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Abstract

The Ministry of Energy of Thailand promulgated the criteria for computing the Overall Thermal Transfer
Values (OTTV) to manage building energy efficiency in 1992. These criteria were improved in 2009 to cover
dissimilar heat transfer rates in the daytime and the nighttime for offices, stores and hotels constructed with
0 to 90-degree roofs and walls. However, the assessment of OTTV of buildings with wall inclinations greater
than 90 degrees has been excluded with only approximate values being used in the calculation. The objective
of this paper, therefore, is to propose a calculation method of Effective Solar Radiation (ESR), a variable in
OTTV equation, for office buildings with 105-150 degree wall inclinations, taking into account the effects of
ground reflectance values of 0.05, 0.2 and 0.32 for water, grass, and white concrete, respectively. The ESR
values for the inclined glass wall were obtained from the slope of linear relationship between the simulated
solar heat gain and the glass’s Solar Heat Gain Coefficient (SHGC). The simulated results and the regression
analysis showed that the derived ESR values of the vertical wall were compatible with the ESR values in the
building energy code (BEC) and the energy used index, similar to that obtained from energy audits. The ESR
values decreased by 2.7-37% as the glass wall inclination increased, resulting in a decrease of the OTTV by
2.0-17%. For the high ground reflectance of 0.32 and SHGC of 0.54, the results showed that the OTTVs of
the building with inclined walls exceeded 50 W/m’. Therefore, grass and water are recommended for the

landscape around energy efficient buildings.
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1. Introduction

The development of the building energy code
(BEC) in Thailand is important because it has been
developed, promoted, implemented and improved
during the last two decades (1992-present). The
Overall Thermal Transfer Value (OTTV) is the require-
ment in accordance with BEC for commercial build-
ings with floor areas equal to or larger than 2,000
m2. The previous formula of bye-law OTTV was found
to be an effective indicator of the thermal performance
of the office building’s envelope but it overestimated
the performance of hospital buildings (Chungloo,
Limmeechokchai & Chungpaibulpatana, pp. 125-143,
2001). Presently, the maximum allowable OTTV of
buildings such as office buildings, department stores
and hotels is 50, 40 and 30 W/m’, respectively. The
current O'I'I'Vi formulation takes the form (DEDE, 2007)

OTTV. = (1-WWR)(TD_)(U,)
+ (WWR)(AT)(U )
+ (WWR)(SHGC)(SC)(ESR) (1)

where WWR is the ratio of window to the
total wall, TDeq is the equivalent temperature across
the opaque wall, UW is the overall coefficient of heat
transfer for the opaque wall, AT is the temperature
difference between indoors and outdoors, SHGC is
the solar heat gain coefficient of the glazing, SC is
the shading coefficient of the external shading device,
and ESR is the effective solar radiation on the window.
The first term represents heat gain through the opaque
wall via a conduction process, the second term
represents heat gain through the window by conduction
and the third term represents the solar transmission
through the window.

The OTTV measures average heat gain of the
building fagades and links to the computation of the
cooling energy consumption. The OTTVi of a building
facade represents heat gain through the given building
facade. Hence, the smaller the OTTV the less energy

is used for cooling. Prediction of energy use in com-

mercial buildings in Singapore was presented as a
simple formulation of OTTV using the DOE-2 program
(Chou & Chang, 1995, 1996). Applying similar methods,
the cooling requirements for commercial buildings in
Thailand was found to be related to OTTV through a
regression analysis and the OTTV formulation was
validated with the data of field audits (Chirarattananon
& Taveekun, 2004). The current BEC of Thailand
requires lower values of OTTV and higher values of
coefficient of performance (COP) in air conditioning
systems than that currently being implemented in
existing buildings. By applying the new BEC in the
country, it is expected that electric energy savings in
commercial buildings will reach 10-20 % within 6 to
12 years (Chirarattananon, Chaiwiwatworakul, Hien,
Rakkwamsuk & Kubaha, 2010, pp. 1741-1753).
Nowadays, architects, developers, and building
owners are concerned that the construction of build-
ings conforms to the Building Energy Code (BEC).
The building configuration called “inverted pyramid
or the diamond shape” has been accepted for cooling
energy savings because the inclined walls provide
self-shading during the required periods. Several
examples of the inverted pyramidal buildings can be
found in Chan and Chow (2014). The diamond shape
building in Malaysia showed that the OTTV was
reduced by 35.6% taking into account the building
self-shading (Nikpour, Kandar, Ghasemi, Ghomeshi
& Safizadeh, 2012, pp. 897-901). Building designers
in Israel developed a computer program to compute
the annual energy performance of diamond-shape
buildings and courtyard buildings to reflect both the
solar collection and the solar shading. The strong
dependency of buildings with inclined walls on the
climatic condition was found in previous research in
the climates of Hong Kong, Shanghai and Beijing. In
Hong Kong the total cooling energy saving was 0.6-
10.9 %, however, the increase in heating energy was
found in the other two cities (Chan & Chow, 2014).
In Thailand, the inverted pyramid buildings was
considered unfamiliar (Horayangura, 2011, pp. 1-19);

