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Abstract

This studyaims to developnethods to reduce energy demandhi@building sector,

which is one of the main energy consumers. An extensive literature review has been
carried out to understand theehaviouro f buil dingso ener gy cCo
investig t e t he previous met hods proposed [
consumption. This work mainly focused on cooling dominated buildings in a hot and

humid region. A typical medium sized commercial office building located in South

East Asiawas choseras the ase study. The building was audited to analyse its

energy performance and mapped out its-esel energ consumptionlt was found

that the building consumed 7,334,630 kWh energy a ydare87.5% of the energy

were spent on supplying a good indoor comfortthe occupan(that involves air
conditioning and lightng A det ai | data from the buil di.
used to build a baseline building model befdreermal analysis and further
investigation was carried out to achieve ZE@Bwas discoveed that 84% of the

buil di ngds heat ongiatarnal sourees and hoom asdlae. th this r

study, a wholebuilding approachencompassingf all the threemethods(passive

cooling using phase change material, retrofitting proceldased on threnal analysis

and combind heat power solar energy generation systemme appliedo the target

building as a retrofit means that resulted ireexo energy commercial building

(ZECB). The methods if implemented is estimated to reduce 52.2% of the total

erergy consumption with the remaining energy requirement wifulbe supplied by

onsite solar energy generatovhile 573,674.77 kWh excess electricity and
3,531,703 kWh excess cold energy will be supplied to the grid and neighbouring
buildings Parts ofthe suggested retrofit strategie®re fully implementedy the

casestudy building in February 2016.i# foundthat the actual energy consumptions

after retrofittingwere reduceds predicted from the simulatiofhis proveghat the

developed methodsdm this researchre applicable tthe real world.
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Chapter 1. Introduction

There have been a significant changen energy landscape in the past decades due to the
uncertainty in energy demand and supplies, volatility in energy prices and changesrgy
policies[1][2]. Fossil fuel has been the main energy resource since the ancient time but hugely
exploited duringhe ndustrial revolution in the #8to 19"cent ur i es . I n the 1¢
shockd happened ol embaig8 By3heOdyaneatian of Pettoleum Exporting
Countries (OPEC) in retaliatidior the Western support of Israel during the Yom KipjVar or
Ramadhan Warl t is then followed by the second 6o
[3][4]. This two political instabilityin the main oil producer countries resulted in oil shortages in
industrialcountriesand an increased in the oil price ($ggurel). Subsequently in the 1970s to

the recent years, energy crisis were experienced by one country to another due to volatility in
energy prices and an increased in energy demand which resulted in the shortage in energy supply
[3][4][5][6]. As the world population increases and many countries are undergoing industrial
development, the energy demakekpson rising[7]. This scenarias further worsenedby the

global warming The global warming due to human activities was first acknowledged by a
scientist, Svante Arrheni|8] in 1896. Scientific publications related to environmental pollution

and climate change related to human activities escalatect itdB0s to the 197(8][10]. In

1979the first World Climate Conference was organized en1988 the global climate was first

being acknowledged to be higher than any time sli®89 (seeFigure2) [8][9][10]. Since then,

there is a perceived need by the wddddirg organisations such as the United Nation (UN),
Organisation for Economic Gaoperation and Development (OECD) and the European Union
(EV) to improve the global energy landscape. Their aim is to attain the energy sustainability and
to combat the climate chge which resulted from the greenhouse gas (GHG) emission
[1][9][11].
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Figurel. Historical monthly West Texas Intermediate (WTI or NYMEXude oil prices per barrel back

to 1946. The price of oil shown is adjusted for inflation using the headline CPI and is shown by default on

thealgorithmicscale[12].
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Figure2:Global LandOcean Temperature Index (C) (anomaly with base: -19&D)[13].



The GHG were largely contributed by the burning of fossil fuels for energy supply (electricity
generation heating,and transportation) then followed by the lamsk changes wth include
agriculture and deforestatigh4][15]. Thesewo factors that contributed to the increase in GHG

emi ssion are the main oOf uel 06[16]1@]rAddtionally,ahe and
i ncrease in humanod6s popul ation has been the
besides other factors such iaslustrialisation developmentand consumerisnj7]. As can be
observed irFigure 3, the total world final energy consumption is proportioriatde increase in

the number of worl dodés popul ati ondeveBpnemidd on t
the growth in huessaniadfshuma psl ausbaianability, C
supply or preventing agriculture are perceived as impractical in solving current energy and
environmental problem. Henceew exploration of clean energy resourcesnvironmentally

friendly practices in evergspecif human activitiess deemedessentiafor future sustainability
[71[9][18][19][20][21].
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Figure3: Annual total world population (in billion) and total final energy consumption (in billion tonne of
enegy) since 1971 to 201[38][22][23].

The constraint®f the conventional energy resources and the changes in energy policies sparked

an interest in alternative energy rasmes and the development lofyh-efficiency technology

3



[7][24]. This recentenergy and environment awareness scenario had boosted new consumer
behaviour patterns which focus on increasing the energy efficiency ranging from tuseend
technology, transportatiorjousehold goods, industriaise, and buildings. Even thougthe
excessive cost limits the development of these technologias still estimated to eara
substantialmarket sharan the future[7][25]. These technology breakthroughs accelerate the
adoption of renewable energy ahdlp in slowing down the global energy demaji®]. The

annual production of the energy fraenewables andiaste product were increasing even though
fossil fuels fiatural gascoal, peat, oil shale, cruddGL, and feedstock) are still dominating the
market share (sdagure4) [18].
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Figure4: World production of energy resources since 1971 to 208]3

1.1 Contribution to the energy sector

Building Sector account for the largest share of global primary energy deftetds 45%
worldwide [26][27]. This sector is responsible for 41% of the total primary energy consumption
in the United States[28], 40% of the total primary energy conspiion in the International
Energy Agency (IEA) countrie§l8] and the European regid9], and 30% of total final

4



consumption in the South East Asiregion30]. Whereas, in term of the global ende energy
demand, buildings is the'3largest energy consumer (20%) aftexdustries (54%) and
transportation (25%)31]. The ©percentage olse dnergyldemamdgis 6
expected to increase by an average of 1.5% a year from 2012G¢32Q. The Buildings Seor
energydemandsannual growth rate in different countriegere listedin Table 1 The highest
energy demand growth rate by the building sector was in Spain then followed by Malaysia and
Thailand.Moreover, this sector is also one of thain contributorgor the global GHG emission

(30% of the global GHG)27][32]. In Europe,36% of the CQwas emitted by the Building
Sector[29] and38% in the USA28]. The CO; emission by the Building Sector is estimated to
have grown at a rate of 2.5% per year for the commercial buildings and 1.7% per year for the
residential buildingd32]. Despite thesignificant shareof the global energy demand and the
globd GHG emission, Building &ctor isclaimed to bea sector that possesst®e highest
potential for reducing the GHG emission based on the available technol{@gésHence,
making the Building 8ctor more energy efficienvere seen as the main solution for this
worldwide crisig27][32][33][34][35].

Tablel: Buildings sector energy demand annual growth rate by cof8u}j86].

Country Energy demand annual grow Sources

rate for the buildings sector (%)

Europe 1.50 Lombard etl., 2008[32]
USA 1.90 Lombard etl., 2008[32]
UK 0.50 Lombard et al.2008[32]
Malaysia 3.10 SEA Energy Outlook, Sept 2013 [3!
Spain 4.20 Lombard et al.2008[32]
Indonesia 1.00 SEA Energy Outlook, Sept 2013 [3!
Thailand 2.40 SEA Energy Outlook, Sept 2013 [3!
Philippines 2.00 SEA Energy Outlook, Sept 2013 [3!

This study address the global energy challenges by developing methodsBaiiltheg Sector to
move tozem energy commercial buildingZECB) which in return, will reduce the energy
consumption and increase the adoption of clean enkrigythus hoped thahis work will play a
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small part in stimulating global energy security and tackling climate change. Prizgnedsed

madein small steps.

1.2 Contribution to the existing research

As the regulations on the buil diebgdmingenorer gy
rigorous numerical studies were conducted to aidBli@ding Sector in obtaining the objective
and adapting to the changes made¢ he bui |l di ngds r egark aanlyons .
concentratecbn energy efficiency in residential ikling, small size commercial building and
buildings in the cold climatareas Most of the studiesvere focusen the improvement of a
certain aspect of the building such as the I
local energy generiain system, thermal comfort, waste management or theysibm. Whereas
in this study, a holistic approach was taken and promoted throughaitity@n a medium size
commercial office building located in a hot and humid country. This whileing appoach is
in conjunction with the suggested approach by the world leading energy agencies such as the IEA
and the United Nations Environment Program(d®EP) in improving the energy landscape
from the Building Sectof27][32]. This thesis presents several contributiongthte existing
resarch namely:
1 A comprehensive studgf the energy distribution and indoor air quality in a typical
mediumsized office building in a cooling dominated country (can be found in Chapter 3);
1 A finding of the impact of installing a phase change material andsulation material in
a hot and humid country, and the megttimum construction and cooling operational
settings to reduce its dependency on cooling system (presented in SectidPadsl pf
the content in this Section was submitted to the BuildimdyBnergy and currently under
revision
T A new retrofit method based on the buildi
cooling demand (presented in Section 4Phe method used a whelrilding and
holistic approach i nrgytcansukptionn ghe wholeuildibgu i | di
approachanalyseshe whole building aspects that contributed to energy consumption and
buil dingds heat gai n. Whil e the holistic
active approache®arts of the content ithis section was published Energy Procedia
[37] andApplied Energy[38];



1 An investigation on powering a typical meditsized commercial office building in a
cooling dominated country itth 100% solar energy. This section offers an overview of
the solar technologies, the challenges in meeting the demand and the most optimum way
to manage the solggoweras t o i ncrease the whole syst
Section 4.3);

1 An investigaion of the wholebuilding approach to achieve ZECB by combining all the
three methods suggested in Section 4.1, 4.2 and 4.3 (presented in Section 4.4);

1 Aninteractive study betweensanulationsbasedanalysesvith the actual implementation
of the suggesd methods. This chapter offers a reality check between the research
findings and theactual implementationof the target building The performance gap
bet ween the simulation works and the act
preference indecisionmaking related to retrofit were acknowledged (presented in
Chapter 5).

1.3Organization of the thesis

The findings of this studgire presenteith the followingapproach (see Figure.5)

Background study Main investigation Conclusion

Chapter 1: Why this study Chapter 3: The case-study Chapter 6: Summary of the

focused on building sector ? building. whole findings and future
work.

Chapter 2: Review of high Chapter 4: The methods

performance building and developed to achieve ZECB.

building’s energy.
Chapter 5: The actual
implementation of the
methods developed on the
case-study building.

Figure5: The structure of the thesis.

This chapter (Chapter 1) explained theretation between Building Sector and global energy.
Chapter 2 presents a comprehensive review of-pighr f or mance bui | dusemg an
energy pattern which directed to the focus of this study. In Chaptarb@ilding casestudy

matching the criteria desired was chosen. The-stagly buildingwas analysedand the audit
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resultsare presenteth Section 3.1anda model of the casstudy building was constructed in
Design Buildersoftware and presented ire@ion 3.2. The casgtudy building model is called
baseline model. I n Chapter 4, met hods to r
investigated and developed using computer simulation. Three main metboelproposedthat

are using passive desig(explained in Section 4.1), a holistic retrofit procedures based on the
thermalanalysis (presented in Section 4.2), aonthrpoweredcooling system (detail in Section

4.3). All these three methods were combined and apidte baseline model to achieZECB
(presented in Section 4.4). In Chapter 5, the outcome of an actual application of the methods
suggested in Chapter 4 on the eagaly buildingwasanalysedand reported. Theholefindings

are then concludeth Chapter 6 (Section 6.1)T'he recommadations for future workwvere

presentedn Section 6.2.



Chapter 2. Literature Review

This chapter offers a comprehensive review offgttors that have driven the adoptionhagh-
performancebuildings and theestablishederms and theidefinitions that have been used to
describe or quantify thaigh-performancebuilding before revisinghe methodsappliedin the
previous studies t o effiaeocy e dshe g rlewiilodiisn gd u de re
enduse energy consumptia@rethenbeing lookedat before shifting to the indoor environment
quality topic.The literature review usep-bottom analysis where we analysed the topic from a
broader perspective and narrowing it down to the ss@e The sequence of the reviewed topics

is as described ifrigure®6.

"
Ay
o

Figure6: The sequence of the reviewed tofgiesed on the top bottom analysis approach

2.1 Factors that motivate the adoption of energy efficient building

Even though the energy crisis and global warming are the main drive for thehstriffe in the
Building Sector, the primary motivation for a building developer and building owners to adopt to
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the energy efficient buildirgare due to the enforcement by thovernment through legislation,
incentive and the benefit that this type of building offers (which includesefiesttive measures)
[32][39]. The movementowardshigh energyefficient buildings started in the 1970s asresult
of thepostoil crisis and the rising awareness related to the environmental pollution caused by the
massive industrialization in the #&nd the 19 century in the Wst [40][41]. Although there is
an agreement of the advantages that green buildings offer, there is still a lack of green buildings
being consructed todaj42]. Some of the reasonspointed out byprevious studies and
publicationg26][42][43] are:

1 Fundindcost

1 The resistance towards a new approach by the construction sector

T A conflict of interest bet wdaregits lifetire (frdmm f f er

developer, ardtect, subsystem designers, contractor, and tenants)
1 Lack of exposure tthe benefits of employingreen measures

1 Unstructured decision making theretrofit process

However, withstringent reglations being enforced ov&HG emissior [9][11], the developed
countries and countries in the European Union have been more proactive in accelerating the
progress of reducing the egg and GHG emissian from the Building Sector
[26][27][32][33][44]. Whereas, fodeveloping coutmies, the guidelines were introduced by the

government on a voluntary basis to create award@6§80].

2.2 High-performance building

Several terms were used across the globe by different organisations to destidje a
performanceuilding. It ranges from Green BuildinNg5][46], Sustainable Buildinf27][40][46],

Low Energy Building, Passive Building, near Zero Energy Building, Zero Energy Building, Net
Zero Energy Building, Wt Zero Energy Emission BuildingZero Carbon Building, Carbon
Neutral Buildingand PlusEnergy Buildinglhe definitionof eachtermis presentedn Table 2

All these termsdescribea quality of a Greemuilding. However the technical definition may

vary between eacterm
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Table2: Terms that have been used to desaibmgh-performancéuilding and its definition.

