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ABSTRACT

Thailand has been a net energy importing country ever since it began its first
Economic and Social Development Plan to embark on a new phase of coordinated
economic development in 1964. From 1985 to the present, per capita consumption of oil
and natural gas has increased sixfold, while per capita consumption of electricity has
increased fivefold. A report of the International Energy Agency (IEA) indicates that the
consumption of electricity in commercial and residential buildings constitute 40% of total
electricity consumption and the building sector consumes 30% of total energy
consumption. Development and implementation of mandatory and voluntary energy
performance standards for buildings are necessary and beneficial to society. This study
presents the development of Overall Thermal Performance Value (OTTV), or the measure
of thermal performance, of building walls enclosing spaces used under bedroom function.
This development represents a part of an attempt to develop a building energy performance
standard for residential buildings in Thailand. Bedroom function is the major residential
function in the use of a residential household. The results of this study indicates that
building envelope and interior walls should be constructed by using low thermal mass
materials including low solar absorptance of wall surfaces to reduce heat storage from
solar radiation during daytime which is major factors of cooling coil load (CCL) of night
time function. The exposed wall should be installed with interior insulations and if the wall
comprises the window area, the glazing type and shading device should be considered to
screen the transmitted solar radiation through window which is much influenced on the
performance of building envelopes. The developed OTTV is verified and the results show
that the developed OTTV can be used to indicate the performance of building envelopes

enclosing residential spaces accurately.
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CHAPTER 1
INTRODUCTION

1.1 Rationale/Problem Statement

Thai vernacular houses were constructed from lowshmaaterials. Typically thatch
was used for roofs. Walls were constructed frontcthar wood planks or even broad tree
leaves. Roof eaves of such houses extend to prewidéing of solar radiation. Windows
and doors were open to allow good natural air florwentilation. Daylight from the sky
provides sufficient lighting in the house duringylight hours. Floors were raised up by a
full floor height, one consequence of which was tesultant upward flow of cool
ventilation air from below. Such vernacular houeeated among canals and water ponds
were comfortable to live in. No heating or coolings used. Embedded energy in the
materials used for housing was low. Energy consiompb keep the interior environment
comfortable was negligible. Artificial lighting wameeded during night time only.

At present, electrification has reached over 99%avitbages. Bottled liquefied
petroleum gas (LPG) has become the most commonirgpdlel. Electrical lighting,
entertainment, and food preparation each accowntsalbout 15% of total electricity
consumption of 2,680 kWh per annum of an averagesdimold. Amenities that include
air-conditioning, use of electric fans, hot showaad refrigeration account for the rest of
over 50% of electricity consumption. Overall enengge per household is expected to
increase by 2.5 times in 2030, while the numbehaiseholds will increase by 25% and
urbanization will increase from 43% to 64%.

Housing design has diversified greatly, in shap&e, configuration, and
composition of materials. Materials for housing amv industrially produced. Low-to-
medium income housing can be broadly classified into category, individual detached
house and condominium. In rural areas, low-incaamers mostly dwell in detached
houses. Most low-income earners also dwell in udzardominium. Most medium-income
earners live in urban area and dwell in both tygfdsousing. Medium-income earners will
use air-conditioning in one or more rooms (sucthasmain bedroom and the living room).
Low-income earners will use electric fan to achieeenfort. Present housing designs do
not pay sufficient attention to ensure that dayligtovides sufficient illumination during

daytime.



Presently, there is insufficient effort and ingzifint body of studies into the issues
of low-energy housing for low-income and mediumome earners. Even fewer studies
have touched on the issue of thermal comfort far-ilacome housing. Modern housing
design does not adequately attempt to utilize dhylfully nor to provide sufficient but
energy-efficient electric lighting during night tanEven though a Building Energy Code
for mandatory implementation on commercial buildexgsts in Thailand, there is no such
code for residential or other types of buildingsslalso perceived that a mandatory code
for residential dwellings will not be accepted Ine fpublic at this point in time, but some
schemes of voluntary energy labeling may be acbépta

This research first study on criteria and energsfgqgmance indicators of building
envelope enclosing residential spaces, an expetaineand simulation study on
comparative thermal performance of walls enclospgces that are used to serve three
residential functions of bedroom, living room, atddio room are investigated. The study
considers different levels of insulation and itagament at the interior and exterior
surfaces on walls with and without windows, and éarch functional use of a space.
Moreover, building envelope performance indicatofsopaque walls and glazing are
formulated based on the results of the study. Nexpnducts a survey study on housing
designs, thermal comfort, efficiency of energy €melighting and thermal comfort, and
the level of use of daylight in existing sampleas#ied houses and condominium for low-
to-medium income earners in selected urban areéasdaBstudies will be made on sample
detached houses in selected rural areas. The gasilltform baseline information for
formulating key performance parameters on energjopeance of building envelope,
lighting, cooling, and overall energy use of mgiaces. The overall results will be used to
verify the results of the developed envelope pentorce indicators in the final part of this
report.

Chapter 1 of this report first presents rationadl atatement of problem of this
study. Literature reviews and the past researchltsesare described in this section
including the objective and scope of work of thisdy.

Chapter 2 describes theories related to this stuugin attributes influencing
energy consumption, and conceptual view on eneamsumption in a building space
including a hypothesis on the OTTV formulation eidential buildings are presented in

this section.



Chapter 3 explains methodology used in this rebeastudy. Concept of
development of OTTV formulation of residential fiiloo of use including method of
experimental and simulation study on envelope perémce are proposed. Methods of
household surveys for housing features and enesgybaseline are also presented in this
section.

Chapter 4 demonstrates the results of this relsesdtly. Firstly, the results of the
OTTYV function development is presented, the expenital and simulation study results on
comparative thermal performance of walls encloshmegidential spaces and energy
performance indicator of opaque wall and glazinsteay are reported. Next, the baselines
of energy use and housing features obtained fra@msthivey are demonstrated. Finally,
results of the baseline from the survey are useegttiby the developed OTTV formulation
at the final part of this section.

Chapter 5 presents conclusion of this study. Tieré work of this study are also
presented in the final section.

1.2 Literature Review

1.2.1 Energy performance of wall

In a review of vernacular architecture, Zhai andviRali [64], assert that for the
tropical region, houses were constructed from natethat offer good insulation and of
low thermal mass, as evidenced by those of veraacumbuses in two locations in
Indonesia. Lindberg et al. [43], describes meabummperatures in walls of 6 test
buildings in Tampere University of Technology. wias observed that for massive walls,
heat could be transferred into the room during sper@ds when exterior temperature was
falling. Thomsen et al. [58], refers to 12 houses project of the International Energy
Agency (IEA) Task 13 that were designed to mairgyndnstrate the effect of insulation
and wall mass. The houses were considered low gihergses. Kalogirou et al. [30], used
TRYSYS, a well-known simulation program, to simeldteating and cooling energy
consumption for a room module that comprised a iwadaternal wall behind a glazed
window with overhang. The results show that heagnergy as well as cooling energy
decrease with increasing wall thickness, althougthe latter case less sharply. Zhu et al.
[65], report on the study of two identical housed.as Vegas. The walls of the baseline

house were insulated to give an R-value of 2.1%.Kiv?') with standard wall



composition, while those of the so-called Zero ByeHouse (ZEH) comprised thick
reinforced concrete with insulation that renderen R-value of 2.06 (FK.W3).
Measurements of wall surfaces temperatures durgagirg, cooling, and transitional (no
heating nor cooling) seasons show that wall tentpera of the massive wall fluctuate
much less when ambient air temperature fluctuaitesaly in all seasons. Furthermore,
the massive wall was able to store heat sufficyethiiring winter daytime that no heat flux
flowed into interior wall surfaces even during rtighme. Computer energy simulation
using Energy 10 shows much lower heating energyshghtly higher cooling energy
consumption from the ZEH. Chiraratananon and Hid}, [experimented with two rooms
of 16 nt each 80 km north of Bangkok and used a compubeulation program called
BESim to simulate cooling load in the experimemtam when the wall thickness varied.
The authors conclude that thick walls may bendfictzelp delay heat gain for spaces that
are used during daytime, the same effect increaseling load for residential spaces that
are used during night time. Béjand Yik [4], note that cooling is a dominant eneend-
use of buildings in Hong Kong. The authors obsé¢hat in Hong Kong, like the practice
in several countries in hot climate region, ingolatis not used on walls. The authors
utilized a computer program for building energy siation called HTB2 to simulate
electrical energy and peak electrical demand ofsimguunits in a new high-rise public
housing block called ‘Harmony. The authors used/estigated 11 alternative
constructions. The alternatives include combinatiohthe use of massive (base case) and
light walls, and insulation placed on interior, extr, and on both wall surfaces. The
authors conclude that the simpler case of extamswlation on massive exterior wall with
massive interior wall without insulation offers sificant reduction of both annual cooling
energy and peak demand. Kossecka and Kosny [3dinieed theoretical performance of
six configurations of insulation placement in heawslls. Program DOE 2.1E was used
for simulating energy consumption of a ranch hans&x climatic regions of USA, where
heating or cooling was assumed employed for 24shofievery day of a whole year They
concluded that the wall with exterior insulationrfpems best, with lowest heating and
lowest cooling energy, while the one with interiogulation performs worst. Even though
Balocco et al. [3], investigate transient perforcerof walls with different insulation
placement, the authors conclude that the wall exterior insulation performs best under
both cooling and heating climates. Chirarattanaabrmal. [15], use BESim program to

simulate use of insulation on exterior and integarfaces of exposed walls of a generic



building model and report that for spaces thatused during daytime, insulation reduces
cooling load and is cost-effective when there iswindow on the exposed wall. When
there is window, solar radiation gain through wiwdacreases cooling load in the interior
space predominantly that no conclusion can be drawnthe cost effectiveness of
insulation. Tummu et al. [59], conducted physicgbeximent on the use of insulation on
exterior and interior wall surfaces on an experitaeroom in the Bangkhuntian campus of
King Mongkut’s University of Technology and repahat the results of heat fluxes and
temperature agreed well with the results predittgdhe BESim program. The authors
then use BESim to investigate the use of insulabiorexposed walls of residential spaces
that are used during evening and night time. Thinams conclude that insulation on
interior surface improves thermal performance ogbcsed walls and enhances thermal
comfort in the space, but insulation placed at élReerior surface causes the opposite
effects.

1.2.2 Energy performance of window

A study of the effect of window area on energy sgwvas undertaken by Krarti et
al. [35], using climate conditions in the US. Thegation tool of this study was DOE-
2.1E and 4 selected types of glazing were useeséd lvere clear, blue, gray and reflective
tint double glazing with different visible transmaimces ranging from 0.073 (reflective tint)
to 0.781 (clear). It was found that window visittansmittance and window area had
significant impact on energy saving from daylightias increasing glazing transmittance
or window area contributed to greater daylightnilnance.

1.2.3 Glazed Window and Thermal Comfort

For a period, attaching a layer of spectrally daledransparent film to glazing in
the belief that the film would reduce transmissobmeat from solar radiation into building
interior was popularly practiced in Thailand. Claginunt et al. [9], reported that the film
reduced transmission of solar radiation and impidotreermal comfort for the occupants
situated near a window. When the film increasekecgbn of infrared radiation from the
glazing, the surface temperature of the glazindn witached film also reduces and helps
increase thermal comfort for the nearby occupants.

1.2.4 Window with Shading Devices

Discomfort conditions, such as those caused by gad excessive heat, generally
occur when direct sunlight is allowed to enter acgp It is necessary to limit the entry of

direct sunlight. Therefore, shading devices are rmonly used. Shading devices offer



excellent opportunities for energy savings whilewaing occupants a visual connection to
the outdoor. Shading devices can be designed talbtgo the architecture of a building
and offer a more comfortable and pleasant visualiremment. Also, well-designed
shading devices can dramatically reduce buildirakgeeat gain and cooling requirements.
Reduction in annual cooling energy consumption%fté 15% associated with reduction
of solar heat input by 80% to 90% have been redatepending on the area and location
of fenestration, Wulfinghoff [62]The design of a sun shading device may differ aawh e
may evolve to suit local needs and local conditidnsHong Kong, for instance, the
frequently found external shading devices includerbbangs and balconies, while side-fins
are less common. Projecting windows or so callgdviiadows has become very popular
as it is a way to increase usable space withoettifig the land plot ratio, Li et al. [42].
An external shading device may interfere with trewfrom a window, while some device
helps reduce solar glare and heat. External shaslingeful in almost all situations where
direct sunlight through glazing increases coolingergy requirement substantially.
However, an external shading device may have amefect on the appearance of a
building. In a tall building, it must be mountedgeely to the building structure to counter
wind loads.

1.2.5 Heat Transfer through Roof

Since 1982, Fairey [22], reported that thermalaadn from roofs that absorbed
solar radiation was the dominant mode of heat tearia the attic and was responsible
mainly for heat gain across ceiling to the spadevbe Experiments involving the use of
radiant barrier (RB), a thin sheet of thermallyieefive surface(s) (single or double sided)
at Florida Solar Energy Center found that the tewmtpees on the surface and in the middle
of fiberglass insulation mounted on the ceiling \agher than the temperature of air in the
attic space, Levins and Herron [41], indicating tie insulation transferred heat to air and
not vice versa. In USA, it was believed earliert thia under roof deck transferred heat to
ceiling and that movement of air through the attiould help remove heat from it.
Subsequent studies found that use of RB helps eedooling energy in summer and
heating energy in winter, Levins and Hall [40].wias also reported that accumulated dust
on RB reduced its effectiveness, but it still perfed its function. Moser et al. [46],
developed a model for calculation of heat transferthe attic zone that included a
computational fluid dynamic model, a thermal radiatexchange model, and conduction

heat gain through wall model. The authors appiiedr model to an atrium model and



obtained results for a particular time. Moujaesl @rickman [47], used backward

difference for approximating the partial derivatiokethe heat conduction equation to find
solution of energy balance equations they develdpethe attic, the zone below the attic,
and the whole house. Comparison of numerical texatained from their model with

experimental results show good correspondence. alitteors then applied their model to
show the results of application of radiant bartkeder a number of situations. More
recently, Soundhan et al. [52], conducted experimesing four test cells to determine
comparative effectiveness of radiant barrier agdyyscal insulation materials used under
roofs of different colors and for ventilated andventilated attic space under roof deck.
The authors also developed a model of the mechanwsinheat flow. The authors

concluded that thermal radiation heat transfer wasiinant during daytime, that the
performance of the RB was comparable to that dadrfiglass or polystyrene insulation
when there was no ventilation and was comparatiseperior when there was ventilation.
Tang et al. [54], found that vaulted or domed rotbfat were traditionally used in the
Middle East where the climate was hot and dry vedyle to thermally radiate well in the

night to help reduce temperature in the interiorboildings. Such roofs performed
consistently better than flat roofs.

1.2.6 Requirements on energy performance

Implementing building energy efficiency standardsl @odes are effective means
to foster energy efficient buildings that lower emeconsumption in this sector, Iwaro and
Mwasha [27]; [37]. As further noted by Iwaro andvissha [27], in almost all countries in
Asia and Africa, energy codes and standards fddimgis, if exist, apply to non-residential
buildings only as not all residential buildings ussating or cooling to control the interior
environment.

For countries in hot climate, heat gain though egpabuilding walls is expected to
contribute a significant share of the cooling laddn air-conditioned residential space. It
is therefore expected that any energy conservasiamdards and programs for the
residential sector must address energy performaiherposed walls. Chua and Chou [19],
note that air-conditioning was increasingly useddsidential buildings in Singapore. In
order ‘to ensure that building envelope designs sangable to be operated under air-
conditioned environment, the ETTY and the code requirement on its value for residénti
buildings was introduced in 2008'. The authors alsmonstrate through building energy

simulations that cooling loads of two building mizdgary linearly with ETTVes The



Energy Technology policy Division of the Internatad Energy Agency, IEA Secretariat
[26], publishes a document called a ‘Technology Rbkp for Energy Efficient Building
Envelope’ to assist countries in planning, impletmgy and monitoring  building
envelopes. The document explores existing and engetgchnologies for energy efficient
(EE) building envelopes and suggests policy dioedtito transform to EE buildings.

1.2.7 Building energy performance rating

A more energy efficient building uses less enamgources input per productive
output, minimizes detrimental environmental impaatel maximizes financial returns.
Most countries in Europe and many states in USAliregthat buildings be assessed by
qualified professionals regularly using standardhmés and the results must be disclosed,
Leipziger [39]. Assessment methods vary with lingaednd make it difficult to compare
results. There is, however, consistency in howetiing energy quantification methods and
energy types, but little consensus on how to delim& area or what energy loads to be
included. The first country in the world to implemtemandatory energy rating and
disclosure is Denmark in early 1990s, but now ty&tesn has spread to all of Europe,
USA, China, Brazil, Australia, South Africa, andhets. Studies have found that the
higher rated houses command higher rental fee myehvaluation for sale, Hyland et al.
[25]

1.3 Research objectives

The main objective is to develop a building envedgptem performance indicator
for new residential buildings that comprises

* A study on thermal performance of insulated walisl@sing residential spaces in
Thailand,

* a study on energy use and carbon emission of loenre houses in northern
Thailand, and

* development of formulation of an OTTV for walls oésidential buildings in
Thailand.

1.4 Scope of work

Scope of this work is set out as follows.



Only building envelope performance indicators arestigated in this study,

the indicators are developed for air-conditioneaicgs of night time function of use,
computer simulation namely BESim and TRNSYS areduse building energy
simulation, and

low and medium income house are mainly considemedbd used for result

verifications.



CHAPTER 2
THEORIES

This Chapter describes theories related to thidystmain attributes influencing
energy consumption, and conceptual view on eneoggumption in a building space are
presented. Hypothesis on the OTTV formulation @lidential buildings are proposed in
the final part of this Chapter.

2.1 Main attributes influencing energy consumptiorof air-conditioned space

To design a potentially energy efficient builditige designer must be aware of the

attributes of the building and the environment ihfltence eventual energy consumption
of that building.
There are many attributes of a building that infices its energy consumption that include
the building itself, technology used with the binlgl systems (envelope system, air-
conditioning system, lighting system, and otherdgor environment of the building, and
management of the building. This chapter will ex@nthe phenomena in a broad
perspective.

The purpose of air-conditioning in buildings in ragical zone such as those in
Thailand is to provide thermal comfort for the geants that will allow occupants to
concentrate and continually perform. However, thechanism of air-conditioning
includes cooling and dehumidifying air while airpplied into a zone receives heat and
moisture from equipment, human occupants, and atiheror loads that lead to high level
of energy consumption. To define appropriate théromndition that lead to thermal
comfort but that does not lead to excessive eneogygumption is important and will be
described later.