however, the energy saving was around 6.0% in an
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experimental study compared to the test unit (Asavapi-
tayanont, 2010). Considering the increase of average
surface temperature by 14°C during 1994-2009
(Srivanich & Hukao, 2012, pp. 83-100) high effect of
ground reflectance on inclined building wall is expected.
The main objective of this paper is to compute the
Overall Thermal Transfer Values for the wall inclination
of 105-150 degree taking into account the ground
reflectance of the surrounding landscape. The derived
OTTV(s) are related with simulated energy consump-
tion to assess the cooling coil load of the generic

office building with inclined walls.

2. Generic Office Building Model

The generic building is a reference building
representing a sample of buildings. In this study the
generic reference office building is a one-floor build-
ing with flat roof and floor, one vertical glass wall
and three vertical opaque walls as shown in figure
1a. The glazing material of the glass wall is green
tinted glass with a thickness of 6 mm. The roof and
floor are interior adiabatic surfaces with an overall
heat transfer coefficient (U-value) value of zero. The three
walls are exterior concrete walls with a U-value of
3.926 W/m*C. The simulation results of the generic
office building are compared to the results of similar
buildings with an inclined glass wall shown in figure
1b and figure 2. The inclination angles of the glass
wall of the simulated buildings are 105, 120, 135 and

150 degrees measured from the horizontal plane.

P

90 deg. 105 deg.

The characteristics of the generic office build-
ing are summarized in Table 1. The energy use index
of 142.6 kWh/sg.m/year is the simulated result that
was derived from an energy building simulation
program (eQuest 3.64). Given that this value well
agrees with the average energy use index of audited
office buildings of 146.4 kWh/sq.m/year in the DEDE
database (2007), the generic office building in this
study can be considered to represent office buildings
in Thailand. As the direction of the glass wall was in
the North, East, South and West, the O'ITV/_ of the
generic office building are 66.6, 80.6 80.7 and 80.67
W/m?®, respectively. These values are higher than the
requirement of BEC due to the high Effective Solar
Radiation (ESR) obtained later in this study.

e e —
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Non A/C

A/C | Non A/C Non
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Figure 1. (a) The generic reference building (b) The building

with an inclined wall (c) The building plan and zones

¥ UV ¥ =

120 deg.

135 deg. 150 deg.

Figure 2. The building with wall inclinations of 90, 105, 120, 135 and 150 degrees.
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Table 1. Summary of the characteristics of the generic office building.

Type

Detail

Weather file

Annual operation hour

Building type

Total building area

Floor to floor

Floor to ceiling

Depth from building perimeter
Opaque roof Uw—value (W/m?°C)

Opaque wall U -value (W/m*C)

Solar absorptance

Glazing properties

- SHGC

- glazing area (sg. m)

- U-value (W/m?°C)

Ground reflectance (default)

Lighting power density (W/sg.m)
Equipment power density (W/sg.m)

Area per person (m’/person)

Designed ventilation (cfm/person)
Cooling Setpoint (occupied)

Cooling Setpoint (unoccupied)

Cooling source

Average energy use index (kWh/sq.m/yr)
OTTV (W/sg.m) glass wall facing N, E, S, W

THA_Bangkok_IWEC.bin
8.00 a.m. to 5.00 p.m. (ex. Weekend)
Total = 2349 hrs.

