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Abstract

Since the 1960s, theonstruction of highise apartment buildings has been prolific across
Asia. These buildings, nowadays, are required to reduce excessive energy consumption
order to mitigate carbon emissions. Various measures of refurbishment strategies have
focused ommeasuring energy saving. building energy modelone ofthe more dominant
measurement methodagedsto be advanced fomore reliable and achievable results.
However, thecurrent approache®r existing apartments in the context of South Korea is

unsatisfactory due to influential factolsingdisregarded in the process.

This study aims to develop building energy modedf existing apartment buildingfor
energyefficient refurbishmenin South Koreaby integrating the influencing factotkat
cau®e variation in actual energy consumptiomhe developedbuilding energy model
implemented to evaluate refurbishment strategies of reducing energy consumijpktion

respect tduture climate charey

The overall results can be summarised as follows: firstly, the prioritisatitime ghysical
characteristics affecting energy consumption provides one determinant building feature,
construction years, and two subsidiary features, heating methods arsizesj to classify
existing buildings. Secondl vy, the 90% proba
actual consumption, is set with 1720°C set temperatures and 3 hours of operation for
heating. Electricityconsumptionis derived from 3i 6 hoursof operation with several
influential appliancesThirdly, variation among the middle floors requirdse building
energy modekpecified with individual units. Moreover, a numerical modeinafividual
heating controls showed 1822°C setpoint emperatures iapartmentnits with different
locations with7 i 8 hours of heating. Lastlythe refurbishment strategies basedtbe
thermal regulations in 2011 efficiently reduce energy consumptiowever, further
improvementof increasing insulatioris not efficient Climate projection for a heating
dominant climate would have limited impact onthe total energy consumptiomvith only

600kWh/year in 2050.
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Chapter 1

Introduction



Chapter 1. Introduction

1.1 Background of the research

1.1.1 Green House Gasmissions ananergy use in existingpuildings

Global warminghas beemninternationakchallengeasa result oftheincreaseof Greenhouse

Gas (GHG) emissiongslobal mean temperature increased up to 0.8°C between 1880 and
2010 (Hansemwt al, 2010), and extreme weather events have taken place in many countries
(e.g. United States Environmental Protection Agen@016; Korea Meteorological
Administration, 2012 Human activitiesgiving rise to GHG emissionsommonly come

from fossil fuel combustion that is one of the significant contributors increasing GHG
emissions Rachauriet al., 2014. Since the firstclimate changeassesment report from
Intergovernmental Panel on Climate Change (IPCC) in 1990, the international treaty, named
the United Nations Framework Convention on Climate Change (UNFC@&&ynegotiated

to stabilise GHG emissions in 1992. Further agreement alss made in the Kyoto
Protoco| establishing national GHG inventories tifie emissionsfrom industrialised
countries in 1997. Developing countries were also encouraged to produce the inventories,

whereas developed countriead tosubmit the inventories to UNFQ

Many countries haveaid significant attention tdhe diverse drivingsectors Policies and

regulationshave been enhanced to suppr@ésfc emissions ithe driving sectorsincluding

buildings. For examplethe European Union (EU) has cooperated to eehi21% lower

GHG emissions thathe 2005level of the emissions by 2020, and 43% lower by 203fer

the EU emissions trading system, limiting an allowance of the emissionwithuthe

availabllity to purchasean allowance \Woerdman 2015). SouttKorea, ranked 8in the

largest carbon emission coun{®@liveretal,2 0 1 2 ) , has established a | aw,
on Law Carbon Green Gr owt ho, the sesttraonstmingg | evel s
fossil fuels such as agriculture, transportationdustry and buildings (Jones and Yoo,

2012). However, thenational GHG emissionsof South Koreahas been growing in all
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sectors since 200®liver et al, 2012) despitethe mitigation policieenacted Additional

effortshave beenaddressed to achieamactual reduction in the GHG emissions.

About 50% of théndirect GHG emissiongiue toeconomic sectorss comprised of energy

use in buildings according to thelPCC assessmentPachauriet al., 2014) Buildings are
required to consume less and less rgmewhile preservinga comfortable indoor
environment Thermal conditions of buildings have been intensitimeugh policies and
regulationsto restrictexcessive energy consumption. As a result, new buildings have been
designed to be energfficient. Moreover, existing buildings that have already been built
before this energy reduction scheme have been highly regarded to be refurbished. Both
academic am industrial fields have explorethe actual potent of reducing energy
consumption inherent in buildings. Both fields have shown their focus on developing
construction technologies in reducing building energy consumption and provided the

guantification of6 p-6 e an d6 Olpeowseel s of energy use in builc

1.1.2 Assessment methodd energy performance imuildings

As mentioned in the previous section, improving thermal conditions in existing buildings has
been considered as onetb potential strategies reducing GHG emissions. In order to
succeedn the reductionthe energy performance of existing buildings has to be accurately
assessed. Thus, refurbishment strategies are able to determine inefficient parts of buildings
that need to be improved. Moreoyeghe accurate diagnosis helfp select appropriate

refurbishment technologies.

According to Ma et al(2012, energyefficient refurbishments require six key elemeii1s
policies and regulations, (2) client recourses and expectations; (3) retrbfibkegies; (4)
building-specific information; (5) hanan factors; (6) uncertaintieBolicies and regulations
provide the minimum requirements of building conditions #rcomfortable indoor
environment. The purpose and direction of refurbishmarg detemined by clients. The

applicable retrofit technologies need to a&ecurately evaluat in compaison with the
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original conditions. In order to identify the original energy performance of buildings, the

specific building information needs to be surveyed.rétwer, how the buildings are

operated and maintained also have toidentified. Finally, the possible errors causing

uncertainties should be taken into consideration. Consequently, understanding the original

conditions of buildings is crucial implemen energyefficient refurbishmerg. Based on the

accur ate under standing of t he Oprebd refurbi st
refurbishment strategies can be made. In ordeachievethis, appropriate assessment

methodgor measuring energy performanicebuildingsareessentiallyneeded.

The current assessment methéatsbuilding energyperformance are differentiated by the
purpose of analysis: energy classification and performance diagnosis @/ahg2012).
Energy classificatiorhas beerapplied to provide levels of energy performanceGhG
emissions in buildings, whit performance diagnosis evaluates insufficient building
performance for actual improvemeritheseassessments have been applied through four
types: (1) building environmérassessment schemes; (2) energy certifications; (3) whole
building benchmarking models; (4) hierarchical assessment and diagnos{¥\tantget al.,

2012).

As reviewed in Chapter 2aeh appltation takes different methods fguantifying building
energyperformance. The energy quantification methods can be categorised by three types:
calculationbased, measuremeésed and hybridnethods (Wanget al., 2012). The
calculationbased methods estimate energy performance by creating calculation models with
input data of building conditions. The methods are specified by the dynamic simulation and
steadystate method depending on how to consider dynamic effects of buildiings.
measuremerbased methodare expected to reduce discrepancies in the calculatssd
methods by usin@ctual energy use data from energy bills and monitored recohds.
hybrid methods are the integrated approaches of combining the calcblased and the

measuremerbased methods. The calculatibased methods takbe leading posibn in
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analysing building performance, while the measured data is used to calibrate the calculation

models(Wanget al.,2012.

In short, building energy performance needs to be accunatesuredn order to create
efficient refurbishment strategie$he diverse applications of assessing energy performance
buildings have been used timplementthe assessmentsThis also determireehow to

quantify building eergy performance (specifically reviewed in Chapter 2, Literature review)

1.1.3 Main challenges ofgquantifying energyperformance in buildings

To determine the success or failure of refurbishment projectsfawwlations have to be
ensured. The first foundation is whether the original conditions of buildingenergy
performanceare accurately diagnose@ihe secondne is whetherthe anticipated energy

saving through refurbishmestrategiesan be achieved in real situations

Six challengedfor energyefficient refurbishment have been reported $tafford et al.

(2011). Firstly, inflexible frameworksf refurbishmentstruggleto encapsulate complexity

and diversity inindividual buildings. Thus, refurbishment strategies may not be tailored for

an individual or a specific group of buildings. Secondly, actual energy consumption can be
different from theestimatede ner gy consumpt iThenge r fwdri mahtd es gaaf ¢
is problematic becauseverestimationbrings about ovesized HVAC systems and vice
versa.Thirdly, the factors encompassing building envetoge interacting a complex way

which requires to be considered holistically. The fourth challenge is how to integrate
renewable technologies with the improvementhefbuilding envelope The fifth challenge

is how to deal withtheu ncer t ai n o0 c c u pirelading cccupney| daytoelay | s s ue.
behaviour, building services and maintenance. Lastly, continuous monitoring and feedback

are important for further improvement. It has been revealed that the six challenges are
derived from the complex and diverse building conditi@mslthe limitations of the current

frameworkin assessing refurbishment.
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In particular, existing literatureasmentionedhe performance gap that the predicted energy
performancehas easily over or underestimatel compared taactual achievement in real
situdions. The performance gap causes high levels of uncertainties in the prediction of
energy performance. This can resuluimreliablerefurbishment strategies. There have been
continuous attempts to improve the energy quantification methodsdar to redce the
discrepancy derived from the performance gap. Many previous studies suggest a
probabilistic approachHor the possible distribution of building factors in quantifying
building energy performanceather than a deterministic approach. Moreover, agsas
methodologies have been more systematic and sophisticated with regard to actual energy use.
Despite these efforts, there is no perfect and solid process quantifying energy performance in

buildings. It is stillanongoing process.

1.1.4 High-rise apatment buildings andefurbishment measures South
Korea

Refurbishing existing buildinghas also been an important issue in many Asian countries
including China, Japan, Hong Kong, Singapore and South K¥resn, 2011) Particularly,
high-rise apartmenbuildings in South Korehave made up thdominant proportion not
only in dwellingsbut also in buildings63% of highrise apartment buildings were built
before buildingswere energyefficient (Statistics Korea, 2000; Statistics Korea, 2010b)
which implies thatthese old apartment buildingsan be easily vulnerabla sustaiing a

comfortable indoor environmetitan new buildings.

The physical characteristics of apartment buildings can be described by three different scales:
clusters, buildings and units. An apartment unit is an individual space for each household
living in the same building. An apartment building is a group ofaetment units, while

an apartment cluster is a group of the apartment buildihgeughout reviewing the
development of highise apartment buildings (Chapter 2), the physical characteristics of old
apartment buildings have been transformed. Chrondadgicapartment buildings in the
1960s were in the process of developmsatthat there were various attempts to increase

6
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the number of floors from five to higher. In the 1978nd 1980sa great number of

apartment buildings had been constructed in atsberiod under the governmentadt

projects.To this reason, the shape of apartments has been much unified without considering
diversities. Despitethis, the shape of buildings has been transfigured for social and
economic profits. The general numberflobrs has been increased up to 15 from five. The

width of buildings has been shortened. In the 1990s, the massive constrwegms

continued by similar trends of building characteristics from the previous decade. Since the
2000s, a new type of apartmdntu i | di ng s, 6Tower typed has ap

the limit of apartment floors from 25 to more thani4%0.

Fundamentally, the transformatiarfi high-rise apartment buildingaas intended to bring
about higher economic profit and reflect sogieduirements. Recently, not only new but
also existing buildings have to be more enezfficient. Thus, energy use wid highrise
apartmentbuildings has to be assessed in order to choose the most appropriate design
strategies or refurbishment straegi There are five types of building performance
assessment methods in South Ko®eeen Building Certificate Criteria (GBCCBuilding
EnergyEfficient Rating System (BERS), Housing Performandeating DisclosuréSystem
(HPRDS), Energy Saving Design Statards (ESDS) andrhe EnvironmentaFriendly
Housing Certification (EFHC)As compared in Section 2.2.4, four of the five assessment
methods, apart from BERS, takee Energy Performance Indicator (EPI), which evaluates
building energy performance by desided criteria with different credits. For example,
GBCC requires credithigher than 60 to certify buildings as eneggficient MLIT, 2013).

This system with EPI is easipr assessingouilding performance without complicated
calculations. However, it iglifficult to diagnose detaile@nergyperformance in order to
improve specific parts of buildings. Unlike the four assessmeBEERS takes the
calculationbased methods, specifically, the steathte method. The quantification is

followed by the internadnal standards, ISO 1379050, 2008)and DIN V 185992 (DIN,
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2007. This method can easily calculate energy use in buildings, but the, nesglect the

possible impacts of unexplained factors and data error.

As reviwed in Section 2.2.1and 2.2iBe current five assessment methddse limited
interpretationsn quantifying energy performanc&o this reason, the performance gap
problematic with the current approach. Although hybrid methods integrating different
measurement methods have bemplemented to cover drawbacks and limitations of each

guantification method, this kind of attempt is difficult to fimkhe case oBouth Korea.