Figure 2.1 illustrates the situation in an air-atioded zone. The zone occupant
requires the of use equipment in the zone for whlektrical energy is required. Electrical
energy supplied to equipment contributes to hedt tanincreasing temperature of the
environment around the equipment. The heat issteared to air in the zone and
eventually contributes to cooling load in the zorf&me equipment used such as electric
water heater produces heat and humidity that dortes sensible and latent heat to the

cooling coil. Even though electric lamps have geoergy efficiency, even fluorescent
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lamps are able to convert only 25% of electriciipgy into light. Most electrical energy
is converted into heat and contributes to cooloagllof the air-conditioning system. Even
light that is a part of electromagnetic radiatiorthe visible band and is a form of radiative
energy that is absorbed by surfaces in the roomewéntually contribute heat to the air-
conditioning system. Electrical equipment and tilglp system consumes electricity
directly and contributes load to the air-conditrapsystem that indirectly causes additional
consumption of electricity. Human occupants cdmiie both sensible and latent loads to
the air-conditioning system by thermally radiateshe surrounding, by convecting heat

body heat to air, and by contributing moistureitdram the respiration and perspiration.

Air duct

Solar (] 5

Radiation Supply ai@ <= Fresh air intake

Y, il
Q 2 Return ai 3 3 Electric power

Cooling
Convection ’ 1 tower
J 3 "> Evaporatg

pump |Compressc

Concense T
Water pump
chiller

Figure 2.1 The situation in an air-conditioned space

When examining the exterior environment, it is fduhat solar radiation is an
intensive energy source and the exterior air iswearand more humid than those of the
interior air. Solar radiation transmits througlazhg directly into the interior at the level
of 250 Wm? which contributes substantially to heat gain itite air-conditioned space.
Shading devices could be used to shade beam mdiatit in most cases diffuse radiation
from sky can still penetrate into the interior spa&part from direct transmission of solar
radiation, absorbed solar radiation on the glaraiges the glazing temperature and causes
additional heat gain into the interior space thtobgth convection and thermal radiation
mechanisms. Transmitted solar radiation is absbdyesurfaces of walls, floors and of
objects in the space and increases temperaturdse afurfaces. Thermal radiation from
surfaces in the space comprises radiation in thg-Weave range that cannot transmit
through glazing. Thus an air-conditioned space ithanclosed to prevent air leakage and
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that comprises glazed window becomes a green hehsee solar radiation can enter but
the accompanying energy from solar radiation igptedl.

A part of solar radiation falls on opaque wall sigds and a part is reflected, with
the remaining absorbed by the exterior surfacee dlbsorbed energy causes a rise in the
temperature of the exterior surface to drive hewdb ithe interior surface of wall.
Eventually, the absorbed energy from solar radmaisoconvected and thermally radiated
into the building interior. This contributes teetthermal environment of the space that in
turns contributes to cooling load of the coolingl @ the air-conditioning system. The
cumulative effect on the cooling coil over a periofltime (such as a year) can be
identified as follows

Cumulative load of cooling coil = cumulative loadrh external sources

+ cumulative load from internal sources

On the other hand, the same relationships carritienvfor the average load as

Average load of cooling coil = average loamhirexternal sources

+ average load from internal sources.

The cooling coil load eventually reflects on elaity consumption by the air-
conditioning system. Figure 2.2 illustrates th&atrenships that external environment
drive energy and heat through opaque and trandpaah components that contributes
load to the air-conditioning system. Human occipaand other internal sources

contribute heat that contributes as internal laatihé air-conditioning system.
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Figure 2.2 Relationship between the driving forces and ewadrglectricity consumption

2.2 Building shape orientation and solar radiation

The points to be made in the followings apply mattrly to air-conditioned
buildings or air-conditioned spaces, but most o ttontent is also applicable to
unconditioned spaces.

2.2.1 Building Shape

a) Building Shape Orientation and Solar Radiation

In tropical region, tall buildings receive less aokadiation. Table 2.1 shows
rectangular blocks used to represent differentdmgl shapes that illustrate the relative
values of received solar radiation per unit surf@@a and per unit volume.

If the cubic shape is taken as the reference, fibusd that tall building receives
least radiation where the surfaces receives 18%rbediation per unit area. For the long
building that is oriented along the East-West diog; the surfaces receives 9% less

radiation per unit area, while the long buildingeated along North-South receives 13%

more radiation per unit area.
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Table 2.1Annual average solar radiation on rectangulardomgjs

Total radiation on all surface
o Building | Varied per unit| per unit
Building shape _ ) o
type dimension | surface areabuilding
(W/m?) volume (W/n)
A Cubicle - 242 1211
IH Height,H
Tall, 199 836
5m
m Square 193 789
10m
I'm
/ o Long, Length, L
><' along 5m 273 927
N-S 10m 279 981
N
1m —X
@E Long, Length, L
)m along 5m 265 900
E-W 10m 269 861

b) Effect of Wall to Floor Ratio

A large building with large floor area per storeydawith square shape of large
dimensions has relatively low level of external thgain that results in lower energy
consumption per floor area. Buildings with suchshhave relatively lower heat gain per
floor area resulting in lower level of cooling loadHowever, daylight through windows
cannot penetrate beyond the peripheral spacehatmterior and the deep space would not
be amenable to space heat removal by natural agatil
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Table 2.2 illustrates the varying ratios of walearto floor area for buildings of
different shapes.

Table 2.2Ratio of wall area to floor area for Buildingsdifferent shapes

Building Shape Attribute Ratio of Wall Area to Floor Area

3m $ / Long and wide | 0.24
% 50m
50mr
Long and
3m$ Y 0.72
10m narrow
50mr ﬂ
Narrow and
3m $ 4 2.4
<% short
5m

2.2.2 Solar Radiation

The amount of solar radiation reaching a horizorgatface in Thailand is
considered high because Thailand is situated rearEguator. The amount of solar
radiation reaching angles. vertical surfaces ifedint directions differ but not to any
significant extent. Surface in the Southern dicgcteceives more radiation than those in
other direction since the location of Thailand e the Equator. For surfaces that have
different inclination angles with respect to theribhontal plane, the amount of solar
radiation decreases with increasing inclinationleangFigure 2.3 illustrates patterns of

values of solar radiation for planes in differerientation and different inclination
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Effective Solar Radiation
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Figure 2.3 Solar radiation on inclined planes

Each curve represents the amount of solar radidiing on to a plane of given
inclination angle and given direction. The linetla¢ bottom corresponds those for solar
radiation on vertical planes of different direcgohe top most line corresponds to solar
radiation on horizontal plane.

2.2.3 Opaque Wall

Opaque walls are commonly constructed from cemdartgred brick, cement
plastered cement block, plastered light weight cgmeasted concrete slabs, and others
that offer sufficient strength and may or may neirsulated.

a) Influence of Color and Thermal mass on ExterioWall

The paint on an exterior wall affects the absorptad solar radiation and heat
transfer into the interior. Pale color surfaceaabs less solar radiation than darker one.
Solar absorptance of surfaces varies of 0.3 to Ul& coefficient of solar absorption of a
wall painted with white color may increase whentdcumulates.

The mass of a wall and its specific have multigdyeifect in delaying transmission
of heat through the wall. The capacity to delagtheansmission is proportional to the
product of wall thickness, density of wall materahd specific heat of wall material. This
product is called thermal mass. During the nightwall will dissipate heat into the
atmosphere, thus reducing temperature of the wihlthe wall has appropriate thermal
mass, it would be able to delay transmission of h#a the interior during day time. In a

space that is air-conditioned and is used onlyndumorning period, a wall with high
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thermal mass is able to delay transmission of Im#at the interior and thus reducing
cooling load due to external factor in this period

The value of equivalent temperature differencetfoilding, TDey, that is used to
calculate the overall thermal transfer for wall a@ésed in Chirarattananon and Taveekun
[17] can be used to compare the difference in ¢lrellof heat transmission through walls
that have different solar absorptance of surfacesdifferent thermal masses. Figure 2.4
and Figure 2.5 show graphs of the valuel'Bgq as functions of solar absorptance and of

thermal mass respectively for walls of office.

Inclination 90, South

30

25 / ——15
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S 50
2 %] = 100
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0 0.2 0.4 0.6 0.8 1
Absorptance

Figure 2.4 Graphs of the equivalent temperature difference fasiction of solar

absorptance, office

Each line of graph in Figure 2.4 corresponds to duggivalent temperature
differencefor a wall of office with the indicated thermal nsarom 15 to 400 kJrfK™).
The uppermost line is for the wall with the lowdlsermal mass. The graphs are for
vertical walls that orient southward. The linesgofiphs appear to be straighithe value
of the equivalent temperature differenvagies along the line from over 25 for wall solar
absorptance of 0.9 to about 8 for wall solar absaneze of 0.1 for the uppermost line.
Such large variation underpins the significanceaér absorptance.

Each line of graphs in Figure 2.5 shows value a éguivalent temperature
differencefor a wall of office with indicated solar absoptanand thermal mass. The
graphs are for vertical walls that orient southwaithe uppermost line corresponds to the

case of solar absorptance of 0.9. The graphs sheakev variation of the equivalent



18

temperature difference as a function of wall mag®sr the case of office buildingthe
higher the thermal mass the lower the value oetingivalent temperature difference

Inclination 90, South
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Figure 2.5Graphs of the equivalent temperature difference fasiction of thermal mass,

office

Table 2.3 shows selected values of the equivakmpérature difference for walls of
office, department store, and hotel for verticallsvéhat orient southward. The values of
the equivalent temperature difference in each aesshown against the wall thermal mass
and solar absorptance. Examining those valuea foted value of solar absoptance, for
example at 0.9, the values decrease as the wath#henass increases for the case of
office. This means, for office, increasing thernmabss decreases heat gain. But for
department store, heat gain becomes maximum atl aahie of thermal mass. For hotel,
higher thermal mass leads to larger heat gain.

b) Heat Transfer Coefficient (U-value)

The value of heat transfer coefficient or U-vallsoairectly determines the size of
heat transfer across an opaque wall in the same agayhe equivalent temperature
difference. The U-value of a wall is basically aadtion of the thermal properties of wall
material. If a wall comprises more than one layleermal resistance of each layer adds to
increase the thermal resistance of the composilie Wéalls of cement plastered brick, of
cement block, and of concrete slab all have sintikaalues in the range of 3-5 WAK™.

For light weight concrete, the values are in thegeal-4 WiitK ! depending on the type

and thickness of the concrete block.
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Table 2.3Equivalent Temperature difference for a verticall fiaxing south.

Thermal mass, Solar absorptance

(kJ.m2.K) 0.3 0.5 0.7 0.9

Office

15 13.0 18.0 22.9 27.8

30 12.7 17.5 22.3 27.1

50 12.2 16.9 21.6 26.3

100 111 15.6 20.1 24.6

200 9.7 13.7 17.8 21.9

300 8.9 12.7 16.5 20.3

400 8.6 12.2 15.9 19.5
Department store

15 9.8 13.1 16.4 19.7 N\
30 9.9 13.3 16.6 20.0

50 10.0 13.4 16.9 20.3 L
100 10.1 13.7 17.2 20.8 ]
200 9.8 13.3 16.9 20.4 "4
300 9.1 12.5 15.9 19.3

400 8.5 11.8 15.0 18.3

Hotel

0 5.6 7.7 9.7 11.8

30 5.6 7.7 9.8 11.8

50 5.7 7.7 9.8 119

100 5.7 7.8 9.9 12.0

200 5.8 8.0 10.1 12.3

300 5.9 8.1 10.3 12.5

400 5.9 8.2 104 12.6

The size of heat transfer across an opaque walleigoroduct of its heat transfer
coefficient and its equivalent temperature diffeen Therefore, for a wall in any

direction, and used for any function, heat transfenoss it can be reduced by choosing
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wall material of low thermal conductivity, or byd@itlon of insulation layer of low thermal
conductivity. For buildings in tropical zone, thse of heavy wall with high thermal mass
does not always lead to desirable results (of redubeat gain) but may even produce
adverse effects.

C) Insulation

Materials used as insulation for walls and roofudth have low thermal
conductivity that will render low heat transfer ffagent. Some insulation products
comprise a thermally reflective surface on one .sidfesuch product is placed with the
reflective side towards the side of the wall offegtemperature without being in physical
contact with the adjacent surface, the reflectiwvdage will reduce absorption of thermal
radiation and improves the overall performancehefassembly. Insulation used with wall
could reduce the overall heat transfer coefficeinthe assembly to the level of 0.3 — 1.0
Wm2K depending on the type and thickness of insulation.

Thailand is located in tropical zone where air tenapure and solar radiation are
high, the use of thermal insulation under roof amdwalls of air-conditioned space is
highly cost-effective. The configuration where utaion is used and the type of space
usage determines how cost-effective the insulason

2.2.4 Glazing

In the current practice, glazing has found heasg. .Curtained walling, where
glazing is used to cover almost the entire wall bacome a popular feature and is used in
many buildings. In general, heat transfer throgtgzing, inclusive of transmission of
solar radiation, is much larger than that throughque wall. In normal situations, heat
transfer through glazing is 5 times that for opagquadl. In tropical climate, transmission
of solar radiation through glazing into the interd buildings is generally undesirable, but
the ability to transmit daylight offers an opporityrfor daylighting.

Flat glass that is use on window is made from sarder a float glass process. A
glass with low impurities appears white. Additidnappropriate impurities gives color to a
glazing. When iron oxide is added, the glass afgpgeeenish and is able to transmit more
visible radiation than infrared radiation, thusdering such glass suitable for daylighting.
Most tinted glass attenuates all parts of solaiatamh of different frequency ranges
equally.

Special coating has been introduced to improvestrassion properties of glass.

Three broad categories of coatings are currentbilaime. Coating in the first category
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enhances absorption of solar radiation on the glBlss is not suitable for hot climate.
Coating in the second category reflects solar temiaSuch coating allows low level of
transmission of solar radiation. The transmittantesolar radiation is rather uniform
across its spectrum. The coating thus also reduwaesmission of the visible part of solar
radiation. The third type of coating enhances traasion of visible radiation and limits
emission of thermal radiation. Glazing with sudating is commonly used in insulating
glass. There are 3 derived properties for a gtpaivhich are U-value, solar heat gain
coefficient, and visible transmittance.

Overall Heat Transfer Coefficient (U-value)

This coefficient represents heat transfer acrosgtiss per unit area and per degree
of temperature difference between the environmentsach side of the glass. It accounts
for the thermal and physical properties of a gleese and of the coating on the glass, as
well as the thermal environments on both sideshefdlass pane. The value for a given
glass type and thickness is given based on stamdanition of the environment and based
on standard calculation procedure. For a singleimgga the value is given at around 5 — 6
Wm2K™. For an insulating glass with two layers of glasslosing a gas layer, the value is
around 2 — 3 WK ldepending on the thickness of the gap between glasss and the
type of gas. Even for an insulating glass, theal/eeat transfer coefficient is comparable
to that of a common opaque wall without insulation.

Solar Heat Gain Coefficient (SHGC)

This coefficient represents heat transmission acmsglass pane due to solar
radiation per unit of radiation and per unit aléa@accounts for direct transmission of solar
radiation and the inward fraction of heat from se&diation absorbed on the glazing. For
clear glass, its value of SHGC is around 0.7, amdihted and coated glass, its value is
around 0.25. This property of glazing is importémt countries in tropical zone that
receive strong solar radiation.

Ratio of Visible Transmission to Solar Heat Gain Cefficient (Tv/SHGC)

Coefficient of transmission of visible radiatioy, represents the ratio of
transmitted visible radiation from impinging soleadiation. The ratio represents the
relative amount of visible part of solar radiationthe light part in solar radiation that is
transmitted to total transmitted heat from solaiagon. In simple terms, this is the light to
heat transmission ratio. In utilization of daylightbuildings, a glazing with a value of this

ratio greater than one is able to transmit morbtltban heat from solar radiation. Some
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green glass and some blue glass types that aredctmtreduce thermal emissivity have
high values (more than one and approaching twahisfratio and is suitable to be used in
area planned for daylighting.

a) Glazed Window

Glazed windows are areas in buildings that are usedviewing the exterior
environment from a confined space. In natural Vatetl buildings, windows are open to
allow air flow. In air-conditioned buildings, gkss used to cover windows to allow
viewing of the exterior and to prevent air leakdig®ugh windows. Glazed windows have
high potential to bring heat into buildings, bug@bffers potential for daylighting.

Glazed windows should extend from floor to the heigf d desks or from 0.7 m,
but should not reach the ceiling except when & igart of daylighting design. Daylight
transmitted below the desks does not contributes&dul daylight significantly.

Venetian blinds or similar internal shading devicdwuld be used on glazed
windows to allow occupants to adjust the amountiaflight suitable to the space and to
limit the thermal effect of solar radiation in tepace. The use of venetian blinds enclosed
between two glass panes can shade off radiation fihe sun but allows some diffuse light
from the sky to pass through. This arrangementilshioe intentionally designed and if it
iIs used with automation could lead to cost-effextdaylighting while minimizing the
adverse effect of solar heat.

b) The Use of Shading Devices

External shading devices can be more effectivehiadsg beam solar radiation
from a window than internal shading such as curtaiblinds. Absorbed or reflected solar
radiation due to external shading device will mesiifas heat gain in the exterior and will
not transfer directly into building interior.

Horizontal shading device is effective for shaduidpeam radiation when the sun is
at high altitude angle, so it is suitable to bedusea the north and south facades for
locations in Thailand since the facades in thesedikections do not face the sun during
sunrise and sunset times. In taller buildings,désire to fully shade out radiation of the
sun from a window may render a shading device &ogel to be acceptable. Multiple slat
shading devices in Figure 2.6 where the width afhealat can be limited could be
considered instead of that in Figure 2 that is radlynused. The multiple slat shading
device is effective in shading beam radiation friw& sun and still allow diffuse light from

the sky to enter. The upper surface of the slatddcbe designed to reflect and increase
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additional daylight into the interior. The deviceFigure 2.7 may not be able to shade out
radiation from the sun effectively, but instead tolits view from the interior and shade
out a large part of diffuse light from the sky.

For the East and West facades, movable verticatlispadevices could be
considered.

Every shading device obstructs view to the skyn@eent, but a properly designed
device obstructs view minimally while still beindfextive in shading radiation from the

sun.

Figure 2.6 Horizontal shading device comprising multiple slat

Figure 2.7 Horizontal shading device commonly used

2.2.5 Air Leakage
Air leakage into or out from an air-conditioned spacontributes load to an air-

conditioning system, the effect is identical taaatuction of exterior air for ventilation.
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2.3 Conceptual view on energy consumption in a budling space

The starting point in the development of the enegpgyformance standard for
building envelope and the equation for computatibwhole building energy consumption
is the consideration of the dynamic relationshglatmg to cooling coil load and heat gain
and energy storage components in a zone. Thaoredaip leads to a consideration of
linearity in the relationship and the use of effextperformance coefficient of air-
conditioning system in the calculation of energpsumption in the zone.

2.3.1Dynamic Cooling Requirement and Energy Use in Builohg

The mechanisms of heat transfer into an air-cooil zone, and the eventual
transfer to the cooling coil could be illustrateddconsideration of the situation in Figure
2.1. The load that the cooling coil receives from amprises a sensible and a latent
component. The air receives such load from heatexiion from sources in the zone that
include heat from equipment, lighting system, o@eup, ventilation air and leakage air.

The air receives latent heat from occupants, \eddi air and leakage air, and
other sources.