Office

1,296 m’

3.65 m

275 m
9m

0.0

3.926

0.3
Green tinted glass 6 mm. thickness

0.54
98.8
5.87
0.2
14.0
16.2
20
20

245 °C

27.8 °C

Chilling water coil
142.6
66.6 80.6 80.7 and 80.67

3. The Studied Parameters

The values of Effective Solar Radiation (ESR),
a variable in the OTTV equation, for the glass wall
with an inclination of 105-150 degrees are computed
through Eq. (1). By setting up the value of WWR
equal to 1.0, i.e. a fagade with 100 percent glazing,
the first term disappears and only two terms of heat
gain through the window remain. The second term
in Eq. (1), representing the conduction heat transfer
through glass, was assumed constant when the in-
clination angles of the glass wall were modified. The
solar heat gain through the window, the third term

of Eq. (1), are similar to the hourly solar heat gain

(me dyear Watts) obtained from the computer pro-
gram eQuest 3.64. Therefore, the simulation results
of Q combined with the annual operating

win, rad/year

hours (AOH) takes the form of Eq. (2)

i rodyear = ESR (A x SC, x AOH) 2)

where SCf is the ratio of solar heat gain coef-
ficient of a glass unit (SHGC) to the solar heat gain
coefficient of the 3 mm Clear Float Glass (SHGC,ef=
0.86). For the SCf values of 0.26-0.96, the average
hourly solar heat gain is obtained from the simulation
results. Hence, the ESR values are derived from the

slope of the linear relationships between the SCf and

S. Sudprasert & S. Klinsmith

113



Table 2. Summary of simulation run

Variables Values Number of variables Number of computer runs
SHGC/SHGC, of glazing materials  0.26, 0.34, 0.49, 0.57, 7 7
0.71, 0.81, 0.96
Direction of glass wall North, East, West, South 4 28
Inclination of glass wall 90, 105, 120, 135, 150 5 140
Ground reflectance 0.05, 0.20, 0.32 3 420
the (Q )/(A x AOH). The parameterization %0 1 Ground reflectance < 0.05

win, rad/year

includes the glass wall with glazing materials of SC, 300 1

=0.26-0.96, varying in five wall inclinations, four direc- 400
tions and three types of surrounding land covering 300 -

shown in Table 2. The simulation results of 420 cases

Effective Solar Radiation (W/sq.m)

give the average hourly solar heat gain (me diyen )/
(A x AOH) of the generic office building.

0 15 30 45 60 75 90 105 120 135 150
Inclination angle

4. Results and Discussion Y —_— E —e—N
(@) —W=-5(BEC) -eeeeer W (BEC) E(BEC) --@--N (BEC)

4.1 The ESR values of inclined glass walls 600 -

Ground reflectance = 0.2

Figure 3 shows a comparison of the computed 500 |

ESR values to the ESR obtained in the existing Building 200 |

Energy Code (BEC). To evaluate the performance of
the proposed method, the ESR values of the 0-90-

300 A

200 -
degree wall was also studied. The computed values

from this study are higher than the ESR in BEC by

Effective Solar Radiation (W/sq.m)

18% for the horizontal wall and by 2% for the vertical o 15 30 45 60 75 90 105 120 135 150

Inclination angle

wall. These discrepancies could be the results of wide

— s \\/ E —e—N
range of SCf values in this study that cause high (b) —mmS(BEC) ceereen W (BEQ) E(BEC) - N (BEC)
slope in the regression lines.

600 -
The example of regression lines in this study Ground reflectance = 0.32

is illustrated in Figure 4. The solar heat gain in 0, 45 1

and 90-degree inclined walls suddenly rises as the 400 1

SCf = 0.96. Nevertheless, the ESR patterns from the 300

computation is highly compatible with the value from 200 |

Effective Solar Radiation (W/sq.m)

BEC for the high ground reflectance such as grass

and white concrete.

Table 3 shows the results of Effective Solar 0 15 30 45 60 75 90 105 120 135 150
Inclination angle

Radiation (ESR) values derived from the regression s w . N
analysis of 420 cases. All the correlation values (R°) (c) =B=-S(BEC) e W (BEC) E(BEC) ---@--N(BEC)

exceed 0.91, showing strong linear relationships
Figure 3. The simulated Effective Solar Radiation (ESR) values

between the space solar gain, Q. and the .. Fop aiues in the Building Energy Code (BEC) in the
glazing property, SC. The analysis reveals that the South, West, East and North directions for ground reflectance
ESR values decrease as the inclination angles increase of (a) 0.05 (b) 0.20 and (c) 0.32.
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600

0 degree : Q,q/sqm. = 496.885C; e}

500
45 degree : Qu,q/sqm, yr = 467.435C;

400 90 degree : Qquysqm. v = 249.525C;

300

200

100 -=-% X

Solar Heat Gain (Qyaq/sq.myr, w/sq.m.yr)

s¢;

OO0degree X 45 degree

X 90 degree

Figure 4. The linear regression lines of solar heat gain and
SCf values for inclined walls of 0, 45 and 90 degrees (ground

reflectance = 0.20).

for any directions and types of ground reflectance.
The increase of inclination angle by 15-60° from the
vertical reduces the ESR values for the glass wall in the
South, West, North and East directions by 29.3-37.8%,
27.8-34.7%, 23.9-26.5% and 27.8-35.1%, respectively.
When the inclination angle and ground reflectance

increase, the reduction rate of ESR values decrease.