Term Definition

Green Building AGreen building is the prac

Sustainable Building processes that are environmentally responsible and resol

High-performance efficient throughout &building's lifecycle from siting to desigr

Building construction,  operation,  maintenance, renovation,
deconstruction. This practice expands and complements
classical building design concerns of economy, utility, durabi
and comfort. Green building Eso known as a sustainable luigh-
performance building [#0][27][45][46]

Passivhaus (Passive AA Passive House is a building, for which thermal comfort (

House) 7730) can be achieved solddy postheating or postooling of the
fresh air mass, which is required to achieve sufficient indoor
quality conditions without the need for additional recirculation
air.o[47]

Zero carbon home "Requires all new homes from 2016 to mitigate, through var
measures, all the carbon emissions produceditsnas a result o
the regulated energy use. This includes energy used to pr
space heating and cooling, hot water aned lighting, as outlinec
in Part L1A of the Building Regulations. Emissions resulting f
cooking -iam& &pmpdluigances such
are not being addressed as part of this poli¢48]

Plusenergiehaus®/ "The Plusenergiehaus® fulfils a threefold objective: it will

PlusEnergy House  supported exclusively by 100% renewable energy. It will ope
COz-neutral. Moreover, it reduces the energy consumption
extensively, that it W generate more energy than it will us
Additionally comes the selection of healthy building materials a
feasible market pricg[49]

nearly Zero Energy  "A building that has a very high energy performance, asrdebed

Building in accordance with Annex I. The nearly zero or very low amou
energy required should be covered to a very significant extel
energy from renewable sources, including energy from renew
sources produced esite or nearby [29]. This term was
introduced by the European UniQdE) andthe technical definitior
is determined by the Member StateJ able3.

In the Europearregion, all theEU members have agreed to redu@elG emission throughthe
Energy Performance of Buildings Directive 2010EB1 (EPBD). According to the Directive:

11



fAiMember States shall ensure that: (a) by 31 éwloer 2020, all new buildings are nearly zero
energy buildings; and (b) after 31 December 2018, new buildings occupied and owned by public

authorities are nearly zerenergy buildings [29]

The detailed technical definition of an nZEBdeterminedy every Member State (MS). As of

April 2015, nZEB definition by fourteen MS hdmeen approvedThe technical definition of

nZEB for nonreddential buildings by the M$& measuredby annual energy intensity, tis@are

of renewables nd compliance of a certain buildingo:s
primary energy intensity for neresidential nZEB as determined by the i@ listedin Table3

[33].

Table 3: The primary energy intensity for the nogsidential near Zero Energy Building (nZEB$
defined by the EU Member Staf@s].

Country Maximum gimary energy intensity (kWh/mypéar)

New building Existing building
Austria 170 250
Belgium (Brussels) ~90 ~ 108
Cyprus 125 125
Denmark 25 25
Estonia 90-270 n/a
France 70-110 60% of enegy consumed are P
Latvia 90 90
Romania 50-192 n/a
Slovakia 34-96 n/a

The concept of Zero Energy Building (ZEB) was first demonstrated by Esbensen and Korsgaard
in 1977[50] for a house thatvas builtin a Technical Universitin Denmark. The attentiowas

only gainedin 2008[51] when the U.S Department of Energy (U.S DOE) launched & biet
Energy Commercial Building Indtive (CBI) [52] which aimsto achievemarketableNet Zero

Energy Commercial Building (NZECB) by 202%he concept of ZEB was discussed By
Torcellini et al in June 200453], D. Crawley et al. in Seapmber 200954] and it is then further
discussed in A.Marszalaet al. in 2011 and M. Panagiotidou and R.Fuller in 2013.
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The foundation concept of ZEB defined by U.S DOE as:

AAN energyefficient buildingwhere, on a source energy basis, the actual annual delivered

energy is less than or equal to the gite renewable exported energyy52]

However, technically the ZEBhaverather broader definitionghich varyfrom one region to
another (parts of the definitioqaiblished in previous studiegere listedn Table 4. It was also
stressed by the U.S DOE that:

AA broadly accepted definitioof ZEB metrics and boundaries is foundational to efforts by
governments, utilities, or private entities to recognize or incentivize zero energy buildings, and
would have a significant impact on the development of design strategies for buildings and help

spur greater market uptake of such projecth2]
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Table4: The definition of ZEB as published in the previousists.

Term Definition
Zero Energy  fZEB concept is the idea that buildings can meet all their en
Building requirements from loweost, locally available, nonpolluting, renewak

sources. At the strictest level, a ZEB generates enough renewablg «
on site to equal or exceed its annual energyaugel][55]

net Zero Site A site NZEB produces at least as much renewable energy as it usi
Energy yearwhen accounted for at the sj&t][55].

net Zero A source NZEB produces (or purchases) at least as much rene

Source Energy energy as it uses in a year when accounted for at the source.
energy referdo the primary energy used to extract, process, gene
and deliver the energy to the
energy, imported and exported energy is multiplied by the approj
siteto-source conversion multipliers based on theluti t y 6 s s
type.[54][55].

net Zero In a cost NZEB, the amount of money the utility pays the building o\

Energy Costs for the renewable energy the building exports to the grid is at least
to the amount the owner pays the utility for the energy services
energy used over the yef4][55].

net Zero A net zero emissions building producesr (purchases) enouc

Emissions emissiondree renewable energy to offset emissions from all energy
in the building annually. Carbon, nitrogen oxides, and sulfur oxide:
common emissions that ZEBs of
emissions, imported drexported energy is multiplied by the appropri
emi ssi on mul tipliers based -sten
generation emissions (if there are piy8][54][55].

net Zero A net zereenergy building (ZEB) is a residential or commercial build

Energy with greatly reduced energy needs through efficiencysgsiurch that the

Building balance of energy needs can be supplied with renewable techno
[51]

Autonomous T he b ui tods notgequiré connection to the grid or only a

ZeroEnergy  backup. Stanglone buildngs can supply all their energyeedsas they

Building have the capacity to store energy for nigjhte or wintertime use «
[51][56]

All these termsmainly originated fron developed countries. As faleveloping countries the
Green Building, Sustainable Building and ZEB are the terms that are commonly used to describe

a high-performancebuilding. Such as in Malaysia, th@gh-performancecommercial office
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building is classifiedinto two categories that are Low Energy Office (LE@)Iding and Green
Energy Office (GEO) building. These two type of building were judged based on its primary
energy intensity where the maximum annual primary energy intensity for LEO building is 115
kwh/nm? and 50 kWh/ra for GEO building[57][58][37]. Each country generally hats Green
Building assessment standard such.@adership in Emgy and Environmental Design (LEED)
found in the U.S.A, Building Research Establishment Environmental Assessment Method
(BREEAM) was discovered in the.K, Green Building Index (GBI) was found in Malaysia,
BCA Green Mark was found in Singapore and Gregnsfat was found in IndonesisEED and
BREEAM are widely used worldwide even thoughwis debatedf a building national rating

system carme widely adaptetb another region

OzgeSuzersuggested that it is better for the building to opt for the lmtalg system since the
weighting and rating criterieeflect the reality of theountry[59]. A simple comparison of the
weighting and criteria used by different rating systéonsn existing nordomestic buildingsire
presentedn Table 5 (for LEED, GBI, Greenship and BCA Green Mariihd Table 6 (for
BREEAM). For BREEAM system, the assessment for an existingdoomestic buildingis
dividedinto threeparts that areassetbuilding management and organisational. It samoticed

that a different numberof criteria were used tovea | uat e a formandedandntlied s p
weighing point/percentaga r e al so di f f er e mpetformankeBoisvtbes mast, 0e
important criteria in every building ratingsystems. This study onlyfocuses on energy
performanceand indoor environmental germance, whereas the other criteria are essential for

sustainabléuilding, but notessential fom Zero Energy Building.
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Table5: The comparison of rating criteria and weighting by LEED, GBI, Greenship and Green Mark.

LEED [60] GBI [61] Greenshig62] GreenmarK63]
ltem Available Item Available Item Available Item Available
Point Point Point Point
Energy and 35 Energy 35 Energy 36 Energy 116
atmosphere
Site development 26 IEQ 21 Indoor health and 20 Environmental 42
comfort protection
IEQ 15 Site developmen 16 Water conservation 20 Water conservation 17
Material resources 14 Material 11 Site development 16 IEQ 8
resources
Water conservation 10 Water 10 Building 13 Other green features 7
conservation environment and innovation
management
Innovation 6 Innovation 7 Material resources 12
and cycle
Regional 4
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Table 6: The rating criteria and weighting used by BREEAM for existing -domestic

buildings.
Weightings Percentage (%)

ltem Part 1: Part 2: Part 3:

Asset Building Managemen Organisational
Management n/a 15 12
Energy 26.5 31.5 19.5
Land use and ecology 9.5 12.5 5
Pollution 14 13 10.5
Materials 8.5 7.5 4.5
Waste 5 n/a 11.5
Water 8 5.5 3.5
Health and wellbeing 17 15 15
Transport 115 n/a 18.5
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2.3 Previous studiesercy increase buildingbs eff

Previous studies to improve the buildingds ene]l
passive designs [64][65][66][67][68][69][70][71][72][73][74][75][76][77][78][79][46][80][81][82]

[83][84], active designs [11][20}4][85][86][87][88][89] and whole building approacs37][38][90]
[91][92][93][94][95][96][97]. Passive designs deal with tbenstructionof a building that can reduce

energy consumption such as choices of construction materialdesignof windowsand envelopea

b ui | dorientgtibnsand incorporatingpassive heating, passive cooling and passive lightiripe

building design Active designs, on the other handkeal withthe mechanical system in the building

which is added to the building to reduce energy consumgpiia includeslocal renewable energy

system and the implementation of equipment with improved efficidegnwhile,the wholebuilding
approachexaminesa building as a wholeotreduce its energgependencyand holistic approach

combines both active and pagsdesign to reduce energy consumption.

Thewholebuilding approach was recommended by professional bodies (UNEBQESand IEA) to

achieve ZEB for both new and existing buildsfig7][32][98]. Previous studieshowthattheenergyin
buildingsis influencedoy t he i nteracti on o f-sysiem$30]i Thedoutcoged s st
of the finding indicats that both active and passive designs are equally important in minimising a
bui |l di n g 6 ergy peguireamant and with the right designs a buildinglmamadeo harness

and supply energy.

It is claimed that the whole building approach could yield a larger energy reduction compared to an isolation
approach[98][99], and it is important to achieve a cost effective &iable marketsolution to the Building
Sector[27]. Previous studies (on academic buildif@@][92][96], offices[37][38][91][93][100] and residential
buildings[94]) t h a't used the whole building approach to i
existing and a new building estimated a reduction of between 36% to 56% on total energy consumption
[90][91][92][93][100][94][96] and between 64% and 69% reduction in total cooling and hdatdd92]. The

key findingsof the proposed energy effagit measures (EEMdjom the previous studies that used whole

building approacheedre listedin Table 7

A recognized method to achieve low energy buildings known as Passivhaus mathaéveloped

through a number of research projects initially made tcater European climate. The method

18



demonstrates how a massive reduction inbhié&dingsHV AC r equi rement can r e
energy consumption to a minimurfihe method was aimed at isolating the building from the climate
outside and toredudbe u i | d i n g 6[47]. The definitidn of Passivhaus is:

"A Passivhaus is a building in which thermal comfort can be achieved solely Byeatisig or post
cooling the fresh aiflow required for a good indoor air quality, without the need for additional

recirculation of air."-Passivhaus Institut (PH[}#7]

The main strategies employed by Passivhaus are:
1 Godl levels of insulation with minimal thermal bridges
9 Passive solar gains and internal heat sources
1 Excellent level of airtightness
1 Good indoor air quality

The methoddavebeen proven successful in cold regions, but wilipplicable totropical and arid
regions that experience warm temperatures the whole year rdund®s also mentioned by the

Passivhaus formal websjtinat:

il t wo witfadl judh te apply theCentral European Passive House desigspecially the details

used for insulationwindows and ventilation and justopy these t@ completely different situation
because there is a specific building tradition in every country and there are specific climatic boundary
conditions in every regionTherefore, the specific solution for a Passiveuse buildinghas tobe

adaptedo the country and the climate under considerati@www.passipedia.orff7].

As mentioned in the Passivhaus wasihplemeatedn theh e b u
cold region requires modification if it is twe appliedn regionswith a differentclimate.The gevious

study in the cooling dominated region that implemented insulation material instadiesreported

that insulating the building increased the8uiln g 6 s e n e r gAystudy byrGsiagorg dl. ioroan .

of fice building in Mexico reveals that i nsul at

the buildingbs energy consumption. Thteeyajaitypl| ai I
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of the cooling load were originated from internal heat gain. Therefore, adding thermal insulation to the

building traps the internal heat gain indoors.

Previous studies to reduce energy consumption in cooling dominated codotusgd on redting
cooling load demand in a building as the main
goalwasachieved by implementing passive and active technologies such as changing air conditioning
set point temperature, changirapnstantair volume & conditioner to variable air volume air
conditioner, resizing air conditioning system, changes in more efficient motors, changes in building
envelope and fagade, night time ventilation and lighting control. The matised&/ere summariseth

Table 8. Based on the pwious studies listed iffable 8, highest energy reductiomas achievedy

making changeso the air conditioningystem. While improving the building envepy changing the
glazing is moreeffectivein energy reducingnergyconsumption compared to adding insulation to the

wall and roof.
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Table7: Summary of the key findings in the previous studies that used whole building approach.

Building type and Tool E.E.R Approaches EEMs Reference

country

Residential Simulink  55% Simplified one zone model Envelope facades, lighting, E. Mataet

Sweden Matlab that represent the whole  equipment, set point temperatur al., 2013[94]
building. EEMs screening.

Classroom(50n®), ENERGY 55.5% Wholebuilding simulation Envelope night time ventilation, Y.V.Perez et

Israel based on the typical facade. al., 200995]
classroom in Israel. EEMs
screening.

Education building  Manual 45% EEMswere choseibased ACMV resizing, set point H.H Sait,

(1783.2m), audit work on the enelse energy temperature, lighting, facades. 2013[96]

Arab Sadi consumption.

Five different type of Computer 48% to 56% EEMswere chosebbased Envelope HVAC, lighting, Dascalaki

offices in Europe modelling on the eneuse energy passive heating and caaj. and
consumption and the Santamouris,
building's type. [101]

Historical university's Energy 69.2% EEMs were analysed base Passive cool roof, ground sourct A.L.Pisello

building (~7000m?), Plus (cooling) on its suitability to preserve heat plant (GSHP) and storage et al., 2016

Italy 64% the building's historical tank for the GSHP. [92]

(heating) ardhitectures

Office (12,500m?), Visual 36% EEMs were chosen based Set point temperature, operatior Igbal andAl-

Saudi Arabia DOE on the enelse energy changes, envelope, glazing, Homoud,
pattern. lamps, A/C type. 2007[91]

Office (1,275m?), DOE-2 47% EEMswere chosemsing Lighting, operational, skylight at D.Griego et

Mexico eQuest (retrofit) thesequentiakearch the lobby, guipment PV panels. al., 2015

49% (new option. [102]

construction)
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Table8: The previous studies to reduce building's energy consumption in cooling dominated countries.