The mechanism of change of sensible heat of airbearepresented by Equation
(2.1)

dT j=n¢ . ng n, ) )
Mc,—= 2 Qy+ Ajhj(-E_T)+z me(l- D+ md F T
t = = o1 (2.1)

where M =pV is themass of air in the zone,

p is the density of air,
Vv is the volume of air,
Co is the specific heat of dry air, 1.006 kJkg
Mcp% is the rate of increase of sensible heatrahahe zone,
1=N¢
Qy is the total sensible heat loads in the zone,

n,

%

Ah (T, —T) isthe sum of heat convected from surfaces irztime to air,

j=1
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nZ
ij G (T;— T) is the sensible heat of air that leaks into te from other zones,
j=1

m, c,(T,— T) s the sensible heat of exterior air that eiato the room and

Q.. is the rate of removal of sensible heat efdhlr-conditioning

system.

For the latent heat, a similar equation can bé&awr; as in Equation (2.2)

Md—w=i%+iAﬂjﬂ(V\é‘W)+# MW= We (W )

dt Sh, S (2.2)
+ i (W, — W)
where W is the humidity ratio of air in the room,
% is the rate of addition of water vapor due terloads in the space,
j=1
Q, is the latent loadin the space,
hw is the heat content of water vapor aP@5approximated at 2500

kJkg?,

ZS: ARh;p (W, —W) is the term related to rate of vapor transmisgiwaugh walls,

j=1
nz
ij (W, - VW) isthe rate of vapor addition due to air excharige/een zones
j=1

m, (W, — VW) s the rate of vapor addition due to air leakagel

m(W,— W) s the rate of vapor contribution from the coolowl.

The two equations above exhibit essentially limedationships of coiling coil load
and the component loads with embedded weak noatlige These two equations merely
express the part of heat balance of air. FiguselRistrates a broader perspective on the

overall balance in the system.
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Figure 2.8Overall energy balance in a zone.

Energy balance equations at all nodes are alsellaligear. The energy balance
equations involving components with thermal massash as that of wall would be
dynamic, the solutions of which would exhibit thedrmertia.

The overall cooling coil load over a period coulel iepresented by the following

relationship
Cooling coil load = external factors of heat gain through buildin@.3)
over a period envelope

+ thermal storage load of envelope

+ internal factors (lighting, equipment, occupar
ventilation and air leakage)

+ thermal storage load of interior walls, floorsdan

furniture

a) Thermal Mass and Its Effect on Cooling Coil Load
The resultant effect of the thermal masses of waiil, and objects in the zone is not
apparent in relationships (2.1) and (2.2), but dobé illustrated in Figure 2.9 and
described in the followings.

Suppose the room in Figure 2.1 is used during 18m@017.00 and air-conditioning

is on during the corresponding time
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Figure 2.9 A model that illustrates the effect of thermal sessin the zone.

In the morning that the room is unoccupied anecaiditioning is off, the room
received heat from various exterior driving soura@fout an active removal of heat, the
heat will cause temperature of wall and interiorfazes to rise. Prior to turning the air-
conditioner on at 13.00, the surfaces of wall atietioobjects in the room will rise beyond
the set-point temperature for the air in the roorhe cumulated heat will contribute to the
load due to heat gain at the given moment. Thetsitn could be illustrated by Figure

2.10

Cooling \LStorage load

load -

Continuous loa

Air-conditioning Time
period

Figure 2.10An illustration of the contribution of cumulatenbld to the normal load.

2.3.2 The Relationship between Average Cooling Cdiload and the Overall
Thermal Transfer Value and Other Loads in the Zone

In the development of energy performance stand@ambuildings of countries in
tropical climate where air-conditioning is requirtm reduce temperature in the interior

space to achieve thermal comfort and where no heaéng is required, past experience
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allows making a postulate that the average codiimifjrequirement (CR) over a period
could be related to the average heat from heatthanugh external wall, electric lighting,

and other sources in the form shown in Equatiof) @s follows

CRz%[OTT\( wall storagg+ ¢ LPD- € EQB £ OCQW ,C VBN (2.4)

where

CR is the cooling requirement,

A, A is the ratio of wall area to floor area of that epn

oTTV is the overall thermal transfer valigm?

LPD is the lighting power per unit floor area in thene (Lighting
Power Density)\Wni2

EQD is the equipment power per unit floor area in #wne
(Equipment Power Density)ym?,

OCCU is the rate of heat generation by occupantshée room,
person. It

VENT is product of rate of flow of ventilation air withe difference

between enthalpy of exterior air and that of irteair; this
term represents ventilation lodds*.n2
C., Cg, G, and are coefficients that relate heat contribution toolimg
Cv requirement from lighting, equipment, occupancy,d an

ventilation.

Note thatOTTVis the only term that is rated per unit wall ar@apther terms are
rated in terms of per floor area.

The study of Chirarattananon and Taveekun [17]ndothat the effect of heat
storage in wall depends on thermal properties df nvaterials, wall orientation, and wall
inclination and the time of use of the zone. Incakes, it was found that the effect was
substantial and must be accounted for in the pamamef OTTV. On the other hand,
thermal storage effect of floor and internal pamitand other objects in the zone is small
for typical construction and climate condition ofidiland. Exterior driving forces exert
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direct influence on the wall that faces exteriovimnment, but the influence does not
extend sufficiently into the interior space.

The first term in (2.4) represents load from exaérimfluence while other terms
represent load from internal influences. The liitgaf the equation is consistent with the
pattern exhibited in (2.1) and (2.2).

Chirarattananon and Taveekun [17], presents a stfdyhe development of
minimum energy performance requirements where hlingi model comprising 5 zones

shown in Figure 2.11 was used in computer simutatio

Figure 2.11Model used in the parametric study in the develapnof OTTV

formulation.

In the study, the authors used heavy insulatiamvdsen partition and ceiling to
minimize the effect of heat transfer between zarasthrough roof. The authors also use
the 3-term formulation for OTTV as in (2.5)

OTTV = (1-WWR) (TE) (Uw)
+ (WWR) AT) (Ur) (2.5)
+ (WWR) (SHGC) (SC) (ESR)
where WWR = window area to overall wall area,

TDey = equivalent temperature difference of opaque,wall

Uve = thermal conductance of opaque wall,

AT = temperature difference for glazed window,

Ut = thermal conductance of glazing,

SHGC = solar heat gain coefficient of glazing,

SC = shading coefficient of shading device, and

ESR = effective solar radiation.
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To obtain the value of Deq in this case, the value &fw was varied each time to
produce one pair of values of cooling coil load &kg while all other parameters were
kept constant. A collection of several pairs affsmalues were then used to regress for the
value of TDeq, the equivalent temperature difference. A largeber of parametric runs
were conducted to obtain complete formulation$ By for each building category. Three
building categories were adopted in the study. firhe duration of use of building in each
category of commercial buildings were defined asashin Table 2.4. A set of values of
TDeq and AT were given for each category of buildings. Focheaategory of building,
TDeq is a function of solar absorptance of the walfate, a function of wall orientation
and inclination, and a function of thermal massesented by the sum of the products of

material density, specific heat, and thicknessaghdayer that forms the wall.

Table 2.4Time duration of use of each of the three buildiagegories.

Building Time Duration of Building | Buildings in This Category

Category Use

Office 08.00 — 17.00 Office and school

Department | 10.00 — 22.00 Department store, hypermarket,
store restaurant, club house

Hotel 24 - hour Hotel, hospital, convalescence hame

condominium

2.3.3 Equation for Whole Building Energy Calculatio

The authors in Chirarattananon and Taveekun [1&five a relationship between
average energy use in a zone and the lighting #met energy uses in the form shown in
(2.6)

Energy useinazone(%;r LPD EQ)3 zone floor area  dimathourg (2.6

where the coefficient of performance (COP) is theasure of the performance of
the whole air-conditioning system that serves ihrgez A similar equation scheduled to be

used as a part of energy labeling scheme of HongyKalled HK-Beam for calculation of
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reference energy consumption of office buildingpesys in the HK-Beam document, HK-
BEAM Society [24].

The above result, and the results of the studigerdevelopment of building energy
code commissioned by the Department for Alternawnergy Development (DEDE) has
been used in the whole building energy compligmoeedure. The procedure specified
that Equation (2.7) be used as a part of calculatd the whole building energy
requirement for new building not yet constructeirom (2.7), the equation of whole

building energy requirement is then obtained inftren

e _3[A0TTV), ACRTTY
CoP COP

A {Q(LPDH G(EQR) +130G (OCCY)+ 24 c(VENDHn 2.7)
COP "

+> A(LPD + EQD) §

This equation assumes that the occupants fullymctiie zone during the whole
duration, and lighting, air-conditioning, and otleguipment in are fully utilized during the
specified duration of each zone.

The requirements of the Building Energy Code hasnbembodied in the
Ministerial Regulation for Design of New Large Riifigs announced in the Royal Gazette
on 20 February 2009 and has come into force onug@ 2009. Even though minimum
energy performance requirement for hot water prodocis also included in the
Ministerial Regulation, only calculated energy aemgtion of the three principal systems
are allowed to be exchanged.

An illustration of the Use of the Whole Building Erergy Equation

Equation (2.7) could be used to illustrate the aftd efficiency of systems or of
the relative significance of the contribution fragiven systems on the overall energy
consumption of a building.

Suppose an air-conditioned space is used as ate adfpace. The space is used
2.340 hours per annum and the values of load d¢tioin from lighting, air-conditioning,

equipment, and occupants, are shown in Table 2.5.
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Table 2.5Coefficients of contribution to cooling from diffent sources.

Categories of Buildings C Ce GCo Cv
Office education Department store 0.84 0.85 0.90 900.
Hotel hospital, convalescence home 1.0 1.0 1.0 1.0

Table 2.6 illustrates results of application oftelnship (2.7) in the calculation of
energy consumption of the sample office space.

The table shows the ratio of external wall arefidor area for the zone, value of
coefficient of performancedOP), lighting power densityL(PD), equipment power density
(EQD), occupancy@CCU), and ventilation YENT) that assume reference values shown
in column 2.1, and when one parameter assumes aale® in columns 2.2 to 2.7. The
resultant energy consumption per unit floor ardautated from application of relationship
(2.7) for each case (each column) appears in rows ®w 15. In the last column 2.8,
OTTV, COR andLPD assume values that differ from the reference sadumultaneously.

In column 2.2, onlyOTTV assumes a value that differs from the referenbgeya

the resultant cooling coil load, and energy condionprelated to cooling load from

external factor changes.
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Table 2.6 Resultant energy consumption indices for referenase and for other

cases.

Column Base Casd,
N 1 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8
Row! [ltem Parameter values and results
1 OTTV, Wih 65 25 65 65 65 65 65 25
2 AwA;, Nt 1 1 0.2¢ Q1 1 1 1 1
3 COP 2.2 2.2 2.2 3.5 2.2 2.2 2.2 3.5
4 LPD, WM 20 20 20 20 10 2C 2C 1C
5 EQD, W/m 30 30 30 30 30 3C 3C 3C
6 OoCcCuU 0.1 0.1 0.1 0.1 0.1 0.2 0.1 0.1
7 VENT, I/s 1 1 1 1 1 1 2 1
8 CCL, Won?  [140.€¢ [100.6 [91.2 140.¢ (1322 [152.7 [162.z 92.Z
9 Ext, % A6 25 17 46 49 43 AC 27
10 Int, % 54 75 83 54 51 57 6C 73
11 ACe, KW/mPY (1495 [107.C [97.C 94.C 140.¢ [162.C [172.f pl.€
12 Le, KW/nPY  39.2 39.c 39.c 39.2 19.7 39.< 39.< 19.7
13 En, KWW/MPY  P144 (1718 [161.8 [1588 (1858 [P26.8 [237.3 [106.8
14 AC:/En 69.€ 62.5 59.¢ 59.2 75.7 71.4 72.7 S57.7
15 Le/En 18.2 22.¢ 24.: 24.¢ 10.€ 17.3 16.€ 18.£
Note CCL = cooling coil load\(in/nY)
Ext = the fraction of external factor of cooling ldoiad, %
Int = the fraction of internal factor of coolingilcmad, %
ACe = air-conditioning energy use per unit aré&\H(meY)
Le = lighting energy per unit are&Wh/n?Y)
En = total energy use per unit ar&a\f/m?Y)
ACe/En = the ratio of air-conditioning energy to totalkeegy, %
Le/En = the ratio of lighting energy to total eneré,

Total energy consumption of the building changesnf214.4 kwhritY* to 171.8
4 kwhm?Y, When each relevant parameter assumes a valuedifiats from the

reference value, the relevant energy terms chaogar@dingly. In column 2.8, the values
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of the performance coefficients of three principarameters assume values that differ
from reference values simultaneously, in this cagerall energy consumption changes
substantially from 214.4 kWhay* to 106.8 kWhritY 2.

2.3.4 A Hypothesis on the OTTV formulation of resieéntial buildings

For Singapore, OTTV represents overall heat gairosac a given building
envelope, Chua and Chou [19]. For Thailand, OT®¥ dommercial buildings in Thai
BEC represents cooling coil load (CCL) of the ainditioning system due to heat gain
across the envelope per unit area of the enveldpirarattananon and Taveekun [17].
Such CCL is obtained from computer simulation usingeneric building model. The
values forTDeq AT and ESRare obtained from regression procedure using (&Hgn
WWR Uy, Us, andSHGCon the RHS of (2.5) are varied and the resulahies of CCL
per unit envelope area is used on the LHS of (drb)applying such procedure, it is
assumed thakDeq is independent dflw, andESRIs independent ddHGC etc.

For the present case of residential space used timeldedroom function, there is
no solar radiation present on the building envelippeughout the duration of the bedroom
function. However, studies in Chirarattananon e{E] and Tummu et al. [59] illustrate
that solar radiation on the exposed wall and @agmission into the interior space during
daytime is stored as heat in the exposed wall e interior walls. This stored heat will
be transferred to air and contributes to CCL during bedroom period. The OTTV
formulation for the bedroom function should refléds storage effects.

The hypothesis on the formulation of a thermal granance measure for a wall

enclosing a space serving the bedroom functiohnasit takes the form

OTTVir = (LWWR(CCL due to conduction heat gain and stored heat i
opaque wall)
+ (WWR(CCL due to conduction heat gain through glazing a(2.8)
stored heat in the interior room mass)
+ (WWR(CCL due to heat stored in the interior room nass to
absorbed transmitted solar radiation).

The thermal performance measure for the bedrooratitm OTTMW,, comprises
three terms where each term is considered indepenafethe other. The first term

represents the CCL due to conduction heat gairugfirdhe opaque section during the
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bedroom period and that due to stored heat fronorpben of solar radiation on the
section during daytime. The second term repres€fk due to conduction heat gain
through the transparent or glazed section duriegbédroom period and that due to heat
transferred and stored in the interior walls duritaytime. The third term represents CCL
due to heat stored in the interior walls from apsion of transmitted solar radiation during

daytime.



CHAPTER 3
METHODOLOGY

This Chapter explains common methodology usedignrésearch study.For
experimental researches in this research, expeteamamd computer simulations were
undertaken to obtain results under each specifectise. The experiments was conducted
mainly at Bangkhuntian campus. A computer progreatied BESim that has been
developed to an extent earlier was used for calonl@and simulation.

Experiments to be carried out under each speafjjective were utilize measured
data from a solar radiation and daylight measurérsttion at Bangkhuntian and three
experimental rooms near the station. Some comnuuipment and measurement
procedures are described in the followings, detaihethodologies of each research topic

are described in each Chapter.

3.1 Solar Radiation and Daylight Measurement Statio

This station is located on the roof of the mainlding of the School of Bio-
resource Technology in Bangkhuntian campus (Figdilg. All components of solar
radiation and solar illuminance, air temperaturd aglative humidity, sky temperature,
wind speed and direction are measured by individeakors and logged by a dedicated
data logger that transfers all data to a dedicetedputer automatically. A UPS is used to

back up power to all sensors and recording instnisae

Figure 3.1.The meteorological station in Bangkhuntian campus.
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3.2 Experimental buildings

The figure below shows photographs of the expertalerbuilding. The
experimental buildings are full scale. For daylight experiments, scaled models of

buildings are also used.

Figure 3.2.The meteorological station and experimental hau&angkhuntian campus.

3.3 Measurement of Heat Flux through an Opaque Walnd an opaque Ceiling

A surface transfers heat from it by convectionitaaad radiation to other surfaces.
Opaque wall surfaces are assumed to have high &hemissivity, therefore heat flux
sensors of appropriate range could be used to meedstal heat fluxes through such
surfaces. A temperature sensor should be attachtéek surface in proximity of the heat
flux sensor, and another to measure air temperate@e the surface to yield temperature
values for calculation of convection heat transfefrared thermometer can be used for
inspection of thermal radiation from or temperatof@ surface. Temperature sensors will
be used to measure surface temperatures of allosecthat are recorded for use in

calculation of transfer of thermal radiation.

3.4 The BESim program

This computer program is used in the simulatiorsruit was developed earlier and

was described in a number of researches report&hiraratananon and Hien [11]; [12;

15; 16; 59]. The program uses local meteorologiedh to calculate dynamic heat transfers
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under the principle of energy balance. It accodatssolar, short wave, and long wave
radiation heat transfers using numerically caladatiew factors. Raytracing is also used
with beam radiation when a surface has a specefictance component. A zone can be
air-conditioned or naturally ventilated. Outputstioé program include: i) temperatures on
and components of heat fluxes from zone surfacdseanperatures of air in each zones on
user-specified time and dates, and ii) cooling ¢ofld of air-conditioning system and

electricity cost. The calculation method used inSB& program are presented in

APPENDIX.



CHAPTER 4
A STUDY ON THERMAL PERFORMANCE OF INSULATED WALLS
ENCLOSING RESIDENTIAL SPACES IN THAILAND

4.1 Introduction

Thailand is located in a tropical region and iimelte is hot and humid. In the long
past, residential houses were built for naturaltiegion and light natural materials were
used for walls. Air-conditioning for cooling is wocommon. Heat gain through walls is
believed to contribute substantial load to an ametitioner. With strong solar radiation
and high ambient temperature typical of a tropicetion, heat gain through opaque wall
is expected to contribute significantly to suchdoaReference [14] shows that insulation
improves thermal performance of walls enclosingcepaised under commercial functions
(office, department store, and hotel) and is higtwgt effective for walls that have no
window. But residential spaces are mainly occumiedng evening and night time when
solar radiation is no longer present and tempegatfiambient air declines, it is of interest
to learn if insulation can improve performance @lfll& in such situations. No insulation is
used with walls of residential buildings in Thaithuap to the present.