4.2 The OTTYV of building with an inclined glass wall

Typically, the area of an inclined wall is larger
than the vertical wall. Taking into account these
variations, the areas of glass wall with inclination
angles of 90-150 degrees shown in Table 4 are used
to calculate the OTTV.

The results of OTTV of buildings with an inclined
glass wall are computed by substituting the values
of Uf and UW from Table 1, ESR from Table 3, and
glass wall areas from Table 4, into Eq. (1). Figure 5
displays the results of the calculated OTTV against
ESR values for the glass wall facing to the South,
West, East and North, respectively. The glazing mate-
rial is tinted glass with SHGC = 0.54. The ground
reflectance highly effects the OTTV because the
ground reflectance = 0.05 (water surface) meets the
OTTV requirement of 50 W/sq.m, but the ground
reflectance of 0.20 (grass) and 0.32 (white concrete)
contribute to the OTTV ranges of 60-70 W/sg.m and
65-70 W/sq.m, respectively. The OTTV of a building

with a vertical glass wall exceeds 50 W/sq.m in any

Table 3. The results of Effective Solar Radiation for Wall Inclination of 0° (horizontal) to 150°

Ground Inclination angles
Reflectance Direction
0 15 30 45 60 75 90 105 120 135 150
S 4969 5154 501.6 4570 3861 2999 2138 1385 86.1 58.5 413
w 4969 4858 4513 4002 3391 2737 2096 1514 103.1 673 43.9
000 E 4969  488.0 4552 4050 3441 2785 2136 1544 1049 68.1 441
N 496.9 4539 3848 304.0 2317 1714 1263  96.1 73.5 56.2 40.6
S 4969 516.6 5064 4674 4039 3264 2495 1835 1397 1194 108.0
020 W 4969 487.0 4560 4106 3569 3002 2453 1963 1567 1282 1106
E 496.9 4893  460.0 4155 3620 305.0 2493 1993 1585 129.0 110.8
N 4969 4551 3895 3144 2495 1979 1620 1411 1271 1162 1072
0.32 S 4969 5176 5102 4758 4182 3476 2781 2194 1826 1682 1613
W 4969  487.9 4599 4190 3712 3214 2739 2323 1996 1770 163.9
E 4969 4902 4638 4238 3762 3262 2779 2353 2014 1778 164.1
N 4969 45641 3934 3228 2638 2191 1906 1771 1699 1650 1605
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Table 4. The area of glass wall with inclination angles of 90-150 degrees.

Inclination angle (°) 90 105 120 135 150
Area (m?) 98.8 102.2 114.0 139.7 197.5
% increase 3 15 41 100

direction and it needs at least 105 to 122-degree
glass wall inclination surrounded by water in order
to comply with the OTTV requirement. In addition,
the excessively high inclination angles such as 135
and 150 degrees lead to the increase of OTTV because
the large glass area allows high solar heat and ground
reflection.

Figure 5 together with the ESR in Table 3 can
be used to calculate OTTV for office buildings with
an inclined glass wall. For example, a building

designer decides to build a 120-degree inclined glass

South glass wall (inclination = 90-150°)

80

£ 90°
g 60 & 90
§ 150° e
Lo
= - .
S &
E so
o .
150° @
o
40
<@+ GR=0.05 ==k = GR=0.20 —— GR=0.32
30
0 50 100 150 200 250 300

Effective Solar Radiation (ESR, W/sq.m)

(a)

East glass wall (inclination = 90-150°)

80

o £
o 150 ;AAOQ
E
g 60 150°
B A--*—:...'
= s
5 so —®
150°_ .- @
®
40
+-@- GR=0.05 =--k- GR=0.20 —#— GR=0.32
30
0 50 100 150 200 250 300

Effective Solar Radiation (ESR, W/sg.m)

(c)

wall for an office building that also complies with the
OTTV requirement. As indicated by Table 3, if the
designer chooses the 120-degree inclined glass wall
in the West direction and the grass landscape in front
of the glass wall, the ESR value will be 156.7 W/sg.m
After that, the designer discovers the OTTV around
57 W/sg.m from Fig. 5b (the filled triangle markers).
The results suggest that this building’s OTTV would
exceed the expected OTTV. To reduce the OTTV,
adding insulation in the opaque wall or using energy

efficient glazing is suggested.

