.76 4165 104.42| 14148 7079 212.27 55.78 4151 51.02 0.31 0.60 0.42
Aug -30 -20 -20 61.78 4185  103.63 61.88 42.09 103.97| 14148 7147 212.95 56.33 41.44 51.34 0.16 0.58 0.33,
Sep -30 -20 -20 54.61 42.28 96.89 55.00 42.61 97.61| 136.92 7176 208.68 60.12 41.08 53.57| 0.72 0.76 0.74
Oct 10 10 10 66.27 47.03  113.30 66.27 47.03  113.30| 141.48 79.07  220.55 53.16 40.52 48.63 0 0 0
Nov 30 30 30 68.05 50.31 118.36 68.05 50.31 11836 136.92 83.92  220.84 50.30 40.05 46.40 0 0 0
Dec 30 30 30 54.20 49.19  103.39 54.20 49.19  103.39| 141.48 90.21  231.69 61.69 45.47 55.37| 0 0 0)
All 30 30 30] 95271 557.52 1510.23] 952.71 557.52 1510.23| 1665.83 912.21 2578.04| 42.81 38.88 41.42 0 0 0)

Table 4.12 Room depth of 3 m at 800 lux required illuminance level

8001ux Room depth of 3m
Angle (degree) Energy consumption without beam illuminance (kWh/month) Saving(%)
Month 2SB 2SB 1SB HR compared to HR compared to 1SB
upper _[lower | 1B ot [Air-cond[Total  [Light [Air-cond[Total _[Light _[Air-cond[Total _|Light [Air-cond[Total _[Light _JAir-cond[Total

Jan 60 30 30 572 24.55 30.27 513 26.25 31.39] 45.27 49.09 94.37] 87.37 49.99 67.92| -11.37 6.48 3.56)
Feb 60 30 30 531 19.30 24.60 4.67 20.54 25.20) 40.89 41.34 82.24 87.03 53.32 70.08) -13.72 6.04 2.38,
Mar 60 20 20| 5.76 17.32 23.08 522 19.03 24.25 45.27 40.92 86.19 87.27 57.68 73.22| -10.37 9.00 4.83
Apr -50 20 20 3.33 15.78 19.11 3.99 16.08 20.07 43.81 34.52 78.33 92.39 54.29 75.60) 16.52 189 4.80|
May -50 20 20 4.69 14.59 19.27 5.09 15,51 20.61 45.27 37.04 82.31 89.65 60.61 76.58 7.98 5.98 6.47
Jun -50 20 20 3.60 13.74 17.34 4.33 13.89 18.22 43.81 33.91 71.72 91.79 59.48 77.69 16.89 112 4.87
Jul -50 20 20 4.53 12.98 17.51 4.05 14.33 18.37 45.27 35.16 80.43 89.99 63.08 78.23| -12.01 9.40 4.68]
Aug -50 30 20 4.02 15.13 19.15 4.99 15.29 20.28 45.27 35.84 8111 91.13 57.78 76.39 19.55 1.03 5.59]
Sep 60 20 20 5.57 15.57 21.14 5.09 17.17 22.27 43.81 37.28 81.10 87.28 58.24 73.93 -9.43 9.35 5.05
Oct 60 20 20 5.81 19.94 25.75 5.38 22.05 27.43 45.27 43.43 88.71 87.16 54.10 70.97 -7.97 9.58 6.13]
Nov 60 30 30 4.80 24.89 29.69 4.37 26.72 31.09 43.81 49.44 93.25 89.04 49.65 68.16 -9.99 6.85 4.49
Dec 60 30 30 4.80 28.60 33.40 4.40 30.75 35.15 45.27 54.58 99.85! 89.40 47.60 66.55) -8.99 6.98 4.98)
All 30 30 30 75.03 27.79  102.82 75.03 27.79  102.82| 533.07  197.43  730.50 85.93 85.93 85.93 0 0 0]
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Table 4.13 Room depth of 6 m at 800 lux required illuminance level