Boji¢ and Yik [4], note that cooling is the dominant eyyeend-use but insulation
is not used on walls in Hong Kong. The authorshHiEB2, a simulation program, for study
of application of insulation on walls of high-ridauildings to conclude that exterior
insulation on massive wall offers significant retioic in annual cooling energy. Kossecka
and Kosny [34], evaluate six configurations of lason placement on heavy walls of a
ranch house model under continuous use in six titnnagions of USA and conclude that
exterior insulation leads to lowest cooling and timga energy. Balocco et al. [3],
investigate different insulation placements on svalhd conclude that exterior insulation
performs best under both cooling and heating clsiavlasoso and Grobler [45] note that
there are six instances reported in literatures tthe use of insulation leads to increased
energy use and call the phenomenon ‘anti-insuldigmaviour’. Chiraratananon and Hien
[11], utilizes the same simulation program and shme meteorological data used in this
paper to study the effect of wall mass to concltitig wall of high mass is not cost
effective for tropical climate. Aktacir et al. [lijvestigate cooling energy requirements of

building models with walls insulated to three levend conclude that the cost of air-
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conditioning is reduced significantly from applicet of insulation at all three levels.

Optimum insulation thicknesses for walls of builgknrequiring heating and cooling in a
city of Turkey is reported by Ozel [48], to be &tmm for south wall and 60 mm for other
orientations. Saha [51], reports a study on apiptinaof different levels of insulation to

residential buildings with typical wall construatiender the climate of Sydney, Australia.
The author claims that cooling and heating costingav of 79% is achieved from

application of insulation on walls.

This paper first notes the salient feature of thaitlimate and materials used for
walls of traditional residential buildings and ofepent air-conditioned buildings. The
results of a set of experiments and calculationstrrmal performance of insulated
exposed walls in an experimental room conductedsexutively for three residential
functions are then presented. The paper then gresenlts from simulation using a
generic building model to show that insulation plhon interior surface improves wall

performance for all functional uses of a space.

4.2 Climate and building shell

Building design is influenced by the climate and tulture of people at a location,
[64].

4.2.1 The climate of Thailand

The climate of Thailand is hot and humid. Dry-btéimperature varies between 25
to 3% C every day, except for the cool season during Nder to February where the
temperature drops by an average W@.2Relative humidity ranges from 40 to 80%. The ai
is dryer and the sky is clearer in the cool andhibieseasons, resulting in higher radiation
from the sun. Global solar radiation and air terapge are highest in the hot season with
insolation at slightly higher than the average 8fMJ per day. The sky temperature
remains above 2CQ for most times of a year. Figure 4.1 a) shoveplys of ambient air
temperature (T-Amb), relative humidity (RH), beamrmal (IsunN), diffuse horizontal
(IskyH), and global (IgloH) solar radiation of 2Qugust 2011, a rather cloudy day and is
one of the days when the experiments describedectidh 4.3 were conducted. The
graphs exhibit typical pattern of weather in thmyaseason (late May to October) in the
central region of Thailand. Similar graphs for @ywand 2 February 2000, the warmest

and coolest days of the year 2000 are also shown.
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Figure 4.1 Graphs of solar radiation, air temperature anatired humidity of the given
dates, a) 18 August 2011, b) 9 May 2000, c) 2 Falyr2a000

4.2.2 Traditional and modern residential building $ells

Traditional Thai houses are constructed from malterf low thermal mass, are
well shaded and well ventilated with open windowsd aoor. Thin wood boards or other
natural materials with moderate thermal conductigite used for walls. No insulation is
used.

Modern residential buildings in Thailand now r@ly air-conditioning to achieve
thermal comfort. Two decades and earlier, the opamut of walls of such buildings was
predominantly constructed from local bricks thatevplastered on both sides with cement
mortar. Concrete blocks and light weight conctdtcks are now also commonly used.
Typically air-conditioning accounted for up to 7086 electricity consumption in a
household and it is surmised that heat gain thraughis responsible for a significant part
of the cooling load. However, no insulation is disgith walls in modern residential

buildings.

4.3 Experiment and calculation

A set of experiments on heat gain through un-iniedlaand insulated walls were
conducted in an experimental room to validate tesaf calculation from a computer
program. The calculation utilized measured weatlaa of the days of experiments from

a nearby station.
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4.3.1 A solar measurement station and an experimeadtroom

A station equipped with global, beam, and diffusgas radiation measuring
equipment was elected on top of a 7-story buildng seaside campus of the university
that is located 10 km south of Bangkok. The statitso measures air temperature and
relative humidity, and wind speed and wind directamd stores all data via a data logger.

A small experimental building comprising five sgearooms of identical
dimensions, with the five rooms forming a crossswanstructed on the ground near the
building where the station is located. A set gbemments were conducted in August 2011
in a room where its exposed windowed wall facegtsotihe width and length of the room
are each 3m and its height is 2.65m. The exposats w&re constructed from brick of
80mm thick that is plastered over with cement nrastaboth sides to a total thickness of
100mm. The opaque part of the southern exposedisvdiVided into three equal sections.
One section is externally insulated, one is intéynasulated, and the section in the middle
IS un-insulated. The area of the window that izgthwith clear glass accounts for 60% of
the total wall area. Figure 4.2 shows photograghtbe interior and the exterior views of
the wall. Thermal properties of the opaque walltises, of the polyethylene foam
insulation, and of the glazing are shown in Table 4Solar transmittance of the glazing is
0.83.

External ~  No ‘Intelrn_al | Internal No External
insulation insulation insulation PR irsliation insulation  insulation

e

Figure 4.2 Photographs of interior and exterior configurasiaf the southern windowed

wall, a) Interior, b) Exterior
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Table 4.1 Thermal properties of the exposed wall, of thelliason, and of the glazing.

Thermal properties _
_ : _ Thickness,
Wall component conductivity, density, |specific heat,
m

W.mt.K? kg.m3 J.kgt.K1
Brick wall 1.102 1700 790 0.1
polyethylene foam 0.029 45 1,210 0.025
Clear glazing 0.960 2,500 880 0.006

4.3.2 The BESim program

A computer program called ‘BESim’ was used to clat®iresults for comparison
with those from experimentation. This program wesealoped earlier and was used in the
development of the building energy code of Thailafid] and was used in the works
described in [11; 14]. The program uses local pretegical data to calculate dynamic
heat transfers under the principle of energy baathcccounts for solar, short wave, and
long wave radiation heat transfers accurately usimgerically calculated view factors.
Raytracing is also used with beam radiation whesudace has a specular reflectance
component. A zone can be air-conditioned or naguvantilated.

Outputs of the program include: i) temperaturesand components of heat fluxes
from zone surfaces and temperatures of air in @anoks on user-specified time and dates,
and ii) cooling coil load of air-conditioning systeand electricity cost.

4.3.3 Experimental and calculation results

The experimental room was assumed to serve comgglguthree residential
functions of bedroom (BR), living room (LR) and ditn room (STR). The usage
schedules of the three functions are shown in Tél2eEven though residential houses are
also used during daytime, evening and night tingges only are considered here. During
each functional use, air-conditioning is turnedinrthe zone or room with a set-point
temperature of 25°C. Outside the functional peritiég air is allowed to float to its
balanced condition. In the experiment and in BESadculation, there was no internal
cooling load. Type K thermocouple sensors with dbeuracy of 1.5°C for the range of
measurement of 0-200°C were used for temperatuesunements while heat flux sensors
model MF-180 with the reproducibility of 2% wereedsfor measurements of heat fluxes

from the wall sections. All measurements were éabfy a data logger at an interval of
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one minute and were averaged to give 15-minute tégteorological data from the station
were also averaged to give synchronized 15-minata.d-igure 4.1a) illustrates sample
patterns of solar radiation and air temperature @hative humidity obtained from the

station for a day of experiment.

Table 4.2Usage schedule of each function.

Functional use of zones Time of use

Bedroom (BR) 21:00-06:00
Living room (LR) 18:00-21:00
Studio room (STR) 18:00-06:00

Results for the bedroom (BR) function

Figure 4.3a) shows graphs of heat fluxes (HF) atrkerior surfaces of the section
with no insulation (NI), of the section with inatibn on the interior surface (INT), and of
the section with insulation on the exterior surfeXT), obtained from experiments for
the BR function, while Figure 4.3b) shows correspng graphs of results from BESim
calculation. Figure 4.4 a) shows graphs of measteenperatures (T) of the interior
surface (room side) of the NI section (T-NI), oBtiNT section (T-INT), of the EXT
section (T-EXT), of room air (T-Room), and of amitiair (T-Amb), also for the BR
function. Figure 4.4 b) shows the correspondinglgsafrom calculation. The calculation
results exhibit reasonable correspondence witkexiperimental results.

Examining the graphs of heat flux gains into themoat the interior wall sections
in Figure 4.3 a), it is seen that from 6.00 hourtbe heat gains into the wall sections
steadily increase as solar radiation (a small fparh beam and a large part from diffuse
radiation for this south-facing wall in late Augutll on the exterior surface. Part of solar
radiation transmitted through the window would alse reflected on to the interior
surfaces of the wall sections, although to a lesgggnt. From 6.00 to late afternoon when
the air-conditioner was off, heat was continuowsdtyed in the wall (negative heat fluxes),
but started to be released (positive heat fluxesnflate afternoon with a peak at 18.00
hour and then is observed to decline. From 18d)ar radiation was no longer present
and the ambient air temperature began to fall. Wthenair-conditioner was turned on at
21.00 the heat fluxes are observed to rise immelgiab almost 35 W.m for the NI
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section, 25 W.n for the EXT section, and about 5 W?nfor the INT section. These
fluxes then decline steadily as seen in Figuread & the surface temperatures fall towards
the room air temperature as seen from Figure 4 .Bigyre 4.4 a) and b) both show clearly
that T-INT of the INT wall section follows T-Roonlosely at all times, while T-EXT
exhibits the highest inertia and drops very slofebyn its initial value at 21.00 towards T-

Room. Even by 6.00 of the next morning, T-EXT s#@linains significantly higher than T-
Room.
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Results for the living room (LR) function

Figure 4.5 shows graphs of the same quantitiesanfiguration as those in Figure
4.3, but for the LR function. The calculation reésuéxhibit reasonable correspondence
with the experimental results. The salient feawktemperature variations are similar to
those of the BR case and are not presented here.

Under this function, air-conditioning is turned onthe zone immediately after
solar radiation disappears and the temperaturenbiemt air starts to fall. The heat flux
gains into the zone for the NI and EXT wall secsi@re observed to immediately rise to
about 60 W.nt while that for the INT section rises to less tH@nW.m? at 18.00 hour.
The stored heat is released partially up to 21 @@ .hDuring 21.00 to 18.00 hours of the

next day, there are gradual heat gains into theawdlifferent levels for all cases.
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Figure 4.5Graphs of heat fluxes on the interior surfacesfexperiments and from

calculation for the LR function, a) Experiment,@alculation

Results for the studio room (STR) function

Figure 4.6 shows graphs of the same quantitiesanfiguration as those in Figure
4.3 and Figure 4.5, but for the STR function. Tlacalation and experimental results
exhibit reasonable agreement. Similar to the LRecagaphs of temperatures are also
omitted here.

Under this function, air-conditioning is turned onthe zone immediately after
18.00. The heat gains into the zone for the NI BXd wall sections are observed to
immediately rise to about 60 W-hwhile that for the INT case rises to less thanien.

The stored heat is released almost completely 69 6f the next day. During daytime,

there is net heat storage in the wall.
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Figure 4.6 Graphs of heat fluxes on the interior surfacesfexperiments and from

calculation for the STR function, a) ExperimentQalculation

Two observations are made for all the cases al¥éiv&, heat gains into the zone
under all functional uses of the zone for the INohfgguration are clearly smaller while
heat gains in the EXT configuration may even exddede of NI configuration in some
functional usages. Second, calculated heat gaiasaimd heat storage into wall are slightly
larger than those from the experiments. It is beliethat the cause for this is that the
presence of trees in front of the experimental roas1 seen in Figure 4.2, may have
reduced solar radiation incident on the windowed. Wéis effect is not accounted in the

calculation.

4.4 Simulation results and discussion

In order to investigate long-term thermal perforgeuwof insulation used on walls
enclosing spaces used for residential functiors BESim program was used to calculate
heat gain through walls and annual cooling coid®af a three-storey generic building
model. The spaces in all three floors are assumexktve same function in each set of
simulation runs, but only the results from the nhédifoor are used in the followings. The
model is identical to that used in [11; 14] angh®wn in Figure 4.7. The peripheral zones
are all identical. The central core zone is unciioied. The window appears as the color-
shaded upper section of each external wall. Eagldibg facade faces a cardinal

direction.
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Glazed
window

Opaque wall

Figure 4.7 The configuration of the middle floor of the build model.

For all the simulation runs, weather data of Bamkgkawr the year 2000 is used.
Solar absorptance values of all external and iateopaque surfaces are at 0.4. Thermal
emittance values of all opaque surfaces are 0.@Xarglazing it is 0.84. Table 4.3 shows
summary thermal properties of the opaque wall antthe polyurethane foam insulation.
The thickness of the insulation varies from 25 Eori@m. For glazing, the properties in
Table 4.1 are used.

The standard U-values of the un-insulated andrikelated walls in the table are
calculated based on exterior air film resistancé 644 nt .K.W* and interior air film
resistance of 0.12 mMK.W. BESim does not use the standard values, insteades
correlation formulas for air film resistances armgsl dynamic calculation. The U-values of

the wall assembly are given for information only.

Table 4.3Thermal properties of wall and polystyrene foard Hre U-values.

Thermal properties .
Wall component Thickness, m
k p Co
Concrete wall 0.546 2210 920 0.1 0.1 0.1 0.1
PS foam 0.028 30 1,380, 0.0 0.025 0.05 0.075

Overall standard U-value of wall, W-hAK? |2.881 0.806 0.469 0.330

In the followings, annual cumulative cooling caslalds (CCLs) of each insulation
configuration and for each functional use is présgn Then the annual average heat flux

(HF) and convection (C) flux of the opaque partshaf four exposed walls are presented.



49

Finally, detailed heat gains from relevant surfacethe west zone for a particular day are
presented to show salient points of interest onrdiative performance of walls with
different insulation configurations.

4.4.1 Effects of insulation on cooling coil load

Since the air-conditioned spaces of the buildinglehon Figure 4.7 do not have
internal load, the CCL in each space comprises fomd heat gain through its exposed
wall only. Thermal performance of exposed wallste# air-conditioned spaces could be
examined from the CCLs.

Effects of insulation on walls with no window, WWR= 0

Figure 4.8 show plots of the average (over the fmmes) of cumulative (one full
year) CCLs of each insulation configuration for ledgnctional use of the AC spaces for
the case WWR = 0, or no window. The figures shoat the average CCL for the LR, BR
and STR functions could be ranked according tadtiration of each functional use of the
spaces, with the larger values corresponding teettfanctional uses of longer duration.
Insulation appears to reduce CCL with the integnadsulated configuration appearing to

give slightly lower CCL than that of the externaiigulated configuration.
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Figure 4.8 Average CCLs for each insulation configuration &deach functional use for
the case WWR = 0.

It appears that both INT and EXT reduces cooliradlgignificantly. In order to
evaluate the cost effectiveness of both cases;dsis of polystyrene foam (PS foam) type
of insulation are obtained from manufacturers amdshown in Table 4.4. These include
labor cost and the cost of adhesive for affixing thbam to wall. The costs of exterior

insulation include weather proofing of the exposedace.
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Table 4.4Cost of wall insulation, Bahts:fn

Thickness, mm 25 50 75
Interior 175 1975 2225
Exterior 7505 7835 816.5

Assuming a life of 25 years and a discount rat@%f the present worth factor is
11.65. For simplicity, the cost of electricity issamed to be 4 Bahts (one US$ = 30 Bahts)
per kWh. In Thailand, residential electric taref progressive. The given value is close to
marginal tariff rate. The graphs in Figure 4.9 shibevcycle costs (LCCs) from application
of the respective insulation configurations for falhctions. It is seen that only the INT
configuration for STR has lower LCC than that of ¢dise for all insulation levels and is
cost-effective. For the BR function, the INT configtion has lower LCC for the two
upper levels of insulation. For the LR function,eavINT is not cost-effective for any
insulation level. The EXT configuration for anysi@ential function is not cost-effective

for any insulation level.
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Figure 4.9Life cycle costs for all functions and for all ulation configurations for the
case where WWR = 0.

Effects of insulation on walls with windows, WWR >0
Figure 4.10 a) show plots of the average of cunuddbne full year) CCLs of each
insulation configuration for each functional uselué AC spaces for the case WWR = 30%

and Figure 4.10 b) shows the case for WWR = 60%.
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Figure 4.10Average CCL for each insulation configuration &mdeach functional use for
the cases where WWR > 0, a) WWR = 30%, b) WWR = 60%

For the cases here, CCLs appear to rank from thedsibfor the un-insulated
configuration through the INT configuration to tB&XT configuration for all functional
uses of spaces. These are clear evidence of fetlation behavior’ coined by the authors
in [45] and observed in [14]. In all cases of rmmme WWRs, the higher the value of
WWR, the CCLs become higher. Heat gain through exswmdppears to be more significant
than the level or placement of insulation. The sipé CCLs can no longer be used to
compare thermal performance or cost-effectivenésasolation configurations since the
effect of heat gain through windows obscures tfecebf heat gain through opaque walls.

4.4.2 Effects of insulation on heat flux and corection gains

In order to examine thermal performance of the apguprt of the wall in isolation,
heat flux and convection gain across the opaquesegre considered.

Heat flux (HF) from the wall to the interior surkaof an exposed opaque wall section is in
energy balance with thermal or long-wave radiat{@hV) and convection (C) heat
transfers out from the interior surface, ie. HFW & C. For all residential functions, solar
radiation is absence and short wave radiation fedectric light is assumed absent or
negligible. Figure 4.11 shows the sizes of aver@yer all four zones and over all
usage time in a year) heat flux and convection aomepts at opaque wall sections for all
residential functions and all insulation configimas and levels for the case of WWR =
30%.
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Figure 4.11Heat flux into an opaque wall surface and convedtiom the surface for the
case WWR = 30%, a) Heat flux, b) Convection

From the figure, the sizes of HFs differ substdiytidbetween the different
insulation configurations with the INT configuratiqgpossessing the lowest values, and
those of the EXT configuration even exceed thost®fNI configuration. The ranking of
the sizes of convection fluxes is similar but thiéedences are moderate. The patterns of
heat fluxes and convection fluxes for the case e/MWR = 60% is similar to those in
Figure 4.12. In each insulation configuration aadh functional use, the average Cs are
more relevant to HFs as in each case the convettat transfer contributes to air-
conditioning load. Table 4.5 give sample valuesawérage HFs for the case WWR = 0,
30%, and 60%. Table 4.6 gives average Cs alsdéothiree values of WWRs. The interior
surface temperatures that essentially follow T-Rpomhich are low, under INT
configuration in Figure 4.4 imply that LW must begative. While the Cs are positive, Cs
and LWs balance to give low HFs for the INT confaion as seen in Figure 4.11 a) and

in Table 4.5. The opposite effects are observethi EXT configuration.
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Table 4.5Sample values of average heat fluxes for insulatickness of 50 mm.

' WWR =0 WWR = 30% WWR = 60%
Function
NI INT EXT NI INT | EXT | NI INT | EXT
BR 25.42 6.60 11.54 24.12 2.69 5959 20.68 -1.309.7¥0
LR 2415 3.99 8.15 24.13 2.13 32.32 23.03 0.39 k2.0
STR 48.76 10.96 14.39 46.43 6.37 65.66 41.00 1.224.01

Table 4.6 Sample values of average convection fluxes faslaten thickness of 50 mm.