West glass wall (inclination = 90-150°)

Er 150° —‘-"f%o"
g 60 o
> - e
B bxg
> e
E .
o 50 ° 3
150°_ .
[
40
---@®-- GR=0.05 --k--GR=0.20 —#— GR=0.32
30
0 50 100 150 200 250 300

Effective Solar Radiation (ESR, W/sq.m)

(b)

North glass wall (inclination = 90-150°)

80

150°
70
£ _z
T 60 150° 90°
2 A
B "@“ 90°
Z -7 900
5 %0 &
150° t“.
o
40
+-@-- GR=0.05 ==k--GR=0.20 —#— GR=0.32
30
0 50 100 150 200 250 300

Effective Solar Radiation (ESR, W/sq.m)

(d

Figure 5. Calculated OTTV vs. ESR values for the glass wall (SHGC = 0.54) facing to the South, West, East and North
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4.3 Prediction of cooling energy in buildings with
an inclined glass wall

The results of building energy consumption
against the calculated OTTV of the vertical (90 degree)
and inclined glass walls (105-150 degree) for ground
reflectance of 0.05 and 0.20 are shown in Figures 6a
and 6b, respectively. The markers represent the total
energy consumption of buildings with two glazing
materials: the clear floated glass and the green
tinted glass, in four directions. The energy consump-
tion of buildings with vertical and inclined walls was
obtained from the simulation results of the eQuest

3.64 program.

149
147
145

143

Total energy consumption (kWh/sq.m/year)

141 F
¥ .
& i}
139
40 50 60 70 80 90
OTTV (W/sq.m.)
090 degree 1105 degree 120 degree
135 degree + 150 degree
a)
149
& +
]
>
=~
£ 147
o
<
<
Z
= 145
f=
.0
S
Q.
£
2 143
c
o
Q
>
20
g 141
[
s
]
=
139
40 50 60 70 80 90
OTTV (W/sq.m)
090 degree [1105 degree X 120 degree
135 degree + 150 degree

b)

Figure 6. The OTTV vs. total energy consumption of vertical
and inclined glass walls for ground reflectance of (a) 0.05 and
(b) 0.20.

Representing average heat transfer through
the building envelope, OTTV directly links to the cooling
load of the building. One question that occurs during
the improvement of the building envelope is how
building energy performance improves for the reduc-
tion of OTTV by 1 W/sq.m. The answer is derived
from simple calculation of line slopes shown in Fig.
6. For example, the shifting of the 90-degree line to
the left, i.e., to a 120-degree line, can reduce the
OTTV from 55-75 W/sq.m by 20-25 W/sg.m. Accord-
ingly, the energy consumption range of 139.5-143.5
kWh/sq.m/year decreases by 2.5 kWh/sq.m/year. This
reduction of total energy consumption is approxi-
mately equal to 0.125 kWh/sqg.m/year for 1 W/sqg.m
of OTTV reduction, which is quite minimal. The small
reduction in energy consumption was caused by the
increase of window areas as the inclination angle
increases. The limited reduction of energy consumption
is also clearly seen in the case of high ground
reflectance, shown in Figure 6b. The range of OTTV
and the range of energy consumption are similar

regardless of the inclination angle.

5. Conclusions

The method to calculate the Effective Solar
Radiation (ESR), a variable in Overall Thermal Transfer
Value (OTTV) in the Building Energy Code (BEC), for
buildings with an inclined glass wall of 105-150
degrees from the plane considering the effect of
ground reflectance has been shown in this paper.
The method was verified with the ESR values of the
wall with a 0-90 degree inclination previously pre-
scribed by the Building Energy Code (BEC), finding
a discrepancy of 2-18%. The error was presumed to
be caused by the different range in the Solar Heat
Gain Coefficient (SHGC) values. In applying the
derived ESR for the inclined glass walls, the OTTV
of a generic building was obtained. It was found that
the inclined glass wall was unable to trade off the
increase of the glass wall area in order to achieve
the prescribed OTTV. In order to meet the OTTV
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requirements, adding insulation, using energy efficient 6. Acknowledgements

windows or keeping the low reflectance from water

surfaces is recommended. The ground reflectance This research was partially supported by a
also plays an important role in the total energy con- research fund from the Faculty of Architecture and
sumption of the building. For ground surfaces with Planning, Thammasat University.

high ground reflectance, such as grass and white
concrete, it was not possible to reduce the building’s
energy consumption by increasing the glass wall area

and its inclination.
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