800lux Room depth of 6m
Angle (degree) Energy consumption without beam illuminance (kWh/month) Saving(%)
Month 2SB | 158 2SB 1SB HR compared to HR compared to 1SB
upper  lower I Light  |Air-cond|Total Light ]Air-cond ITotaI Light ]Air-cond ITotaI Light  |Air-cond|Total Light IAir-cond Total
Jan 30 30 30 18.87 3134 50.21 18.87 3134 50.21 90.55 65.86  156.41 79.16 52.41 67.90 0 0 0
Feb 30 30 30 20.36 26.35 46.70 20.36 26.35 46.70 8179 56.49  138.27 75.11 53.36 66.22, 0 0 0
Mar 10 10 10 21.68 27.14 48.82 21.68 27.14 48.82 90.55 57.68  148.23 76.06 52.95 67.07| 0 0 0
Apr -30 -10 -20| 14.01 24.43 38.44 13.87 25.09 38.96 87.63 50.74  138.37, 84.01 51.87 72.22, -1.04 2.65 1.34
May -30 -10 -20| 17.74 23.66 41.40 18.25 24.01 42.26 90.55 53.80  144.35 80.41 56.02 71.32 2.81 147 2.05
Jun -30 -10 -20| 13.93 22.00 35.93 13.80 22.62 36.42 87.63 50.14  137.76 84.10 56.12 73.92 -0.93 2.72 1.34
Jul -30 -10 -20 12.62 22.39 35.00 12.48 23.03 35.51] 90.55 51.93  142.47 86.07 56.89 75.43 -1.09 2.80 1.43]
Aug -40 -10 -20 13.82 22.63 36.45 13.14 24.04 37.18, 90.55 52.61  143.15 84.74 56.98 74.54 -5.19 5.87 1.96]
Sep -40 -10 -40 11.88 24.73 36.61] 13.18 24.63 37.80 87.63 5351 14114 86.45 53.78 74.06) 9.86 -0.43 3.16]
Oct 10 10 10 16.79 28.70 45.49 16.79 28.70 45.49 90.55 60.20  150.75 81.46 52.33 69.82 0 0 0
Nov 30 30 30 17.23 3149 48.72 17.23 3149 48.72 87.63 65.67  153.29 80.33 52.05 68.22 0 0 0
Dec 30 30 30 15.61 34.89 50.50 15.61 34.89 50.50) 90.55 7134 161.89 82.76 51.09 68.81 0 0 0
All 30 30 30 2530 631.34  656.64] 2530 631.34  656.64] 8179 1674.45 1756.23| 69.06 62.30 62.61) 0 0 0
Table 4.14 Room depth of 9 m at 800 lux required illuminance level
800lux Room depth of 9m
Angle (degree) Energy consumption without beam illuminance (kWh/month) Saving(%o)
Month 2SB ] 1SB 2SB 1SB HR compared to HR compared to 1SB
upper |Iower | Light Air-cond|Total Light IAir-cond ITotaI Light IAir-cond ITotaI Light IAir-condITotaI Light IAir»condITotaI
Jan 30 30 30 23.92 3321 57.14) 23.92 3321 57.14) 83.35 63.20  146.54 7130 47.44 61.01 0 0 0
Feb 30 30 30 24.19 21.77 51.96 24.19 21.77 51.96| 75.28 54.08  129.36 67.87 48.65 59.84 0 0 0
Mar 10 10 10 25.75 28.65 54.40 25.75 28.65 54.40 83.35 55.02  138.36 69.11 47.93 60.69 0 0 0
Apr -30 -10 -20 19.06 26.29 45.35 18.84 26.93 45.77 80.66 48.16  128.82 76.37 45.40 64.79 -1.16 237 0.92
May -30 -10 -20 23.00 25.61 48.61 23.19 25.85 49.04 83.35 51.14  134.48 72.41 49.92 63.85) 0.84 0.91 0.88,
Jun -30 -10 -20 19.42 24.03 43.45 19.22 24.62 43.85 80.66 4755 128.21 75.93 49.46 66.11 -1.00 240 0.91
Jul -30 -10 -20) 18.33 24.50 42.83 1811 25.12 43.23] 83.35 49.26  132.60 78.01 50.26 67.70 -1.17 245 0.93
Aug -30 -10 -20] 18.23 25.20 43.42 18.04 25.86 43.89 83.35 49.94  133.28 78.13 49.54 67.42 -1.05 2.54 1.07
Sep -30 -10 -20] 15.97 26.25 42.21 15.55 27.64 43.19 80.66 50.93  131.58, 80.21 48.46 67.92 -2.68 5.04 2.26
Oct 10 10 10 21.28 30.36 51.64 21.28 30.36 51.64 83.35 57.53  140.88, 74.47 47.23 63.34 0 0 0
Nov 30 30 30 22.24 33.34 55.59 22.24 33.34 55.59 80.66 63.09  143.74 72.42 47.14 61.33 0 0 0
Dec 30 30 30 21.41 37.04 58.45 21.41 37.04 58.45) 83.35 68.68  152.02 74.32 46.06 61.55 0 0 0
All 30 30 30 2759  669.98  697.58 2759  669.98  697.58| 75.28 1564.74 1640.02 63.35 57.18 57.47) 0 0 0
Table 4.15 Room depth of 12 m at 800 lux required illuminance level
800lux Room depth of 12m