_ WWR =0 WWR = 30% WWR = 60%
Function
NI INT EXT NI INT EXT | NI INT EXT
BR 22.22 7.49 8.78 41.88 37.30 56.19 67.78 66.173.110
LR 15.41 5.03 6.29 2560 21.15 31.34 38.31 34.51.3461
STR 32.14 9.10 9.87 56.57 4421 6351 89.49 81.522.09

The figures of convection fluxes in Table 4.6 imphat INT improves thermal
performance of opaque parts of walls in all funaéibuses and for walls with any window
sizes. With the presence of window, EXT configumatreduces thermal performance of
opaque part of a wall for all functional uses ateaxitent that is related to the size of the
window.

4.4.3 Heat transfer relationships on the interior arfaces

In order to gain more insight into the heat transfiechanisms for each insulation
configuration, the relevant heat gain componentthennterior surfaces of the glazing, the
opposite wall, and the exposed wall for thest zondor the BR function on 9 May 2000,
the warmest day of the year, are to be examinethéocase where WWR = 30%. Figure
4.12 a) show solar radiation (irrad), HF, LW, CAMmb and temperature on thaterior
surface of the glazin¢r-Back) at the window. Solar radiation on thezgtg (Irrad) is the
net of solar radiation transmitted through the igigzand the reflected solar radiation from
other surfaces in the room on to the glazing invikst zone. During daytime, peak values
of HF, LW, and C exceed 100 W3n During BR hours, T-Back stays almost equal to
interior set-point temperature of air (T-Room). TWedues of HF and LW are negative
while C is slightly positive throughout the duratio Figure 4.12 b) shows similar
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guantities on the surface of thall opposite the window Sizeable solar radiation (Irrad)

falls on the surface during daytime, particularlyridg afternoon, that raises T-back to

over 40C and causes storage of heat in the wall. DuriegBR hours, the wall surface

temperature declines from abouf@%ut remains above 3D. The values of HF and C are

highly positive, whereas LW is also positive bug #ize is lower.
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Figure 4.12Temperature and heat gain components at glazih@tatte opposite wall, a)

Glazing, b) Opposite wall.

Figure 4.13 a) shows the temperatures and heatcganponents at thexposed wall

in NI configuration.

Reflected solar radiation on theface in the afternoon reaches 60

W.m2.. The surface temperature T-Back reach€€ 48sulting in heat being stored during

the afternoon. This temperature declines in thaiegebut still reaches close to°8bat the

start of the night and eases t@Gy the end of the BR function period. The valaésiF
and C drop from 40 to 20 W:frwhile LW falls to negative value towards the eridie

period.

Figure 4.13 b) shows same quantities at eékposed wall for the INT50 mm)

configuration. The thermal environment in the ro@xcept those at the exposed wall, does

not differ to any significant extent to that of th# configuration. Even though T-Back

exceeds 4% in the afternoon, it falls sharply to slightlyesv3®C at the start of the BR

function period and steadily falls to Z9by the end of the period. These changes resuit fr

the use of interior insulation that shields thefater from the heat gain and loss in the wall.

Long-wave (LW) radiation is clearly negative whiledrops from 20 to 15 W
Figure 4.13 c) shows same quantities at the exposdl for the EXT (50 mm)

configuration. During the afternoon, the surfaceperature reaches higher than those of the
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NI or the INT configuration, but throughout the Béhction period the surface temperature
remains above 3C and are higher than those of the NI and INT ganfitions. Long-wave
(LW) radiation is positive and C is larger than gbof the other two configurations. The
external insulation prevents heat stored in thd veakransfer out to the exterior surface
during the BR function period.

The conclusion that can be drawn from detailedremation of Figure 4.13 clearly
concurs with the results in Table 4.6 that INT mhki C, but EXT does the opposite.
Another significant benefit of INT configuration isvealed in Figure 4.13 that the interior
surface of the exposed wall is kept closer to #tepsint air temperature (T-Room) because

of the presence of the insulation.
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Figure 4.13Temperature and heat gain components at the ecxpase a) NI, b) INT, ¢)
EXT.

4.5 Conclusion

Cooling in commonly occupied spaces in residentialises has become widely
practiced in many countries in tropical climateluaitng Thailand, but insulation is not used
and it has not been clear if it is cost effectivetloat it gives any benefit. This paper
specializes on night residential functions and shoenclusively that in the case where there
is no window, insulation placed at the interiorfage of an exposed wall enclosing any
residential functions improves thermal performanteavalls and is cost-effective in room
functions of longer duration, while insulation ptaicon the exterior surface improves wall
performance but is not cost-effective. When windswpresent, solar radiation gain during
daytime changes the situation. Insulation on therior surface still improves thermal
performance of an exposed wall and enhances thewnafort in the space by enabling the
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surface temperature to follow set-point air tempeemore closely in all residential spaces.
However, insulation placed on the external surfaican exposed wall causes the opposite
effects by raising temperature of the interior aoef and increasing convection heat transfer

to the air in the room, under all night residenfiadctions.



CHAPTER 5
A STUDY ON ENERGY USE AND CARBON EMISSION OF LOW-IN COME
HOUSES IN NORTHERN THAILAND

5.1 Introduction

This study reports first results from a multi-pent research project entitled
‘Energy and Low Income Tropical Housing’ funded andhe Energy Programme of the
UK Research Council. Partners in this project idelWarwick and Cambridge University
in the United Kingdom and organizations in ChinanZania, and Uganda. Essentially, it is
intended that the eventual outcome of the projelttiead to reduction of energy use and
carbon emission in low to medium income househeltide improving the quality of
interior environment and the quality of life of idsnts. The results reported here pertain to
an attempt to obtain baseline data on energy usamthon dioxide emitted, household
construction, thermal comfort and lighting conditsoin interiors of houses. The requisite
data are mainly obtained from a survey of housdswincome earners in rural areas. The
next step in the project is to define a set of itptale and quantitative criteria for energy
efficient and environmentally benign house desigime results from the survey will be
used to set a reference baseline design.

Thailand is located in the tropical region of Smast Asia. The climate is hot and
humid, although the northern part of the countrfursher away from the sea than the rest
and thus is slightly less humid. Nevertheless, ingofor thermal comfort is becoming
common. With electrification reaching over 99% ajukeholds, air-conditioning now
penetrates to 18.4% of residential households matypand 44.5% of those in the Greater
Bangkok area (Bangkok and five adjacent provincE®ctric hot water heaters used for
shower also penetrates to 9% and 19% respectiBelygau of Social Statistics [5]. Both
air-conditioning and the use of electric hot wdteater are highly energy intensive and are
growing annually at over 4% nationally and 6% ire@er Bangkok. The same source
reports that electric fans, fluorescent lamps,visien sets, refrigerators, electric rice
cookers penetrates to over 90%, while electric,irelectric kettle, DVD player, and
washing machine penetrate to over 60% of househoklisonally. These common
household appliances will eventually reach satomatiKidhen et al. [31] identifies 4

categories of end-uses in households that requeetrieity; lighting, entertainment,
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amenity, and cooking. Amenity that includes airditioning and the use of hot water
heater is responsible for about 55% of total ele@tgrconsumption and the rest about 15%
each in 2011. The average household electricityswmption is 2,680 kWh per year in
2011. The 2010 Power Development Plan, an offigiah used for planning addition of
electric generation plants to meet forecasted in&030, The Energy Policy and Planning
Office [55], expects the electric load of residahhouseholds to grow from 33.3 TWh in
2010 to 68.0 TWh in 2030, more than twice of that2D10. These figures imply that
energy use in Thai households would still grow gigantly. Many factors could be
identified as causes for this phenomenon. Thedade the fact that common household
appliances have not reached saturation and thia #ne significant proportion of families
still living under poverty line that will emergeoim it and become more energy intensive.
Also, there is a continuing trend of increase ie ttumber of families due mainly to
reduction of family size. Moreover, the load forsicis likely to under estimate the growth
in electricity consumption due to air-conditioniagd electric hot water heating as the load
forecast on which the Power Development Plan igda®es not yet specifically account
for such growth.

According to the report of the Department for Afigtive Energy and Energy
Efficiency referenced by the Bureau of StatistiEarecasting [7], emission of carbon
dioxide from energy use in Thai households in 2Qi#s estimated at 6,895 kton.
Depending on fuel mix for power generation in 208@, amount could more than double.
There has not been report of survey of emissiocadbon dioxide during construction or
during production of construction materials usedhanises, although some studies of such
emission have been taken on specific residentidl @ther buildings, Jaranpong and
Chiarakorn [29]; [44].

5.2 Macro indicators of socio-economic conditionsfdNorthern Region of Thailand

In order to examine what is meant by low incomesug, here the situation of
income, poverty, shares of types of dwelling, aratenals used for housing construction
are first examined.

Population

The results of population and housing census cdadua 2010 shows that Thai
population has reached 65.98 million. The compagatiata from 1990, 2000, and 2010
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also show that the population growth and familyedimave steadily declined to 0.8% and
3.1 persons, while the number of households hasrgto 20.36 million as shown in Table
5.1, Bureau of Statistical Forecasting [8]. Thee % aged population, those over 60 years,
also increases significantly. There is also a nthikerease in the number of families with
only one member. Urbanization has reached 44.2%nadly. Similar trends are observed
for the Northern Region of Thailand except for gogpulation growth which is observed to
be lower than national average. This is due largelyigration of people in the region to
Greater Bangkok due to better job opportunity.

Table 5.1.Changes of population and size of households wx@decades to 2010.

Description 1990 2000 2010

Demography National North National North National North
Population (million) 54.55 10.39 60.92 11.22 65.98 11.66
Population in urban area (%) 29.4 - 31.1 - 44.2 34.6
Population growth (%) 1.96 - 1.05 - 0.80 -
Aged population (%) 6.80 - 9.78 - 11.6 2.36

Household
Number of households (million)  12.32 - 15.88 3.26 20.36 3.74
Member per household 4.4 - 3.8 3.5 3.1 3.1
Share of single-member family (%)5.1 - 9.1 - 18.3 -

Income and Poverty

The census mentioned above, Bureau of Statiskioadcasting [8], reveals that
annual average household income reaches about80TJAB or about USD 10,000 in
2010 and the share of income from agriculturalvétets is 14.5% nationally and 21.6%

for the Northern Region, as shown in Table 5.2.
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Table 5.2.Monthly income per household in 2013.

. Wage  an(Small Agriculture
Geographical area Total (THE% . Others (%)
alary (%) |Business (%)(%)
Whole Kingdom | 25,194 40.8 18.5 14.5 26.2
Greater Bangkok | 43,058 58.5 21.2 0.3 20.0
North 19,267 28.7 19.7 21.6 30.0

The World Bank defines poverty line as the incdewel below the level necessary
to meet basic needs. This level is not absolutemFa publication of the World Bank, the
poverty head count ratio at USD 2 a day (PPP) eeptage of Thai population is 3.5% in
2010, but immoneat USD 1.25 a day in 2013, Development Economas [Broup [21].

The National Economic and Social Development BqaHESDB) of Thailand, the
authority on poverty and its alleviation, definelsal poverty line on the assumption that
food accounts for 60% of overall consumption of gleat the line. At the poverty line,
60% of its value is the amount required to satisfgic need for food per person per month,
Bureau for Development of Database and Social &tdis, 2008. Table 5.3 shows the
poverty lines and poverty ratios at national arglaral level from 2007 to 2011, Bureau
of Statistical Forecasting [6]. The Northern Regi@s higher poverty ratio, at 16%, than
the national average. The Thai poverty line ishaigthan USD 2 a day and most rural

people at poverty line have their own houses.

Table 5.3.Poverty line and poverty ratio at national andaegl level from 2007 to 2011.

2007 2008 2009 2010 2011
Poverty line Ratio, Ratio, Ratio, Ratio, Ratio,
THB THB THB THB THB
% % % % %
National 2,03120.94 (2,170| 20.49 2,220 19.08 2,305 16.91 2,4221513.
Bangkok 2,5653.55 |2,677|2.26 | 2,722 2.89| 2,718 2.43 2,910 1.83

North 1,792)26.53 |1,925| 28.68 1,974 24.79 2,0%5 22.85 2,1600416.
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From the 2010 national census, the Bureau ofsfital Forecasting reports that

77% of families in the whole kingdom and 90% of fis@s in the Northern Region live in

detached houses as shown in Table 5.4. The sansaisc@&iso records that almost all

dwellings are constructed with concrete block aechent only (54%), wood only (23%),

and a combination of concrete block and cementaat (22%).

Table 5.4.Types of dwellings, percent.

Type of dwellings National Bangkok North
Detached house 77.3 45.7 90.2
Twin/town house 7.3 25.3 15
Shop house/row house 12.9 25.6 6.3
Flat/condominium 1.8 2.8 1.3
Others 0.7 0.6 0.7

“Includes raft, room in office, dormitory, prisomcawelfare homes.

After the Second World War, there was a periothigh population growth. The
government at the time invested heavily to improtikties, sanitation, and infrastructures
in cities, especially in Bangkok. The policies ¢esheconomic opportunities that attracted
rural people to Bangkok and that started infornedlement into vacant land plots, often
near job sites in cities. In 1972, the National kiog Authority (NHA) was created to
solve housing shortage by providing welfare housmtpw-income people. A number of
schemes were operated including some heavily sabsidhousing projects, site and
services scheme (where the NHA provided prepartd cimpleted with access road,
electricity, water supply, drainage, and sanitagervices and clients design and construct
their own houses), and semi-commercial scheme002 2the government mandated NHA
to provide 600,000 units of ‘Ban Eau Arthorn (BEAJhese are constructed with the same
designs for 4 types of housing, which are detadimaes, twin houses, shop houses, and
flats (4-storeyed multiple unit). The sites are s#o from different locations in the
country, but more than half of them in Bangkok. Tgevernment subsidized about a
quarter of the cost of each unit of about THB 400,@&nd size of 30 fnEligible Thai
nationals are those that do not own land, haviagdlinear the area where the site is
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located, and earning less than THB 15,000 per m@rtls was later increased to 30,000.).
Eventually 270,466 units were built, some are stilbccupied, Usavagovitwong [60]. All
houses built by NHA are located in urban or subnrr@as and none in rural area.

An agency called ‘Community Organization and Depetent Institute (CODI)’,
an off-shoot of NHA, was created in 1992 to imprelem dwellings and prevent further
slum creation. The scheme called ‘Ban Mankong (BM&9 operated by CODI is to
involve direct participation by each occupant incteasite to secure the land for
redevelopment into permanent, more livable, ‘hom&kis scheme has been hailed as a

successful ‘demand driven’ solution to low-inconmsing problems, Archer [2].

5.3 Objective scope and methodology of the surveys

The immediate objective of this project is to itigncriteria and features for low
energy, low emission, thermally, and visually cortdble designs of houses for low and
medium income earners. The results are intendedetased for developing a rating
scheme of house design that possesses such degeahires. It is also intended that the
outputs from the project be utilized widely. Towarthis end, the National Housing
Authority (NHA) was invited to participate in thygroject (with NHA’s own resources)
from the beginning. Results obtained from each siepexpected to be disseminated to
NHA personnel and to the public. Furthermore, iexpected that the NHA would adopt
the scheme and use it to rate designs of the holaethey construct. In the long run, it is
hoped that the scheme could be used by the NHAtéodesigns of houses of commercial
developers on a voluntary basis.

In order to gain detailed baseline data of houlsishof low income earners, it was
decided to conduct surveys in all major regiongladiland. For the Northern Region, it
was decided that 3 units each of the four typeBEA housing from Chiangmai Province
would be included in the survey. Another 10 detddmeuses in the same province deemed
to belong to low income earners and selected cal village head were also included.
The survey would obtain baseline data to be usearfalysis in order to develop criteria
and features for improved designs. So the BEA desage one set of baseline designs and
the 10 selected detached houses, from which confeaiores would be identified, form
another baseline design. This paper reports oslyltsefrom the survey of the 10 selected

detached houses.
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The survey acquired specific data listed in Tdbbe

Table 5.5.Dataacquired from the survey of sample houses.

Required data Detalils

General information Income, education, age, famsiitg, etc.

Appliances and time duration of use for lightingpking.
Energy uses . ]
entertainment and, amenity.

' Occupants’ views on trend on acquisition and repieent
Trends in energy use _ o _
of appliances and switching of fuels used, e.gcémking

House history, configurati¢ Configurations, dimensions and material used orf,

and materials glazing and walls.

Visual and thermal sensation at tivad of interview whe
Indoor thermal and lightirilluminance, air temperature, relative humidity, na
condition speed, radiant temperature (from globe thermomedec

CO, were simultaneously measured.

The survey took place in September 2014. The octapaere interviewed based
on prepared questionnaire. The interviewers camiéd them prepared information on
electric power rating of types and makes of appksrand inspected each appliance during
the interview. Lighting and data pertaining to thal environment were measured by
sensors and recorded on data logger. The measuastrgments, except the illuminance
meter, were housed on a stand placed near theigware(s). Photographs were also taken
on both interior and exterior of the house. Incakes, photographs were taken in the living
quarter where the interview took place. In someesaphotographs were taken in all
guarters of a house.

Each survey team comprised two groups. One grongusted interview while the
other group inspected and photographed appliarsssia different quarters and took note
of the dimensions and materials used for roof, welhdows, and floor. Representatives of

the NHA took part in all surveys.
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5.4. Results and discussion

Results from the survey are generally consistetit Wiose from the census report
published by the Bureau of Statistical Forecasbiiipe National Statistical Office.
House design and features

The traditional Thai house known as ‘Ruen ThairDeis a wooden house on a
platform raised on posts up by a floor height aathgrises a gabled tapering roof. The
house is well ventilated by open windows and deord is well shaded by extended roof.
Such house is commonly situated near river, watayswor close to ponds of water,
Jaijongrak [28]; [61]. Scarcity of hard wood ance tbhanges in environment due to
construction of roads and other factors influencemendously the features of and
materials used in modern houses.

The selected houses in the survey belong to l@enme earners in rural area. The
older houses (more than 20 years), 2 out of theut@eyed, are constructed of wood and
retain general features of ‘Ruen Thai Derm’. Howevee original platform or floor has
been lowered almost to the ground level while thigimal walls and pitched roof are
retained. Corrugated fiber cement tiles are useafing material (available since more
than 40 years ago). Figure 5.1 shows photograpmefsuch house where it has a single
story. It was discovered from the interview thatths owners aged, it was difficult to
climb up the steep traditional stairs used in thee lmuses. Besides, the families were

becoming smaller, so there was no need to retoogs.