Location Climate Main EEMs (estimated energy reduction) References

Thailand Tropical (@) reduction ofhelatentload by using desiccant S.Chirarattananol
dehumidification system (13.7%) [103]
(b) change single glazing to double glazing (13.1%
(c) change CAV to VAV system (9.54%)
(d) add a film to the glazing (7.1%)
(e) use electronic ballast (5.12%)
Other: roof insulation, walnsulation, changes in air
conditioning settings, change incandescent to
fluorescentamps:resulted in less than 5% reductior
each.

Malaysia Tropical (a) energy saving usifggh-efficiencymotors at load R.Saiduf85]
50%, 75% and 100% calculated based on different
engine capacity ranging from 1.5 HP tol2B. 76.03
MWh energy reductiomwas estimated fa25HP motor
at 100% load.
(b) energy saving by using variable speed drive. 1¢
MWh energy savingvas estimatetly using speed
drive at 60% speed reduction for 25HP motor.

Saudi Hot (a) change to VAV system (17%) l. Igbal and M.S.
Arabia Desert  (b) efficient glazing (7%) Al-Homoud[91]
Climate (c) reschedule of lighting and equipment. (6%)

(d) energy efficient lamp%)

(e) night time ventilation (4%)

(f) changes in set point temperature (3%)

(g9) insulated wall (2%)

(h) insulated roof (1%)

Saudi Hot (a) anair conditioning control system (25.5%) H.H. Sait[96]
Arabia Desert  (b) Improving equipment's power factor (6.1%)
Climate (c) glass insulation (2.5%)
(d) reducghe numberof lamps to achieve 46600
lux (0.6%)

Saudi Hot (a) switching to VAV central system (22.5%) M. Fasiuddin anc
Arabia Desert (b) night time vetilation (21.4% to 21.7% dependini I. Budaiwi[88]
Climate on schedule)
(d) introduce economizer to method {€25.5%)
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2.3.1Reviewson the previous retrofiapproaches

Due tothe high numbers oéxisting unsustainableuildings, greatinterestwas paidon building
refurbishment to increase energy efficierj¢p4]. The 1 mportance of I mpr
energy performance was emphasized by the governmiémtthe enfocement of sustainable
building policies. Article 9 of the Directive 2010/31/EU of the European Parliament and the
Council (19" May 2010)[105] on the energy performance oftiltdings states the importance of
stimulating refurbishment of existing buildings into near zamergy buildings.

In many cases this process is more economical and has a less environmental impact compared to
a complete demolition and rebui[@9][104][106]. However, the effectiveness of the process
depends on theorebuilding structure and the refurbishment desig@6][107]. Hence, methods

to find effective strategies for retrofitting and modelling to predict energy reduction are vital
[99][107]. General energy retrofguides and energy efficient measures (EEMsje published

by various institutions including the US Department of Energy (US DOE) and ASHRAE (in
collaboration with other instituteg®8][108][109] as a response to the increasing demand for
building refurbishment. Nonetheless, retrofit measures may have different impacts on different
buildings due to the variance in design and-sygtems, making the retrofit Isetion very

complex[99].

In previous studies, buildingsere audited to determine the area of concerns (which is based on
the enduse energy consumption) before applying EEMs. The estimated energy reduction for
potential EEMs using this method is normally bemgde using calculation (se&igure 7)
[85][91] or compuer simulation Figure 8) [92][110][111][112]. Several studis selected EEMs
based on the multibjective optimization methodseeFigure 9) [99][107][113][114][115] or
costbenefit analysigseeFigure10) [93][116]. While, A.L. Pisello et alused proposed a retrofit
approach forhistorical building (sed-igure 11) [92] ,Z. Ma et al. reviewed previguretrofit
methods and summarizedsystematic approach for sustainaiml@ding retrofit (see~igure12)

[99], andJ. Park and T. Hong introduced a maintenance management gfayc@skoppingmall

to redice carbon emissionll7]. Mainly, the audit procesgoncerns the endse energy
consumption was used to determine the sector that requiegsofit, but not in depth whole
building approach talefiningt he bui | di ngbés par amet er snergyhat

share from theector and heat sows that contribute to cooling demand
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Retrofit strategies ar
Data collection Energy audit designed based on
the audit analysis

Life cycle analysis Payback period

Figure7: Retrofit method based on audit analy85][91].

Modelling of the case
: - study building in
Data collection —> Energy audit —> building modelling
software
v
Application of energy efficiency measurements based|on:
- Suggested EEMs by a certain organization, or; '
g9 _ y > g : Energy reduction
-clientbés preference, analysis
- audit results

Payback period

Figure8: Retrofitprocedure based on audit analysis and computer simulation [8]{140][111][112].
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Used to refine existing codes/standards

v |

Considerations for Buildin .

Energy Efficiency Codes ’ Building Energy Reference Buildings (for
L En‘ergy efficiency Codes/Standards example: U.S. D §rt1n t

2. Market variability | (For example: ASHRAE fEI,) - Y. Lepartmen
- L building energy of Energy Con;mgrcml

3. Available technology Reference Buildings)

4. Construction costs standards)

5. Policy enforcement v

Require inputs from existing building energy standards

Building Data: (For
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Whereas irthe early design phase, sensitivity analysis is widely adopted to determine parameters
which significantly contributes towards the performance of the design softii8h Sensitivity

anal ysis is a method wused during a ®&uthiasdi ng
windows, enelopematerial and orientatiorwere modified to discover the impact of different
parameters on the bui[ll&[119)¢20]sAndarmiectaly[¥19] csechas u mp t
sensitivity analysis to obtain parameters that can significantly reduce cooling demand in a
shophouseélesign forthe Indoresian climate.A sensitivity analysis was also performed by Yildiz

et al.[120]t o define parameters in an apartmentads
heating and cooling load. Whil¢eiselbergetal. [118] studied a wider range of input parameters

to determine their impact on the totahergy performance of an office building design.

Meanwhile in this study, the retrofit method

Normally, heating and cooling load were assigned as the output variables for the sensitivity
analysis as it is a significant energgrformanceindicator andh e maj or buil din
consumer globally36][40][118][119][120] [121]. Whereas, in coolinglominated countries, air
conditioning domi nat eed27]i83][&5]. A study by 5.Aug éak [128lner gy
concluded that Mal aysi abs todlbuiclkedibrugdsdi egesr
conditioning. Meanwhile, other tropical countries such as Indone3ihailand,and Singapore,
spent 51% to 59% of dgétloreair bonditibnthd8s][G1®]sA semmeany gy b
findings of the buil di ngs dseemem®yconsumptiontfremtha t vy
previaus studiesre discusseith Section 2.4.
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2.4Energy use in buildings

The average worldwide buildingds annual ene
gathered imTable9 was 233.46 kWh/mykar. Wheeas the typical BAEI for office buildingange

from as low as 69 kWh/m?/year to as high as 355kWIigaa#/[101]. Theb u i | -denergy 6
consumption depends on various f actulesysemspr i meé
and its energy managemeriB80][101][123]. Dascalaki and Santeouris [101] studied five

different type of officebuildingssand t hey acknowl edged that the
exterior), location (urbarstandalong, climatic condition and subystemglay a significant role

i n determining t he Hugeidiffedencesg énergyeonsamption bejwaent e r r
the same building but located a different climatic region cabe seenThe buildings in the

North Coast tend to have almost double of the energy coeumgompared to the same type of

building whichwas locatedn the South Mediterranean.

This observation can aldze seenn a study by Peng Xu et 4ll24]. The authors analysed 402
buildings in six different cities in China which experience humid subtropical climate. The
buildings in the coast (Shanghai and Fuzhou) tend to have rhajgetricity consumption
compared to the buildings in tikdidland (Chengdu and Wuhan@therimportantfindings made

by the authors are related to the bmagfouddi ng 0 s
that the buildings with low electricityntensitydo not necessarily have a good comfort level. In
most cases, the office building with low electricity intensigsbuilt since theSovietUnion with
corridors in the middle and the offices on the sides with windows. This design allows high
daylight penetration into the office which could reduce hhgding's dependency omrtificial
lighting. However, these building$o not employ cooling or heating. Instead, they use ceiling
fans. Meanwhile,most of the buildings built i1990to 2000 were degned with curtain wall
which resulted in high solar heat gain through the aimdAuthors noted thahodern building
tendto use higher electity due to the increaseaf comfort level that they need to meet (such as
Heating Ventilation and Air Conditiong (HVAC) systemand lighting).

Based on the review made on the puseeenargy u s r
consumption (listed inTable 10), it is found that most of the commercial buildings (which
include offices, shopping malls, hotels, and museyii?4]) spent most of their engrgon

HVAC system[86][88][101]. Meanwhile in the cooling dominated countries more than 50% of
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t he b uinerdyi weg dused fer air conditioning and mechanical ventilation (ACMV)
[86][88]. The only exception to this statement is the office in Mexico whassd only 8% of its
overall energy consumption for coolingiect expansionX) split system with aoefficientof
performance 3.10 and set point air temperature 23.9°C) and ventilatiof®3jnshe casestudy
office was locatedn Salamanca, Mexico whicexperiences humid subtrpical weather (with
maximum temperature 32°C and lowest 12°C during the dayfit2&). The weather condition

is considere@s mild whichcould have contributed to the low cooling consumption.

HVAC system is a necessity in the Hadimate countries to ensuaegoodindoor environment

is being deliveredo the occupants. The main purpose of HVAC system as described b$the
Environmental Protection Agency is tomai nt ain a good indoor air
ventilation withf i | t rati on and provide t her mdaa6) This mf or
statement is in alignment with a study by BjarneW.Olesen, who described the main purpose of
most buildings and HVAC system is éop r oan ierdrimnment that is acceptable and does not
impair health and performare of theo ¢ ¢ u p[a27]t VEhéreas, fothe Chartered Institute of
Architectural Technologists (CIAT comfort air ©nditioning was described aé a | | t he
conditioning processes applied to the ambient air to obtain an indoor environment that is
comfortableregardingt e mper at ur e an d128]. &d, againstvak thishfarmatiod,i t y 6
HVAC system is mainly used to ensuaehealthyindoor environment for the occupants by

regulating the air quality to its desired conditions.
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Table9: The building's energy intensity for a different building typeation,and climatecondition.

Building type  Location Climate BAEI Reference

(KWh/melyear)
University Saudi Arabia Hot desert climate 266 H.H.Sait[96]
Office Jeddah, Arab Saudi Hot desert climate 330 Igbal and AlHamoud[91]
Shopping mall Dammam, Saudi Arabia Hot desert climate 275 Fasiuddin and BudaiwB8]
Office Mexico Humid subtropical 106 D.Griego et al[93]
Office South Korea Humid subtropical 189 B.-L.Ahn et al.[129]
Office Europe North Coastal 355 Dascalaki and Santamoufid01]
Office Europe North Coastal 193 Dascalaki and Santamoufid01]
Office Europe North Coastal 328 Dascalaki and Santamoufis01]
Office Europe Southern Mediterranean 195 Dascalaki and Santamoufid01]
Office Europe Southern Mediterranean 69 Dascal&i and Santamourigl01]
Office Europe Southern Mediterranean 196 Dascalaki and Santamoufid01]
Hospital Malaysia Tropical rainforest 234 R.Saidur et al[85]
Office Typical Malaysia Tropical rainforest 200250 S.A Chan122]
Office Northern Europe Humid continental 269350 Dubois and Blomsterbelfd23]
Office Typical Europe Unspecified 306 Dubois and Blomsterbef@23]
Office USA Unspecified 293 Lombard et al[36]
Commercial Thailand Tropical rainforest 154 Saidu et al.[86]
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Tablel1Q: The building's endise energy consumption fdifferent building typesiocation,and climatecondition.

Building type Location Climate End-use energy consumption References
%
HVAC Light(ingi Equipment
and others
University Saudi Arabia Hot desert climate 829 48 12.2 H.H.Sait [92]
School Seoul, South Korea Humid subtropical 127¢ 37 40 T.Hong et al[90]
School Seoul, South Korea Humid subtropical 5HC 37 41 T.Hong et al[90]
Commercial Saudi Arabia Hot desert climate 50° 20 30 R.Saidur [82]
Office Salamanca, Mexico Humid subtropical 8¢ 41 52 D.Griego et al. [89]
Office South Korea Humid subtropical 49.4¢ 7.2 43.4 B.-L.Ahn et al. [123]
Commercial  Spain Humid continental 52H¢ 33 15 Lombard et al [36] , R.Saidur [82
Office Europe North Coastal 90Hc¢ 10 0 Dascalaki and Santamoufikl5]
Office Europe North Coastal 98Hc 2 0 Dascalaki and Santamoufikl5]
Office Europe North Coastal 94"¢ 6 0 Dascalaki and Santamoufikl5]
Commercial USA Oceanic 48Hc 22 30 Lombard et al [3p, R.Saidur [82]
Commercial UK Oceanic 55HC 17 28 Lombard et al [36] , R.Saidur [82
Office Europe Southern Mediterranear 90H¢ 10 0 Dascalaki and Santamouris [115
Office Europe Southern Mediterranear 98H¢ 2 0 Dascalaki and Santamouris [115
Office Europe Southern Mediterranear 94H¢ 6 0 Dascalaki and Santamouris [115
Hospital Malaysia Tropical rainforest 345  36.3 60.3 R.Saidur et al[82]
Commercial Malaysia Tropical rainforest 57¢ 19 24 R.Saidur et al. [82]
Commercial Thailand Tropical rainforest 59¢ 21 20 R.Saidur et al. [82]
Commercial Singapore Tropical rainforest 59¢ 7 34 R.Saidur et al. [82]
Commercial Indonesia Tropical rainforest 51¢ 14 26 R.Saidur et al. [82]

¢ means the building only used HVAC for cooling, meanwhite heating,”© for both cooling and heating, arfdor the ventildion.
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2.5 Indoor environmental quality

An energy efficient building does not necessarily hagwodindoor comforf124]. It is not one

of the criteria listed in the ZEB definition as discussed in Section 2.2. However, it is one of the
criteria of a high-performancebuilding [27][40][45][46]. A satisfying indoor environment

i nfl uences occupant sod b d49)H30][181which ishaevary drulcial a n d
aspect especially for a commi building andcan increase the resale value of the building
[130]. The indoor environmental quality is one of the elements being assessed in green building
rating systems (GBI, LEEDBCA Green Mark, Greenship[132][133][134][135]. While
W.Turner and S. Doty wrote one of the criteria of the green building, as defined by Energy
Management Handbook, is the ability of the building to deliver a good indoor environmental
quality to the occupan{gd0]. The Nationalnstitutefor Occupational Safety and Health (NIOSH)
[136], defined indoor environmental quality (IEQ) as:

Orhe quality of buildings environmeraboutthe health and welbeing of those who occupy the
space within it. Indoor environmental qualisy determinedy many factors, iading lighting,
cleanairand damp [186hnt ent sO

The aspect that determined IEQ could have variation in expressions such as the UEfiG&C

IEQ as the indoor environment and their impact on the occupants which relies on the 1AQ,
lighting, thermal condition and ergonon|it37]. Whereas, the Whole Building Design Guide
(WBDG) added to more factors that influence the level of IEQ, that are acoustic and equipment

but does not acknowledge ergonomic as part of the qualities that defif23&Q

Nonetheless, 1AQ is widelyecognisedoy professional bodies to contribute to the IEQ0]
[136][137] and it is also part of the quality thairdributed to the thermal comfda0]. Thermal
comfortis determinedy the indoor temperature (air, radiant, surface), aircitgi@and personal
paranet er s ( d e p e n d attirgg an activity typesi4d]fladl. ASHRAE Standard
62.1 and 62.2139], and have been widely adopted globally as a standatd@and ventilation

in buildings[127]. Meanwhile, CR 1752 hdseen developedince 1998 for European Standard
[140]. However, it is argued by B.W Olesen that the international standards ofvt&Kfor
every geographicdbcationis often hard to determiri@27]. This opinion is in parallel with the
statement made by WIurner and S. Doty that indoor air quality (IAQ) is qualitative and
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guantitative, measurableand perceive, and objective and subjectj¢8] since the personal
parameters could vary between individual and geographicatidocaV.Turner and S. Doty
defined a good indaoair quality as the one witkolerable pollutants concentration without

causing physicaliscomfort, allergiesreactions or iliness to the occupaj48].