1.2 Research guestions arising from the gap

Decisionmaking in refurbishment fundamentally requires appropaasessment methods

for building energy performance. Thus, the original building conditions can be scrutinised
and compared to determinefficient refurbishment strategies for specific buildings.
However, the current assessment methods show their limiatiorcoping with the
complexity and diversity ofdildings. This could result isignificant discrepancies between

the estimated energgaving and actual achievemeint real situations.To this reason,
existing literature related to refurbishment measuresas focused on reducing the
performance gapy improving the energy quantification method@fe methodologies have
been more systematic and sophisticated to integrate uncertainties arising from various

building factors affecting energy consumption.

In the scope of the assessment methods in South Korea, the limitations are in the line with
the global point of view, which can be specified by three aspects. Firstly, the current
assessment methods using EPI tredseady-state methodss{mplified calculaton methods)

are not specific enough to be tailored the goup of old existing highrise apartment
buildings. Moreover, the methods are not flexibmughto takethe diversities of buildings,
derived fromthe transformation of building characteristiés reviewed, old existing high

rise apartment buildings in South Korea have been transformedheitthanges ipublic

preference and economic profiloreover, the main targets of occupants have been replaced
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from the working class tthe new middle clas.Unless dealing with these diversities, the

calculated energy saving can contaimgh level of uncertainty, which is hardly reliable.

Secondly, the currergnergy quantificatiomethods are dominated by the calculateded
methods(dynamic simulabns with idealised conditions and steedgte calculations)A

single apartment building, as a group of apartmentsuraiing diverse households, is
complicated in terms of these factors that would contain significant uncertainties. The
dynamic simulatin with the idealised building conditions has widely been chosen to
evaluate energy saving in refurbishment technologies. Howevehitghly limited toreflect
realistic building conditions actually occupied. Despite this,attempt to integrate more
than two quantification methods has been made in assessing building energy performance. In
order to reduce discrepancy between the predicted and actual energy consutnetion,
importance of dealing withncertaintiesarising flom physical characteristics and occupant
related factorshas beeraddressedMoreover, the methodologies of quantification the
global view, have been more systematic and sophisticaltedthis regard, the various

attempts need to be explored in thateat of South Korea.

Thirdly, the current assessment methods (whaliéding calculations) have not taken into
accountvariation arising from apartment units. Individual apartment units are placed in
different locationsin buildings that can be exposédl the different outdoor environment.
However, the conventional quantification methods have regarded an apartment building with
many individual units as one single building containing a large number of residents.
Therefore, the interaction throughthemte onnect ed fl oors as wel |l
living in different apartment uts have been disregardegven though their impacts on

energy consumption are obvious.

By reviewing the current literature, it has been revealed that the current energy

quantification methods need to be improviedorder to deal with the complexities and
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diversities in existing apartment buildingg integratingthem, based on actuanergyuse.

Three research questiocan be identifiedas below:

1 How can the energy quafitation methods take into account the diveesibf
building characteristics in old higiise apartment buildings?

1 How do the energy quantification methods integrateutheertaintiederived
from a group of occupasmtbehavious living in high-rise apatment buildings?

1 How can the energy quantification methods take variation arising from

individual apartment units in different locations?

1.3 Aims and objectives

This study aims to create a hew methodology developing a building energy quantification

model ofexistinghigh-rise apartment buildings in South Korea to be used for refurbishment

measureThe study, specifically, develops a framework of building energgetting forthe

existing apartment buildings by integrating variations in the actual energy consumption
derivedf r om t he physical characteristics, occupants

different locationsThe main objectives can be stated dloves:

1) Classify the physical characteristics of existing hiigle apartment buildings, dealing
with variation in building features affecting energy consumpti@imepter 4)
2) I ntegrate variati on arising f atmgnand c cupant so
electricity into a buildingenergy model of existing higlise apartment buildings
(Chapters)
3) Develop abuilding energy model with corresponding variation in the -gpicific
heating energy consumption arising from the locations of apartmdtg and
individual heating controls in each u{@hapter6)
4) Implement thebuilding energy model developed to evaluate refurbishment strategies

under climate changg€hapter7)

10
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1.4 Structure of the thesis

The structure of the thesis consists of eight chaptehsding this introduction chapter, as

described irFigurel.1.

Chapter 2,6 Li t er at uinterpretstkevenesgyeflicient refurbishment, theurrent
assessment methotty quantifying building energy performance and the challenges of the
assessment methods. The chapter is divided into two parts. The first part reviews existing
literature about the energpfficient refurbishment and the assessment methods with a global
point of view, while the second part scopes down the focus to the contetisiing

buildings in South Korea.

Chapter 39 Me t h o dstatesotlye ysgiecific problem that this study is tackling through the
whole process. It also provides a thorough descrigfi@verall strategy, anthe necessary
data and tools used for calculation. At the same time, the essretfad of analysing data

are also demonstratedth the specific applications of each method in this study

Chapter 4,&lassifying existing apément buildings with respect to efficient building
features affecting energy consump@iomletermines a definition of existing higise
apartment buildings that need to be refurbished. By prioritising the efficient building
features transformed from th&970s to 1990s in terms of the impacts on energy
consumption, the existing apartment buildings are classified not onlgufliting energy

models used for simulatiodmit also for energefficient refurbishment.

Chapter 5,dntegrating variation arisingf om occupant so6 Ilgddatngi our s
and electricity into a buildingenergy model of existing higise apartment buildings

guestions theonventionabuilding energy modelwhich is mainly applicable for reducing

the energy demand of buildings der the standardised conditionsather than reflecting

actual energy consumptionThis chapter accounts for variation in actual energy

consumption caused by occupant sé behaviour

11
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occupantsod6 behavi oamdslecwiaiyy sterred fran atiuwmlaenergy g
consumption, a probabilistic model of the new ge
heating and electricity has been established to be usedbiitding energy modeidf these

apartment buildings.

Chaper 6,6 D e v e laduyilding gnergy modedf existing higkrise apartment buildings
corresponthgtovar i ati on i n i nd,jseopedlona the mamacale ohtbent uni t s 6
study from existing apartment buildings to individual apartment units, andifieen

variation in energy consumption arising from individual units according to two aspects. The

first aspect is the different physical characteristics of apartment units in different locations,

whilst the second aspect is independent heating controtedypants in each unit. These

two aspects have been integrated iatdbuilding energy modebf existing apartment

buildings to correspond to actual data. Furthermtite,dataset othe individual heating

controlsfor each unit is provided.

Chapter 76 1| mpl ementing the building energy model de\
under cl i mat e, canduetantigeebuilding preergyt nsodels to examine building

thermal regulations revised from 1987 to the present as refurbishment strategies for the

exiding apartment buildings undérture climate chang& he thermal regulations have been

intensified by increasing the thickness of insulation andhlues of windows. By using the

building energy model developed through the previous chapters, the efiestvef these

regulations is evaluated for refurbishing existing apartment buildings. Climate change

impacts are also included with a letegm perspective.

Chapter 86 Concl usi ons asurdmarisestthe main finddngskird this thesis.

Limitations and future works are also indicated.

12
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Introduction (Chapter 1)

Literature review (Chapter 2)

Methodology (Chapter 3)

Physical
characteristics
(Chapter 4)

Variation arising
from physical

characteristics in
existing apartments is
classified.

Occupant so
behaviours
(Chapter 5)

Variation caused by
uncertain
behaviours living

apartments is inferred.

Individual units
(Chapter 6)

Variation inherent in
energy use in individual
apartment units is
integrated to be taken intc
account building energy
modelling.

Implementation of the building energy model
developed (Chapter 7)

By using the building energy model, the
possible energy saving has been quantified w
regard to climate change impacts

Conclusion and Future work (Chapter 8)

Figure 1.1. Diagram showing overall structure of this study
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Chapter 2. Literature review

This chapter aims to review existing literature in order to explain erdfigyent
refurbishment and the current assessment metfowdsguantifying energy performance in
buildings. This literature review is comprised of two parts. The first part, Se2tign
discusses about a global overview of enegfjicient refurbishment, while the second part,
Section 2.2, scopes down the topic to the context of South Korea. In the first part, the
general concept of energyficient refurbishment is interpreted ire@ion 2.1.1. Section

2.1.2 and 2.1.3 take a look at the current assessment methadwergly performance
guantification methods, which have been applied to refurbishment projects. Section 2.1.4
scrutinises challenges and limitations of the current methmidgiuantifying energy
performance in existing buildings. Section 2.1.5 discusses advanced methods dealing with
the challenges, especially o6Performance gapé,
Section 2.1.17 2.1.3 provide an overview of bui#nvironment in South Korea including
climate conditions, a profile of buildings and higbe apartment buildings. Section 2.2.4

and 2.2.5 examine the building energy performance assessment methods and their
applications to refurbishment measures in Soltirea. Section 2.2.6 identifies the
limitations of the current approaches and their relation to the global point of view. Lastly,
Section 2.3 summarises the chapter and restates the research gap that needs to be

investigated.

2.1 Energy-efficient refurbishment of existing buildings

2.1.1 Overview of energeefficient refurbishment

Many countries have included not only designing new buildings with eswdfigient
technologiesbut also improvinghe thermal conditions of existing buildings. 70% of UK
buildings in 2010 will remain in 205@taffordet al.,2011) This significant proportion of
existing buildings hae insufficient thermal conditiongDowsonet al., 2012) which have
resuled in increasing energy use for heatilfgs shown inFigure 2.1, some European

courtries, such as Netherlands, Sweden, Germany, France and Deratsrihave more
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than 50% of housing stock constructed before the 1@B&sk and Park, 2012hich are
considered for refurbishment in order to reduce energgonsumption as well as

fundamentally reduce GHG emissions

As existing buildings were built before buildingscameenergyefficient, existing buildings
can be more vulnerable tsustainablility Compared to European countriegsidential
buildings inSouth Korea areelatively new Figure2.1). This is because the development of
housing followed the great economic groviththe 1960s. Other Asian countries such as
Singapore, Hong Kong and China also have shagimilar history of residential buildings
(Yuen, 201}. Although thenewer construction years of existing buildings in South Korea
identified, it does notguaranteghe quality of energefficiency inthe buildings In fact,
under the current Building Act in South Koreanforcement Degree of the Housing Act,
2009, apartment buildings constructed over fifteen yearscagde refurbished, and those
buildings over foiy years ago can be ew demolished if needed significant number of
existing apartment buildings constructed during the great economic growth have already

been inastage of refurbishment (Kim, 2010).
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Source:Europe: Housing Statistics in the European Union 2004:Korea: 2005 Population & Housing Census(as

for the data of Korea, <1959, 1960-1970, 1971-1980, >1980)

Figure 2.1 Proportions of housing by construction years (Back and Park, 2012)
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A concept of refurbishment is generadlgcepted as an improvementbuilding conditions

by replacing deterioratednd inefficientparts of buildings.The success and failure of
refurbishment can be determined by the quality of their achievement in terms -of cost
effectiveness technologies, satisfactory services and acceptable indoor comfett §Ma
2012). Moreovergnergyefficient refurbishment is expected to provide improved thermal
conditions of buildings with less financial investment, comparea riew build. Maet al.
(2012) dividedthe procedure of refurbishment into five steps: (1) projectugetnd pre
retrofit survey; (2) energy auditing and performance assessment; (3) identification of retrofit
options; (4) site implementation and commissioning; (5) validation and verification
(Figure 2.2). Firstly, refurbishment needs to be wplanned with achievable targets of
energy savingand building conditions have to be surveyed to identify actual operations and
occupant impaston energy use. Secondly, engaudit data and building factors affecting
energy consumption have to be recognised by assessing building performance. The
information through assessmestcan provide potential retrofit opportunities and energy
saving (Maet al,, 2012). Thirdly, possiblalternatives in reducing energy consumpinaed

to becompared by using appropriageergy performance quantification methoBsurthly,

the selected refurbishment optioae required to banplemented ossite. Finally, energy

saving can be confirmed thugha validation and verification.

Six key elements affecting building refurbishment have been definec{(di, 2012): (1)
policies and regulations, which are minimum requirements for energy efficiency in existing
buildings; (2) client resources angpectations, which determine a purpose and direétion
refurbishment; (3) retrofit technologies that Ws®ergy ConservationMeasures (ECMs) as
indicators representing energy efficiency and sustainability; (4) buikpegific
information that includegeographic locations, building types, ages, occupant schedules,
utility rates, building fabric and service systems; (5) human factors, which include not only

occupant behaviours but also building management and maintenance; (6) uncertainties,
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arising fromvariation in building characteristicand aselection of measuring models

(building performance simulations).