Figure 5.1.A wooden house.
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All houses surveyed have only one floor. Two o ttemaining 8 houses are
constructed of concrete block and cement, and veoadare more than 10 years old. The
parts of the walls under windows are constructedasfcrete block and cement, and the
upper parts comprise wood salvaged from originabdem walls (Figure 5.2 a)). The wall
is laid up layers by layers of concrete block, kexhdy cement mortar and plastered on
both sides with cement mortar to form a smoothaz@f The remaining 6 houses are less
than 10 years old and are all constructed of céadmock and cement (Figure 5.2 b)).
Hard wood suitable for housing construction is nesarce. The sample houses in the
survey show clear trend that concrete block andec¢nvas the choice in recent past. Such
houses are sturdy and promote a sense of secligtgome owners, such construction

represents modern trend.

Figure 5.2. A house constructed with wood and concrete blacka@ment (a) and a house

constructed with concrete block and cement (b).

The ratio of the number of houses constructed wihcrete block and cement
only, wood only, and concrete block and cementwvaodd from the survey is 3:1:1, while
the ratio reported by the Bureau of Statisticald€éasting from the 2010 census in Section
5.2is 2:1:1.

Floor shape and area

The common feature of all the houses surveyetasthe layout or the shape the
floor is rectangular. Among the older houses thare no partitions into rooms (for
example bedrooms). The owners used a part of dusehas living quarter. At night,
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mattresses are laid on floor and mosquito netstanag above the mattresses. Kitchen and
toilet are located in opposite spaces on an extearcka at the back of the house.

The floor area of the houses surveyed varies f8@mo 90 M. The average floor
area is 72 rhand the average area per person is 34.4 m

Family size age distribution income and occupationf family members

The number of members in a family in the survelyedseholds varies from 1 to 6
as in Table 5.6. It is noted that there are twdirdis groups, where the family sizes in the
first group are only up to 2, and the family sis@eshe second group are at least 5. In the
former group, the family members are either an rgldsingle person or two elderly
persons, whose working age offspring are employedhe cities. The second group
comprises extended families where elderly granéfatiand/or grandmothers live with the
families. The occupation of such families is farginThese insights can be used to
partially explain the statistics in Table 5.1. Asdility of jobs in the cities is drawing
away working age families from homes and the nunabdarmers is still shrinking. The
average family size from the survey is 3.3. Thigife is comparable to the figure of 3.1

for northern region in Table 5.1.

Table 5.6.The number of households in each family size.

Family size,
Number of households
persons
1 2
2 4
5 1
6 3

Table 5.7 shows the number of persons in each ageger of the surveyed
households. The number of persons at age belowgu&isthat of the elderly people (over
60 years old), and each constitutes 15% of thé¢ {Dtee same proportion of elderly people
and the phenomenon of population aging are alserebd regionally and nationally,
Statistics Group 4 [53]. Moreover, an increasingepetage of old age people live alone, as
can be observed in Table 5.6 and noted in Knodt [33] also notes that education and

employment opportunities draw children and workagg people away and leaving elderly
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parents at homes. Also, there are many instancdsetterly persons are emotionally
attached to their homes and refuse to move towitle their offspring in another location.

Table 5.7.Age distribution of the surveyed houses.

Age, year | Persons
<15 S
16-30 4
31-45 9
45-60 10
>60 5

In terms of family income, 90% of the surveyed fisiearn less than THB 15,000
per month as shown in Table 5.8. Examining therégun Table 5.1 and 5.2, the families
fall into the category of low-income earners. Tabl® shows that 55% of household
members are unemployed (retired persons and s8)denty 26% are privately employed

near where they live and 7% are farmers with logome.

Table 5.8.Family income distribution of the surveyed houses.

Family Income Number of households
Less than 5000 4
5001-15000 5
15000-30000 0
More than 30000 1
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Table 5.9.0ccupation of persons in the surveyed houses.

Occupation Number of persons
Unemployed (retired) 8
Farmers 2
Students 9
Government employees 2
Small commercial 2
Employees (private) 8

Electricity consumption

This paper reports only electricity consumptionitass the main interest of the
project. Information on consumption of electricly household appliances was obtained
by reading electric bill of each household and frelectricity used with each appliance in
the household. The interviewer(s) would ask theskaaccupant(s) on the duration of use
of each appliance and noted the type, size, andenudkthe appliance. Electricity
consumption of each appliance is obtained fromutalmg the duration of use and its
electric power rating. The power rating data ofheappliance was comprehensively
compiled from many sources, including informatioani laboratory tests. The value of
electricity consumption (kWh) corresponding to eagpliance from the 10 households
appears in the third column of Table 5.10. Eaclierdibr each appliance is the collective
value of the 10 households. The average electricitysumption per household per month
Is 191.7 kWh which is slightly lower than the 2Q44dtional average of 223 computed from
the annual value mentioned in Section 5.1. Theamesexpense on electricity is THB 460.
In the table, the appliances are grouped in acoorl& the 4 main end-use categories of
lighting, entertainment, amenity, and cooking. Pieportion of each end-use category in
Table 5.10 is similar to those reported by Kidheale[31]. The use of personal computer,
air-conditioner, and electric water heater among ¢jnoup of low income households is
rather unexpected.

The number of households that use air-conditionsy@ while those that use
electric hot water heating is 4. It is noted thdtoaisehold that uses air-conditioning also
uses electric hot water heating. One household eleetric water heating without using

air-conditioning. The need for hot water for pemodeansing among elderly persons is
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one possible cause in this instance. Among thedtmlds that has air-conditioning and
hot water heating, the average electricity consiwonpdue to these two items per
household is approximatelyl80 kWh/month. This feguneans that there was one air-

conditioner that was turned on during night time.

Table 5.10.Electricity consumption of each appliance obtaimethe survey.

End-use _ Electricity consumption, | Percentage Percentage for
Category Appliance kWh/month of total each category
Lighting Lamp 190.1 9.9 9.9
DVD player 0.6 0.0
Entertainment TV 168.7 8.8 8.8
CD player 0.2 0.0
Personal computer 46.8 24
Washing maching 44.9 2.3
Vacuum cleaner 22.4 1.2
Water heater 182.0 9.5
Amenity Air- conditioner 357.3 18.6 65.6
Refrigerator 293.2 15.3
Iron 48.0 2.5
Printer 2.4 0.1
Fan 260.2 13.6
Toaster 20.3 11
Electric stove 28.0 15
Cooking Microwave 35.7 1.9 15.6
Rice Cooker 45.8 2.4
Kettle 170.1 8.9
Total 1916.7 100.0 100

Figure 5.3 shows plots of electricity consumptigqaiast floor area of household,
family size, and family income. All three plots @b certain degree of correlation
between electricity consumption and each of theethparameters, but its correlation with
family income is clearest. The top electricity comers are also the households that have

air-conditioning and electric hot water heating.
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Figure 5.3.Plots of electricity consumption against floorafa), family size (b) and

family income (c).

Thermal environment and thermal comfort assessment

Major features of traditional houses, of extendedfs that shade solar radiation
well and open windows and doors that allow air ltawfthrough, were present in the
houses surveyed. In addition, most houses havéengeiinder roofs that help reduce
thermal radiation from the roofs into the spacekwe During the time of visit, the
interior air temperature and radiant temperatudendit differ to significant extent from the
exterior ambient temperature. This condition piledain most houses and was
sufficiently amenable for residents to live in theuses. September month is in the late
rainy season, the air would be humid and hot astimeis near the zenith at noon. Table
5.11 shows results of measurement of interior emvirental parameters. The range of air
temperature recorded during the time of visit (oagtonly) is typical for the time of the
year. The non-zero air speed implies that fans wamed on and the houses were well
ventilated. The relatively low level of carbon dide recorded implies that the spaces were
sufficiently naturally ventilated.
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Table 5.11.Values of thermal environmental parameters.

Range Air o Relative Radiant o Air  speedCarbon
temperature,C |humidity, % [temperature,C|m/s dioxide, ppm

Maximum |34.1 70.3 34.5 0.8 537

Minimum |30.6 58.9 31.1 0.2 460

Mean 32.4 65.1 32.6 0.6 494

For thermal comfort assessment, the ASHRAE 7-psrdle was used. The
interviewee(s) would be told to equate the +3 ptarthe condition that he/she would feel
when he/she is seated at the same position duaytgak in the month of April (warmest
in Thailand), and the -3 point to the December mdnbolest). Figure 5.4 shows plots of
the thermal sensation values (TSV) obtained agadpstrative temperature,o TAS is
expected, most respondents reported ‘warm and symivsensations even when electric
fans were on. For this group of respondents, theéraltemperature is obtained as 2€.2
This is the projected value and is outside theeasfcair temperatures measured, but is not
unexpected.
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Figure 5.4 A plot of thermal sensation values against opesagmperatures.

Lighting condition
Daylight illuminance at work plane level in thevifig quarters and bedroom of

households was measured by an illuminance metbte Eal2 shows the resulting values.
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Most values are as expected but deemed to be oslighely low side. Wooden walls are
not painted and the color of the surfaces appealisbcbwn and has low reflectance for
light. Spaces enclosed by such walls would tendetdess illuminated. No measurement
was recorded in three houses. The values corresmpnal those of house no. 7 and 8
appear to be too low. One occupant in house no.g Waand so windows were
intentionally closed to reduce light. The occuparttouse no.8 did not reside in the house

and windows were closed.

Table 5.12.Values of illuminance at work plane level, lux.

House number
Space Average
2 3 4 5 6 7 8 9 10

Living

- 225 |200 | 740 | - - 42 70 2500 424 278
quarter
Bedroom - - - - - - - - - 265 | 165

Carbon dioxide emission

This paper considers carbon dioxide emission feohouse in two parts. One part
is indirect carbon dioxide emission due to the o$eelectricity, and carbon dioxide
emission from generation of electricity. The otpart is carbon dioxide emission during
production of materials used to construct the house

The houses surveyed comprise some houses thabmas&ructed from wood, and
the combination of wood and cement. However, @lésar that the trend in the near future
is the preference for concrete block and cemenits. Materials for construction are
readily available, the time required for constractiis short, and the finished wall is
economic. In the followings, a house model is uged is envisaged as a representative
detached house of the Northern Region. Calculatwih be made on carbon dioxide
emission from construction materials used and @udiemission from the consumption of
electricity of the model house.

Figure 5.5 shows a perspective rendering of thdehbouse. There is an external
space under roof in front of the house. This spaaesed to welcome casual guests or for

casual relaxing activities in the early morningearly evening.
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Figure 5.5.Perspective view of the house model.

The house has an interior dimension of 9x8.3 m74nd height of 3 m. The house
has two bedrooms. Kitchen, cloth washing, restr¢tmtet and bathroom) are located on
a separate but immediate space at the back ofoilrgeh The supporting columns are steel-
reinforced concrete. The walls are constructed fpdastered cement blocks. The pitched
roof comprises corrugated fiber cement tiles lardneetallic support. Ceiling comprises
fiber cement panels. Windows comprises flat 5 masglwith wooden frame. Doors are
made of wood. The floor is reinforced concrete.

Table 5.13 shows quantities of building materiated, emission factors with
references, and calculated carbon dioxide emissiboigl carbon dioxide emission from
construction materials (so-called ‘embedded cadboxkide’) is 12,699 kg or 12.7 ton. The
top major contributors to the emission are conc¢regenent, and steel. Here, wood is not

counted where in some situation it could be comseui€éo contribute negatively.
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Table 5.13.Quantity and type of construction material, enoisdactor and Ceemission.

tem Quantity,| Emission factors, Reference Emission, kg
kg kg CO/kg material CO
Sand 7,472 0.0037 TGO 28
Concrete block 41,135 0.130 University of Bath @00 5,347
Cement 6,432 0.490 TGO 3,152
Steel 968 1.25 SimaPro 7.1 1,210
Roof tiles 2,182 0.353 SimaPro 7.1 770
Fiber cement panels 736 1.09 University of Batt0O@0 803
Lime 532 0.740 University of Bath (2008) 394
Glass 881 1.130 SimaPro 7.1 996
Total 12,699

TGO (Thailand Greenhouse Gas Management Offica) Thai government unit,
University of Bath is the university bearing theme in the United Kingdom, and SimaPro
is a computer-database software.

The electricity consumption of the surveyed hooshper month in Table 5.10 is
191.7 kWh or 2,300 kWh per household per year. Timailand Greenhouse Gas
Management Organization — the officially designatedyanization for matters on
greenhouse gas, TGO (2010), uses an emission fattdr6093 kg C@kWh for the
present mix of fuels used in electric power genemnaflotal emission for the model house
throughout its life is then

35.02 + 12.7 = 47.72 ton GQf the life of the house is 25 years, or

70.04 + 12.7 = 105.74 ton GOf the life of the house is 50 years.

The Finance Ministry allows a life of 25 years fawildings for the purpose of
depreciation calculation, but there is no consensid$ailand on the economic life time of
a house.

The resulting extent of energy use carbon emissiotained above will be the
reference values for the Northern Region in thggatoHowever, in future it is more likely
that the low-income earners would become middlerme earners and consume electricity
at a rate that is more than twice the figure use has they will have air-conditioning and

use electric hot water heating.
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5.5 Conclusion and Policy Implications

The survey conducted meets the set objective. dh®-®conomic conditions of
the surveyed houses match with those from natioeasus, so that a model house with
detailed features and construction could be forn@drepresent contemporary (and
immediate future) houses of low income earners haf Northern Region. From the
surveyed results on electricity consumption andstroction materials identified, carbon
dioxide emission from construction materials usechbedded carbon dioxide’) and from
occupants’ daily activities while occupying the beuhave been quantified. The
investigation on thermal comfort illustrates thatal houses are reasonably comfortable
with natural ventilation, at least during the digatof the survey. Present house design and
features also allow natural daylight into the imdeduring daytime without the need for
electric lighting.

Thailand has adopted an energy conservation phere 2011, The Energy Policy
and Planning Office [56]. The plan for residentalildings dwells mainly on voluntary
programs for energy efficient appliances, especaili-conditioners and hot water heaters.
There is no specific program on the house desigh @nstruction since no suitable
information was available during the plan developmémplementing building energy
standards and codes are effective means to fasteg efficient buildings, Lauston [38],
Iwaro and Mwasha [27]. Adopting and enforcing a dwory code on residential
buildings is unlikely to be accepted in Thailandorso Introducing and promoting a
voluntary rating scheme for design of resident@ldes is plausible. Granadeiro et al. [23]
consider that the most significant component tiffeices energy performance of a building
is the building envelope. The energy and envirortalerating scheme for house design
will therefore addresses building envelope. Thik mclude development of an energy
performance indicator for thermally efficient armkteffective walls and roof. The scheme
will include a requirement on design that enhanseSicient natural flow of air for
ventilation and thermal comfort and entry of dalgtifor lighting. The rating scheme will
utilize information from the survey to form baseéimlesign and include guidelines to

achieve more efficient and more environmental becist-effective design.



CHAPTER 6
A STUDY ON FORMULATION OF AN OTTV FOR WALLS OF RESI DENTIAL
BUILDINGS IN THAILAND

6.1 Introduction

In Thailand, air-conditioning penetrates up to6%8.in households country-wide
and 37.4% in Greater Bangkok (Bangkok and 3adjapeavinces) and is steadily
increasing [5] in all areas at a rate close to Goyar. Air-conditioning contributes to
electricity consumption substantially in householtisat possess air-conditioners.
Residential sector consumes electricity at 22.3% wmgether with commercial sector
consume 57% of total in Thailand [20], where thideat is similar to that observed
globally [49]. Chan et al. [10] assert that builginconsume 89% of electricity in Hong
Kong and air-conditioning contributes a substanpiaportion. These figures underscore
the importance of energy efficiency in residenbiaildings.

Implementing building energy efficiency standardsl @odes are effective means
to foster energy efficient buildings that lower epyeconsumption in this sector [27; 38;
57]. As further noted by Iwaro and Mwasha [27],almost all countries in Asia and
Africa, energy codes and standards for buildindgsexist, apply to non-residential
buildings only. At present, all large commerciaildings in Thailand and other ASEAN
countries are air-conditioned, while a certain patage of residential buildings are air-
conditioned.

For countries in hot climate, heat gain though eegdodbuilding walls is expected to
contribute a significant share of the cooling l@ddn air-conditioned residential space. It
is therefore expected that any energy conservastamdards and programs for the
residential sector must address energy performafaexposed walls. Overall thermal
transfer value (OTTV) as energy performance indicdr building walls has been used in
Singapore [19], in Hong Kong [63], and in Thailgi@]. Chua and Chou [19] note that
air-conditioning was increasingly used in residanbiuildings in Singapore. In order ‘to
ensure that building envelope designs are suitablee operated under air-conditioned
environment, the ETT¥s (effective thermal transfer value for residenbaildings) and
the code requirement on its value for residentialdings was introduced in 2008’. The

authors also demonstrate through building energuwilsitions that cooling loads of two
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building models vary linearly with ETT¥ . In another paper, the same authors show
results of an energy simulation on two sample esgidl blocks that each unit reduction in
the ETTVes of each block brings about savings of coolingdpaf 3.5-4.0% [18]. A
division of the IEA publishes a document to ass@intries in planning, implementing,
and monitoring building envelopes [36]. The docutnexplores existing and emerging
technologies for energy efficient (EE) building etopes and suggests policy directions to
transform to EE buildings. Sadineni et al. [SOfexne passive means for building energy
savings and review the effectiveness of past amstieg means to improve components of
building envelopes. Chiraratananon and Hien [Iljestigate thermal performance of
massive walls enclosing commercial and residesfaces in Thailand and reports that
thermally massive walls retain more heat duringtiday and release it into the enclosed
space during the night. The authors conclude tmatntally massive walls are not cost-
effective. Chirarattananon et al. [15] examine w$einsulation on exposed walls of
buildings serving commercial functions while Tumraual. [59] investigate the use of
insulation on exposed walls of residential buildinghder Thai climate and both conclude
that insulation on the interior surface of an exgubwall improves its thermal performance,
but its cost-effectiveness depends on the wall wimdlow configuration as well as the
function the enclosed space serves. Granadeilo [@8hconsider that the most significant
component that affects energy performance of adimglis the building envelope, the
authors then proceed to formulate an indicatodé&sign of building envelope based on the
use of heating and cooling degree days, total galdiation in the heating and cooling
seasons, envelope parameters such as U-value, lse#r gain coefficient, shading
coefficient, and window area, and set-point temioeeafor the interior.

This paper presents a functional formulation faGrT¥ as the measure of thermal
performance of building walls enclosing spaces useder bedroom function. This
development represents a part of an attempt tolaje\ee building energy performance
measures for residential buildings in Thailand. ®ed function is the major residential
function in the use of a residential households@mnéy there is a statutory building energy
code (BEC) for commercial buildings in which OTT¥ used as the thermal performance
measure for walls. The impetus for the present waakly arises from a project called
‘Energy and Low-income Tropical Housing’, a mulafmer project funded under Energy
Programme of the UK Research Council. The projettdevelop a scheme for rating

energy and carbon performance of designs of resaddouildings in which envelope
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performance constitutes a major part. Surveys takien within the project found that
existing houses are well-shaded so overall exposursolar radiation is limited. In

consonance with the existing practice, bedroomsh vahly one exposed wall are
considered. Furthermore, effective total windowaaigerestricted to 30% of total exposed

wall area.