Due to the importance of IAQ for the occupants and residences, a guideline th#tesiotsal

condition was developed bipcal authorities In Malaysia, standard IAQ for buildys (not
includedresidentid was aligned n 6l ndustry Code of Practice
published in 2010 by the Ministry of Human Resources, Department of Health and Safety
(DOSH)[141]. Specific indoor environmental guidelines for offices was aligned by the DOSH in

t h @uidélines for Occupational Safety and Health in the Office (GOSHOp u b | i shed i
[131]land al so in the 6Code of Practice on Ener
Nonr esi denti al Buildings (MS1525:2014)06 by th
a high performance buildingsThe guidelines derived from these code of practiaes listedin

three different sulsections that are indoor air quality (Section 2.5.1), indoor visual quality

(Section 2.5.2) and indoor thermal comfort (section 2.5.3).

2.5.1 Indoor air quality

The indoa air qualityis quantifiedby DOSH and DSM based on three maiiteriathat are the
dry bulb temperature, the relative humidity, ventilation aral dmount of contaminatian the
air. The contaminatioms causedy several factors depending on the tgheontaminationThe
acceptable standards derived from ICPIA&RDSHO,and MS1525:2014re listedin Table11.
Theacceptable limit of @ontaminantn the indoor air as defined in ICPIAQ41] and the causes

for every contaminant are listed Table12.
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Table11: Theminimumacceptable standartls the indoor aiquality [131][141][142][143].

Type Standard limit Reference
Dry bulb temperatur€C) 23-26 MS1525:2007 and ICPIAQ
20- 26 GOSHO
Relative humidity (%) 55-70 MS1525:2007
40- 60 GOSHO
40- 70 ICPIAQ
Ventilation 10 IsY/person or ¥/m2  GOSHO
0.15- 0.50 m/s MS1525:2007 and ICPIAQ

Table 122 The acceptable limit of aontaminantin the indoor air as defined in ICPIA[Q41] and the

causes for every contamindh#4][145][145].

Type Acceptable limits Causes

Carbon dioxide level 01000 Occupant

Ozone OO0 . 05 Photocopier and electrasic air cleaners.

Carbon monoxide 010 Automobile exhaust, tobacco smoke,
generators and gas space heaters.

Formaldehyde OO0 . 1 Building materials, automobile exhaust and
tobacco smoke.

Volatile organic O3 p Solvents, workplaceleanserspesticides,

compounds (VOC) disinfectantsand glues.

2.5.2 Indoor visual quality

Regarding the indoor visual quality, this study oobnsides the visual quality related to light.

The basic metrics to measure light consist of three main components that are

1 Luminous flux is the amount of light emitted from the source
1 [llluminance is the amount of light incident to the surface

1 Luminance is the amount of light reflected from a surface

The mainly used method to measure the qualitygbt in a spaces illuminance level which is
quantified by lux or lumen per meter squared. Guidelinesstotable illuminance level at

different areasare normally giverby the local government bodies such asMalaysia, the
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guidelines were given by GOSHO and MS12Z84 (aslisted in Table 13). The suggested
illumination level atoffice by MS1525:2014 is 300 400 lux. The value is higher than the
recommended lighting illumination level at offices suggested by Lighting at Workplédished
by Health and Safety Executive of United Kingdom (HSE), that is 20014&] and lower that
the Guidelines of Office Ergonomics (GOE) published by the government of Sindagaie
that suggested 500 lux.

Table13: The standard luminance level for different zones in the building as suggested by MS1525:2014
[142][143].

Zone MS1525:2014
Car park 50
Corridors,passageway, stairs 100
Lifts 100
Entrance and exit 100
Hotel bedroom 100
Escalator 150
Lounge 150
Restroom 150
Restaurant, canteen, café 200
Kitchen 150- 300
General office 300- 400

Another important measurement in quantifying visual quality is daylight. Daylight is another
source of light apart from artificial lighting. Optimising dayit receives onta spacean reduce

a buildingds dependency on artificial l i ght i
glares which resulted in discomfort to human eyes. There are several methods to ceasure
light performance for visuajuality such as daylight factor (D.F), daylight autonomy (DA) and
useful daylight illuminance (UDI)148]. D.F is the percentage of daylight incident on a surface
compared to the daylight receives directly from an overcastIsky calculated based dhe
standardvercast sky and the calculated D.F using computer simulation is visualise on a grid in a
given space. The daylight distribution across the room or space can be seen based on the D.F
visualisation. DA is the perceade of working hours where the required luminance level can be
met by daylight alone. Meanwhile, UDheasure the percentage of working hours trsgace

receives adequate daylight level and classify the daylight receives into three categories that are

36



insuficient (daylight less than 100 lux), useful (daylight in between 100 lux and 2000 lux) and
discomfort ( daylight more than 2006x) [148].

In Malaysia, for an existing building, the quality of daylight is quantified basethe D.F and

the guideline is gien by MS1525:2014 (se€able 14). Since Malaysia receives high sun
radiation all year round, the main problem for a building design related to dagbgherns
glares.To avoid dare problem and to optimise daylight usage, the most suitable D.F as suggested
by MS1525:2014 is in the range of 1 to 6.

Table14: The classification of the averadaylightfactor for windows without glazing by MS1525:2014
[142][143].

Daylight factor (%) Distribution
>6 Very brightwith thermal and glare problel
3to 6 Good
1to 3 Fair
Otol Poor

2.5.3 Thermalcomfort

Thermal comfortwas definedby American Society of HeatingRefrigerating, and Air
conditioning Engineers (ASHRAE) in ASHRAE 55 ‘#isat condition of mind which expresses
satisfaction with the thermal environmefit49]. ASHARE 55 and ISO 7730 argvidely used
standard to determine thermatomfort and Predictive Mean Value established by Fahger

was used in thestandard mentioned aboees a mean t o pr e[d38f150 h uma
[151][152][153]. PMV method was developed based on the physiological comfort condition
where the humanods inbeobddy temperatdre at &7°Crby mamtaiaing @ heat
balance between the body and the surroundifR][153]. The humanéss heat
expressediy the equation2.1) and @.2) whereequation @.1) is usedfor a person withut

clothing and quation (2.2) for a person with clothing. Theensation scale based on the
calculated PMVs shownin Table15.

S=M+W=*R+CtK E-RES (2.1)
M+W-E-RES=Kcl=+R*C (2.2)
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Where:

S = Heat storage

W = External work

M = Metabolism

R = Heat exchange by radiation

C = Heat exchange by convection

K = Heat exchange by conduction

K = Heat conduction through the clothing
E = Heat loss by evaporation

RES = Heat exchange by respiration.

Table1l5: PMV sensation scal@50].

PMV values Sensation

-3 Cold

-2 Cool

-1 Slightly cool
0 Neutral

1 Slightly warm
2 Warm

3 Hot

As explained by P.O Fanger in his book, Therr@aimfort the PMV calculation is rather
complicated and hardly suitable foalculationby hands. Herg; it is suggested to simulate the

value using a&omputationaimethod or a table established by P.O Fajyg8]. The simplified

equation for the PMVs shownin the equationZ.3) [154]. PMV value is a function of the om

air temperatureyelative airhumi di t vy, me an radi ant air t e my
metabolic rate and clothif@53][155].

PMV =[0.303 %M+ 0.028] x L (2.3
Where:
M = metabolic rate
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L = thermal load

Based on the ISO 7730 and ASHRAE 55 comfort range is achieved if the PMV values are in the
range of1 and +1[156][157]. P.O Fanger explaingtiat this methodnight not be able to satisfy
100%occupantsbut it is developed to find the best environmental condition to suit a large group
of people sitting together in the same room clinja88]. Some studies argued that the sensation
indicator may vary topeoplein a different climate Some field studies were carried out in
differentclimatic region using PMVnethod,and the resulte/ere comparetb the sensation scale
preferred by the occupantThe studies reported that there is a significant difference between the
calculated thermal state and the preferred thermal state by the occupants
[150][155][156][157][158][159].

However despite the highly debated top€ methods of masuring indoor thermal comfort,
mean predictivevote (PMV) established by ®. Fanger[150][138][151] was used as the

i ndicators to measure the o Wdsisaeetsdor itd diobat ma |
reputation in measuring thermal comfort for buildings with HVAC systerder steady state
condition [150][155][156][160][161]. Plus,this qualityis not covered n Mal aysi abds
practice. However, thactualpreferred thermal condition by the occupants dlprioritized

2.6 Summary

ABuil dings have a r etheaefoieactidng takénonawgwilllconfineestp a n ,
affect their greenhouse gas emissions over the medient kinitéd Nations Environmental

Programme, Sustainable Buildings and Climate Initiative, 288P

The literature review using tedpottom analysis (where we analysed the topic from a broade
perspective and narrowing it down to the core issue) retkat we spent most of the energy for

our comfort in the building (se€able 10). Combining the energy used by HVAC system and
lighting, the totalenergy consumption exceeds the energy used for other sectors in the building.
Peng Xu et al . and Lombard et al . al ssonst at
i ncreasing as the humano6s [B&[hRd]nTdhis faco was also mf o r

acknowledgedy the well-known method to achieve low energy buildings g Passivhaus
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method where the buildings demonstrate how a massive reduction in the building's HVAC
requirementcanredac t he buil dingsd energy consumpti on
was developed in Germany to cope with the European cold climate by opting for an airtight and
highly insulated construction. The methods have been proven successful in cold ragiav,ib
applicable to tropical and arid regions that experience warm temperatures the whole year round? It

was also mentioned by the Passivhaus formal website, that:

Al't would be a pitfall just to appliaglythelletailsCent r
used for insulation, windows, and ventilation and just copy these to a completely different situation
because there is a specific building tradition in every country and there are specific climatic
boundary conditions in every region. Tafore, the specific solution for a Passive House building
has to be adapted to the c¢oun-twnwy.passipedia.ard4/]. cl i ma

As mentioned in the Passivhaus website, Hhehe bu
cold region requires modification if it is to be applied in regions with a different climate. The
previous study in the cooling dominated region that implemented insulation material in their studies
reported that insulating the building increasedthebud i ngés ener gy consumpt.
et al . on an office building in Mexico reveal s
increased in the buildingds energy consumpti on
of the majority of the cooling load were originated from internal heat gain. Therefore, adding thermal
insulation to the building traps the internal heat gain indoors [102]. Based on the previous studies in
cooling dominated countries (listed in Table 8), kisthenergy reduction was achieved by making
changes to the air conditioning system. While improving the building envelope by changing the
glazing is more effective in energy reducing energy consumption compared to adding insulation to

the wall and roof.

Previous studies also demonstrated how the same type of building but located at different climate
could have a significant difference their energy consumptiond01][124]. So what is the

thermal pattern ofommercial buildingsn hot climates? Moreover, whatarethe suitable criteria

for buildings hthehotr egi on t o reduce the buiapgyitoag6s H
existing mediurrsize commercial building in hot climate regsfprevious studiesre mainly
concentratedn cold regiors, residential and small sizieuilding9? What is the bestetrofit

approach to achieve ZEB for this type of building?
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In summary, itis, thereforenecessary to carry out further research to find the answers/solutions

to these question®Vith the existing technologies and knowledge, reducing energy consumption
and carbon emission from thmuiilding sector is possible for both the developed and developing
countries alike[32][105]. In this study, itis believedthat by reducinpa b ui | di ngos
requirement (the successful approach demonstrated by Passivhaus to achieve nZEB) and
increasing the renewable use, ZEB is achievable for an existing msdiaraommercial office
building. This study give aninsight in answringthe mos importantquestionsand will give a

contribution in accelerating the adoption of ZEB.
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Chapter 3. The Target Building

A medium size office buildingvith a typical modern office structure locatedarhot climate
regionwas takeras thetarget buildirg. The building was auditegbresented in Section 3.8) get

a clear understandingf t h e b u pelfadmancg énd stedystems. The detail audit work is
then used to build a baseline building modeDiesigrBuilder software (presented in Section
3.3). Parts of this sectiomvas publishedn journals byW.l.Wan Mohd Nazi et al[38] and
W.I.W Nazi etal. [37].

3.1 Building audit

A medium size office building in Putrajaya, Malaysia, wtaken as the building case study
(shown inFigure13 andFigure 14) as it represents coolirdpminated nature of modern offices
in Malaysia. Itis locatedat Lat 3.12°, logitude 101.55° in South East Asia region, experiencing
hot and humid weather trough out the yekre site plan of the target building referred from
Google maf162] are shown irFigure 15, Figure 16, Figure17 and Figure 18. The audit work
was aimed to get a clear understandimigt h e b ui | dniancg,8ubsysenesrahd r

construction.

-

Figurel3: A picture of the target building takeiuring a field visit.
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Figurel4: A picture of the target building taken during a field visit.
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3.11 Methods

To better understand the neduof the target llding and to aid theanodelling process, the
buil dingdbs data was gathered through person:
site visits, online building consumption input system (BCiS) and the annual audit reports. The
audt report vas performed and written by the qualified energy consultants and the facility
management comparn$63][164]. The Building Energy Index (BEI) was used as a benchmark
to compre the current building energy performance with the low energy office (LEO) suggested
by the Malaysian governmef&7][122]. BEI is calculated using equatiod.X) [85][86] while the
annual energy consumption for the building is expressed by the equ&a#ipnt(is a sum of the
buil di ngos itg comawraption and e¢he testimated energy used for chilled water
supplied to the building. The estimated enauntijzed by the external Gas District Cooling Plant
(GDP) chilleris shownin equation 8.3) [163][164]. The chilled water usages recordedin
refrigeration tonne houlRTH). Therefore, the valueme convertetb kwh (1 RTH is equivalent
to 3.5 kWh). Itis assumedhat there are no energy losses while the chilled waterdsriroen the
GDP to the building.
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BEI = F AE Gobndfokd) (31)
AEC = Houidingkwh)+  Bwwn) (3.2)
Ecw gwn)y= (CWrTH) X 3.5)/ CORhiller (3.3)
Where:

Building energy index (BEI)

Total annual energy consumptida A E)C
Total conditioned floor ared(F @vnditioned)
Total chlled water in kWh (ECWiwn))
Chilled water in RTH (CWkTw))

Chillero6s coefficéimwent of performance (COP
The buildingods ener gy usage and the indoor
humidity, carbon dioxide level and luxjere referredo the building audit report [L64]) and

BMS. The equipment used for the measurengligtedin Table16.