Angle (degree) Energy consumption without beam illuminance (kWh/month) Saving(%)
2SB 2SB 1SB HR compared to HR compared to 1SB
Month [ upper [ lower | 158 Light _[Air-cond[Total _[Light [Air-cond[Total _|Light _[Air-cond[Total _|Light _[Air-cond[Total _[Light _ Air-cond Total
Jan 30 30 30 89.98 57.68  147.65 89.98 57.68  147.65| 181.10 99.40  280.50 50.32 41.97 47.36 0 0 0
Feb 30 30 30 87.79 5132 13911 87.79 51.32 139.11| 16357 86.78  250.35 46.33 40.86 44.43 0 0 0
Mar 10 10 10 94.51 5411  148.62 94.51 5411 148.62| 181.10 91.22  272.32 47.81 40.68 45.42 0 0 0
Apr -30 -20 -20] 79.80 49.23  129.03] 79.71 49.48  129.19| 175.25 83.20  258.45 54.47 40.83 50.08 -0.11 0.50 0.13]
May -30 -20 -20] 88.69 49.94  138.63] 89.34 50.35 139.69| 181.10 87.34  268.44 51.03 42.82 48.36 0.73 0.80 0.76}
Jun -30 -20 -20] 79.61 46.80  126.42 79.91 4710 127.01) 175.25 8259  257.85 54.57 43.33 50.97 0.37 0.64 0.47
Jul -30 -20 -20] 78.36 4725 12562 78.65 4754  126.19| 181.10 85.46  266.56) 56.73 4471 52.87 0.37 0.60 0.46|
Aug -30 -20 -20] 77.49 47.67  125.15 71.75 4797 12573 181.10 86.14  267.24 57.21 44.66 53.17 0.34 0.64 0.46|
Sep -30 -20 -20] 67.92 4721 11514 68.58 4763 11621 175.25 85.96  261.22 61.24 45.08 55.92 0.95 0.88 0.92
Oct 10 10 10 83.60 53.44  137.04 83.60 53.44  137.04| 181.10 93.74  274.83 53.84 42.99 50.14 0 0 0
Nov 30 30 30 86.02 56.97  142.99 86.02 56.97  142.99| 17525 98.12 273.38 50.92 41.94 47.69 0 0 0
Dec 30 30 30| 61.43 51.86  113.29 61.43 51.86 113.29| 18110 104.88  285.98 66.08 50.55 60.38 0 0 0|
All 30 30 30| 1001.66 575.65 1577.31| 1001.66 575.65 1577.31| 2132.27 1084.96 3217.23| 53.02 46.94 50.97 0 0 0)
Table 4.16 Room depth of 15 m at 800 lux required illuminance level
800lux Room depth of 16m
Angle (degree) Energy consumption with shaded-sun (kWh/month) Saving(%)
2SB 2SB 1SB HR compared to HR compared to 1SB
Month [ upper [ lover | 158 Light [Aircond[Total [Light [Air-cond[Total |Light [Air-cond[Total Light  |Air-cond|Total Light _[Air-cond[Total
Jan 30 30 30| 131.70 7313 204.83| 131.70 7313 204.83| 22637 11617 34254| 41.82  37.05  40.20 0 0 0
Feb 30 30 30| 126.05 65.50 19154 126.05 65.50 19154 204.46 101.93  306.39 38.35 35.74 37.48 0 0 0
Mar 10 10 10[ 136.40 69.63  206.04| 136.40 69.63  206.04| 226.37 107.99  334.36 39.74 35.52 38.38, 0 0 0
Apr -30 -20 -20| 119.48 63.93 183.40| 119.38 64.17 18355 219.07 99.43  318.49 45.46 35.70 42.42 -0.08 0.38 0.08]
May -30 -20 -20| 130.25 65.33  195.58| 130.93 65.75  196.67| 226.37 10411  330.48| 42.46 37.25 40.82 0.52 0.63 0.56)
Jun -30 -20 -20| 119.32 6151  180.83| 119.64 61.82  181.46| 219.07 98.82  317.89 45.53 37.75 43.11 0.27 0.50 0.35]
Jul -30 -20 -20( 118.98 62.30 181.28| 119.31 62.60 181.90| 226.37 102.23  328.60 47.44 39.06 44.83 0.28 0.48 0.34
Aug -30 -20 -20( 117.81 62.60 180.41| 118.10 62.92 181.02| 226.37 10291  329.28 47.96 39.17 45.21 0.25 0.50 0.34
Sep -30 -20 -20| 105.86 61.26  167.12| 106.60 61.72 16832 219.07 10219  321.26| 51.68 40.05 47.98] 0.70 0.73 0.71
Oct 10 10 10| 124.37 68.54  192.91| 12437 68.54 192.91| 226.37 11051  336.88 45.06 37.97 42.74] 0 0 0|
Nov 30 30 30| 126.34 7190 19825 126.34 7190 19825 219.07 11435  333.42 42.33 37.12 40.54 0 0 0
Dec 30 30 30| 105.74 68.28  174.02| 105.74 68.28 174.02| 226.37 121.65  348.02] 53.29 43.87 50.00) 0 0 0
All 30 30 30| 1737.24  848.08 2585.33] 1737.24  848.08 2585.33| 2665.33 1282.40 3947.73 34.82 33.87 34.51) 0 0 0