6.2 Thermal environment and residential building malel for simulation

The method used in this paper to obtain the dedd@dV formulation is to
perform simulation using a generic building modélene its main interior spaces are used
under the bedroom function. The building is assunwmeated in the central region of
Thailand and the weather data of the whole of 2880 is used.

6.2.1 Thermal environment and building shell

The Thai climate is hot and humid. For the centegiion, which is our reference
location, annual average temperature is 28%K3laytime (06.00-18.00) average is 30.76,
night time (18.00-06.00) average is 26.10, ancatlerage for the duration of our bedroom
function (21.00-06.00) is 25.58. Solar radiatiord aelative humidity are high all year.
Figure 6.1showsgraphs of global,gln, diffuse horizontal, skyn, and sun normal,sdnn,
solar radiation and ambient dry-bulb temperatuegy, Trelative humidity, Rk, and sky
temperature, &y, for 3% and 4" March 2000. These two days at the beginning ofamok
dry season are rather clear and are the days osdéli$tration in Section 6.4.

As noted in [11], traditional Thai dwellings arenstructed from natural materials
of low mass. Modern residential buildings are ¢tartsed with materials produced by the
construction industry. Walls typically comprise cogte blocks, concrete slabs, or light
weight concrete, which are more massive than thusssl in the past. Lighter walling
materials are also available such as wood-liker filweard, but these are typically used as
decorative panels. Windows are glazed with sipgiee clear float glass, but green glass
and even manufactured two-layer insulating glasseslso used. Wall configurations and
values of material properties used in the simutattonform to those used in the

construction industry.
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Figure 6.1.Solar radiation and temperature &f@nd 4" March 2000,
a) 3 March 2000, b) 4 March 2000.

6.2.2 Building model

A generic building model comprising three floorbiexe the main spaces are all
assumed to serve bedroom function is used. The In®akentical to that used in [15; 59].
In order to avoid the effect of heat transfer tlgtowoof and floor, only results of the
middle floor are used in the present study. Thdigaration of the middle floor is shown
in Figure 6.2. The shape of the building is squaith dimensions shown. The peripheral
zones are identical, are air-conditioned duringltedroom hours, and each face a cardinal
direction. The core zone is un-conditioned. Thedeins appear as the color-shaded upper

section of the walls.

Glazed
window

Opaque wall

Figure 6.2.The configuration of the middle floor of the buitdi model.
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In order to obtain parameters for each exposed wdhe OTTV formulation, its
thermal properties will be varied. In addition teaaging optical and thermal properties,
placement of insulation will be considered for eadhll surface. Optical and thermal
properties of windows will be varied as well. Aslivide seen later, thermal properties of
interior wall surfaces will also be varied.

6.2.3 The BESim program

This computer program is used in the simulatiorsruit was developed earlier and
was described in a number of researches reportg¢tllin15]. The program uses local
meteorological data to calculate dynamic heat fesssunder the principle of energy
balance. It accounts for solar, short wave, andj lmave radiation heat transfers using
numerically calculated view factors. Thermal raidiat exchanges between interior

surfaces are accounted. A zone can be air-conddior naturally ventilated.

6.3 A Hypothesis on the OTTV formulation

The standard form of OTTV is

OTTV = (1- WWR)(U,, )(TD)+*(WWR)(U; )AT)+(WWR)(SHCC)(ESR)  (6.1)

where Uy is to be calculated based on wall compositions gusiASHRAE thermal
condition for summer,

TDeq represents the equivalent average temperaturergliife across the opaque
wall section that accounts for solar radiationsia radiation exchanges at the surfaces,
and temperatures of ambient and interior air,

Us is to be calculated based on standard thermalitt@mdor summer,

AT represents effective temperature difference adtwes glazing,

SHGC is to be calculated in accordance with optaradl thermal properties of
glazing using standard condition, and

ESR represents effective solar radiation on theeglavindow.

For Singapore, OTTV represents overall heat gaiosaca given building envelope
[19]. For Thailand, OTTV for commercial buildingspresents cooling coil load (CCL) of
the air-conditioning system due to heat gain actbssenvelope per unit area of the

envelope [13]. Such CCL is obtained from compsterulation using a generic building
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model. The values for Tdg [1[/[1 and ESR are obtained from regression procedungusi
(6.1) when WWR, W, U, and SHGC on the RHS of (6.1) are varied and ésealtant
values of CCL per unit envelope area is used onL#i8 of (6.1). In applying such
procedure, it is assumed that & independent of J and ESR is independent of SHGC,
etc.

For the present case of residential space used timeidedroom function, there is
no solar radiation present on the building envelojeoughout the duration of the
bedroom function However, studies in [15; 59] illustrate that solar radiatioon the
exposed wall and its transmission into the intespace during daytime is stored as heat
in the exposed wall and in the interior wall$his stored heat will be transferred to air and
contributes to CCL during the bedroom period. TWETV formulation for the bedroom
function should reflect this storage effect.

The hypothesis on the formulation of a thermal ganance measure for a wall
enclosing a space serving the bedroom functiohnatit takes the form

OTTVrr= (I-WWR)(CCL due to conduction heat gain andred heat in

opaque wall)

+ (WWR)(CCL due to heat stored in the interiormomass due to

absorbed transmitted solar radiation) (6.2)

+ (WWR)(CCL due to conduction heat gain throughzgig and

stored heat in the interior room mass).

The three terms are postulated to be independenheofother. The first term
represents CCL due to conduction heat gain throingh opaque section during the
bedroom period and that due to stored heat fronorpben of solar radiation on the
section during daytime. The second term represe@is due to heat stored in the interior
walls from absorption of transmitted solar radiatiduring daytime. The third term
represents CCL due to conduction heat gain thrabhghtransparent or glazed section
during the bedroom period and that due to heasteared and stored in the interior walls

during daytime.
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6.4. Proof of the hypothesis and elaboration of theerms of OTTVer

Each term in (6.2) is considered consequentiallpbews.

6.4.1 Opaque wall term

Consider Equation (6.2), let WWR = 0 and let thedpict (Uy) (TDshw) represents
CCL during the bedroom period of the building moadefFigure 6.2, i.e.

CCL = (Uy) (TDsw). (6.3)

Here, TQnhw is the equivalent temperature difference due taduootion heat
transfer through wall and that due to stored hedhé wall from solar radiation absorbed
during the time prior to the bedroom period. Inertb obtain its values for different wall
compositions, properties of the opaque wall matana of its surface are varied to obtain
different values of CCL during the bedroom perigdlayer of 50-mm polystyrene foam
insulation is added at thaterior wall surfaceas an option on wall compositions. Table
6.1 lists the ranges of variation of relevant prtipe and values of \J The thickness of
the wall is 0.1m. The entry in the second colum&HD) is ‘density-specific-heat-wall-

thickness product, or thermal mass of wall.

Table 6.1.Variation of wall properties and values of.U

Wall DSH, Solar Thermal conductivity,|Values  of Uy,
orientation |kJ/m? absorptanceW/(m-K) W/(m?-K)
North, south

25.2-252.00 0.1-0.9 03-2.0 0.34- 3.63
east, west

Results in [59] conclude that insulation placedtmmexterior surface of an exposed
wall of bedroom can adversely affect its thermafgenance, so this study considers only
placement of insulation on the interior suréac Figure 6.3 shows plots of CCL of the
bedroom period against values af bf walls in each direction and for three valuesvafl
thermal mass.
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Figure 6.3.Plots of CCL of walls of four directions against for three values of wall
thermal mass, a) DSH = 25.2 k3/rh) DSH = 148.0 kJ/fc) DSH= 252.0 kJ/f

The plots show a saturation effect of CCL. In tlase of commercial spaces this
effect is unexpected. In order to understandghsnomenon in the present case, there is
a need to examine the situation in some detailurgigs.4 shows plots of heat gain
components across walls of thermal mass of 148%3atar absorptance of 0.3, oriented
towards south, and of three values @f Whe plots cover the duration between 06.00 hours
of 39 March and 10.00 of4March 2000. The value ofdbf Wall 1 in the left most figure
Is 0.86, and those for Wall 2 and Wall 3 are 2.348 3.63. The value 2.245 is half of the
sum of 0.86 and 3.63The solid line in each graph represents net haat §lain into the
wall. Two periods can be distinguished from the pldtse first period of charging heat
into the walls (when net heat flux gain into wallpositive) spans from 06.00 to around
17.00 of the '8 of March and the second period of discharging freat the walls is from
around 17.00 to the end of the bedroom period.nagnitude of heat charging during the
first period, and that of discharging during thea® period, increases with the value of
Uw of a wall. Also, the charging period becomes srdidr the cases with higher value of
Uw. Moreover, for walls with higher values of,JUthe higher magnitude of heat charging
during the morning and afternoon is followed byhsglevel and longer duration of heat
loss from the same wall during late afternoon amehing prior to the bedroom period.
Table 6.2 gives a summary of the net heat gairach evall before and during the bedroom

period.
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Figure 6.4.Heat gain components on the walls of three valfiéspa) Uy = 0.86
W/(m?-K), b) Uy = 2.245 W/(n-K), ¢) Uy = 3.63 W/(n}- K).

Table 6.2.Net heat gaion each wall and the difference during the twoqusi

Wall = Wall 1 Wall 2 Wall 3
Quantity > |Net gain, Net gain, |[Increase ove|Net gain, Increase
Period Wh/m? Wh/m?2 Wall 1 Wh/m?2 over Wall 2
Duration

127.6 213.3 85.7 239.7 26.4
06.00 — 21.0C
Duration

-92.3 -191.0 -98.7 -226.1 -35.1
21.00 — 06.0(

The values from the table show that all walls hasepositive gains during the first
period and negative gains or losses during thedoadperiod. The losses contribute to the
air-conditioning load. The figures also show tfmatthe first period, there is diminishing
increase of net heat gain of Wall 2 over Wall ttattof Wall 3 over Wall 2. Similar effect
Is observed on the losses during the bedroom peridds pattern is consistent with what
iIs observed from Figure 6.4. These results thdudec diminishing increase in heat loss
from walls as W} increase are consistent with the observed saturatifect of CCL in
Figure 6.3.

From results such as those in Figure 6.3 and ubmgelationship (6.3), the values

of TDshware obtained and plotted in Figure 6.5.
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The plots in Figure 6.5 imply that Bk is a nonlinear, decreasing function of U
and is a weak function of wall orientation. Howewervaries strongly and linearly with
solar absorptance of the exterior surface of walklaown in Figure 6.6. The patterns of
TDshwin Figure 6.5 and 6.6 imply that it should varyakly with wall thermal mass. The
pattern in Figure 6.7 confirms this observation.e Téffect of thermal mass is more
pronounced for walls of higherddand higher solar absorptance.
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Figure 6.6.Plotsof TDshwagainst solar absorptance of wall surface,
a) Uw = 0.34 W/(n3-K), b) Uy = 3.63 W/(n}- K).
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The pattern of TBwin Figure 6.5 appears to resemble exponential dagsstion.
Indeed, the following functions are derived fromdesquares curve fitting for the south

and north oriented walls.

TD,. = (10.48a, + 5.79)e(0265% ~06%2)w 15 4154+0.0075DSH+0.574 for south,

TD,., = (8.79a, + 5.78)e*218 %~ 070000 4 4 15,+0.0061DSH+0.819 for north,
(6.4),

whereas is the solar absorption coefficient.

6.4.2 The window and glazing terms

Consider the case where there is a window on egubsed wall in Figure 6.2.
Now CCL that occurs during the period of bedroomction is postulated to comprise two
independent sources. The first source is the cdimtubeat transfer through the exposed
opague wall and heat stored in it prior to the bedr period. This first part is dealt with
and characterized in Section 6.4.1. The size of @@ to this source can be calculated as
product of (1-WWR), Uy, and TRnw The second source includes the heat and solar
radiation transfer through glazing and absorbednbsrnal walls and masses prior to the
bedroom period and heat transfer during the bednpenod. The CCL due to the second

source is represented by two terms as follows

CCLs = (SHGC)(ASH) + (Y(CTD) (6.5)
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where CClg is the glazing term or the CCL due to the secondc® here with
window of size WWR. The first term in (6.5) repretee CCL due to heat from solar
radiation transmitted and absorbed prior to therdid period while the second term
represents conduction heat transfer through glazaath prior to and during the bedroom
period.

Extraction and separation of the glazing term

First consider a specific case where the expopadue wall and all internal walls,

floor and ceiling have identical thermal propersé®wn in Table 6.3.

Table 6.3.Thermal properties of the exposed wall and intesialls.

Thermal conductivity, |DSH, Solar Thermal
W/(m-K) kJ/n? absorptance |absorptance
0.7 1,760 0.5 0.9

With the given thermal conductivity, JJof the exposed wall is obtained as 3.26,
and the CCL/rhdue to the given exposed opaque wall is giveraipld 6.4.

Table 6.4.CCL/n? due to the exposed opaque wall, \R//m

South East North West
21.05 20.14 17.88 20.64

The term related to transmitted solar radiation

In the next step, a series of simulation runs waslacted to obtain CCLs during
the bedroom period of the model in Figure 6.2 wtienexposed wall comprise an opaque
wall section of properties given in Table 6.3 anglazed window section with a fixed U-
value of 5.822. In the set of simulation runs, $hee of the window, i.e. WWR, and its
optical properties, the solar heat gain coeffici®iiGC), take on successive values in
column 1 and 2 in Table 6.5. The resulting CCLshwite given wall and windows with
given glazing are shown in column 3, 5, 7, angh8ler the headingW&G’ for the given

wall orientation in Table 6.5.
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Table 6.5.CCLs, W/n%, of bedroom with givertombination of opaque wall and windows.

South East North West
W&G |Gonly | W&G |Gonly |W&G |Gonly |W&G |G only

SHGC | WWR

0.387 0.15 |29.19 | 11.29 | 27.74| 10.63 2433 9.13 28.42 10.88

0.507 0.15 |30.87 | 1298 | 29.31| 12.20 25.72 10.52 30.04 12.49

0.606 0.15 |[32.98 | 15.08 | 31.27| 14.16 27.38 12.17 32.03 14.49

0.693 0.15 | 3445 | 16.55 | 32.63| 15.52 28.56 13.36 3343 15.89

0.834 0.15 |36.96 | 19.06 | 34.96|, 17.85 30.56 15.36 35.82  18.p7

0.387 0.30 |30.53 | 15.79 | 28.97| 14.87 25.34 12.82 29.70 1595

0.507 0.30 |32.65 | 1791 | 30.93| 16.83 27.07 14.56 31.74 17.p9

0.606 0.30 |35.29 | 20.55| 33.38| 19.29 29.16 16.64 34.26 1981

0.693 0.30 |37.13 | 2239 | 35.08| 20.98 30.64 18.12 36.03 21.58

0.834 0.30 |[40.26 | 25.53 | 37.98| 23.88 33.14 20.62 39.03 24.58

In order to obtain values of CCL due to glazingyotihe portion of CCL due to the
opague part of the wall must be removed. Accordinthe postulate, this portion of CCL
can be obtained proportionately to wall area frdra €CL of exposed opaque wall in
Table 6.4. The size of this CCL is C&l.where

CCLow = (1-WWR)(CCL in Table 6.4). (6.6)

The CCL due to the glazing of given size and gigptical and thermal properties
is then obtained as CGlwhere

CCLg = (CCL under'W&G' in Table 6.5) — CGdw. (6.7)

The resulting values of CGLis shown under the heading ‘G only’ in Table 6.5.
Figure 6.8 shows a plot of the values of @Cor the north wall against the product
(SHGC*WWR). These values represenaictions of CCL due to transmitted solar
radiation across window of size WWR of the walbamad glazing with given SHGCThe
corresponding quantity in (6.1) is a linear funotaf (SHGC*WWR). In the present case,
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the relationship is not strictly linear. The powenction that fits the plot under the least-

square criterion is

CCL ~ fes (SHGC, WWR) = 41.994(SHGC * WWR) %% 6.8)
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Figure 6.8.Plots of CClsagainst SHGC*WWR.

Since CClg in (6.7) and (6.8) is obtained as cooling coildaiue to window of
relative size WWR and glazing of given SHGC, théugaof ASH, the absorbed solar
radiation heat equivalence of ESR in (6.1), is tbbtained as the slope of the curve in

Figure 6.8, i.e.

d (41994 SHGC* WWR) *%%)| 6.9)

ASH=
d(SHGC*WWR

|(SHGGWWF§*

where (SHGC*WWR)* is the value at the middle ok thange in Figure 6.8.
Evaluating this value using the power function givier the north wall, ASH =54.3.

This value is comparable to those obtained by Gima#aChou of 58.6 in [18].

The glazing conduction term

To obtain the parameter CTD of the glazing conducterm (term 2) in (6.5), a
series of simulation runs was again conducted taioiCCLs during the bedroom period
when the walls possess properties shown in Tat3e Bhe WWR and SHGC of the
glazing were fixed at 0.3 and 0.606, and the gtaZikvalues, | varied in the range

shown in Table 6.6.



Table 6.6.CCLs, W/n%, of bedroom with given walls, window, and U-valfeglazing.

South East North West

W&G Gonly W&G Gonly W& G G only W&G G only
3.52 |1.056 38.23 |23.49 | 36.17| 22.08/ 31.50 18.98 37.06 2261
5.44 |1.632 35.78 |21.04 | 33.84| 19.75 29.54 1/7/.02 34.13 20.28
5.80 [1.740 35.38 [20.65 | 33.47| 1937, 29.23 16.71 34.35 19.90
5.88 |1.764 35.29 |20.55 | 33.38| 19.29 29.16 16.64 34.26 19.81
5.95 |1.785 35.22 |20.48 | 33.31| 19.22 29.10 16.58 34.20 19.74

Us Ur*WWR

The same procedure was used to obtain &ftie to the conduction terms per unit
glazing area under ‘G only’ in column 4, 6, 8, dfddin Table 6.6. Figure 6.9 shows graphs
of CCLc with Ur on the horizontal axis. The slopes of the graphgchvare the CTD
parameters for the glazing facing the cardinaldfiogs are all comparable. The negative
value of CTD implies that the glazing conductionmeepresents net heat loss from the

interior to the exterior through the glazing.
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Figure 6.9.Graphs of CCk against Ul

In order to understand this phenomenon, there imead to examine the
temperatures on the surfaces of the glazirg,ahd Tnt , of ambient air. Imp, Of air in the
room, T-Room, and of sky,sd, on 3 March 2000 in Figure 6.10 a) for3J95 and b) for
Ur 3.52. For all hours, the temperatures on the extand interior surfaces almost overlap

and are higher than ambient air temperature andeskperature. The situation implies that



91

there is convection to ambient air and thermalataain from the glazing to the sky. Figure
6.10 c) shows that there is a net positive heatfilom the exterior surface of the glazing
for all hours of the day p to the end of bedroomaaeand the size is larger for glazing of
higher U value. The heat fluxes for the interior surfaces @nsistently negative during
bedroom period, meaning there is heat loss fronrdben interior through the glazing to

the exterior. The implications from the three figsiare consistent and correspond with the
negative value of CTD obtained.
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Figure 6.10.Temperatures and heat fluxes relationships fostluth zone on 3 March
2000, a)Temperatures of 8§ 5.95 W/(n-K), b) Temperatures of i+ 3.52 W/(n-K), c)
Heat fluxes of Y= 5.95 W/(n%K) (Solid) and Y= 3.52 W/(n$-K) (Dashed).