Tablel6: List of equipment used for indoor environmental measurement.

Equipment model Usage Accuracy
Testo 540 llluminance All measurement: +/3%
pPSENSE RH CO: For 0 to 2000 ppm measurement 5%
HT305 Air temperature anc RH measurement+/- 3%

humidity Air temperature measuremerd.8°C

3.1.2 Results andiscussion

3.12.1 The backgroundof thetargetbuilding

The target buildingonsists of two underground floors and a ground floor that connects the North
and South buildingOnly the buil i ngdés communal areas and of fi
studied It i's a hub for Mal aysiads Ministry of

government servants (in North building alone), while the South buildagy rentedo private
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sectos. ThelOyears old (as in 2@) office complexis equippedvith two levels of underground
parking spaces, a cafeteria, an auditorium and a communal hall. The findings concerning the
buildingd specificationare summarizeth subsections 4.1to4.5. Thath | di ngds f abri
plan were derivedf r om t he ar c hi thbaidibgdrormdtiorasasunmarized inT h e
Table17 and further elaborated in the subsectidveanwhile, the weather dateas referredo

Mal aysia Meteorological Depart ment &iguelDesi g
andFigure20).

Tablel7z Summary of the case study building spec
drawings.
Component Description
Weather Hot and humid (tropical weather)
Floor area 40,477m2 (total floor area)B5,659m?2 (conditionedareg
Occupang 351 (peak time)The matio of personper floor area is39.4n% per
person.
Major zones Lobby, corridors, toilets, AHU roomgustodianrooms, offices,

IT rooms, pantries, parking areas, kitchen, cafeteria, cold r
auditorium, data center and commuinall.

External wall Brick and cement constructiomith granite tileswith atotal area
of 5343 m2 including 1442mz2 d@he undergroundloor. U-value :
2.898 W/m2K

Glazing Green float glass (8mm). 85% glazed with local shaGészing

area 4180 mz2.

Lighting Provided by 3119 lamps (84.4% of L36W recessed an
surface mounted. Average lighting density in office zones is
W/m?2).

Roof Total roof area 7263 m?
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3.1.2.1.1Building monitoring system(BMS)

The buildingis equippedwith a monitoring system Circutor Power StudioScadaby Monitor

Power Energy) that monitors ACMV system (chilled water supply and Aiitem) and indoor
environmen{163][164][166]. Figure21, Figure22 andFigure23ar e t he pi ctur es

monitor for AHU system, CHWBystema nd i ndoor environment®&s co
7Y Mome | = D | 2§ piet | Seemmp | 11:14:53 AM22 August 2014 BOUTH - cHwWPS Setpoints legwl
=

IAPA

GROUND
397 HOPEN 289 e
LoweR
AHUL2
117 Amp.
AHUA3
3012 Von FCu1.10 ASEMENE
reua-
SRSTRRE M BASE-CAFE
recuaaz
VENTILATION ELECTRICAL PLUMBING MISCELLANEOUS
SYSTEM SYSTEM | SYSTEM SYSTEM RoROVeAAS

Figure21: A print screen of the BMS's monitor for AHU control systém4].

Y Home | = D | 2 Pre u.u-] | 10:12:47 AM22 August 2014 SOUTH NORTH cHWPS Genersl || Svipoints || Comemmnd L....‘I

5872 mve he

Figure22: A print screen of the BMS's monitor for CHWP sys{@sv].
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Figure23: A print screen of the BMS's monitor for indoor environm{dsi].

3.1.21.2 Electricity supply

The buil di ngods e buppiddbyithe mainyelectti@yn@avider imParsnsular
Malaysia (TNB Sdn Bhd) via six 1MVA transformers connected using six 11KV/400V
transformers. Four of the transformevere connectedlo the Northbuilding, and another two
were connectetb the South building. Two attricity generators with 1500 kVA and 750 kVA
capacitywere also useds a standby in case of a short§t@3][164][166]. Maximum electric
demand in 2012 was, 121 kW, andthe minimum was 782.4 kW. The building is classified as

Commercial C1 useand the electrity tariff is listed inTable18.

Table18 Theb u i | cleatrighptariff for the building[43][44][45]

Type Before Jar011 After Jan2011  After Jan 2014

Charge rate per kWh RM 0.288/kwh ~ RM 0.312/kWh RM 0.365/kWh

Charge rate for each kilowatt of RM 23.930/kW RM 25.90/kW RM 30.3/kW
maximumdemand per month

Voltage level 415V 415V 415V
Power factor >0.85t01 >0.85t01 >0.85t01
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The electricityfor the main gridvas mainly generatday natural gas and coal and coRable19
showsthefuel input to power stationa Malaysiain 2011 to 2013167].

Tablel9: Types of fuel input to power stationshMalaysia in2011 to 2013155].

Year  Natural Diesel Fueloil Coal & Hydropower Solar Biomass Biogas

gas coke
(ktoe) (ktoe)  (ktoe) (ktoe) (ktoe) (ktoe) (ktoe) (ktoe)
2011 10,977 981 1,103 13,013 1,850 0 0 0
2012 11,533 811 550 14,138 2,150 11 65 4
2013 13,520 623 392 13,527 2,688 38 164 6

3.1.2.1.3Air conditioning and mechanical ventilation (ACMV)

The ACMV systen is providedby a combination of unitary constant air volume system, AHU
systems on every floor, fan coil air conditioning units for the lifts lounge and mechanical
ventilation units for the washrooms. The chilled water for cooling system was suppled by
extenal GDP [163][164]. Also, the cooling energy consumption is logged separately by the
district provider sincehe chilled water is supplied by a GDR co-generation system p@red

by naturalgasand absorption chillewas used by the GDR68]. The chillerds
performance (COP) is 4[@63][164]. A 500kW electric chillervas also useth the building as a
backupThe fl ow of the chilled water from ®he GI

GDPis illustratedin Figure24, and the chilled water taritis stated in the supplibuyer contract
is shownin Table20.

7°C 7°C - 10°C
Gas District Heat Exchanger CHWP AHU
Cooling 2 units 3 units 19 units
8 (1301.24 kW) |« (2237kW) |« (18.5 kW)
12°C t013.6°C 17°C - 21°C

Figure24: The chilled water flow process from the GDP to the building and retuietGDH163][164].
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Table20: The chilled water tariff as stated in the supphiayer contract.

Type 2011 2013 2014
Charge rate per kWh RM 0.248/kWh RM 0.250/kWh RM 0.271/kWh
Charge rate for each RM 114.33/kW RM 114.33/kW RM 124.61/kW

kilowatt of maximum
demands per month

Demand in Refrigeration 1450 1450 1450
Tonne (RT)

The air conditioner used wasconstantair volume (CAV) type aihandling unit(AHU) located

in the air-conditionedareas in the buildingThe chilled water supplied by GDC plamas seto
reach the heat exchanger a&C7The chilled water is then pumped by CHWP to all AHU system
in different floors for cooling purposes. Each AHys&m will reuse the return air, mixing it
with the outside air before conditioning it (filter, cooling and humidé&humidifyif necessary)
before supplying itnto theair conditionedooms. The return chilled wates then pumped back

to theheat exchagers HEXSs) before returning tthe GDC for recooling.

A set of measurements from AHU systems were taken by IEN SdflBHh{ifor audit purposes.

The measurement was takentite morningat a specific timeand does not represent AHU
system performance for the whole time. However, it still can be a good indicator to monitor the
chilled water performance and air temperatures ibroadspectrum The measureménare
presented iTable21.
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Table21: The air and chilled water measurement at every AHUs in the building.

Area Servec Outside Mix Air Return Air Supply Air Chilled Water
Air
T RH DOP T RH T RH T T(in) T(out)
C % % C % C % C C C
Office (L1) O 0 0 241 71.1 233 732 17.6 10 17
Office (L1) 23 78.5 100 23.6 76.8 239 748 20 - 20
Office (L2) 24 79.6 80 245 712 236 721 19.1 10 -
Office (L2) O 0 0 25 64.7 23 69 17.8 11.5 20
Office (L3) 23 68 50 234 67.8 23.2 674 17.3 10 -
Office (L3) 23 87.8 50 23.9 77.4 244 73.7 20.8 10 -
Office (L4) O 0 0 235 68.5 23 67.7 17 10 18
Office (L4) 24 85.6 50 24 746 24 73 20 - 21
Office (L5) 23 77 100 234 69.6 239 648 17 10 18
Office (L5) 24 79.5 50 23.7 67.8 23.7 66.8 16.5 10 19
Office (L6) O 0 0 253 67.7 25 68.1 19.6 10 21
Office (L6) 25 79.1 100 23.9 69.7 236 675 17.2 9.5 18
Office (L7) O 0 0 244 685 24 68.8 185 9.5 20
Office (L7) 28 75.2 75 24.6 69.3 242 67.1 17.8 9 -

Note: DOP is the damper eping percentage.

The measurement data shows that average chillest veamperature reached AHURC andthe
mean temperature it leaves the Aldibstem was 19°€. This data shows thahe chilled water

experience an average increment of 10.4f€r caling the mixture air (fresh air and return air)

before supplying it into the air conditioned roorike average supplied air was 18@. It canbe
observedhatthe chilled water experienced an average increment dC3wvhile travelling from
the CHWP tothe AHUs. A better pipe insulation mightducethe heat loss which then will

reduce chilled water demanBlased on the measurement taken from the air conditioning system,

the ratio of fresh and return air was in the range of-30% fresh air and 80%70% return air.

A specific ratio of fresh air and return air was not stated in Malaysia buitdgjation but

ng
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naods

Bui

[ di

Regul ati on

suggested a

rat.

dioxide measurementsere also takem all office zones and the measurements complied with

the ndoor air quality requirement for aoifice building. The waste heat recovery practised by

53



the building could promote energy saving. A detais peci fi cati on of
componergis presentedn Table22 andTable23.

Table22: The main partsf the cooling system and their powatings.

Type Units  Specification Note
Heat Exchanger (HEX) 2 370 RT each -
Chilled Water Pump (CHWP) 3 30 HP each Equipped with variable speed

drive but operated on fixed
frequencies.

Air Handling Unit (AHU) 19 Rated at 11kW tc -
18.5kW each
Fan Coil Unit 8 Rated at 0.47kW Only 5were used

to 2.33kW each

Electric backup chiller 1 500kW Only used when the supplied
chilled water is higher tharf@

54

t

he



Table23: The type of cooling system used in evaiyconditionedareasand their operation schedule.

Location Type Unit Power R&e Schedule
(kw)
Lower Ground CHWP 3 67.11 06451800 (MonSat)
ACSU 1 1.34 Not Running
FCU 1 2.33 08001800 (MonSat)
ACSU 1 1 Not Running
ACSU 1 1 Not Running
FCU 1 1 08001700 (MorFri)
ACSU 1 1 Not Running
Café AHU 1 26 06002000 (MonSat)
Basement 1 ACSU 1 1.34 Not Running
FCU 1 2.33 Not Running
FCU 1 1 Not Running
FCU 1 1 Not Running
Ground Floor AHU 1 11 06551900 (MonfFri)
AHU 1 11 06551900 (MonFri)
DB MGN 1 12.24 N/A
Level 1 AHU 1 11 06501900 (MornFri)
FCU 1 0.57 07201900 (MonSat)
FCU 1 0.47 07201900 (MonSat)
Level 2 AHU 1 11.25 06401900 (MonfFri)
AHU 1 11.25 06401900 (MornFri)
FCU 1 0.9 Not Running
Level 3 AHU 1 11 063031900 (MonFri)
AHU 1 11 06301900 (MonFri)
Level 4 AHU 1 11 063031900 (MonFri)
AHU 1 11 06301900 (MonFri)
Level 5 AHU 1 11 06351900 (MonFri)
AHU 1 11 06351900 (MonrFri)
Level 6 FCU 1 11 065031900 (MonFri)
AHU 1 11 06501900 (MonFri)
Level 7 AHU 1 18.5 06551800 (MornFri)
AHU 1 18.5 06551800 (MonFri)
Level 8 ACSU 1 2.23 Not Running
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3.1.2.1.4Lighting

Lighting was providedby 3,119 lampsranging fromPL-L types and PLC types ceramic
discharge metal lamp (CDM), fluorescent tubes, light emitting diode (LED), enwrgjight and
metal halide lampHowever, at most areas,racessed mounted and manually controfddL

types and PiC typeswere utilized The power rating and schedule of lamps in evargawere
attainedfrom Energy Management & Conservation Program Repb8B]. However the lamps
were listed based on the floors and the main areas such as office spaces, café, and parking lot.
The type of light used in small rooms suad AHU rooms IT rooms and toilets were not
specified but listed altogether with the lamps useth@general areasf each floor. Even though

the lighting schedule in main areass setin BMS but thelighting control system wasot
functioning and it wa controlled manuallpy the usersThe LED lamps were implemented in
2012 to cater outside areas wddighting was used after office hour from 7.00pm until 7.00 am
the next morningWhile at theAtrium (ground floor) lighting was supplied by daylight during
the day (0730 hours to 1930 hours) and the artificial lighting was switched on at night time only.

3.1.2.1.5 GeneraDffice Equipment

Thereis a total of 529 office equipment in the building which tencategorizethto 5 different
categories thatare computers, general office equipment, pantry equipment, meeting room
equipment and other item$he percentag of equipmentistributionis shownin Figure25, and

the type ofequipmenin different categorieare listedn Table24.
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Figure25: Percentage of office equipment distribution in 2Q1Z1][164].

Table24: List of equipment based on its categofie=l][152].

Category Equipment Type
Computers Desktop and laptops
General ffice equipment Small printers, multifunction printers, scanners, paper

shredding and photocopies

Pantry and kitchenware Refrigerator, hot and cold water cooler, teastice
cooker kettleand microwave

Meeing room and presentatiol Meeting room's monitor, PA system, DVD player,
equipment television, radio cassette recorder.