CHAPTER 5

CONCLUSION

5.1 Conclusions

The application of double-pane window with two section slat tilt at different angles
for daylight and heat transfer was studied through a series of experiments and simulations
under tropical climate.

The experiments have presented the system of two section slat window can provide
and maintain sufficient interior daylight through the day. The simulation program was
validated to the experiment measurement. The results show a good agreement between the
measurements and the calculations.

Daylighting and energy consumption was studied for target illuminance at 300 lux,
500 lux and 800lux of room depth of 3 m, 6 m, 9 m, 12 m and 15 m. The study results show
that daylight from a two-section slat window that when the slats in the lower and the upper
sections were tilted to proper angles, the two-section slat window can enhance the interior
daylight use beyond the one-section slat window. It can also improve the uniformity of the
interior daylight distribution. Total energy consumption comes from lighting system, and
air-conditioning system. Heat gain through window and heat from electric lamps become
cooling load to air-conditioning system. At the low required illuminance level (300 lux), the
studied results found that heat transfer through window plays an important role for total
energy consumption. High daylight become excessive, therefore slat angle was set to close
position to prevent heat transfer through window. While daylight potential has become a
greater roles especially the room design for higher illuminance levels and more depths.
Therefore, the slat angle was adjusted to the negative degree angle which allow more
daylight distributes into the room for reducing lighting energy consumption. Two section
slat window with dimming control can save much electric energy consumption than window
using heat reflective glass, while the performance of two section slat window is a little bit
higher to one section slat window in term of energy savings.