Project setup and pre-retrofit survey T Define a scope of work
1 Set project targets
1 Determine available resources
1 Preretrofit survey
Energy auditing and performance 1 Energy auditing
assessment 1 Select key performance indicators

=

Building performance assessment

Energy saving estimation
Economic analysis

Risk assessment
Prioritise retrofitoptions

Identification of retrofit options

=A =4 =4 =4

Site implementation and I Site implementation
commissioning 1 Test and commissioning
Validation and verification 1 Post measurement and verification

9 Post occupancy survey

Figure 2.2 Procedure of refurbishment (Ma et al., 2012)

2.1.2 Assessment schemes of energy performance for existing buildings

The previous section addressed the potential contribution of existing buildings to mitigate
GHG emissions by refurbishing their inefficient building conditions, matterhow old
existing buildings are in different countriéBesides, the procedure and kelgments of
refurbishment imply thahdequate assessmeof building energy performanaerequired
to providethe correct understanding dfuilding conditions. Then, the reswbuld help to

choose the most appropriate and efficient refurbishment strategies.
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AHow to measur e energy perfor mance i n
determining the quality of energy performance in existing buildifiggs is because
caprcious building conditions effect on energy ugmttcould result in an unreliable
understanding of building energy performantbe unreliable understandimguld end up
with inefficient refurbishment strategie$herefore, there is a need for accuratehmes of
guantifyingboth the energy performance of buildings as well as the amoentojy saving
through refurbishment technologiesorFpolicymakers and the publiche results can help
to determine policies and regulatioims refurbishingthe existing conditions of buildings

(Summerfieldet al.,2010).

Building energy performance assessment has been used to quantify levels of energy use in

building, and support decisisnfor additional improvement. The main objectives of

assessment are found by twarjposes: energy classification and performance diagnosis

(Wanget al.,2012). The energy classification provides levels of energy efficiency or carbon

emissions for buildings (energy benchmarking, rating systems, labelling and certificates),

whereas energperformance diagnosis detects faults and causes of poor performance in

buildings The former is mainly used for encouraging public participations, but the latter is

intended to improvsufficientenergy performance in buildings (Waeal.,2012).

Warg et al. (2012) defined four applications tiie energy performance assessmsei(l)

building environment assessment schemes; (2) energy certification; (3)-bulildliag

benchmarking models; (4) hierarchical assessment and diagnosis tools. Firstlyygbuildi

environment assessment schemes evaluate the effectiveness of energy use ifadivesse

including water, waste, material and sitéey evaluate the general environment impacts of

building conditions and encourage public awareness about that HEsele are several

assessment schemes in different countries such as LEED (Leadership in Energy and

Environmental Design) in USAUS Green Building Council2004, BREEAM (Building

Research Establishment Environmental Assessment Method) in theBaldwin et al.,
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1990 and Green Star in Australi@dustralia Green Building Coucil2012. Secondly,

energy certification methods have been developed by EPBD (Energy Performance of
buildings Directive) in EuropeetamRl2 ATRKHRAEOS s
EPBD assessment methods provigeneral calculation method®r building energy
performance rqinimum performance requirement for new and existing buildings,
certifications for rating and displaying the energy performance in buildimgsdly, whole-

building benchmarkingmodels representoverall energy efficiency in buildings in
comparison to energy use in other buildings having similar floor §&asmg 2011)Lastly,

hierarchical assessmenand diagnosis tools specifically detect energy performance in

buildings with a detailed energy audit in existing buildings.

In short, the energy performance assessments have been implemented to classify building
energy performanceandto diagnose poor energy performance in existing buildings. Both
purposesiave ber applied to assess building energy performanaguiaytifying the quality

of energy performanceDepending on each assessment, there are the diftrsignated
methodsand criteriameasuring energy efficiency and energy savirgerefore, selecting an

appropriate assessment with a clear target can be an important issue.

2.1.3 Energy quantification methods measuring energy efficiency and

energy saving in buildings
As reviewed in Section 2.1.2, energy performance assessments are intended to measure the
efficiency of building energy performance by using the specific criteria and quantification
methods. There are three types of quantification methods that have been applied to assess
building energy performancé&igure2.3): calculationbased, measuremelnased and hybrid
methods (Wanet al.,2012). Firstly,calculation-based methodscreate calculation models
to measure output (energy consumption) by usnpyit data ofbuilding conditions. The
methoda areclassified by dynamic simulations and steathte methods depending on how

to consider dynamic effects of buildings.
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9 Dynamic simulation
Most dynamic simulation uses a forward modelling approach that typical inputs
(weather conditions, building description, system description and component
description) are used to be analysed dimulation engineperforming for
mathematical simulation algorithms.
As an example of application, a whdidailding benchmarking method etes one
customised building by simulation, whichaa identical to a studied building, as a
selfreference buildingWang et al., 2012. The simulation modelare usedo
compare the minimised conditions of energy use with the actual energy
consumption @ that the decision of possibility afnergy saving use could be
compared.This method has been widely adapted in various countries for a
judgement, and has used to assess building performance of both new and existing
buildings (Wanget al., 2012). This m#hod benefits for cases that do not have

many reference buildings and sufficient energy use data (Chung, 2011).

i Steadystate method éimplified building energy calculation)
Forward modelling approach: heating and cooling demands are calculated by
correlation factors which determine to what extent heat gains and losses are useful
(Wanget al., 2012) Heating energy use is calculated by the amount of heating
demand divided by System Coefficient of Performance (SCop), whereas cooling
energy use is byhe amount of cooling demand divided by System Energy
Efficiency Ratio (SEER) of HVAC systems (Wamg al.,2012). The application
of them is shown in an international standard (ISO 13790:20B8grgy

performance of buildings calculation of energy userf space heating and cooling

° 0
Y6 €N
o 0
YOOY
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where0 and0 are the monthly energy demand for heating and cooling,
respectively.

Inverse modelling approach this approach for wholbuilding energy
consumption is regressed against several important influencing parameters. Linear,
changepoint linear and multiple regressions are commonly accepted to correlate
energy use in buildings. A number of different regression models can bedcreat
for a particular buildingand then choose the befitted model can be finally

selected by Rand CV (RMSE). The commonly used model is as below:
O 60 Two Tw 8 T w

whereQOis the estimated energy consumptions a constant in engy unitsf is

the regression coefficient of independent varialles,

This method is built based on the robustness of associdt&weenindependent
variables (building factors) and dependent variables (energy use). Regression
models attempt toifid the mosfitted regression line that represents the average
levels of dependent varialsleenergy use in this casguilding energy benchmark
models with the regression modelling method often used Energy Use Intensity
(EUI) representing aypical rate of energy use in a certain type of buildings
(Sharp, 1996)The EUI is expressed by energy use with floor area (Bfygfir or
kWh/nf/yea). Thereforethe floor area has been considered as a main determinant
to identify similarities in buildingsin compaing energy consumption.
Summerfieldet al (2010) created two different regression models of calculating
thebenchmark performance of residential buildings, based on the UK national data
of domestic energy consumptiaand building characteristics such pRysical
conditions, occupant characters, heating systems and economic .factors

Additionally, the models were used to estimate the possible reduction of these
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building by energy refurbishment, the amount of energy saving were provided as

evidencetobeude f or policiesd decision making.

The limitations of measuring energy saving throtlgh calculatiorbasednethods are clear.
Summerfieldet al. (2010) stated that their regression models of residential benchmarks
using national data are highly limited due to many uncertain social and technological factors.
Moreover, the method does not take into account unexplained factors and data errors, which
could result in inaccurate estimation. In terms of the dynamic simulation, as mentioned by
Chung (2011), energy use calculated by building simulations with idealised conditions could

not providearealistic amount of energy saving that can be achiaveshl situations

Secondly measurementbased methodsare collecting actual building energy consumption
records from energy bills to detailed monitoring data, which are able to cover discrepancies

in calculationbased methods (Warg al., 2012).

1 Energy bill-based method
Energy bill is a good quality of data representing an amount of energy use and
easily accessible (Swan and Ugursal, 2009). The original bill data provides an
acceptable level of accuracy, but limited for diagnosis; thus, it needs to be
disaggregated into endse fornsto be used for more idepth investigation (Wang
et al.,2012).The disaggregation is adopted by two types of algorithms, according
to Yanetal.( 2012) . The first type, 6estimation a
calculation of each facilities at bottom level, while the second type,
6di saggregation algorithmo, decomposes the t

factors such as seasonal and-seasonal consumption factors (Yetral.,2012).

9 Monitoring -based method
Although the energy bill data is transformed to ars® forng, the data does not

represent sufficient details of building energy performance. Instead, monitored
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datag such as endse submetering data and BMS (Building Management System)
data,can provide more accate and precise energy use information (Wangl.,

2012).

Thirdly, hybrid methods combine both calculatiehased and measuremdratsed methods.
The alculationbased methods have taken a leading position, ilileneasuremerbased
methods have been ats to reduce discrepancies between estimation derived from
calculations and actually used consumption (Weingl.,2012). Two types of methods are

allocated in this category: calibrated simulation and dynamic inverse models.

1 Calibrated simulation
Calibraion is a process of revising initial inputs assumed for predicted energy use
to be matched to actual consumption (Waatgal., 2012). The procedure of
calibration are comprised of three parts (Pedtral.,2002): (1) the initial model
estimation, basedn building design and documentati@mompares with actually
measured consumption; (2) the second model estimation, based ethough
and audit,is compared to the actual consumption; (3) the final model can be

developed by comparing eude energy maarements (monitoring).

1 Dynamic inverse model
Dynamic inverse models can capture more detailed effects of building energy
factors with differential equations. However, it requithe site measurement to
acquire detailed training daba orderto be usedn models so that the process is

greatly complex (Wangt al.,2012).

It has beenfound that the methods of quantifying energy use in buildings are diverse.
Therefore, the purpose ofieasuring energy use in buildingseds to be clearly stated in
order toselect the most appropriate methods for buildings concerned. Howtelvas, also

been revealed thatach method requires either precise data or complex processes to bring
about adequate results of estimating energy use. In this reason, limitation®laledatic

25



Chapter 2. Literature review

aspectsof each methodhat could result in inaccuracy in assessing building conditions

Therefore, precise implementation can be required in the quantifying process.

Energy quantification method

Hybrid methods

Calibration
simulation

Dynamic
inverse model

Calculation Measurement
based methods basedmethods
Dynamic Steadystate Energy bilt Monitoring
simulation method based method based method
Forward Inverse
modelling modelling
approach approach

Figure 2.3 Classification of energy quantification methods (Wang et al., 2012)

2.1.4 Challenges of energefficient refurbishment for existing buildings

It has been found that there are two important aspfcissessing energy use in existing

buildings. One is that building energy performance in original conditions needs to be

adajuately assessed. Another aspecthit the possible amount of energy tieauld be

saved, compared to original conditions, needs to be accurately measured for successful

refurbishment. The previous sectiGmplied that energy quantification methods contain

limitations and problematic aspectelated to data collection and commplprocesswhich

could bring aboutinaccurateestimatios. These have been challengedhareal application

of refurbishing existing buildings.
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Staffordet al.(2011) claimed six challenges in refurbishmem¢asuresKigure2.4). Firstly,

fixed frameworksfor refurbishmentcould be inflexible to encapsulatiee complexity and
diversity of existing buildings. Thus, refurbishment strategies may not be tailored for
specific cases or groups of buildings. Multiple disciplines including technological, social and
financial aspectsieed to becarefully considered in detaining refurbishment. Secondly,
actual energy performance can easitydifferent from the expected performance in real
casesThe performance gaperived from indesign and constructiastagesis often found,

but the design process rarely regards alkmwes for possible errors in real situations.
Thirdly, interactions of factors encompassing building enved@pe complex. The factors
including the thermal transmission of elements on building envedopiech as walls, floors,
roofs and windows, aiightness, thermal bridge and bypass mechanismsplicatedly
interact and affedthermal conditions of buildings. If the factors are considered individually
or separately, the resudaneasily go wrongn terms of total building energy performance

In thisrespect, blistic consideration igssentiallyrequired. Fourthly, appropriate renewable
technologies need to be integrateih the process of improving thermal conditions of
building envelops However, the repofStaffordet al.,2011)claimed that theelationships
between building envelopeand renewable technologies are often complex. Moreover,
economics of installing renewable technologies have to be careééildgn into account
Fifthly, it is complex to encompagsicertaino c c up ant s 6s such hsaotcepdncy, s s u e
day-to-day behaviour and interaction of building services and technologies. As these issues
are highly uncertain, theyemain as one of difficult challenges tachieve Finally,

continuous monitoring and feedback needs toripgemente for further improvement.

In short, the reportStaffordet al.,2011)pointed out that there are many obstacles, derived
from the complexities and diversities lildings. The obstacles can result @nsignificant

level of performance gap in real situations. There have been intensive effddseloping
methods of assessing energy saving in refurbishment. The details are followed in the next

chapter.