Others Stand fan

Computers (252 units) were the biggest unit of equipment used in the building, followed by
general office equipent, meeting room, pantry and others. The equipment in the pantry such as
the refrigerators antdot and cold water coolewere switchedn 24 hoursThe equipment used
was a mixture of Energy Star equipmanid noREnergy Start equipment biasing more tosga

nonenergy star rated.
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3.1.2.2 Space optimisation analysis

In the baseline building, 13,846roffice zones were occupied by 351 employees which means,
39.4m* of the office floor was dedicatedo a person. Based on the guidelifiesm the

O0Gui dahdnPban for Buildingdé published by The
2005[169] it is statedthat the suggested space for an employee is 16vhile the suggested

space fortheMist er 60 s 0 f2{169¢ Ehe space dldc&ionnmcludesrkspacemeeting

rooms, pantry, toilets, file rooms, kitchen, AHU roofanitor rooms, corridors and other
essential areas in an ig# building.This guidelinewhenfollowed results in a total area of 8,004

m? for the North building instead of 13,840m2. Optimising the space occupancy will reduce

energy usage, langsageand cost.

3.1.23 Energy Analysis

In 2012, the building used 334,630 kWh of energy to support its operation. That was 5,330,997
kWh of electricity and 2,003,633 kWh energy for chilled wi&a3]. This figure is the lowesh
fouryears (2009 to 201li2gommitiedoe mipuw iolvd inrgg @ $1r gyo wrue 1
performance. Hencéhe auditwas carried out every year to analyse its enactment and planning
out possible ways for improvemerith e bui | dingés monthly energ
emissionareshownin Figure26 [163]164][170].

The average BEI over four years from 2009 to 2012 was 238.53 kWh/mpLg&il64]. The

buil dingds BEI varied from 216.9 kWh/ m]J/year
(see Figure 27) . The wvariation in the buwrgnatefrogbs e
0 C C U p a mviosr&uctb as thow they control lighting and equipment usage. Another reason
that could contribute to the variation is equipment replacemenéwoequipmentthat is more

energy efficient once they have reached their lifetime. Meanwhile in 2012, a sightfi®pped

in the buildingdés BEI was mainly originated
South building from July to December. During this period, every office flase emptied
including the communal areas on the ground floor and fiost flThe BElis slightly lower than
thetypical BEI for Malaysian office buildings (250 kWh/m?2/yed8g8][86] and in range with the

BEI of Malaysian public hospitals (234 kWh/m?/year) as studied by Saidur €83l

I nterestingly, the BEI value is comparativel
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in Europe (306 kWh/m?/yeafl23]and an officeds BAEI i n Saud]
[91]. The annual BEI values in 2009 to 204t listedin Figure 27. The building needed to

reduce its total energy consumption by 46.9% to become an LEO building and 76.986rtw be

a GEO building. This energy reduction is possible primarily through cooling load reduction.

P Y s A 5
S «§§% & ) qu é§$ & &

700000

600000
500000
400000
300000
200000
100000

0

& @ > ¢ ¢
& & < S o ¥
o Qé§b ~ v = & & 6§? é?&
o <5 9
u Monthly Total Energy Consumption (kWh) = Monthly Total Carbon Emission (kgCO2)

Figure26: The building's monthly energy consumption and monthly total carbon emission.
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Figure27: The luilding annual energy index (BEI) over four years [43][44] compared to BEI for LEO and

GEO.
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Cooling was responsible for 58.9% of the building total energy consumjédi The aergy
intensityof the cooling system was 127.89 kWh/m?/year that is higher than the BEI benchmark
for LEO buildings (114 kWh/m2/yeafb7] and passive buildings (120 kWh/m?/yefkY1]. The

building enduse energy intensity by sect@ne showriTable 25 A breakdown of cooling load in

every airconditioned zones (based on a simulation made in Design Builder software) in the
building shows that offices consumed majority (78%)Ydi e t ot al buil di ngos
followed by data centre (10%), corridors (6%), cafeteria (3%), IT rooms (2%) and hall and
auditorium (1%).The percentage of the annual cooling load in eagrgonditionedzones to the

buil di ngos tiwshavhin Fgure?8white ghe detaibvdlue of cooling load in every
air-conditionedzonesin the buildingis presenteth Table 26

Table25: Enduse energy intensity by sectors in 201@3][164].

Enduse Energy Consumption

Sectors Energy intensity Percentage of total ener
(kWh/mz2/year) (%)

Cooling system 128 58.9

Lighting 62 28.6

General sockets 15 6.9

Data centre 12 5.5

Table 26: Annual cooling load in different cooling zones based on simulation maBesdign Builder

software.

Cooling zones Annual cooling load (kWh!
Offices 3,199,514
Data centre 402,493
Corridors 238,2&

Cafeteria 147,128
IT rooms 67,799
Hall andAuditorium 25,963
Total 4,081,181
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Figure 28 The percentage dhe annualcooling load in different air conditioned zones in the building

the total building's cooling load hE datawere based on a simulation made in Desgin Builder.

3.1.24 Indoor environmentalmeasurements

A set of indoor lux, air temperatuneslative airhumidity and carbonidxide measurementsere

takenat sevendifferent zoneson each floor during thewlding energy adit conducted by IEN

Sdn Bhd.The readings were compared ttee indoor environmental quality requirement st
MS1525:2014and DOSH The suggested indoor environmental values were listachlhe 27
while the recorded measuremanthe officess presentedn Table28 andTable29.

Table27: Indoor environmentajuidelinesby MS1525:2007 red DOSHfor office space.

Type Suggested Value Guidelines
Lux 3007 400 lux MS1525:2014
Air Temperature 23°Ci 26°C MS1525:2014
Air Humidity 55%171 70% MS1525:2007
Carbon Dioxide <1000 DOSH
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Table28 The indoor illuminationdvel, air temperature, RH and carbon dioxide measurement in offices

onthe ground floor, Level 1, 2, 3 and 4.

Area Location point Luminance Temperature Relative humidity CO
(lux) (°C) (%)  (ppm)

Office GF B 316 22.1 56.7 725
C 256 21.7 58.8 711

D 354 23.9 61.2 645

E 152 23.3 50.1 643

F 498 25.3 60.5 632

Average 315.2 23.3 57.5 671

Office L1 B 231 24.3 61.3 662
C 205 22.2 65.2 599

D 230 23.5 59.1 677

E 170 23.6 69.2 690

Average 209 23.4 63.7 657

Office L2 B 372 23 65 710
C 314 22 66 645

D 334 22 65 634

E 299 23 64 716

F 327 22 64 680

Average 329.2 22.4 64.8 677

Office L3 B 235 23 62.3 752
C 356 23 60.7 787

D 352 22 60.4 762

E 350 23 59.8 752

F 202 21 60.6 795

Average 299 22.4 60.7 770

Office L4 C (daylight) 390 23.1 66.7 539
D 202 21.5 60.2 569

E 186 21.1 65.9 589

F 200 21.4 62.8 638

Average 244.5 21.8 63.9 583
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Table29: The indoor illumination level, air temperature, RH and carbon dioxide measurement in offices at

level5, 6 and 7.

Area Location point Luminance Temperature Relative humidity CO
(lux) (°C) (%) (ppm)

Office L5 C 276 22.2 64.7 564
D 256 21.8 67.3 595

E 292 21.9 67.8 732

F 124 22.5 67.3 665

Average 237 22.1 66.8 639

Office L6 B 199 21.2 71.6 591
C (daylight) 216 22.8 68.4 597

D (daylight) 377 23.7 65.4 646

E 295 22.1 65.4 622

F 193 23.3 66.4 593

Average 256 22.6 67.4 609.8

Office L7 B (daylight) 204 22.1 68.8 601
C 335 22.2 66.3 588

D 350 21.8 68.1 556

E 210 23.8 61 649

F 196 21 70.2 574

Average 259 22.2 66.9 593.6

From the data collected, room temperatures in 23 out of 40 zones in the whole building were

lower than theoomtemperature suggested by MS1525:2(143] even though no negative
feedbackwere maddo the energy manager related to themtemperatureMeanwhile the
luminancemeasurements in 24 zones were éovthan minimum requirement and 2 zones
exceeded the maximum requirement. Only 14 out of 40 zones fell in the right lux
requirement. The air humidity level at twamnesexceeded the maximum requirement by
less than 1.6%Meanwhile the carbon dioxide levan the whole building was below the
maximum limit stated by DOSHTable 30 shows the comparison of measured luminance

leveli n the buildingdéds common areas anf[d42]t he
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Table30: A comparison ofmeasured luminance level at the building's common areas and the suggested
levels by MS1525:2014.

Area Average luminance
Recorded Guidelines
(lux) (lux)
Cafeteria 279.5 200
Parking area B 99.3 50
Parking area LG 89.5 50
Lift lobby B 90 100
Lift lobby cafeteria 78 100
Lift lobby LG 372 100
Lift lobby GF 446 100
Lift lobby L1 430 100
Lift lobby L2 502 100
Lift lobby L3 503 100
Lift lobby L4 396 100
Main lobby GF 357 150
Corridor (windows area) L2 21000 100
Corridor (windows area) L3 25001 100
Corridor (windows area) L4 14840 100

Based on the recorded measurements, all of the areas have higher luminance exposure
compared to the suggested luminance levels. These areas are exposed to sunlight during the
daytime which resulted in high lumance level. Incorporating automatic daylight dimmer at

these areas will contribute to energy reduction for the building in the lighting sector.

3.1.3Summary

The buildingds o0 wn showaconinuoestanmignenttonreaduang ¢he

bui | denergygdrssumptiorBased on the data analys&d,5% of thetotalb ui | di ngds e
consumptionwere spenton air conditioning and lighting system.These two sectors are
responsibldor deliveringa goodindoor environment to the occupants. However, tfuoor air
temperature in the offices asmahbdimpmoved toadhere | e v
to the local indoor environment guidelinas discussed in Section 2%ince the building used

7,334,630 kWhenergy a yeato support its operatiorg deep retrofit is required to enable the
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buil ding to achieve net ZECB. This objectiv
dependent then powering it with renewable energy generatsitieofrurther study on methods to
achieve net ZECB for thtarget building were carried out through virtdmlilding simulation.

Hence, a model of the target buildiisgbuilt in Design Buildersoftware(using the data gathered
from buil di ndga mrther analysg o achiave the gbjective. The dgwelent of

the modelis presentedn Section 3.3 and the methods used to achieve net ZE€ghownin

Chapter 4.

65



3.2Development of the baseline building model

3.2.1 Introduction

A model of the case study building was constructed usind>#segn Buitler software version
4.2.0.034. It isa completeGraphical User Interface to the Energy Plus simulation engine (from
US DOE) which hasbeen intensively usedor building modelling in previous research
[90][129][154][172][173][174]. It provides an intuitie interface and highesolution data output

on energy consumption, carbon emissions, occupant comfort, and daylight avajla®djty

3.2.2 Methods

In this study, the input data | isted below

management ahonsite visits to ensure the model reflects the actual building in:

1T Geometry: The buildingbés floor plan, geomef
(seeFigure 29, Figure 31 and Figure 30). DXF files created from
(AutoCAD) to import intoDesign Builde173].

1 Equipment data: Powerat i ng, operationdés schedul e, equ
Lighting: | ux measurement, operationds sche
Occupancy in every floor: number of occupants, type of activities and schédwas
assumedhat all ocupants used the equipment and occupied the building at all time during
working hours (0830 to 1730) and 50% of the occupants occupied the building at 0700 to
0830 and during recess hour (1300 to 1400
opening wirdows or doorsvas not taken into account since there @ahyactual data foit.

1 Local weather datavas collectedfrom Malaysia Meteorological Departmeit65] and
ASHRAE global weather repositopyovided inDesign Buildersoftware[160].

1 HVAC system: the building HVAC systm s chemati ¢ dr awi ng, HVAC
COP, theaveragz o ne 6s temperature measurement for
water temper at uwagextfatefonetheduilging Auditiépssiprepared by
facility managementl63][164].
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Modelling complexbuildings involves inaccuracies and errors due to various input requirements
and limitations[172][173]. Studies on building modelling presented ways of increasing the
model 6s pr ed[l72]il73joand ASHRARE Guade 34175] is an established method

for measuring a mad| 6 s a[BOHULQ][B/2][%73]. It is suggestedhat with instances of
monthly data, a buildings consideredaccurate if the CV(RMSE) for monthly values is below
O+15% and MBE of mont HI5yIftheselolerarseme met EmérdyPlus n N
was demonstrated to be capable of predicting space air temperatures within zones of interest with
an accuracy of + 1.5°C for 99.5% of the tifii€2].

Thissof t ware simulates the total energytéor t
buil dingds <chilled water w a s Hersce, ghe ladtueddergyp y a
consumption by the cooling system was calculated using equdaién whee the monthly
electric consumption by the cooling systeBL{skwn) is calculated using EquatiorB.p).
Equation 8.6) calculates CV(RMSE) and equatidh?) calculates MBE between the simulated

and actual resulfd 72]. Model parameter inputsere refineduntil the tolerance rangeas met

ACC = ELcskwhyt Ecw gewh) (34)
ELcskwh) =010 000 6 (35)
B 7
CV(RMSE) = S (3.6)
« x o~ B
DOoO — (3.7)
Where:
Annual cooling consuntmn (ACC)
Cooling systembs el ektcbgvy) ¢ consumption i n kWh
Tot al annual electricity consumption (EAELC)

Rati o of c oetettrictygo sysmetmbéesn per t ot al buil di n
Coefficient of variation of the rooheansquare (CMRMSE))

Mean bias error (MBE)

Actual monthly energy consumption (M)

Simulated monthlgnergyconsumption (S)
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Number of months (N)

3.2.2.1 Building simulation software

This sectiondiscussedthe building simulation software thas usedin this study. Seain
3.2.2.1.1 discussed the primary reagmmchoosing thesoftware, Sectio.2.2.1.2discussedhe
EnergyPlus simulation tool and Section 3.2.2distussedesign Buildersoftware (a graphical

user interface thavas useds an interface to EnergyPlsisnulation engine).

3.2.2.1.1 Review of building simulation software.

A highly cited review article of existing building simulation software publisheD bg. Crawley
etal. [176] was usedhs the main reference in determining the choice of software tsdun
this study.D. B. Crawley etal. compares 20 main building energy simulation softwagarding
their features and capabilities. The compariseas made based orthe vendorsupplied
information. Table 31shows the comparison of the number of features dlailan every
software compared to thetal featuresbeing analysedin Crawley et al. MeanwhileTable 32
comparesa number ofrenewable energyRE) systems, preonfigured systems and discrete
HVAC components avkible in the each software. Based on the information published by
Crawley et al. it was found that Energy Plus offered the highest number of features in terms of:
1 Zone loads;
1 Building envelope, daylighting and solar (BDS);
1 Infiltration, ventilationand muti-zones airflow (IVAAF);
1 HVAC systems (HVAC) and;
1 Economic evaluation.

Meanwhile, regardingrenewable energy systems and Discrete HVAC components, TRNSYS
offered the highest number of sys&eamd components compared to other software then followed
by EnergyPlus. In this studys main features mentioned abowee the main priority. Hence
Energy Plus was chosen as the simulation toolCe®Iign Buildersoftware was used as the user

interface software for EnergyPlus.
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Table31: The comparison of the number of features availabévary softwarg¢l76].