Far as the beam penetrate to the window is concerned, the suggestion of the use of

slat angles that provide the minimum energy consumption in each month at different room
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depth and required illuminance without beam illuminance was analyzed in the studied in
Tables 4.2-4.16.

For a whole year, the fixed angle at 30 degree of lower and upper slat (one section
blind at slat tilts at 30 degree) provides the maximum energy saving by slat can shade beam

illuminance.
5.2 Recommendations
The sizes of windows and walls should be studied

The performance of two section slat windows in qualitative terms of glare conditions and

thermal comfort should be studied.
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Average Lighting Power Density on work plane 500 lux
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Figure Al Characteristic of lighting power on work plane at 500 lux
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Average Lighting Power Density at 800 lux
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Average light power density at 500 lux
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Figure A3 Average light power density at 500 lux in January and June
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Average light power density at 800 lux
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Figure A4 Average light power density at 500 lux in January and June



30.00
- +*  -60deg
P_E W -50deg
E:‘ 2500 A -40deg
g X -30deg
£
= X -20deg
S 20,00 i
2 /: ® -10deg
Q i & | o + Odeg
FHL 'Y 1500 & ¢ 2
% L3 ] 5 F 3 = [3 E .- = 10deg
FL . ¢ = 20deg
2 ; 3
g_! . . ! , ! ! + 30deg
En B A0deg
k-]
"&. A 50deg
Ep 500 60deg
E == 158
< 000 - HR
-60 -0 40 -30 -20 -10 0 10 20 30 40 30 60
Lower blind angles (degree)
g) Room depth of 12 m in January
30.00
. * -60deg
L - . > -
_§ T B 50deg
= 25.00 A -40deg
o
H X -30deg
]
i -20d
=2 2000 -~ * o
E i (] * ® -10deg
%‘ : i : E +  Odeg
g § 15.00 * ! = 10deg
: \ ¢
1+ = 20deg
§ * 30deg
10.00
;ﬁ B 40deg
% A 50deg
s 60d
gn 5.00 leg
£ —x— 158
- --#-- HR
0.00
60 50 40 -30 -20 -10 0 10 20 30 40 50 60

Lower blind angles (degree)

i) Room depth of 15 m in January

72

?
'

r density in June (w/m?)

b
b 3 L)

10:00—

500

Average lighting powe

0.00
=20 -10 0 10 20

Lower blind angles (degree)

2

-50 -40  -30 30 40

h) Room depth of 12 m in June

10.00+

> H o+

Average lighting power density in June (w/m?)

0.00
=20 -10 0 10 20

Lower blind angles (degree)

=60 -50 -40 30 30 40 50 60

j) Room depth of 15 m in June

60deg

S50deg
-A0deg
-30 deg
-20deg
-10deg
Odeg
10deg
20deg
30deg
A40deg
S50cleg
60deg

—X=— 158
- HR

Figure A4 Average light power density at 800 lux in January and June (continued)



73

Average lighting energy consumption at 500 lux
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Figure A5 Average lighting energy consumption at 500 lux in January and June
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Figure A6 Average lighting energy consumption at 800 lux in January and June
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Figure A7 Average air-conditioning energy consumption at 500 lux in January and June
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Figure A8 Average air-conditioning energy consumption at 800 lux in January and June
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Figure A9 Average total energy consumption at 500 lux in January and June (continued)
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Figure A10 Average total energy consumption at 800 lux in January and June
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Figure A10 Average total energy consumption at 800 lux in January and June (continued)