27



Chapter 2. Literature review

1 One fixed framework of
refurbishment measure is
not flexible to be tidored
for specific buildings or
groups of buildings due to
the diversity in building
stock

1 Balancing among
importance disciplines
including cost
effectiveness

9 Considering future needs,
such as climate change
impacts

1 Actual performance in
reality may noas high as
expected due to either
intrinsic performance or
installation issues

1 Achievement of energy
performance can be
different caseby-case

9 Performance gap
between design and
construction processes

9 Building envelope
(fabric) is a crucial factor
reducing energy
consumption, while
maintaining acceptable
thermal comfort

9 Complex interactions
including thermal
transmission of elements
on building envelope, air
tightness, thermal bridge
and bypass mechanisms

Difficult to encapsulation
complexity and diversity of
building factors in existing
buildings

Complexity of building
energy performance

Complex interaction
throughbuilding envelope

Challenges of energyefficient
refurbishment measures

Uncertain occupant
behavour of consuming
energy

Combining integrated
solutions with renewable
technologies

Monitoring in post
refurbishment

9 Highly uncertain to
encompass in designing
refurbishment although
significant impact of the
factors related to
occupants

9 Postoccupancy evaluation
necessarily has to be
undertaken

9 Appropriate integration
of renewable
technologies by
regardingcomplex
relation between building
envelope and renewable
technologies

1 Costeffectiveness has to
be carefully evaluated

9 Continuous monitoring
and feedback for further
improvement

Figure 2.4 Six challenges for energyefficient refurbishment measureg(Stafford et al.,2011)
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2.1.1 Performance gap anédvancednodelling methods

The previous three sections, Section 2.1.2, 2.1.3 and 2.1.4, identified building energy
performance assessments, enesgying quantification methadand the current challenges

in refurbishment By reviewing existing literaturethe adequate prediction idesigning
refurbishmentstrategieshave beenproblematic due tothe intrinsic complexities and
diversities. This sectiomeviews the performance gapcaused by variation in uncertain
occupant behaviour (Section 2.1.5.1) and physical characteristicso(S&cti.5.2),and

advanced methods of refurbishment meas(8estion 2.1.5.3).

The performance gap has been defimdgert the designed energy performance is not the
same as realised one when buildings are actually inBedket al.,2010). The causes dhe
performance gap are derividm many aspectfuilding components, materials, occupant
behaviour patterns or poor workmanshiBell et al., 2010). There have been efforts to
reduce the performance gap and improve the prediction of building enedgisro be

similarto real situations.

In assessinguilding energyperformance uncertainty and sensitivity analyses have been
essentially undertaken (e.g. Hyenhal., 2008; Silva and Ghisi, 2014). Uncertainty analysis
takes a probabilistic approach thragardsvalues of independent variables (input factors)
with distributionsof possible values, whereas sensitivity analysis evaluates the effectiveness
of parameters that generate variation in energy consumption (Silva and Ghisi, 2014). Silva
and Ghisi 2014) conducted both analyses with various building factors, categorised by
physical conditions of building and parameters related to occupant behaviour. With the
different types of units, the building factors were differently defined by probability glensit
functions. The results have shown that levels of uncertainty are higher with occupant related

parameters than physical conditions.
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2.1.1.1 Uncertainty in occupant behaviour

Occupants6é behaviours, as the main agknts of cor
Yun, 2009), are difficult to be defined due to significant uncertainty (Ganhal;,2013). As

the uncertainties can also be adaptive by social factors, it is far more complicated to be

formulated for building simulations. For exampl8unikkaBlank and Galvin (2012)

identi fi ed Oresdnamicrstdtusedndtrains acfual energytconsumption not as

much as it is expecte@onversely energy consumption in a refurbished house can often be

increased after a short period of reduction, as desdrib@ghlvin, 2014b).

The impact of wuncertain occupantsd behaviour on
and attempted to be integrated irdoilding energy modelsAt the early stage, possible

ranges of vari ous occupantre meatued @yvminionum, s ¢ ons umi
mean and maximum values (e.g. Hyatnal.,2008), or distributions of variables (e.g. Silva

and Ghisi, 2014). The ranges were input to measure their probable fluctuation in energy
consumption. Significant impact of uncertaintiesaring fr om occupant sdé behavi

identified through uncertainty analysis.

The recent methods of i nt luilding@endrgy giodelsancha pant sdé belt
categorised as three approaches. Firstly, occ
specifically measured by higher resolution data. Richara@sah. (2008) used surveyed data

with tenminute intervals to measure precise occupancy. Stoppel and Leite (2014) improved

occupancy in modelling, based on interview data in a specific occupant. ggecondly,
occupantsé characteristics were classified by s
Bourgeoiset al. (2006) created occupant characteristics as passive and active behaviour

groups, converting indoor environments. Tanimetal. (2008) specified occupants living

in apartments with eight types: working male and female, housewife, elementary school

child, junior high school student, college student, senior male and female. These groups

were differently modelled by their characteristic iwfrig styles. Thirdly, specific activities
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resulting energy consumption were formulated for building simulations. Daily profiles of
occupantsdé activities were mostly investiga
activities such as washing, cookirand cleaning were used to produce electridéynand

schedules for housing in the UK (Richardsdral.,2010). Tanimoteet al. 008) combined

these activities with types of occupants, and created about 10,000 samples in calculating

peak energy demand.

Insummary,sgni fi cant uncertainties have been ide
uncertainties have been approached with higher quality of data and more elaborate
techniques to integrate into building simulations. Thereforepthigling energy radel of

high-rise apartment buildings, despite targeting unspecified occupants, cannot easily
disregardhis aspect due to the great number of occupants living in the same buildings. The
process may be complicated. However, it should be considered factoueacy ofthe

building energy model

2.1.1.2 Uncertainty in physical conditions in buildings

Physical baracteristics of buildingdetermine energy requirements in buildifpchecaet

al., 2012).However, measuring building energy performance ezasily contairuncertainty

to tailor individual cases in thfixed frameworks with limited interpretation of physical
characteristics, which could enlarge the performance gap. BektasErici and Aksoy (2011)
definedsix parameters of physical characteristics in buildirféecting energy consumption

by shape, transparent surfaces, orientation, thermal properties of materials and distance
between buildings. Another criteria of parameters included orientation, shape, envelope
system, passive heating and cooling mechanisnmisshading and glazing (Pacheebal.,

2012).

1 Shape of buildings
Building shape determines the total amount of building surfaces exposed to the

outside, which receive solar radiation and transfer heat energy (Paehedo
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2012). Therefore, a ratio bedwn outer surface and total volume was required to be
reduced (Ourghiet al., 2007). Florideset al. (2002) quantified the percentage
between building length and depth causing the most energy efficient ratio between
both parameters; elongated shape resulted in more energy demand than square

shape.

Orientation and shading

Building orientation also effeston the level of direct solar radiation reaching to
building fagade (Pachecet al., 2012). The solar radiation influences on indoor
thermal conditions as well as energy demands in buildings. $axitly including

207 30° from south (in northern hemispte) angles has been commonly regarded
as the best orientation to maximise solar gain (Littlefair, 2001). Aksoy and Inalli
(2006) combined building orientations with shapes to find the most efficient
combinations of them to reduce heating energy demandsilisings. The authors
concluded that buildings should avoid 60° from the west to the east with square

shape, and 80° or 40° with rectangtdape.

Envelope conditions

The huilding envelope contasthe outer parts of buildings including foundation,
roof, walls, doors and windows, which creates indoor environments in buildings
(Pacheceet al.,2012) By suppressing heat transfer through the building envelope,
energyefficient building requires less energy for heating. this reason, existing

literature has focused on improvitigethermal resistance tfie building envelope.

Insulating building envelope is one of common approaches in reduciajues,

which indicate coefficients of heat transfer. Diverse parameters related to insulations

have beeninvestigated thickness( ¢ o ma k| € and lotatidns(@zkl, 2003) ,
2014) andmaterials(Soubdharet al.,2005).¢ o ma k|l € and Y¢ ksel (2003)

increasing the thickness of thermal insulation reduced fuel costs for heating.
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However, the reduction ofuel costs became a nearly zero after increasing the
thickness of insulation over 300 mm. Thus, the optimum thickness can be about 100
mm with respect to total costs. Ozel (2014) found that the locations of insulation
affect time reaching peak temperaturgs indoor environment, and reduce
temperature fluctuation. However, it did not reduce heat loss through building
envelope. Sadinemi al. (2011)mentioned a holistic approach can be more efficient

to reduce energy demands in buildings than partiallyatisg.

Glazing types of windows need to be carefully chosen by regarding energy saving
and daylighting aspects concurrently (Heteal., 2015). Tahmasebiet al. (2011)

found that doublglazed window was beneficial to gain more solar radiation in
comparison to triplglazed window, but triplglazed window showed lower-U
values, which meant more energfficient. However, tripleglazed window could

also reduce coolingnergy demand in tropical climates (Sadrzadehrafiei S, 2012).
Types of filling in multipleglazing could also positively reduce total energy

consumption (Gaet al.,2016).

2.1.1.3 Decision making under uncertainties

The previous two sections pointed out that utaietiesarisefrom the variations in occupant
behaviour and building physical characteristics. Theilding energy performance
assessment methods, as their limitations of reflecting realities, cannot be perfect
evaluating energy efficiency in building that aggravate thenlargedperformance gap.
Furthermore, it gives rise to difficulty in comparing enemgf§iciency among different
strategies and in choosing the most efficient option. In order to allevetdidbrepancies
and difficulties there hag been continuous attersfib takethe uncertainties into account

with a framework of assessing building energy use for refurbishment measure.

Heo et al. (2011) attempted to infer probabilistic values of physical characteristics in

buildings, in order to improve building energy models evaluating retrofit projects. The
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authors applied Bayesian Inference to calibrate the initial physical conditions of building
energy modelsbased onthe measured data of energy consumption. As a result, the

calibratedmodel estimation became more simil@athe measured data.

Boothet al. (2012)developed a framework of handling uncertainty in housing stock models

by using Bayesian calibration. The authors m&lgi defined the uncertainty in housing stock

as fofridresrto (al eatoryerr cand e pissstceomidc ) uncertaint
uncertainty is arising from variabilities of a single individual or a groughef similar
buildings while the epistemicncertainty is derived from variation in input parameters of
models (Booth et al., 2012) The framework was structured by three stages: clustering,
Bayesian calibration and Monte Carlo analysis. Clustesingdivided housing stock into
smaller groups in accordance with similarities such as ages, types and heating systems. The
authors insisted that clustering housing stock is not a paheofalibration process, but
informative for decision makers applyimgfurbishment to a set of similar housings with
specific types and conditions. Bayesian calibration adjusts average values of uncertain
factors in each cluster to be similay the measured values. This stage copes with the
secondorderuncertainty arisig from the lack of knowledge about the true values of input
parameters. Monte Carlo analysis lastly condagsobabilistic sensitive analysis for the
first-order uncertainties from the probabilistic distribution, derived from Bayesian

calibration.

Booth and Choudhar{2013)improvedthe decision making framerk from the previous

work coping with uncertainty in housing stoclodels(Booth et al.,2012) The structure of
framework became more sophisticated from three to five stages: (1) cluster housing stock
into building classes; (2) Bayesian regression analysis estimating annual energy demand of
each building dss; (3) Bayesian calibration of uncertain parameters in building energy
models; (4) probabilistic sensitivity analysis using Monte Carlo simulation; (5) calculate

energy saving by using the calibrated building energy models.
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2.2 Existing high-rise apartment buildings in South Korea

2.2.1 Climate conditionsn South Korea

Although climate conditions are not exact building factors, taey underlying factaer
determiningthe formsof buildings (Bougdah and Sharple2009). Geographicalocations
categorised byhe characteristics of climate conditiongre an important consideration in
designingthe built environmentThis is because building technologiifferently respondo
thermal environmestin buildingslocatedin different climatezones as shown irfWaideet

al., 2006). Furthermore, climate factors can be differentlgalt with reducing energy
consumptiordepending on geographical locations. For example, how to maximise solar gain
can be a major goal of building design in cold climatéhile how to prevensolar gain can

be a design concept ifropical climats (Mingotti et al.,2013).

South Korea is a protruded peninsula located in the Eurasian Confirtentclimate
conditiors can be simply described as temperate conditions with the mean temperatures
bewween 6.6/ 16.6 °C(Korea Meteorological Administration (KMA), 2009\ ccording to

the Koppen climate classificatigiottek et al.,2006),the climate condition in South Korea

is classified asumid continental and humid subtropical climatmes that havhot and

humid summes, and cold and drwinters (Figure 2.5 (left)). Based on this, building
regulations divide the country into three regions: cens@lithernregions and Jeju Island

(Figure2.5 (right)).

Figure 2.6 describes the historical climate conditions of the three regions (central, southern
and Jeju Island) in South Korea from 1981 to 2010 (KMA, 2010). Although the mean
temperatures imply tempéeaclimate conditions, the monthly change in the mearbdhy
temperature is considerably largeigure 2.6-(a)). The temperature change in the southern
region and dju Island is around7.6 °C and -1.4°C in winter, respectively, while the
temperature in summer becomesi334°C for both regions. More significant change is

found in the central regionthe temperature change in the central region radically rises to
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35°C in summer, but decreases down-1al °C in winter. Because of the huge range of
temperature changes, buildings in South Korea need to have both heating and cooling

facilities.
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South Korea

Figure 2.5 Climate classifications and regions of South Korea divided by building thermal

regulations (Source: https://commons.wikimedia.org/wiki/File:Asia_Koppen_Map.png
http://geology.com/world/sobtkoreasatelliteimage.shtml)

Relative humidity, overall, changed between 50 and 80% depending on s¢agores(6-
(b)). In general, the highest level of relatiiamidity is found in summer (July and August)
that is caused by a short monsoon. The most significant change in relative huniidibeis
souhern regionThe level of relative humiditin the southern regiodrops down to 50% in
winter while the highest level of relative humidity, 80%, is found in sumrhienwever,the
relative humidity in Jeju Island is relatively stabieith above 60%as t is an island

enclosed by the sea.