Table 6.7 shows values of ASH and CTD for the mfee walls with thermal

properties shown in Table 6.3 and interior wallssofar absorptance of 0.5 and density
1,760 kg/m.

Table 6.7.Values of ASH and CTD for the reference walls.

Direction
Item

South East North West
ASH, W/n? 67.1 62.6 54.3 64.7
CTD,°K -4.2 -3.9 -3.3 -3.9

The values of ASH and CTD in the table show thahh@ry weakly with vertical
solar radiation prevailing in each direction.
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6.4.3 Independence of the glazing terms from the ague wall term

Section 6.4.2 illustrates extraction of the CCL dogglazing from that due to an
exposed opaque wall and glazing combination of iipethermal properties, and then
separating the glazing term further into an absbraed stored solar heat term and a
conduction through glazing term.

In the following steps to prove the relative indegence of the glazing term from
the opaque wall term, the solar absorptance, thsitye and the conductivity and hence
the U-value, of the exposed opaque wall is altdsgdone value at a time from the
corresponding reference value. The resulting valoeASH and CTD due to each
alternative wall composition are then shown for panson to those from the original

opague wall. Table 6.8 shows the resulting values.

Table 6.8.Values of ASH andCTD for alternative values of opaque wall property.

Alternative opaque | OTTV

wall property parameters South | East North | West
Solar absorptance ASH, W/n? | 63.7 59.4 51.9 61.6
0.1 CTD, K -3.3 -3.2 -2.6 -3.2

DSH, ASH, W/n? | 66.0 61.7 53.6 63.7
25.2 kJ/m CTD, K -4.3 4.1 -3.4 4.1

U-value, ASH, W/n? | 74.8 70.0 61.1 72.0
0.83 W/(n¥-K) CTD, °K -4.9 -4.7 -3.9 -4.6

The table show that values of ASH and CTD are redusy the smaller solar
absorptance of the wall surface slightly, changgthle smaller thermal mass slightly, and
increased by the smaller U-value slightly. Theiatgons are not significant and so the
values of ASH and CTD in Table 6.7 will be used.

6.4.4 The OTTV formulation

Based on the elaboration in 6.4.1 to 6.4.3 the Widrmulation for the bedroom

function of a residential building (in Thailand) is

OTTV,, = (1 —WWR)(U,)(TDshw)+(WWR)(Us)(CTD)+(WWR)(SHGC)(ASH), (6.10)
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where TRhwis given in (6.4), and CTD and ASH are given in [Eeh7.

The pattern of TBwin Figure 6.5 implies that there is diminishing wetion in
cooling coil load through opaque component of gmosed wall when insulation is added,
but using lighter or more reflective color is etige. Reducing solar heat gain through
glazing is also effective, but use of double glgzia reduce the U-value of window will

adversely result in higher OTEHV

6.5 Validation of the OTTV formulation

The formulation in (6.10) is intended as the measirthermal performance of an
exposed wall of residential buildings. It is dedvigom the CCL of a model used under
bedroom function, and is thus interpreted as thefowoling coil load, W) load due to
heat gain per unit area of the exposed wall ofsfpece. The validity of the formulation is
important as it is intended to be used as one e measure of thermal performance of
residential buildings in an energy and carbon gaticheme for residential houses in
Thailand in the project mentioned in Section 6 WoTresidential models are to be used in
the validation exercise. One is a bedroom in aleggial condominium and another one is
the bedroom in a detached house.

Figure 6.11 shows photographs of a residential @omgium and a house taken
from the survey in the project. Figure 6.12 sholesif plan of a residential unit on the
middle floor of the condominium and that of theat#ted house. The condominium was
built by the National Housing Authority (NHA) of &iland. The unit in the condominium
has an area of 31.2%while its main bedroom has a length of 3.25m, dthvbf 3m, and a
height of 2.8m. The detached house has a leng@mofvidth of 8m, and height of 3m. Its
bedroom has the same floor dimensions as thodeeohtin bedroom in the condominium
unit. In each of both units, only the bedrooms tiet a window on west-facing exposed

wall is assumed air-conditioned during 21.00 td06.
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Figure 6.11.Building models used, a) NHA condominium, b) sendetached house.

The configurations of the condominium unit and tletached house were coded
into the input files of two programs, BESim and TRKE, the latter a well-known
transient simulation software. The same weathex ds¢d by BESim was coded and used

by TRNSYS. Property and parameter values for thmesd wall of the bedrooms in both
cases are shown in Table 6.9. Three cases of walvéndow properties were simulated,’

light’, ‘medium’ or ‘reference’, and ‘heavy’. Theooesponding value of OTTyin each

case is shown on the last row in the table.

Exposed wall West p 2.00m N South
y 3.00m 3.00m ] N w 7
AN Windpw Toilet - g
& Kitchen L — Kitchen =
4 / +~
: R 2 1
E £ Toilet Bedroom gx 2 |z
8% o8 ) Bedroom Bedrogm s |
B0 i “ @ P P
= / =
< X— <
~ Entrance room . o
E . Living room =
o Windew Living room | =
1B . Y]
> —v 2 NN N
Walk way N323m L5060 3.25m 7

Figure 6.12.Floor plan of a unit in the condominium (a) and
of the detached house (b).
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Note that the value of WWR in the case of condoammunit is 0.18 while that of
the detached house is slightly larger at 0.25. Vdlees of OTTV; for the house are then
larger than those for the condominium unit. Propealues of all other walls in both units

were the same as those of the medium wall of thesed bedroom wall.

Table 6.9.Property and parameter values of the walls.

Item Light Medium |Heavy
Uw 0.86 3.26 3.63
DSH 25.2 148 252
Ols 0.1 0.5 0.9
TDshw 10.2 6.33 5.11
Ut 5.8 5.8 5.8
SHGC 0.39 0.61 0.83
ASH 64.7 64.7 64.7
CTD -3.9 -3.9 -3.9
WWR, condo 0.18 0.18 0.18
WWR, house 0.25 0.25 0.25
OTTVbr, condo | 13.0 28.9 44.8
OTTVyr, house | 16.4 32.1 47.9

*Note: condo = condominium.

The annual cooling coil loads of the bedrooms dhhmits for the three cases are
shown in Figure 6.13.

In both housing units, the cooling coil loads chamg correspondence with the
values of OTTV linearly. There are slight differences in the cooling codds obtained
by the two simulation programs. The properties phdque walls and glazing in the three
cases in Table 6.9 differ substantially that resulbubstantial differences in the values of
OTTVyr, yet the same proportionate changes occur to aenolng coil loads obtained by
both simulation programs. The results of simutatimm both computer software affirm
that the OTTV formulation accurately reflects thatmperformance of an exposed wall of a
bedroom.
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Figure 6.13.Annual CCL from simulation plotted against OTg:Va) Condominium,
b) Detached house.

6.6 Conclusion

The OTTV form of measure of thermal performancevafl that comprises three
terms, one accounting for cooling coil load dudéat gain through opaque wall, one for
solar radiation gain through glazing, and one feathconduction through glazing applies
well to the case of space used to serve bedrooratifum However, the unexpected
negative value of the conduction temperature dfiee (CTD) terms shows that this third
term represents heat conducted out from the spagegh glazing. The validation exercise
affirms that the OTTV formulation correctly and acately accounts for relevant thermal
components of heat transfer through exposed bgildiall that contribute to cooling coil
load in the space. The results in this paper ithaeflected in the OTTV formulation
confirms that high thermal mass of wall can be aslvé¢o thermal performance or wall,
insulation on wall interior surface reduces heah gdbeit with diminishing reduction for
higher level of insulation, solar gain prior to tedroom period contributes to cooling coil
load in the bedroom period, and reducing U-valueglakzing contributes negatively to

reduction of cooling coil load.



CHAPTER 7
CONCLUSION AND FUTURE WORK

7.1 Conclusion

Thailand was a net energy importing country evecesit began its first Economic
and Social Development Plan to embark on a new epludscoordinated economic
development in 1964. From 1985 to the presentcgpita consumption of oil and natural
gas has increased six folds, while per capita aopson of electricity has increased five
folds. A report of the International Energy Agen@i¢A) indicates that consumption of
electricity in commercial and residential buildingsnstitute 40% of total electricity
consumption and the building sector consumes 30%totdl energy consumption.
Development and implementation of mandatory anduntaly energy performance
standards for buildings are necessary and benlefiaociety. This study presents the
development of an OTTV, or the measure of thermafgomance, of building walls
enclosing spaces used under bedroom function. déniglopment represents a part of an
attempt to develop a building energy performaneadsrd for residential buildings in
Thailand. Bedroom function is the major residentiaiction in the use of a residential
household. The results of this study indicates thalding envelope and interior walls
should be constructed by using low thermal masemads including low solar absorptance
of wall surfaces to reduce heat storage from gsaldiation during daytime which is major
factors of CCL of night time function. The exposesll should be installed interior
insulations and if the wall comprises window ardeg glazing type and shading device
should be considered to screen the transmitted satihation through window which is
much influenced with the performance of buildingvelopes. The developed OTTV is
verified and the results indicate that the devedlo@ TV can be used to indicate the

performance of building envelopes enclosing redidkespaces precisely.

7.2 Future Work

A study on building envelope performance of naneanditioned residential spaces

considering of thermal comfort, visual comfort aedergy consumption in houses are
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recommended. The results may enhance thermal coododition in houses without the
use of air-conditioner which can reduce energy gomion significantly.
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THE CALCULATION METHODS USED IN BESIM PROGRAM

1. SURFACE ENERGY BALANCES

This document is written to give theoretical backgrd on the algorithms and
procedures used by BESim in the calculation. Altio standard methodologies and
algorithms are used in most modules, there aresgisoific methodologies and algorithms
in some subject areas that the authors have catddbto the community of building
energy science that are specific to BESim. Thisudtent is organized in a way that it
presents a logical flow of the subject matters.

1.1 A Physical Overview
Figure A.1 is presented to illustrate the completeractions of driving forces and
heat transfer mechanisms in a zone or space arsditreindings.

Adjacent zone

e 5
Fresh air Radiation to and / .~'$
intake o from Other SPaCES === f++++[21rsarrsrsanssansansssnssnnsansannas .: :
.. ZN Alr. :
Solar Radiation duct E
Leakage air e E
from|exterior N :
Thermal radiatio %, \_5 Leak?-ge air from or :
@ to adjacent space :
Convection | AHLL
‘ Supply aire i :
Return al =

Water |[Evaporata
Cooling| chiller |Compress¢
tower —§(5 Condense

Electric power

Figure A.1. Complex interactions of driving forces, heat, &nidhan and equipment

operations in a space

At a given instant, solar radiation falls on theeemal facade. A part of solar
radiation is transmitted through glazing into theilding interior. The part of solar
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radiation falling on an opaque surface is partilested and partly absorbed on to the outer
surface of the opaque wall. The absorbed enerdlyingrease the internal energy of the
wall material and slowly increases the surface tmampre. The speed of temperature
increase depends on the intensity of solar radiagiosorbed, thermal properties of wall
materials that can dictate the rate of conductieat Hransfer through the wall, and the
temperature of the opposite surface of the givell. waleat transfer through wall is
dynamic. Exterior air temperature also convectst e the surface. At the same instant,
the exterior surface exchanges thermal radiatiagh sarrounding surfaces. Surrounding
surfaces “seen” by the exterior surface may comemipart of ground, a part of sky and a
part of surfaces of other buildings. Cloud, pattites and the general atmosphere of the
sky form an “equivalent” sky surface that can exgethermal radiation (at wavelength
longer than 3um), apart from imparting diffuse solar radiatiom l@velength less than 3
um) to the exterior surface. While heat is beingdiected from the exterior surface
through the wall material into the interior surfatiee interior surface of the external wall
exchanges thermal radiation with other surfacaeerroom. Air in the room also convects
heat away from the interior surface.

Although we have focused our attention on the estewall, there are similar heat
exchanges on all internal walls. In Figure A.Qghti from the lamp in the room is
illustrated to be transmitted to an adjacent robrough an internal, glazed window. This
contributes radiation of short wavelength, simitar solar radiation, through direct
transmission to the adjacent space.

Electric power is supplied to lamps in order fortat produce light, or visible
radiation. But in all lamps in use, less than 2®Psuch power is converted into visible
radiation. The other 75 % or more of supplied poiseurned into thermal energy that
increases the temperature of a lamp and its conguiary component (such as a ballast).
Part of this thermal energy is radiated to otharfases in the room, but part of it is
convected to air. Computers and other equipmettigrroom also generate heat from its
operation.

Some equipment and human occupants in the roonmilmatet both sensible heat
and latent heat. Sensible heat is transferredhersnal radiation to other surfaces in the
space and convected to air. Latent heat is trenesf¢o air directly.

Fresh, outside air introduced into the space faotikaion is mixed with return air

at the air-handling system. This adds load tocthaing coil. Leakage air from exterior
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and from adjacent spaces will mix with the air m@ room and increase or decrease the
space cooling load in the room.

The speed of dynamics of operation of the air-ciooning system is generally
higher than that of heat gain through walls. Somthe salient features of the phenomena
described and some assumptions normally made &d here in the followings.

e The air in an air-conditioned zone is assumetl mixedso that the property of air
everywhere in the zone is represented by one dgonditAn air-conditioned zone is served
by an air-conditioning system. This system resgadinda temperature control device such
as a thermostat. The control device operatesdbkng coil of the air-conditioning system
to keep the air temperature at the set-point vafube zone.

In the case of displacement ventilation or natanalow, the flow of air may not be
well mixed. Specific method for dealing with h&@nsfer and air flow is needed when the
assumption of air being well-mixed is lifted.

e The phenomena of heat gain, radiation and air teakkescribed in the foregoing
suggests that all phenomena and mechanisms in esgage in the building occur
simultaneously and interactively. Electromagne#diation emanating from one space
affects energy balance in another space. The tondif air in one space may differ from
that of another space. When this air leaks frospace at that instant, it interactively
affects the space that it leaks into. Viewing frarbroad perspective, the phenomena in a
space systemically affects the whole building. sT$ituation implies that if mathematical
equations are written to describe the evolutiomiofproperties or other state variables in
the buildings, the equations are all related. Adfesquations written for a set of state
variables in one space would contain state varsat#@presenting properties or conditions
of another space in the building. Thus the setmfations of states of all spaces in the
building become very large. The equations areineaf, dynamical and simultaneous.
The solution of such set of equations can preseartibchallenge even for a building of
few spaces, when each space is expected to beldgnan air-handling system to achieve
an independent and distinct condition. In practitewould be necessary to consider
isolating each space and solving the corresponsigf equations separately and using
some means to relate the results for the wholelimg!

e For the purpose of calculating thermal radiatioshexge, surfaces in a building
are assumed to be diffuse and the temperatursedétaon of a zone is assumed uniform so

that one temperature represents the entire sudfattee section. (The temperatures of the
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surfaces on two sides of a section differ, thoughlhis assumption of diffuse surface
property is also made for the case of diffuse lighbwever, in calculating direct or beam
daylight, a surface may have certain specular ptgpén lighting calculation, the surface
of a section is divided into several segmentsltmamore accurate calculation of daylight
distribution in building interior.

Energy Calculation

In order to calculate energy use in a building, $teting point is to examine heat
gain into a space or a zone.

Heat is gained into a space through external walls in the space then receives
this heat through convection process. The airgitdn enthalpy level then transfers heat to
the cooling coil of an air-handling system. Heaini the air is transferred to water in a
chilled water air-conditioning system in this prese The return chilled water that now
carries heat from the air-conditioning zone themsfers heat to the primary refrigerant in
the water chiller. The performance of the watalahis influenced by the temperature of
the supply and return chilled water, and by thepmemature of the entering condenser
water. The temperature of the condenser water wheturns from the cooling tower is
related to the temperature of this condenser wageat enters the cooling tower, and the
prevailing ambient air condition used to cool tvister.

In order to relate all these processes and phemaneeelectricity use of a building,
energy balance equations are written at each stgese equations are developed from a
consideration of the interactions of energy comptmeat that stage. The resulting

equations are eventually solved to obtain the vaftenergy use.

1.2 A Modeling Overview

BEsim uses interactive energy balance procedurgsircalculation. There are
specialized modules that BESim uses to generatefdasubsequent calculation. Figure
A.2 illustrates the main procedural flow of comgiga. The starting point is the energy
balance at the exterior surface of each sectiowalff or fenestration. The resultant heat
flows into and through the section, by conductiondpaque section, and by transmission
of short-wave radiation and conduction for transparsection. There is another energy
balance at the interior surface of the section. ifikerior surface participates in thermal

radiation exchanges with other surfaces. Heat fthen surface of the section is also
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transferred to air. Within a zone, the air trangf@ energy to the air-conditioning system

under an energy balance condition.

Convection to Outside A |

1 LW Radiatior |
Qutside Surface Heat Balai
7y

v
Through the Wall Conduction

Absorbed Incident |
Solar radiation

LW Radiation from
Internal Sources
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Infiltration Ventilation| ——]

Air Heat Balanc

Convection from
Internal Sources

Lights \.I Inside Surf : Heat Bal r/
nside Surface Heat Balar _
Transmitted Solar |— 1 \ LW Radiation
radiatior | Convection to Zone A | Exchange with Othe
Dunlicated foreachsurfa _ __ _ _________t ______________L___ Surface | }

Exhaust Air 3
| HVAC System |

Figure A.2 Steps or flow of computation with energy balancehatjunctions or node of a

section.

Figure A.3 shows the program components of BESkEssentially, the integrated
solution manager is the program manager that biimgsput data and manages flow of
data into computation modules. The main blocks thata flow through are shown

enclosed in the box bordered by dotted lines.

Heat Transfer -
Solar Calculation Module Alr Ir;%(()j%lilm-
Radiation
Suk-module \
II Zone
Conduction e riaiair Sl ' Equipment
! Integrated Solution Manager !
Sub-module \‘: 9 9 ' Sub-module
i | Surface Heat Air Heat AIC System | |
) i Balance ::> Balance ::> Simulation :
Convection | and !
Suk-module ' | Conduction '
L S R - | ! Condenser
Loop Sub-
Radiocity of module
Surfaces Sub-
module

Figure A.3 Program components of BESim.
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The program manager calls procedure for calculatfosolar radiation using solar
radiation data read from meteorological input fil.also calls other program procedures
to calculate convection heat and thermal radidtan are balanced at the exterior surface
also using data read from meteorological input file

The principle of balance applies not only to eyeaga node, but also to the states
of air and water across the whole procedure. A&sathpasses its heat to the air handling
system, the response from the system is fed bacéirtateratively until a balanced
condition is reached between the zone air andybies. The same balancing procedure

is applied between the system and plant. Figudellustrates the principle.

N/

Zone System Plant

NN

Air loop Water loop

Figure A.4 Balance in the air and in the water loop