Software Zone BDS IVAAF HVAC Economic Total

loads Evaluation  features
available
BLAST 4 2 1 1 0 8
BSim 4 3 6 1 3 17
DeST 6 3 7 2 3 21
DOE-2.1 5 1 1 0 4 11
ECOTECT 3 1 1 1 1 7
EnerWin 4 1 3 1 1 10
Energy Express 6 0 1 1 2 10
Energy10 2 1 1 0 1 5
EnergyPlus 8 8 6 2 4 28
eQUEST 4 2 2 0 4 12
ESRr 5 6 8 2 1 22
IDA-ICE 7 4 4 2 2 19
IES<VE> 9 0 7 2 3 21
HAP 4 5 1 1 3 14
HEED 6 1 1 1 4 13
PowerDomus 4 2 5 1 4 16
SUNREL 3 2 5 1 0 11
Tas 8 4 6 1 2 21
TRACE 5 6 1 1 4 17
TRNSYS 5 3 6 2 4 20
Overall features bein 9 9 9 2 4 33
compared
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Table 32 Comparison of the number of renewable energy systemsopfegured systems and discrete

HVAC componentsvailable in the each softward 76].

Software RE Preconfigured  Discrete HVAC Total

systems systems components available
BLAST 1 14 51 66
BSim 2 14 24 40
DeST 2 20 34 56
DOE-2.1 1 16 39 56
ECOTECT 4 0 0 4
EnerWin 0 16 24 40
Energy Express 0 8 13
Energyl10 2 15 24
EnergyPlus 4 28 66 98
eQUEST 2 24 61 87
ESPRr 7 23 40 70
IDA-ICE 1 32 52 85
IES<VE> 3 28 38 69
HAP 0 28 43 71
HEED 0 10 7 17
PowerDomus 1 8 15 24
SUNREL 2 3 6
Tas 2 23 26 51
TRACE 0 26 63 89
TRNSYS 12 20 82 114
Total systems identified 12 34 98 144

3.2.2.1.2 Energy Plus

EnergyPlus combined the best feature from Blast and D®DEnd were built based on
recommendations from users and developers about their needs in energy sinTihatgoftware

was developeby the developer of DOE program Lawrence Berkeley National Laboratory, and
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the devel opers of DOD6s BLAST program (U.S A
University of Illinois)[177].

The underlying concept used in EnergyPlus is Integrated Simulation wiserelgtes two main
simulation types (heat and mass balance simulation (HMBS) modules and building systems
simulation nanager(BSSM) simultaneously. Th&iMBS module calculates thermal and mass
loads based on the time st€mce theHMBS was completed the sysh will call for theBSSM.

BSSM will handlethe communication between the heat balance engine and the HVAC system.
BSSM also manages data communication between building systems modules (such as HVAC
system and electrical system), the building descriptioh the calculation results. The whole
EnergyPlus workflav structureis shownin Figure 32. The workflow figurewas takenfrom a

journal published by ASHRAE thaiscussednergyPlus softwarén HMBS, the room sudces

such as walls, windowseiling, and floors have uniform surface temperatures, uniform long and
short wave irradiation, diffuse radiating and reflecting surfaces and internal heat conduction
[177].
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Figure32 Overall EhergyPus structure as published in ASHRA&Urnal42[177].

3.2.2.13 Designbuilder software
Design Buildersoftware is a complete Graphical User Interface to the Energy Plus simulation
engine (from US DOE). The first version was launched in 20@bhad been under continuous

development It is intensively usedfor building modelling in previous researdd0][129]

75



[154][172][173][174]. It provides an intuitive interface and higisolution data output on energy

consumption, carbon emissions, ocanpcomfort, and daylight availabilift60].

It provides easy to use software arfdgh-quality data for building assessors and building
designers on energy consumption, carbon emissions, occupant comfort, daylight availability
andstatus of theconstructionbased omational building regulations and certification standards.

The software is also a leading provider of Energy Performance Cersfiaatk Building
Regulations Compliance checking software in the UK, Fraleégnd, and Portugal [71]. It
enablesta users to construct a buildingds model
Various types of templates, construction materials, equipment and suggested schedule based on
ASHRAE standardre includedin the library. The user can alg#emizet he bui | di ng o
based on thactualpractice by adding aewtemplate. There amightmain sectors to control the

specification of tk building model and simulatidgeeTable33).
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Table33: Control Section in Design Builder

Control Description
Section
Activity Enable the wuser to specify the occupancy in di

Construction

Openings

Lighting

HVAC

Generation

Output

CFD

environmental control (such as the heating and coolingaet, faumidity, minimum fresh air and luminance leve
power density and operational schedule for computers, office equipment, and catering.

Theconstructiors ect i on al |l ows t he user Aseleciiod & diffeenttype of materials i
available in the |library, or the wuser can create
can determine the building's air tightness. The readymade template was also available based oedebtalolish's
regulations. The estimated cost of the building's construction was calculated based on the material's cost.

This section enables the user to state different types of opening such as the windwof, gkyors, and ventilatior
Theuser can add shading to the windows with choices of window shading or local shading.

The software enables the user to choose different lighting templates available in the library or add a newv
template and specify the power densityninaire type, radiant fraction, visible fraction and lighting control.

The type of HVAC system cdoe selected r om t he HVAC templ atesd | ibra
system based on the actual model. Another specification such asmuoathventilation, auxiliary energy, heatin
cooling, humidity control, district hot water, earth tube, natural ventilation, air temperature distribution, and bes
itemizedtoo.

This section allows the user to includesite electreity generation ranging from the photovoltaic solar panel and
turbine.

The output options allow the user to select simulation output for heating design, cooling design, energy perf
thermal comfort and daylighTheair contaminant snulation is not provided by the software

The software also allows the user to run computational fluid dynamic in the building by specifying the b
condition.
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3.2.2.2Parameter Input

The casestudy building consists of 123 conditioned zonesell in Table 34 spread across
40,47 buil dingbs area. The c detapeddata acquyed soim t h e
the buildingds audit reports, i nt erwmaeages and
to reduce the level of uncertainties. Some changesh e bui | di ngdés geometr
simplify the model. That is, only the communal areas in the South builkng includedn the

buil dingds model . He n c elding inddel apBears to avdoeafiodr d i n g
levels (lower ground, underground and ground floahereas,in reality, it has 12 floors

(includingtwo undergroundloors and a ground floor).

Table34: The conditioned zones in the casedy building.

Floor Total area Zone
(m?)
Lower Ground 9310 Parking space
Underground 9310 Parking space, cafeteria, kitchen
Ground floor (South) 4330 AHU room, auditorium, cold room, kitchen, Ilift
corridors,multipurposehall, toilets (female, maland
disabled)
Ground floor (Atrium) 858 Lobby and reception area.
North building (every 2078 2 AHU rooms, corridor, IT roomgustodiars room,
floor from the grounc lifts, office, pantry, stairs, toilets (female, execut
floor to floor 7) and male).
Floor 8 205 Machines' room

The building inputsare dividedinto five main categoriesyhich areoccupancy, lighting, HVAC,

constructionand openings. Input for very categorigfistedin Table35to Table41.
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Table35: List of occupancy density and activity types in evasge

Floor Zone Occupancy Activity type
density
(People/m?)
Lower Ground Parking space 0.0059 Standing/walking
Undergound Parking space 0.0059 Standing/walking
Cafeteria 0.29 Eating/drinking
Kitchen 0.11 Food preparation
Ground floor Auditorium 0.34 Seating
(South) Multi-purpose hall 0.34 Seating
Corridors 0.1 Standing/walking
Kitchen 0.1 Food preparation
Cold room 0.1 Storage
Toilets 0.1 Standing/walking
Datacentre 0.1 Light office work/standing/
walking
AHU room 0.1 Light manual work
Ground floor Lobby 0.1 Standing/walking
(Atrium) Reception area 0.1 Standing/walking
North building AHU rooms and 0.1 Light manual work
(ground floor to Custodiars room
floor 7) Lifts 0.1 Standing/walking
Office groundthefloor 0.02 Light office work/standing/
Office floor 1 0.04 walking
Office floor 2 0.02
Office floor 3 0.05
Office floor 4 0.02
Office floor 5 0.04
Office floor 6 0.03
Office floor 7 0.02
Pantry 0.3 Eating/drinking
Stairs 0.1 Standing/walking
Toilets 0.24 Standing/walking
Corridors 0.1 Standing/walking
IT rooms 0.1 Standing/walking
Floor 8 Light plant oom 0.01 Light manual work
Whole building 0.10606
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Table36: Lighting consumption anldiminaire type in every zone

Floor Zone Lighting Luminaire type
consumption
(W/m2)
Lower Ground Car park 1 Surface mount
Undergraind Car park 1 Surface mount
Cafeteria 15 Recessed
Kitchen 8 Surface mount
Ground floor Auditorium 8 Surface mount
(South) Multi-purpose hall 8 Surface mount
Corridors 4.6 Suspended
Kitchen 8 Surface mount
Cold room none None
Toilets 5 Recessed
Data center 5 Recessed
AHU room 5 Surface mount
Ground floor Lobby 7 Surface mount
(Atrium) Reception area 4.6 Surface mount
North building AHU rooms anctustodiars 7 Surface mount
(ground floorto Room
floor 7) Lifts 9 Recesed
Office 7 Recessed
Pantry 7 Surface mount
Stairs 7 Surface mount
Toilets 7 Surface mount
Corridors 7 Surface mount
IT rooms 7 Surface mount
Floor 8 Light plant room 7 Surface mount
Whole building 6
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Table37: Equipment consumption Every zone

Floor Zone Equipment consumption
(W/m2)
Lower Ground Parking space 0
Underground Parking space 0
Cafeteria 3
Kitchen 59
Ground floor Auditorium 1.78
(South) Multi-purpose halll 1.78
Corridas 0
Kitchen 43
Cold room 120
Toilets 5.48
Data center 500
AHU room 0
Ground floor Lobby 6.19
(Atrium) Reception area 6.19
North building AHU rooms anctustodiars room 0
(ground floorto | jfts 60
floor 7) Office groundfloor 14
Office floor 1 10
Office floor 2 37
Office floor 3 41
Office floor 4 5
Office floor 5 10
Office floor 6 10
Office floor 7 6
Pantry 60
Stairs 0
Toilets 0
Corridors 0
IT rooms 50
Floor 8 Light plant room 30
Whole building 36
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Table38: Data input for air conditioning and mechanical ventilation system in every zone.

Floor Zone Type Settings
Lower Parking space Mechanical ventilation 2 (adh)
Ground
Underground Parking space Mechanical ventilation 3 (ac/h)
Cafeteria KWP Cooling system 26.5C
Kitchen Mechanical ventilation ~ Min fresh air (sum per
person and area)
Ground floor Auditorium KWP Cooling system 23
(South) Multi-purpose KWP Cooling system 23
hall
Corridors KWP Cooling system 27
Kitchen Mechanical ventilation ~ min fresh air (sum per
person and area)
Cold room - -
Toilets KWP Cooling system -
Data center KWP Cooling system 21
AHU room - -
Ground floor Lobby Natural ventilation
(Atrium) Reception area KWP Coolirg system 24
North AHU rooms - -
building andcustodiars
(ground room
floor to floor Lifts - -
7) Office ground KWP Cooling system 23
floor
Office floor1 ~ KWP Cooling system 23.5
Office floor2 ~ KWP Cooling system 23.5
Office floor3 ~ KWP Coding system 24
Office floor4  KWP Cooling system 22.5
Office floor5 KWP Cooling system 22
Office floor6 KWP Cooling system 22.5
Office floor 7 KWP Cooling system 21
Pantry - -
Stairs - -
Toilets - -
Corridors KWP Cooling system 26.7
ard FCU(for ground
floor and 1st floor)
IT rooms KWP Cooling system 21
Floor 8 Light plant - -
room
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Table39: Input for KWP Cooling system

KWP cooling system

Input

Cooling system type

Auxiliary energy (kWh/m?2)

Cooling system COP

Supply air condition (min temperature)
Min supply air humidity ratio (g/g)
Chiller

Unitary cooling COP

Unitary distribution loss

Central cooling coil type

Cooling coil set point

Corresponding outdodhigh temperatune
Correspondingputdoor(low temperature
Air temperature distribution

Humidity control

Constant air volume (CAV)
64.18

4

17°C

0.009

District cooling
4

5

Chilled water
13°C

37°C

23°C

Mixed

Humidistat
min: 55% max: 70%

Table40: Schedule fothe building's main areas.

Zones Cooling system Lighting system Equipment Occupancy
Offices Monday to Friday: Monday to Friday: 0800- 1730 0800-1730
0600hours to 0600hours to
1900hours 1900hours
Sunday: Off Sunday: Off
Corridors  Monday to Fridyy: 24hours none 0800- 1730
0600hours to
1900hours
Sunday: Off
Data 24hours 24hours 24hours 24hours
center
Cafeteria Monday to Saturday: 0600hours to 1900hours

Sunday: Off/Close
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Table41: Construction design for the bdihg.

Construction U-value _ _ _ _
(W/m2K) Layers from outer to inner skins and its thickne

Outer wall 1.804 [1] Granite 30mm

(atrium and south building) [2] Plastercement30mm

[3] Brick outer leaf 100mm
[4] Brick inner lead 100mm
[5] Plastercement30mm

[6] Granite 30mm

Outer wall 1.838 [1] Granite 30mm

(north building) [2] Plastercement30mm
[3] Brick outer leaf 100mm
[4] Brick inner lead 100mm
[5] Plastercement30mm

Outer wall 2.221 [1] Plaste cement30mm

(north building level 8) [2] Brick outer leaf 100mm
[3] Brick inner lead 200mm
[4] Plastercement30mm

Ground floor 1.7 [1] Granite 30mm
[2] Cement plaster 30mm
[3] Cast concrete 300mm

Internal floor 2.929 Concrete slab 100mm

Glazing 5.74 [1] Green float glass 8mm
[2] Curtain wall, 85% glazed
[3] Local shading 1m overhang

3.2.3 Results

The comparison of actual energy usage and simulated energy usage using the ASHRAE Guide 14
shows thebuilding model prediction to be within the accepta range.The built modelis

presentedn Figure33, Figure34, Figure35 andFigure36.
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Figure33: The target building modelled Design Buildersoftware with detail sun path and shadow.

West Facing

East Facing

South Facing

Figure34: Thebuilding model built inDesign Buildersoftware.
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Figure35: The crosssection of the buildingnodel

Figure36: The floor plan of the North Building floors.

The simulated MBE was +1.89% (acceptance criteria is +5%), and the CV (RMSE) value was
11.09% (less than the 15% requirememotal energy consumption in 2012 was 7,334,631 kWh
while the simulation results predicted it to be 7,195,646 kWh. The comparison of monthly actual

and simulated total energy, electricity and energy for cooling usage and its percentage deviation
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is shown in Figure 37, Figure38 andFigure39. The average energy deviation was +1.29% with
the highest deviation on August (over preeit by 20.8%). A summary of the MBE and
CV(RMSE) values for the total energglectricity and energy for coolings listedin Table 42.
The enduse energy consumption by sectaess also coparedand presented ihable43.