The seasonal change in precipitation is dramatically different, as shoWwigimg2.6-(c)).
The annual precipitation mostly agted in summer (July and August). The amount of
rainfall in this period is often 200 times higher than the amount itewiBesides, the wide

variation is identified for the thirtyeass of records (1981 2010). For example, the average
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precipitationin July in the central region is about 400mm, but it can be incregsed

nearly 590mm depending on years.

The change in mean wind velocity is differentthyeeregions(Figure2.6-(d)). The central
region indicates the least mean wind speed with about Bmafs the other two regions with

about 4m/s. The reason of difference could be because of wind from the sea.

The sun is one of the most important sustainable energy resaieagdah and Sharples,
2009) Buildings @n obtain heat from the sun, which can reduce supplementary heating by
fossil fuels. However, an excessive amount of heat gain resudts imcomfortabléndoor
environment that require supplementary cooling fromcairditioners. Sunshine hours
which isthe duration of sunshine in monthgriesamong the three regiomrs South Korea

from 70 hours to 220 hourfFigure 2.6-(e)). The central andsouthern regios show
consistent sunshine hours between 170 and 220 Héowgever, the sunshine hours in Jeju

Islandhas the least duration starting from 70 hours.

Global solar radiation is the total amount of solar energy including direct, diffuse and
reflected solar radigtn on the surface of the eafBougdah and Sharples, 2009)he trend

of global solar radiation is gerally increased from spring (approximately, 300 M)/
summer (about 60MJ/n¥). Then, the level of radiatiois decreased from autumn (about
500 MJ/nT) to winter (approximately, 200 MJfn The difference among the three regions

is that the changef global solar radiatioim the southern region and Jeju Island is greater

than the change in the central region.
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Figure 2.6 Climate data of South Korea (1981- 2010): (a) mean dry-bulb temperature, (b)
relative humidity, (c) precipitation, (d) mean velocity, (e)sunshine hours and (f)global solar

radiation
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2.2.2 Profile of buildings in South Korea

The great number of building construction had been undertaken in accordance widathe
economic growth@hung, 200Y. Figure2.7 depicts the profile of buildings in South Korea.
66% of buildings in South Korea have been used for the residputibse (Statistics Korea,
2013). The second largest proportion is commerdiuildings with 1%, followed by
industrial and educational buildings with 4% and 3%, respectively. In the residential
buildings (Figure 2.8), the most dominant heing type in the 1970s (above 90%), which
was detached housing, had been dramatically replaced by apartment buildings. The
proportion of apartment buildings in housing was less than 10% in 1975, but it had been
rapidly increased during the 1980L990s. Fnally, the type ha®ecome the most dominant
housing type in South Korea with %8 (Statistics Korea, 20b). 63% of apartment
buildings were constructed before 20(Btatistics Korea, 2000; Statistics Korea, 2010b)
when the higher levels of energfficient scheme were applied to buildings depicted in

Figure2.10.

Three main purposes of energy consumption in residential buildings havedeegfied
(Korea Energy Economics Institute (KEEI) (2011)kdting is the most significant purpose

of consuming energy in buildings. Although the proportion of heating in energy use has been
gradually decreased from 1990 to 200Bidure 2.9), it has still dominated the energy
consumption in buildings with about 50%. The second and thminant purposesf
energy use are for Domestic Hot Water (DHW) and electnitly approximately 25% and

20%, respectively.
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Figure 2.7 Profile of buildings in South Korea (Statistics Korea, 2013)
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Figure 2.9 Proportion of energy use inresidential buildings (KEEI , 2011)
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2.2.3 High-rise apartment buildings in South Korea

2.2.3.1 Development of highrise apartment buildings

Apartment buildings were chosen to accommodate the rapidly increasing urban population

during great economic growth since the 1980s (Jeon, 2010). As shdviguire 2.10, the

number of apartment constructigreatly increased in the lastrfp years.Figure 2.11

depictsone of the representative apartment districts in South Korea. In terms of this,

Gelézeau (2007) described the shapes of apartment buildings in Seoul as featureless and

significantly unified appearanc&he pointed out that the massagartmentconstructbns

brought aboutthe radical changesn the urban formof the city, Seoul Jeon (2010)

interpreted thathese physical characteristiokapartment buildingare for economic profit

and social preference being similaxr majorities of the South Korean saety. Like their

descriptios, apartmerd have not only been influencing the urban featuredut also

influenced by the social and economic aspects. This section briefly summarises the

development of highise apartmenuildings.

The stags of apartment construction can be chronologically divided into four: introduction

(1960s), proliferation (19706 1980s), maturation (1990s) and multiplication (2000s).
construction techniques were not well develgpgkdrewastrial and errorm the 1%0s.For
example,he fir st apart ment cluster, Ohishee tere
story buildings, butvasfinally erected with sixstory buildings due to safety reassmand

the lack of public awareness in terms of higie buildings(Jeon, 2010) However, the

attemptsin increasing the height of apartment buildingas continued so that the overall

number of floorsncreasedrom 57 6to 127 15in the late1970s.

The apartment construction in the 19704980s can be described as mpassduction.

apart

Based on the trial and error in the 1960s, South Korean Governments politically endourage

a massive number @partment constructionslrban planning was implemented based on

the mass productionJ¢on 2010) Besides, &uilding regulation which only permitted
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apartment buildings in residential areamsestablished in 1976, amdlasempowered until

1993 (Zchang, 1994). Enormouscales of apartment constructions were begun as

governmerded projects in the 1980s, calldted Fi v e mislilnigonpsr ojoewct 6 i n 19 8(
the6 Two mil |l i ons h o ulednmglp) ghesejprejectbi@ught abouttBe8 9  (

great conversion of land topography, and rapidly transformed the areas.

In the 1990s, the enormous number of apartment construction$nued (shown in
Figure2.10). The type of building structure changed from the-bearing wall structure to

the bearing wall structures in order to shorten thestruction period. Thus, the number of
floors was increased up to 25, which was the limitation of the bearing wall structures (Son,
2004).Since the 2000s, a new type of apartment buildings, a towe(Rigngre2.14-(right)),

has been introduced. As this type incredke height of buildings from 25 floors to 460

floors, it has been replacing the mdisignof apartmenbuildings

500,000
450,000 Thermalregulationsl intensitfied in 2001
400,000
350,000
300,000
250,000
200,000
150,000

100,000

Number of apartment units

50,000

Refurbishable buildings in2015

0

194019501960197019721974197619781980198219841986198819901992199419961998200020022004200620082010
Construction years

Figure 2.10. Timeline of apartment constructions in South Korea (Source: Statistics Korea,
2010a)

The main targeof residents living in apartment buildings in the initial stage of apartment
constructions was fahe working clases However, the target of the massive constructions
has been shifted tiinew middle classgrown by the great economic growth in South Korea

(Zchang, 1994; Chung, 2007). Living in apartments for them became the rise of social status
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(Gelézeau, 2007). Themt, apartment buildingsave been required to Imeore luxurious,
convenient with advanced technologies and even more private. Zchang ¢l&ijied
distinctive characteristics of apartment buildings built from the 1960s to ff@es ftgat wnit
designs hve also been prevalently investigated with tisgecific, asalsoshown in(Baeet
al., 2001; Lee, 2006; Kim and Yoon, 2010). These previous studies confirm that the physical
characteristic of apartment buildings in South Korea have @lseninterconneet withthe

economic and social aspects.

Figure 2.11 Apartment buildings in apartment districsts in South Korea (Source:
http://economyplus.chosun.com/special/special_view.php?boardName=C01&t num)=6793

Recently, aergy efficient schenshave been arimportantissuefor apartment bildingsin

accordance withthe intensifying of building thermal regulations since 200Apartment
buildings constructed after 200have been forcedo be energefficient under the
intensified thermalregulations. However, apartment buildingsnstructedbefore 2001,

despite the significant proportion of housing in South Koheaje not responded to the
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requirement of the intensified thermal regulations. Excessive energy consumption in these
old apartment buildings has been pointed out (Kim, 2010). Howélvermain focus of
existing literature investigating energjficiency in buildings has been given to buildings
which are forced to be energyficient by the regulations rather than buildings which need

to reduce energy consumption in real situations.

2.2.3.2 Transformation of building characteristics of highrise apartment
buildings

Apartment clusters, buildings and units

The characteristics of apartment buildings in South Korea can be interfmettddee

different scales: apartment clusters, buildings and units. Figure 2.11 desbebibsee

different scales of highise apartment buildings in South Korea. An apartment urét is

living space allocated to each household. The apartment buildingrisup of apartment

units in the same building3'hegroup of apartment buildingsinder the same management

with a near diatnces called clusters.

Roof Vertical access (Core)

LBl [ |
ti!l S |

e

; I.‘“‘ g '
Apartment cluster Apartment building 1 Apartment unit

Figure 2.12 Three different scales of apartments in South Korea
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The cluster can be categorised by three types of building layout: lsggere and grid types
(Figure2.13). The initial cluater type was the linear type thatldings are located alongside
horizontal lineson site Square and grid types aiee cluster typethat buildingsare used to
enclose oa largeand several smafiquareshape opespaces, respectively, to increase the

floor area ratio (Jeon, 2010).

How to layout apartment buildings in sites has been important for buildings in the clusters to
acquire enough solar radiation. Traditionallgsidential buildings including apartment
buildings were preferred to face south (Jeon, 2010). Empirical studies, such as (Lee and
Lim, 2000; Parket al., 2011), also identified the least amount of energy consumption in
apartment buildings with the linetype cluster for soutfacing. Existing literature often
compared the types of building layouts in apartment clusters, and the impact of building
layouts on shading and solar gain. Yoenal. (2006) measured the shaded areas on a
building facade by surtmding apartment buildings in the same block. Buildings with the
squaretype cluster showed the greatest amount of shaded areaetRdrk2007) analysed

solar radiations on building facade with the three cluster types. The authors found out that
building with a linear layout resulted in the most equalised distribution of solar radiation,

whilstthe squaraype clustemwas the lowest levels

= < 7/
LS o /S

Linear type Square type Grid type

Figure 2.13 Three types of apartment clusters
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Apartment buildings consist of multiple apartment units, occupied by individual households.
The shape of apartment buildings has been determined by unit designs and layouts of units
on floors.Previous studies, such as (Patkal.,2011; Kimet al., 2013e) categorised the
shape of buildings by a flaype and towetype (Figure 2.14), which used the toligt
different methods of unit layouts and the systems of building enveldpe flattype is
considered as a traditional style, while the totype has been constructed since the 2000s.
Existing literature tends to compare these two types. Accordingatk et al. (2011,
apartment buildings with the flaype consumed less energy for electricity than the tower
type although the toweype is relatively newer conditions. The result can be interpreted by
the disparities of solar radiation on building faggdim et al.,2013). The towetype is
subdivided into several shapes such ahépe, crosshape and twaing shape (e.g. Kim

et al.,2013e; Roh, 2014).

Figure 2.14 Two types of apartment buildings:flat type (left) and tower type (right)
(Sourcehttp://blog.naver.com/PostView.nhn?blogld=sugar77777&logNo=90086687153

http://news.joins.com/article/6409698

The flat type of apartment buildings is divided by the type of vertical accesses: corridors and
stairs Figure2.14 and 2.15).As depicted irFigure2.15, the corridor type is for residents to
enter their apartment units throudge corridor from a lift all, while the stair typéet

residentdirectly accesso individual unitsfrom a lift hal. The buildings with the corridor
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type can often have a longer width than the stair type, while multiple vertical assesses can

increase the width of building with the stair typéglre2.16).
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Figure 2.15 Two types of apartment units: corridor type (left) and stair type (right)
(Source:http://land.naver.com/)

Figure 2.16 Image of apartment buildings with two types: corridor type (left) and stari type
(right) (Source:
http://news.naver.com/main/read.nhn?mode=LSD&mid=sec&sid1=101&0id=015&aid=0002204036

http://www.hdapt.com/g4/bbs/board.php?bo_table=tb_apir58=66&top _menu=6&top _sub3l3

Another important aspect of apartment buildings is ttiermal conditions of building
envelops. Since the first building thermal regulations have been established, apartment
buildingsshould bamore insulated to preveheat loss through building envelap@&hefirst

regulations established in 1980simply suggestedhe thickness of insulations for nine
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materials and theadditional conduction resistance levélable 2.1). The first revision
(Table2.2), which was implemented in 1984, speciftbe parts ofapartmenbuildings that

need to be insulated (External walls, ground floors, roofs and side vizaisénding on the

parts, the thickess of insulation became different from 30mm to 70mm for three insulating
materials (glass, polystyrene form amak woo). The second revisio(irable2.3), enacted

in 1987, divided the regions in South Korea into three groups (central region, southern
region and Jeju IslandMoreover, the building parts were more precisely divided. The roof
and side walls required thicker insulation than other p&hs.thermal rgulations became

much more specified and intensified in 200al§le2.4). The most significant conversion of

the regulation is the one in 2000he parts of building, which were not directly exposed to

the outside, also needed to be insulated. Moreover, the thicker insulation was required if the
parts of buildings enclosed the heated areas. The recently revised regulations have also been

implemented based on the cension in 2001.