Table 42: Summary of the MBE and CV(RMSE) of the total energy, electricity usage and energy for

cooling.

MBE CV(RMSE)

Total energy usage 1.89% 11.09%
Electricity usage  1.29% 9.65%
Energy for cooling 2.32% 8.03%

Table43: Enduse energy consumption and their deviation.

Type Actual energy consumptio Simulated energy consumptic Deviation

(kwh) (kWh) (%)
Lighting 2,095081.82 1,791,731.51 14
Equpment 91693148 1,166463.88 -27
Cooling 4,322616.69 4,221,275.97 2
Total 7,334,629.99 7,179471.36 2
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Figure39: Comparison of the actual and simulated energy usage for cooling.

Further analysis was carried outftgure outthe cooling load consumption in different zsn
Resultsare presentedn Table 44 and Figure 40. The majority of the cooling demand was
originated from the offices (78%f thet ot a | buil di ng o0 wed byaatacantye | o a
(10%), corridors (6%), cafeteria (3%), IT rooms (2%) and Hall and Auditorium (1%).

Table44: Annual cooling load in different cooling zones.

Cooling zones Annual cooling load (kWh’
Offices 3,199,514
Data cent 402,493
Corridors 238,284
Cafeteria 147,128
IT rooms 67,799
Hall andAuditorium 25,963
Total 4,081,181
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Figure4Q: The breakdown of cooling load in different zones.

3.2.4 Discussion andsummary

Modelling a complex builthg involves a greater uncertainty as it involves a large number of
zones each with itaniquecriteria (lighting, envelope, cooling, equipment and occuparidys
building has 123 conditioned zones spread acéfs477 m? building area. Modelling this

complex building requirea significantnumber of detailand involvedarger uncertaintieso.

Mi ni mi sing uncertainties can increase the
occupant s (manualhhcantrolledequipmeraind occupancin the office building are
toughto predict. This statemeig supportedy the eneuse energy deviation analysis, where it
shows that sectors that suftée highestdeviation are office equipmefwver predicted by 27%)
then followed by lighting (undepredicted by 14%). For this building, lighting in maintenance
rooms suclas AHU roomsIT roomsma ¢ hirmeosmds, of fi ceds pantry

manually controlledThe occupancy, equipment and lighting schedule for these zones were set
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basedon the normal practices aslvised by the energy managdmile operation and settings for

cooling system (under predicted by 2%) are centrally controlled by the facility management

Othercontributors towards the deviation are operational changes tlooutijle year that gave an

impact on the energy usage. In this case study, the building undergoes a renovation in the South
building from July to December. During this period, every office flovese emptiedand the

energy consumption in the South builgi® ¢ o mmu n a | area is highly
celebration in August, Earge numbeof employees applied for a holiday. These contributed to a
greater deviation duringhat period Whi | e, a detail I nformatio
management e gar ding the buil di ngds e g uavegragenaoor, scl

environment settings essentially contributes towards achiestapdardizedbuilding model.
In a nutshell, most of the deviation are rooted from the operational cohtifté subsystems in

the building that were manually controlled, rather than errors in the building (envelope and sub

systems) settings.

91



Chapter 4. Holistic Approach to Achieve ZECB for an Existing Building

Air conditioning and lighting make up 82&of thetotalbui | di ngdés energy <c
shown in Chapter 3) whereas another 12.5% godisetgeneralsocket and dataentre These
findngsacknowl edge the fact t hwerespeobs ensuorfgr gbod e b u
indoor environmentdr the occupantsPrevious studiegxplorethe potential of reducing the
energy usage in mainly domestic and small size office buildings by the meativefdesigns,

passive designs or the combination of both that is a hotistsogn In this chapter, &olistic

approach tachievwng a zero energgommerciabffice buildingis proposed.

In Sectim 4.1, 4.2 and 4.3, an isolati@pproach were presented before combining the three

methods together in Section 47he methods arsplit intofour main secons that are

1 Section 4.1detailing about gassive approach to reduce cooling I¢pdrt of this work
was submitted to Building and Energy, it is under revision);

1 Section 4.2 presentraovel retrofit methods to reduce cooling Idaased on the thermal
analysig(part of this work was published jB7] and[38]);
Section 4.3 presentedsolar powered coolingystemand

Section 4.4 all the three methods wappliedto the target buildingas a wholebuilding
approach.
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4.1 Passivedesigns to reduce cooling load.

4.1.1 Introduction

Abui |l di ngds enaedncrgageacso ntshueemphtuimbann 6s demand f or
[36][124]. A properly designed building is provetio use less energy compared tigpical

buildings typeq80]. A high-performancebuilding envelope normally has one or more of these
attributes: a low thermal conductivity {ihalue), higherairtightnessand high thermal mass
capacity [72][73][80]. These specificationsf employed, can reduce the external heat gain,
reduce energy loss from the air conditioned zones touker surrounding and providea good

indoor thermal comfort with less energyquerement [72][73][80]. This fact was also
acknowledgedin the Passivhaus method where the buildings demonstrate how a massive
reduction in théuildingsHVAC requi rement <can r endunptientdahe b
minimum. The Passiviug concept was developed @Germany to cope with the European cold
climate byopting for an airtight and highly insulated construction. The method was amed
isolatingthe building from the climateutsideand to redoetheb ui | di n g d49]. Thes a t I
main strategies employed by Passivhaus are:

A Good levels of insulation with minimal thermal bridges

A Passive solar gains and internal heat sources

A Excellent level of airtightness
A

Good indoor air quality

The methoddave been proversuccessfuln cold regiors, but will it applicable totropical and
arid regiors that experience warm temperatsitbewhole year round® was also mentioned by

the Passihaus formal websitehat:

filt would be apitfall just to apply theCentral European Passive House desigapecially the
details used for insulationyindows and ventilation and justopy these ta completely different
situation because there is a sgific building tradition in every country and there are specific
climatic boundary conditions in every regiofmherefore, the specific solution for a Passive
House buildinghas to be adaptedto the country and the climate under consideratian
www.passipedia.orf7].
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As mentioned in the Passivhaus website, the bu
cold region requires modification if it is to be applied in regions with a different climateioBse

studies in cooling dominated countries that implemented insulation material in their studies reported
that i1 nsulating the building increased the bu
reported that the use of insulation materialthiir casestudy buildings (an office in Mexico) yielded

the opposite results. They explained, the heat gain in the building is far greater than the external solar
heat gain penetrated into the building. Therefore, insulating the building traps thishieratesulted

in an increase in the HVAC load [93]. Meanwhile, a study of a classroom in Israel (hot summer
Mediterranean weather) reported, insulating the external of the roof and high thermal mass on the
inside is more energy efficient. This study aleparted that the internal heat gain is higher than the
external heat gain. The insulation prevents solar heat gain from coming into the room, and the thermal
mass absorbs internal heat gain and releases it at night time [95]. These two studies demtiestrated

i mpact of adding insulation to the buildingos
building in two different climates. The outco
give a different impact on building in different climatélhis statement were supported by the

previous studies by Dascalaki and Santamouris [101] and Peng Xu et al.

Ruolang Zeng et al. and Yinping Zhang et al. developed a mathematical equation manipulating
buil dingds predicted hnmuatritegador the building's enwetbpet h e
material and natural ventilation to minimise cooling Idad][178]. Meanwhile Hatice Sozer
studied the effecf passive solar design techniques for the hotel buildings in a cooling
dominated climat¢80]. These findings are useful for the buildings in the design phase. As for an
existing buildng, adding insulation materigb4][79][81][82][84], PCM [73][179][180][181]
[182][183] or usinga low energy cooling systerfi54][184] were studied to reduce the load
demand for HVAC systemMost of the studieson insulationcompared different types of
insulation material, different configuration (either on the inside or outside of &g and
different climatic conditios mainly tofind the most optimon thicknesgo reduce HVAC load
These studies repted that thee are differences in performance at different climate
[64][79][81][82][84]. Whereas for the PCMmost of thestudiesincorporated PCM panels/board

i nto the Dbld3|179d[18a][¢84]82]wcrilings and floof183]. It was reportedhat

the performance of PCM depends as mel t i ng/ freezing point,

construction design and climatfis79][181][183]. Based on the previous studies, it d@nseen
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that the performance of the insulation material and PCM depends on the clandtehe
installation ofthis materialpredominantlymanagedd r educe HVACOGs | oad.

In this section (Section 4.1), the main aim isstady the most optimum configuration for the
buil dingbs envelope that is suitable to cate
located in the tropical regiofl24]. Previous work on the passive designs implemented on the

building envelopetoredec a bui |l di ngés HVAC demand f ocusect
T using insulation material to the building
f incorporating phase change materi al I nt o
change materi al (PCM) panel s/ board in the

1 manipulatinghe b u i thermahngaéss

To achieve the goalf this section, @eries of simulations of tHauilding' ground floor office and
IT room were conducted to determine the et t r o f i t arrangement t o
envelope (wallceiling, and floorbut does not includeiindows to reduce thdargetbuilding's
cooling load. Insulation material and PCM wilbe usedin this study due to their proven
performance i n r educiPGNtypk suchl ad then RCdisblandey &t ECM 0 a ¢
paintwere chosersince it is easier to install in an existing buildiagd studies on thi/pe of
PCM on buil dingds p.dmrfacystudiesonctre instadlation ofiPCM and c ar «
insulation material on building envelope for retrofitting in the tropical refpora mediurpsize
commercial office building is still limited. Hencdae aim of this study i:
@Determine the best retrofit arrangediment t
and floor but does not includendows to reduce theargetbuilding's cooling load
(b) Investigatehe impact of using insulation and PCM on the air conditioned zones.
(c) Discover the most optimum settings for PCM and insulation materials in air conditioned
zones in tropical settings.
(d) To giveguidelinesfor architects, builthg developers and buildindesigners on potential

passive retrofittingpproaches tachievingnZEB intropical countries

4.1.2 Methods

Two different types ofair-conditionedrooms in the buildingwere tested;yooms with air
conditioning operatin@4 hours androoms with scheduled air conditioning operatigoffice

hour) The office and IT room on the ground floor of the building mosete usedor the
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experiment. The ground floor office room representing rooms with scheduled air conditioning
and gromd floor IT room represent the rooms with 24 hours air conditioning.dssumedhat
the energyinteraction will be the same for eveoffice and server roordue to the similarities in

their physical outletnternalcontentand air conditioning system

To simplify the initial analysis on the most optimum construction types for the office and IT
room, only the ground floor structureas takerinto consideration. An adjustment on the ground

f 1 oor O svascanadesb that g reflects the actual buildj structure by employing the roof
structure instead of thieitial concrete slab as theof. This isto ensure enough insulation was
given to the office and IT room from the solar heat gaithe result will nobe far deviated once

the new constructionwas applied to the whole building modeflowever, it is assumed that the

heatgains from the neighbouring floors aregligible.The ground floor building model used for

simulationis shownin Figure 41.

Figure 41 The simplified building's model thatas used to investigate different PCM and insulation

arrangement idifferent typesof air-conditionedrooms.

4.1.2.1Mostoptimumroom constructions and ACMV schedules

Different types of insulatiors were comparedand selected based on its resistivity value,
embodied carbon and lifetime before beuggedin the simulationWhile PCM materialsvere
selectedbased on the latent heat storage capacity, melting temperature and feasibility of
application for a building constructionn this study, twoPCM productsthat are ENERCIEL
manufactured byVinco Technologie§185] andENRG Blankeimanufactured byhase Change
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Energy Solutior{186]) were selectedor a simulation basegerformance comparisoifferent
scenariosthat consist of a differemt o o m6é s ¢ o weset listadm tTable A5s and each

constructiod specificationwasdetailedin Table46 andillustrated inFigure42to Figure45.

Table45: List of scenarios to find the most optimum arrangement for PCM and insulation materials in an

air conditioned zones.

Scenarios Arrangements
Floor Roof Wall Partition

Baseand Base* Floor 1 Roof 1 Wall 1 Partition 1
land 1* Floor 2 Roof2 Wall 2 Partition 2
2 and 2* Floor 2 Roof 3 Wall 2 Partition 2
3 and3* Floor 2 Roof 4 Wall 2 Partition 2
4 and4* Floor 1 Roof 5 Wall 1 Partition 1
5 and5* Floor 1 Roof 5 Wall 2 Partition 2
6 and6* Floor 1 Roof 6 Wall 1 Partition 1

Table46: The Uvalues, cost and thermal quality of the construction type.

Construction U-Values (with and Internal heat Cost Thermal

type without bridging) capacity quality
W/m2.K KJ/me.K  GBP/m2

Roof 1 0.373 0 100 Good thermal

Roof 2 0.164 0 175 qualitywith

Roof 3 0.174 32.15 175

Roof 4 0.175 0 150 Unlikelymould

Roof 5 0.328 0 125 growth

Wall 1 1.838 139.55 250

Wall 2 0.188 78.694 300

Floor 1 1.702 195.9 150

Floor 2 0.185 52.85 200

Partition 1 1.69 126.12 150

Patition 2 0.187 30.43 200
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Outer surface

300.00mm Aerated Concrete Slab

100.00mm Arr gap 100mm (downwards)

Outer surface

300.00mm Cast Concrete [Dense)

160.00mm XPS Extruded Polystyrene - CO2 Blowing

100.00mm Air gap 100mm (downwards)

Roof 4

Outer surface

160 00mm XPS Extruded Polystyrene - CO2 Blowng

100 00men Asx gap 100mm (dowrwards)

Outer surface

300 00mm Aerated Concrete Slab

100.00mm Air gap 100mm (downwards)

74 00mm BioPCM® M182/029

Figure42 The roofs/ceilings construction for the simulation work.
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Outer surface

300.00mm Cast Concrete (Dense)

160 00mm XPS Extruded Polystyrene - CO2 Blowing

100.00mm Air gap 100mm (downwards)

Outer surface

300.00mm Aerated Concrete Slab

100.00mm Air gap 100mm [downwards)

le




Outer swrface
30 00mm Grangte (Ret]

100:00mm Brickwork, Outer Leaf

: IWUUJmm Brckwork, thner Leat

-

Inner surface

Wall 1

Figure43: The wall construction for the simulation work.
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Outer surface
S0 00mev« ‘Granite (Red) . BDL = .

100.00mm Brnckwork, Outer Leaf

“100 MOmm- Brickwork. Inner Leaf

Inner surface

Wall 2



Outer surface Outer surface

B

A A [ F
160.00mm XPS Extrudec

[ s il b 1 D latsionrs
| Fostyiene ’\JA'K&‘".‘,-.,L";

Inner surface Inner surface

Partition 1 Partition 2

Figure 44: The partition construction used in the simulations.

100



Figure45: The floors construction for the simulation work
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