Improvingthethermal conditions athe building envelopgin highrise apartment buildings

has also been intensivedgpntinuedn many previous studiatealing with buildings in South

Korea The external insulation was recommendedrevent heat loss throughe ends of

internal insulationSong, 2014)Heating demands were significantly reduced by increasing
the thickness of insulation, while tirl@g impeding heat loss through external walls was not
efficient with this (Choi an€Cho, 2012). The increase ofndow-to-wall ratio from 37% to

64% brought about higher energy consumption in apartment buildings éKiah, 2013c).

Other aspects of windows wermvestigated:glazing types(Lee et al., 2012) glazing
systemgCheonget al, 2009)and window frameg¢Yoon et al.,2008b) Moreover, ypes of
balcony area, enclosing living spaces heated from the outside, also brought about up to 19%

difference in energy consumptigyioon et al.,2007)
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Table 2.1 Legislation of insulation for building in the 1980(Kim et al,200%)

Materials Thickness (mm)
Glass 50

Polystyrene foam 50
Polyurethane foam 50

Rock wool 60

Asbestos 60

Calcium silicate 60

Magnesium carbonate 70

Cork 70

Perlite 100

Others Resistance of heat conduction more thafQ/l&al

Table 2.2 Legislation of insulation for building in the 1984 (Kimet al,200%)

Parts and locations of materials

Glass, polystyrene
form, rock wool (mm)

Others with resistance
of heat conduction
(°C/kcal)

External walls,

ground floors and regions

Central and southern

Thicker than 50 mm

Higher than1.6

roof (top floor) Jeju Island

Thicker than 30 mm

Higher than1.0

Side walls
regions

Central and southern

Thicker than 70 mm

Higher than 2.2

Jeju Island

Thicker than 40 mm

Higher thanl.2

Table 2.3 Legislation of insulation for building in the 1987 (Kimet al,200%)

Parts and locations of materials

Glass, polystyrene
form, rock wool (mm)

Others with resistance
of heat conduction
(°Cl/kcal)

External walls and

Central regions

Thicker than 50 mm

Higher than1.6

ground floors

Southern regions

Thicker than 40 mm

Higher than1.25

Jeju Island Thicker than 30 mm | Higher than1.0
Roofs Central regions Thicker than 80 mm | Higher than 2.5

Southern regions Thicker than 60 mm | Higher than 1.9

Jeju Island Thicker than 40 mm | Higher than1.25
Side walls Central regions Thicker than 70 mm | Higher than 2.2

Southern regions

Thicker than 50 mm

Higher than 1.6

Jeju Island

Thicker than 40 mm

Higher than1.25
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Table 2.4 Legislation of the insulation for central region in the 2001 (Kimet al,2009)

Thickness of insulation depending on types of matierials | Thickness of insulation (mm)
A B C D
Thermal resistance level (W) ~ 0.35- | 041~ | 0.47~
0.34 |04 0.46 0.51
Extneral walls of living| Directily exposed to the outside | 65 75 85 100
room Indirectly explosed 45 50 55 65
Ground floors Directily Heated 90 105 120 135
exposed to | Non-heated 75 |90 100 115
the outside
Indirectly Heated 55 65 75 80
explosed | Non-heated 50 |55 65 70
Roof s Directily exposed to the outside | 110 | 125 145 165
Indirectly explosed 75 85 100 110
Side walls 90 105 120 135
Shared floors Heated 30 35 45 50
Norn-heated 20 25 25 30

Apartment units can be considered as independent housing occupiediffeyent
household. The diversity among apartment units in the same buildings cademified by

four characteristicsFirsty, the thermal conditions of surface apartment unitsare
different by the locations of apartmentnits (Kang et al., 1995; Yoonet al., 2009). As
apartment units on the ground, top floors and the side of buildings have more surfaces
directly exposed to the outside, these units can be less exffimignt than other units in the
middle of buildings(Yoo et al., 2007). Thus, energy consumption could be varied by the
unit locations.Second, external environmeist different inindividual units with different
locations Solar radiation and sunshine durat@ambe increased in accordance with higher
floors (Kim et al.,2013e).Moreover the different levels ohatural ventilation rates and their
uncertainties weréound by the unit locations(Hyun et al.,2008).Thirdly, there is thermal
interaction through shamgy slabs between apartment units on the different vertical locations.
The slals are equipped withan underfloor heating systemheatedwater is circulated
through pipe lines buried in the s&alfwo apartment units share one slab as a floor for the
unit on an upperloor and a ceiling for the unit o lowerfloor although the heating system

is controlled by the unit on an upper floégtence,heat can be transferred to both floors
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through the shared slgbwhich affect to change indoor temperatures in rodgartment
units (Choi et al., 2007a). Lastly individual units have been independently controlled by
occupants. Depending ohow each household control the heating system, energy
consumption in each unit can be significantly varied. Howewdependenénergycontrols

of apartment units k& not been paid much attention @xisting literature. This can be
easily found that all energy models were seth®standardised conditionsven though the
detailed values could be slightly different depending on wigcldelineswere chosen.
However, enpirical data reportedin (Kang et al., 1995; Kim and Lee, 2005; Kimat al.,
2011) showed that energy consumption in individual apartmeit$ wasvaried by not onf
physical conditions but also individuabntrolsin each unit Unfortunatelytheseempirical
studies analysing building energy consumptiaonly focused on verifying theoretical
findings related to the physical building conditonTherefore variation in energy
consumption arising from individual units has been dismiseethe analysis of these

studies

For example, Kanget al(1995) providedthe proportional rates of heating energy
consumption depending on the unit locatiomsfifteenstory apartment buildings, agown

in Table2.5. As can be expectedpartment units on the ground and top floors conglme
higher heating energy than the other floors. Slight higher consumption also can occur in the
units on the side of apartment buildings than the units on the middle of buildings. However,
these two statements did not always corresponthisodata. Many of the middle floors
showedhigher energy consumption than the west side of apartment build;gell as

lower floors This showedthe clear impact ofhe unit locationsas well as the variation in

individual controls in each apartment unit.
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Table 2.5. Proportional rates of heating energy consumption in apartment unit§Source: Kang
et al., 1995)

Locations Horizontal locations
West Middle East
Top floor 1.564 1.608 1.744
13" floor 1.000 1.000 1.000
12" floor 1.098 1.113 1.149
11" floor 1.116 1.173 1.196
10" floor 1.033 1.170 1.200
9™ floor 1.133 1.244 1.211
_ 8" floor 1.441 1.353 1.429
Vertical 7" floor 1159 | 1.352 1.139
locations 6" floor 1.091 1.390 1.332
5" floor 1.581 1.363 1.404
4™ floor 1.318 1.425 1.478
3%floor 1.392 1.466 1.479
2"floor 1.391 1.584 1.560
1% floor 1.498 1.605 1.504
Ground floor 1.667 1.995 1.839

2.2.3.3 Energy systems in highrise apartment buildings

Because of the climate conditionSetion 2.2.), buildings in South Korea require both
heating and cooling to preseraecomfortable indoor environmenfn underfloor heating
system is installed in apartment buildings in South Korea. The floors are warmed by the

heated water circulatinghitough pipelines in the concrete slabs (floors), axrieed in

Figure2.17.
Water pipelines Water pipelines
Ground floor / / \ Ground floor / \ Upper floor
£ . b L - Y o
. p
7
Underground Underground 1 | Lower floor -

Figure 2.17 Sections of underfloor heating applied in apartment buildings (Song, 1994)
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Figure 2.18 Underfloor hot-water heating, appliedto apartment buildings in South Korea

(Source:
http://www.oknusu.co.kr/technote7/board.php?board=freeborad&page=4&sort=hit&command=body&no

http://blog.daum.net/_blog/photoList.do?blogid=0ljyL
http://www.bomicorp.co.kr/xe/view.php?id=sigong 3&page=2&snl1=&divpage=1&sn=0ff&ss=on&sc=on¢
t arrange=headnumé&desc=asc&no=239

Heatng systems used in apartment buildings can be categorised as three types depending on
heat resources and distribution methods: central and individual gas heating and district
heating(Leeet al.,2004. Thecentral and individual gas heating methods use natural gas as
the main energy resourc&he difference between them is that the central gas heating is
operated by a main engineering room, while the individual gas heating warms up water
through an individal boiler equipped in individual apartment units. The district heating
takes district heat from thermal power stations. The flow chart of supplying heated water in

the heating systems (individual gas heating) is providé&iguare2.19.

Although the climate conditions require cooling in buildings, cooling systems were not
initially installed in apartment buildings. Traditionally, electric fans have been used as a
coding device. However, the demand of-agnditioring has increasethroughoutSouth
Korea, and residents purchase-ainditioners individually. Nowadays)ew apartment
buildings are equipped with adondtioners like heating systems. Tihis reason, the
penetration rate of aronditioners has been rapidly increased and reached more than 70%
households in South Korea (KEPC, 201Bgpending on models of atonditioners, the

specification can be diverse.
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Figure 2.19 Diagram of heating, applied to apartment buildings in South Korea (Individual
gas heating) (Lee, 2009)

2.2.4 Building performance assessment schemes in South Korea

As reviewed in Section 2.1.2, buildirgpergyperformance in buildings has been evaluated
throughvariousassessment methods depending on the specific purpogesagtessmesat
Five types ofbuilding performance assessment methods have bsethfor buildings in
South Korea GreenBuilding Certification Criteria(GBCC), Building EnergyEfficient

Rating System (BERS), Housing Performanc®ating DisclosureSystem (HRDS),

54



Chapter 2. Literature review

Energy Saving Design Standards (ESDS) aiitte EnvironmentaFriendly Housing

Certification(EFHCO) (Shin, 2008Park, 2012)as summarised ihable2.6.

For all types ofbuildings, two assessment methods, GBCC BBHRS, have been applied

to evaluatebuilding energy performance. The other three methods are speaifigdor
apartment buildingsGBCC was established to reduce GHG emissions by certifying
environmental impacts of buildings, whBEERS has beemnacted to certify energgaving
technologes that have beemdopted by the relevant regulatiofark, 2012. GBCC has a

wider range of consideration impacting on GHG emissions so that it is more like the
building environment assessment schemes such as LEED and BREEAM. On the contrary,
BEERS is focused on evaluating energy efficiency in buildings by quantifying energy
performance withnternationalktandards, 1ISO 1379050, 2008)andDIN V 185992 (DIN,

2007).

Three types of the assessment methB@®RDS, ESDS and&EFHC, have been authorised for
evaluating apartment buildingslPRDS is used to classify the performance of housing in
terms of mise, structure, environment, living environment, fi&hin, 2008) Apartment
clusters with more than 1000 households compulsogbld to indicate the levels of HPGS
(Park, 2012) ESDS guides how apartments have to be designed in order to be-energy
efficient (MLIT, 2015b). EFHC was enacted to reduce GHG emissions as well as energy
consumption from housin¢shin, 2008) They measurethe expected rates of total energy

saving.

Apart from BERS, the quantification methods of the four assessment methods are using
Energy Performance Indicator (EPEPI setsthe bestperformance of energy use in
buildings is100, and evaluates the enemggrformance of buildings concerned through the
specified criteria having credit&kéng, 2010. Each criterion has different creditBor
example,GBCC requires higher than 60 from 16€edits.HPRDS certifies housing with

higher than 90 credits for the first grade. The planned technolagigsringcredits in each
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criterion are expected to be performed in actual performdnstead BEERS takesthe
quantifying methods from ISO 13790 abdN V 185992 (Park, 2012 If the expected

energy saving isutweighedhan 40%, the first grade can be given.

In the cases of South Korea, the limitatiook the assessment methpdshich were
identified with the global point of viewSection 2.4 and 2.1.5)are also foud. The four
assessment methodssing EP) except for BEERS, classify energyperformance in
accordance with the designated criteria rather tbamntinise the quality of building
performance.Thus, it does not provide a precise diasnosis oflffiteent energy
performance. BEERS actually quantifies building energy performance, based on the
calculationbased methods. However, this simplified calculations have negldgbted
possible impacts of unexplained factors and data error (Summedietd, 2010), as

identified in Section 2.1.3.
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Table 2.6 Summary of building energy assessment methods in South Korea

Green Building Certification
Criterion (GBCC)

Building Energy Efficient
Rating System (BEERS)

Housing Performanced&ng
Disclosure System (HPRDS)

Energy Saving Design
Standards (ESDS)

The EnvironmentaFriendly
Housing Certification (EFHC)

Outline A certification system for A certification system for new A indicator classifying A standard of energy efficien] A housingstandard providing
(Shin, 2008; | GHG emissions from a apartments that apply energy performance of housing, design limiting an amount of | construction and performance
Park, 2012) buildings efficient building intended to provide accurate | energy consumption in limitations to reduce energy
technologies, which are information of housing and to | buildings consumption as well as GHG
adopted by the relevant improve the general emissions
regulations performance of housing
Regulations | Building Act, Article 65 Building Act, Article 66 Housing Act, Article 21 Building Act, Article 66 Housing @nstruction Standards,
related Article 64
(Park, 2012)
Methods of EPI ISO 13790 andIN V 18599 | EPI EPI EPI
evaluation 2
(Park, 2012)
Supervising Ministry of Land, Transport | Ministry of Land, Transport | Ministry of Land, Transport anq Ministry of Land, Transport | Ministry of Land, Transport and
department and Maritime Affairs, and and Maritime Affairs, and Maritime Affairs and Maritime Affairs Maritime Affairs

(Park, 2012)

Ministry of Environment

Ministry of Knowledge
Economy

Assessment | Land use, transptation, Total energy saving, total Noise, structure, EPI inarchitectural design, | Rates of total energy saving,
criteria energy, material and resourc| energy demand and carbon | environnement, living engineering, electricity qualities of insulation, energy
(Shin, 2008 water use, environmental emissions environnement, fire saving facilities

impact, maintenance,

ecological impact and indoor

environment
Targets Apartment, office, multilex, | All buildings Apartment with more thah0O00 | Apartment, other buildings | Apartment
(Park, 2012) | school, accommodation, households with larger than 500ffloor

commercial area
Application Compulsory for governmentg Recommended Compulsory Compulsory Compulsory

(Park, 2012)

facilities, but recommended
for others
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2.2.5 Refurbishment measurguantifying energy performance in existing

buildings in SouthKorea

The initial focus of refurbishment witbxistingapartment buildings in South Korea was to
answer whether the economic profit of refurbishing existing apartments outweigh the profit
of building new apartments. Therefore, previous studies mostly compared the economic

profit of both approaches, such agéet al.,2007; Kanget al.,2010; Kimet al.,2013a).

With the growing attention to energfficiency, hreemethodshave been used in existing
literature treatingrefurbishment in the context of South Kare@he mostdominant
guantificationmethod isusing simplified energy calculation modétteadystate methods)

This can be comprehended that economic aspect is still one of significant factors in
determiningrefurbishment. Therefore, the quantified enesgyingwith energyefficient
technologieds expected to be converted to the possible economic .pAdfithe types of
energy calculation models used émisting literature the @mckages of calculating energy
consumptionbased on ISO 13790S0, 2008)andDIN V 185992 (DIN, 2007, were often

used Alternatively, Rassive House Planning Package (PHBRJsed in (Seet al.,2011).

The second method is using engineering methods with archetypes. This is because this
method has been commonly used to assess energy saving techndlogiest methods
creating create mathematical models to calculate energy consumption with regard to

influential parameters

The d/namic simulationanother method athe calculatiorbased methods, has also been
widely used to evaluaten amounif energy savingn applying energyefficient building
technologies While the calibrated simulationmentioned in Section 2.1.3, revises initial
inputs based on actual energy use, dynamic simulation creates a gelference building
with idealised conditions of buildindactors The difference between them is that the
dynamic simulation iexpected to bechievedin a real building whereas the calibrated
simulation modifies the inputs to adjust the prediction to be similar to the actual

consumption Therefore, the inpufactors, except for building forméave been inferred
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from the national andinternationalguidance ofcreating building simulation models, such
asBEERS ESDS andASHRAE fundamentahandbook Table 2.7). This approacitan be
comprehended by a trend of constructing apartment buildings in South Korea, which targets
unspecified occupantswith supplying in large number.However, this focus has been

criticised due tahe high disparities of their estimatiaompared to real consumption

2.2.6 Limitations of measuring building energy performance

In the decisiormaking process of refurbishmerntiyo aspects have to be ensureg b
reviewing existing literature, described incBen 2.4 and 2.1.5.The first aspect is
accurately measurintipe amount of energy saving from the original conditidriee second
aspect igeducing the performance gap between the predicted energy consumption with the
assessment methods and the actehiexement in real situationhe clearlimitations
derived fromthe complexities and diversities of buildingsave been recogniseinh
quantifying energy performance in buildingspeciallyin building simulation modelsThe

review of energy performaecassessment methods in South Korea also implied the similar
limitations, as shown in Section 2.2.4 and 2.2.5. This section interprets the specific

limitations ofthe measuremennethods used for buildings in South Korea.

By reviewing existing literaturghe limitations can be interpreted by three aspégtstly,

the deterministic approach hasly been considered to quantify energy performance in
buildings. Thusthe complexites and diversies in buildings have been neglected in the
guantification process. As identified in Section 2.1.4, one of main challenges of -energy
efficient refurbishment is the inflexible frameworks encapsulating diverse building
conditions in the fixed one. This couldniit to give rise tothe true building conditions of
existing buildings into the calculation process. The buildihgracteristics ofexisting
apartment buildings in South Korea have been transfarfiiedeover, uncertainties in
occupantrelated factors haveeen disregarded in the quantification meth@dsshavn in

Table2.7, the input values of occuparglated factors have been fixed by the national and
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international guidance. Global attention has been given to the attempts dealing with
uncertainty arising from the complex and diverse buildings condjtionkiding physical
characteristics and occupant behaviolihis attemptalso needs tde implemented for

existingapartment buildings in South Korea.

Secondly, the dominant quantification methedseonly chosen from the calculatéadsed
methods, dynamic simulation and steatigte method (simplifié building energy
calculation). M hybrid method integrating morkan two quantification methodmve been
applied to supplement limitations of applying one methdd.failure of the idealised
conditionsin the dynamic simulatignespecially identifying occupant behaviobgs been
argued bydisparitieshetweenestimatecconsumptiorand actualise calledthe performance
gap (Galvin, 2014a). SunikkBlank and Galvin (2012) also pointed out thatual energy
consumption can be easily different from the estimated consumption because of o6cupants
adapting behaviosr For this reasorfuilding energy modelsanoften overestimate energy
consumption than actual energyge (Ingle et al., 2014). Many previous studiehave
attemptedo clarify uncertain factorgausing the disparits of the model estimationand

exploresolutions tacontrol the uncertainties

Thirdly, the building energy models apartment buildingarefragmented by either a single
building or a group of representative ungartmentunits are independent thermal zones
in buildings as they have beémdividually controlled by diverse households. However,
previousbuilding energy models radically simplified these aspeldsst of simplification of

the modelling focused on a single building with disregard variation in individuals. Empirical
studiesshowed howthis simplificationcan misreadhe energy modelling into high levels of
discrepancyas shown inYao and Steemers, 2005; Richardstral., 2008; Widénet al.,
2009; Richardsoret al., 2010). This aspect needs to be improved in the conventional

modelling for highrise apartment buildings.
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In summary, thdimitations of assessing building energy performance have been identified

in the context of South Koredhe first aspect is thenflexibility of reflecting variation in

the transformed buildinfeatures Secondy, less attention has been paid to reflect realities

wi t h uncertain factors i n apartmenfThebui |l di

variation in seHcontained individual apartment units is the last aspect.

2.3 Summary

How to make a dasion in refurbishmentcan be ralefined as how to measure energy
saving in refurbishment strategies and how to estimate the measured -snengy
accurately to be achieved in real situations. The six challenges, defined in Section 2.1.4,
represent therucial difficulty in successful refurbishment duethe intrinsic complexiies

and diversies of building factors encompassing buildings concerned. The assessment
methods of quantifying energerformancen buildings and energgaving in refurbishment
strategies have been improvand sophisticatedHowever, the performance gajaused by

the disparity between the predicted and measured energy consuynorstill been
problematic in this field. Uncertainty and sensitivity analyseder the currentssessment
methods, especiallwith building simulationmodek, have showrhow muchthe predicted
energy consumptionan bedifferent from theachievedvaluein realities. This has beghe
serious obstacle of making a decision for refurbishment strat&pese studies have been
focused on integrating the uncertéstinto the process of predicting energy consumption.

A probabilistic approach with the distribution of building factors helps making a decision
finding the mostprobable values to be used forakiatingrefurbishment strategies, while

alleviatingthe performance gap arising frothe uncertainies

In the context of South Korea, the assessment methods have shown the clear limitations in
the line with the global point of view. The deterministigpeoach has only been used to
quantify building energy performance. Therefoitee complexities and diversities derived

from the transformation of building characteristics and occupated factors have not
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been regarded in the quantification. Moreover, the applied methods have been dominated by
the calculatiorbased methods, which have limitations to take unexplained factors and data
errors into consideration. Hybrid methods by combining the calculhtisel methods with

actual consumption data need to be attempted. Lastly, the variation arising from the

individual apartment units has also need to be contained.

Energyefficient refurbishment has shown its potentiality contributing to reduce GHG
emissions. ldwever, the actual achievement can be followwdte the reliable process of

the refurbishment iconsolidated Existing literature pointed out the challenges tioé
currentassessmentmethods treating the performance gap in refurbishment measures. This

issue is still an ongoing process
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Table 2.7 Input data of building conditions in existing literature

Authors Setpoint Schedules Internalgain Ventilation Cooling Guideline
temperature system
Heating | Cooling | Heating | Cooling | Equipment | Lighting Occupant No. occupant | Conditioned Unconditioned
area area

Kim et al.(2013) 20 °C - - - 2.98WIm? | - 1.27W/m? | 0.03person/rd | 0.7 ACH 2.0 ACH - BERS

Roh(2012) 20°C 26°C - - 7.53wWint | - 73.3W/nt | - - - EER2.5 | BERS,
ESDS

Rohet al.(2011) 20°C 26°C - - 3.76 Wint | - 1.72 Winf | 0.04person/d | 0.7ACH 2.0ACH - BERS,
ESDS

Yoonet al.(2009) | 20°C 27°C 30/091 | 30/061 | 463 W - - - 0.7ACH 2.0ACH - BERS

18/05 3108

Yoo et al.(2002) 20°C 28°C Oct-Mar | JutAug | - - - 4 people 1.5ACH 0.5ACH -

Park (2009) 20°C 26°C - - 14 Wint 4 Wint 65 W/nt 0.0%erson/d | 0.1ACH 0.1ACH COP 3.14 | ISO 7730

Sonet al.(2010) 24°C 26°C - - 314 W 68 W 70W 4 people 0.4ACH 2.0ACH -

Park and Pari012) | 20°C 26°C - - - - - 0.7ACH - - BERS

Song (2008) 30°C 26°C - - - - - 4 people 0.5ACH - - BERS,

(floor) ESDS

Choi and Cho 18°C 26°C - - - 3.4Whnt |- 0.03person/m | - - -

(2012)

Suh and Kim (2011) - - - - 7.01Winf | 5.4 W/nf | 131wiperson | 4 people - - - ASHRAE
90.1

Yoonet al.(2007) 24°C 26°C - - 65 W - - 3 people - - -

Kim et al. (2006) 20°C 26°C - - 12 Wint 4 Win? 22.AWiperson | - - - - -

Lee (2009) 24°C 26°C - - 314 W 68 W 70w 4 people 0.5ACH 1ACH COP4.1 ASHRAE
fundamental
handbook

Parket al.(2013) 20°C - - - 753Winf | - 65 W - 0.7ACH 2.0ACH - ASHRAE

8.07 W/nt 90.1

Lim et al.(2014) 20°C 26°C - - - - - - 0.7ACH 5ACH COP2.5 ASHRAE
90.1

Joet al.(2009) 24°C 26°C 01/117 | 11/067 | 267 W 80 W 70W 4 people 0.82ACH - - ASHRAE

31/03 10/09 90.1
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This research intends tevelopa building energy modedf existing highrise gartment
buildings byintegratirg influential factors causing variation in actushergy consumption,

which have beedisregarded and anticipated to raise the significant levels of uncertainties in
the conventionabuilding energy modelfor highrise apartment buildings Souh Korea

The methodology of this research was guided by a quantitative analysis, which is used when
theories orhypothesesare tested, based on valid measures from empirical evidence
(Campbellet al.,19656; Newman and Benz, 1998)his chaptempresents th methodology of

this research. Section 13describes how the methodology is desigriedimprove the
identified limitations of the conventionblilding energy modelsSection & interprets how

the collected and calculated data are analySedtion 3.3 smmarises thetrategy of this

research

3.1 Researchdesign

3.1.1 Overall strategy

This study focuses on the limitations of the conventidnalding energy mode)swhich
were identified from the literature revieas depicted ifrigure3.4. The methodology of this
study is designed in foustrategies Firstly, this study attempts to identify the physical
characteristicoof existing apartment buildings in relation to actual energy consumption
(Chapter 4).By quantifying the significance of the physical characteristics in changing
energy consumption xesting apartment buildings can be classifiedgure 3.1 depicts the
concept of classifying existing apartment buildings with regard to the effective building
features affecting on energy consumptidhrough this stage, existing apartménildings

can be set by similar conditions, which similar refurbishment strategies can be afplied.
measurement methods, two types of statistical aisaye chosemultiple linear regression
analysis and exploratory factor analydiultiple linear rgression analysisas been applied

to account forthe relationship between energy consumption and the building features of

existing apartment buildings. Exploratory factor analysis is intended to identify an
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underlying structure among the building featurBy prioritising the effective building
features in the classification, thHmuiilding energy model is able to control the variation

arising fromthe physical characteristics of existing apartment buildings.

Class 3

Class 1
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Figure 3.1 Diagram of classifying existing apartment buildings with effetive building features

Secondl vy, this study plans to create a new
consuming heating and electricity, which is adapted for existigl-rise apartment

buildings (Chapter 5)Figure3.2i nt er pr et s how occupantsd beha
existing apartment buildingswith a probabilistic approach, how occupants generally
consume heating and electricitgs beeinferred from actual energy consumption. Gaussian

Process Classification is used to deal with the sets of possible random behaviours of
controlling heating and eleatity to functions. The prior distribution, which is identified by

a national survey of occupants®d consumpti on

consumptiorin existing apartment buildingaccording to Bayesian inferendéne outcome
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Figure 3.2 Diagram of creating a new standardised condition of occupants' behauirs adjusted
for existing apartment buildings

Thirdly, this study combines the fragmented modelling approaches to cope with the variation
in individual apartment units (Chapter &jigure 3.3 describes the process of dealing with
uncertainties derived from the variation in individual unitse building energy model has
been firstly specified with individual units regarding the locations of apartment units. Then,
a numerical model of the individual heating controls and the interaction between floors is
integrated to improve the previous building energy model estimation. A polynomial
regression model has been applied to create the numerical model, and has soagasé¢he d

of heating controls in each apartment units determining actualspedific heating

consumption. As a result, the energy model is expected to be more accurate in calculating
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energy use not only for a whole building, but also individual units. M@redhe dataset of

heating controls in each apartment unit can be provided.

Predicted energy consumption in individual units Building energy simulationswith the Monte Carlo method

1h) Fatimsted brating energs cumsmption

Th nzar adjustad for th fied groups

Proportion of heating energy use in individual units
Locatoes. Hoemoetal locatoes
Wew | Mhsge
TiE% &G
Lo Low
Logs L3
L1I§

y

Polynomial regression models

Veetical
focatices

V

Modified energy consumption in individual units

Heating cncrgy coaumption (Whim'year)

Figure 3.3 Diagram of dealing with uncertainties derived from individual apartment units

Lastly, thebuilding energy model developed through the previous three strategisdaliso
implement refurbishment measures for existing apartment build@gapter 7) Climate
uncertainty is added to consider refurbishmesith a long term perspectivelhe four
revisions & the building thermal regulations from 1987 to the present have been assessed as
refurbishment strategies. Building simulation with the present and future climate conditions
has been used to calculate changes in energy consumption. The outcome is dmpected
provide an assessment of the intensified thermal regulations and a comprehensive selection

of the efficient refurbishment strate@yr existing apartment buildings.
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: Limitations of the conventional
building energymodelin the

Overall strategies of the research to
develop a building energy model of

i context of South Korea

9 Limitation 1

Inflexibility of defining

existing apartment buildings

with regard to variation in

the physical characteristics

9 Limitation 2

Low attention to variation in
occupant séb
consuming heting and

electricity

 Limitation 3

Fragmented approaehof
treating variation arising
from individual apartment

units

9 Limitation 4

Narrow-sighted perspective

of refurbishment measure

for existing apartment

buildings in South Korea

existing apartment buildings

1 Strategy 1(Chapter 4)

Classifying existing apartment
buildings byquantifying the
robustness of building features in
changing energy consumption

1 Strategy 2 (Chapter 5)

Creating a new standardised
condition of oc
consuming heating and electricity,
adapted for existing apartment
buildings, by using a probabilistic
approach

:Lépantsé beh

1 Strategy 3 (Chapter 6)

Developing a building energy
model of existing apartment
buildings by combining the
fragmented approaches to specify
individual units containing
variation arising from the locationg
and independent heating controls

1 Strategy4 (Chapter 7)

Implementing the building energy
model developed to evaluate
refurbishment strategies in order t
reduce energy consumption with
respect to future climate change

o
mesmssnmnn

Figure 3.4. Diagram of the overall strategy of the research
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3.1.2 Sampling

In this study, the definition of old existing apartment buildings was chosen by apartment
buildings thatare allowedto be refurbished under the current law and their urgent
requirement to reduce energy consumption. UtldeEnforcement Decree of the Hang

Act 2009 apartment buildings built for over fifteen years ago can be freely refurbished to
improve their conditions. Thisondition limits existing highrise apartment buildings built
before 2005According toKim (2010, apartment buildings whiclvere constructed after

2001 relatively consumed less energy for heating compared to buildings built before. This is
because thermal regulations were significantly reinfoved energyefficient schemeince

2001. By regarding botltonditions apartment builings constructed before 2001 were

initially defined as old existing apartment buildings in this study.

Although theinitial definition of old existing apartment buildinggas identified specific
sampling was carried oth have a realistic scope of thesearch. Sampling can be a useful
technique to conduct a research with a large population because of the three reasons: cost,
utility and accessibilityBarnettand Barnett 1991). Samples should not be distorted by

other sources, whictsc a |l | e dp réefsaeinrt artd o n 6 (Barriett andh Barngito pu |l a't
1991).Four or five sampling units were designedCinapter 4 and.8Concurrently, he first
sampling unit washe construction yeaof apartment buildingdn Chapter 4, this unit limits
apartment budings constructed before 2001, as initially designated. However, this sampling
unit alsorepresents the thermal conditions of existing apartment buildoeagsiuse othe

thermal regulations revised three times until 200ferefore, the construction ysadivided

by the revisions of the thermal regulatipesuld categoriseexisting apartment buildings

with the specific conditions of building envelgpe

The secondamplingunit wasthe locations of apartment building$his unit is intended to

minimise he possible distortigncaused by geographical locations including climate
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impacts. 16 partment districtswere selected which were only allowed apartment

constructions in Seo@¥chang, 1994)as depicted ifrigure3.5.

The third unit was the number of floors of apartment buildiklgity was the reason why
the number of floorsvas limitedto more than ten floor6@Chapter 4) Existing apartment
buildings with more than ten floorsare highly expected to be refurbished due to a low
possibility to get permission for demolitioBesidesthe range(ten to fifteen floors)s the
most typical height for existing apartment buildirf{§satistics Korea, 20H). However this
sampling unit was alsosedto eliminate the possible distortidsy external environment in
building simulation(Chapter 5) The last unit was the availability of data. Monthly energy
bill records weresollectedfrom Apartment Management Information Syst (AMIS). Some
missing data was founith the process of collecting datiihese were not countéd the

sampling Specific sampling process is provided in each chapter (Chapter 4 and 5).

5
~"m Apartment districts

Figure 3.5. Apartment districts in Seoul (Source:Zchang, 1994)
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3.1.3 Data collection

Three types of data were collectadthis researchenergybills, the national survey of
behaviours using domestic appliances in households and architectural dr&miergy bills
wereconverted to energy consumptj@ndused forvarious purposeis this studysuch asa

dependent variable in statistical modelling anslource of calibratingn energy modellhe

survey data provides the specific consumption behaviours ofeelric appliances in
households accounting for st ocArchitedturatdraoicgovergp ant s 6
additionallyacquired to assure the physical conditions of apartment builtbrigs used for

modelling.

1 Energy bills

Actual energy consumption in higise apartment buildings an important materiatio
conductthis researchThe consumptiordatawas extracted from a monthly expenditure of
apartment buildings provided from AMIS The AMIS, organised by theMLIT, was
managed by (Korea Housing ManagemenfAssociation (KHMA), 2013, but the
management has been shifted(korea Appraisal BoardKAB), 2014) since 2014 All
apartment buildings in South Korea are required to open the monthly expendituttee
website, as shown iRigure 3.6. The expenditurare specified by its purpose including
heating, electricity and domestic hot water. Therefthe, monthly bills consumedfor
energy consumption factors (heating, electricity and domestic hot waeg)collectedfor
this study The collected energy killin the currency of South Kore@Won/nf) was
converted to energy unit (kWhfjnby the rates tableprovided from the supiers (Seoul
City Gas, 2014; Korea Electric Power Corporat{8f=PC), 2014; Korea DistricHeating

CorporationKDHC), 2015).

In Chapter 4i 7, the applied energy consumption is slightly different. In Chaptehed,
energy consumptiordata used for analysdas the energy billsthat wereconsumed in

apartment buildingfom 2011 to 2012Therefore, the consumption data inclstiee energy
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bills consumed for public and private purposéle data from thd6 apartment districts

were used.However, Chapter 5 an6 specifiet he i nterest t os occupant s
controlling heating anelectricity and unitspecific heating controlsespectively Chapter 7

alsouses the building energy modetalculating unitspecific energy consumptiofhus,the

energyconsumptionis measured fronthe energy bills spent fax private purposé only

four apartment districtérom 16 in 2014, not 201% 2012 Therefore, the consumption

values can be different because of these readbespurposes of consumption, years

(climate conditionsyand apartmentdistricts. Specific data collection is illustrated in each

chapter (Chapter 4 5).

1 Survey on the behaviours of using electric appliances in households

Occupant s6 b e kdamesticappliarsces wdre surgeyed GyEPC, 2013).This

surveyindicatel the detailed profiles of domestic appliances anddik&ibution ofusage.

500 households from 4,000 samples designated to represent the proportion of housing in

South Korea wer@vestigatedor one weekThus thedatahdped to draw avhole picture

of thedistributionofoc cupant sdé behavi our switlttbenguantifiddl i ng el ect
data (Appendix B, which is applicable for energy simulatiomhis data werethe key

material to identifthep r i or di st r i but i oginCbdpteréccupant sdé behav

1 Site survey (Architectural drawings)

Although building regulatiosand literature review providrifficient evidence to genalise

the typical designs of existinduighrise apartment buildingsa short site survey was
undertakerto collect architectural drawingsThe main purposeof this wasto cover the
construction details dhoseapartment budings.The apartment blocks were chosen by their
representativees among existing apartment buildingsedin this study.However, here

was a significant limitation of collecting architectural drawings. Only three apartment blocks
were availableTheir architetural drawing werecopied bytaking pictures, due tthem

only preserveas a printed versiofrigure3.7).
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| SFBNA2ON (FANSNE 09,0075 o, DN 12,8770 w, E5:01, MOIESB5MH) (Information of apartment selected)
Nameof  Residential area Total floorarea  No. No.households
apartmenty g 014 v 10 v JEEEEridines
Month consumed Year Month Search
2 EA Ew(Ewn m A= W(EH) A=R(EA) @ suexig (1) @ Faexie vi(eN) [ mesiEce)
' (Expenses (Monthly unit cost) (Monthly sum) (Annual unit cost)  (Annual sum) Compare to Compare to Download
statistics) other apartment  others
(B9 §/m, ZTAVSBIHNE)
(Unit: Won/m2, residential area)
ER(ESIA SHIISEN) 18 (Jan) 23 (Feb) 38 (Mar) 43 (Apr) 58 (May) 63
4 Z2212)y| Expense of common purposes| 249,35 142,513,0% 142,190,485 142,468,915 150,334,476 143,697,075
~ W¥WAZE Expense of individuals 323,459,781 2N ,137,509 212,594,629 119,793,642 93,278.723 93,402,668
4 CH Heating 234,289,891 183,898,529 134,791,329 46,563,762 265,943,633 13,765,748
4 2% Domestic Hot Water DHW); 569, 000 17,076,000 18,078, 000 16,965,000 14,236,000 12,876,000
+ H2M88 Gas 0 0 0 0 0 0
Y W 4 ZNE  Electricity 70,363,430 58,225,520 57,297,840 54,027,400 50,309,570 69,823,480
# ‘i“" 4458 Water 0 0 0 0 0 0
ZOISE<<E Sewage treatment 500,650 588,650 588, 650 568,650 536,650 588,650
—— L@HIIE+4+8 Domestic waste 0 0 0 0 0 0
LEANMEIZ M Meeting expense. 000, 000 700,000 1,200,000 1,000,000 950,000 700,000
oENEE Building insurance 548,810 648,810 648,810 548,810 648,610 648,810
MAWEI9EE E2H Election management expense 0 0 0 0 0
<4 271+ H4%=E Long term repair reservé( 5656, 300 10,866,300 10,866, 300 10,866,300 10. 686, 300 10,868, 300
@73 Total 475,575, 466 424,516,884 365,651,414 273,128,857 254,479,498 252,966,063
===—————m——-—-——— === 4
m zaazy EPenseod  swoumons
common purposes
W0 AEM2E Expense of mdl:godo%oﬂc’o:-s_.
L B 953 Long term repair reserve .
o 1B
I M 252 Others e I .
sonit H i I
expense !
S F % a8 5% 4 b R Uus RE
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Figure 3.6. Screenshot of monthly expenditure of one of apartments iIAMIS (Source:KAB,

2014)
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Figure 3.7. Example of architectural drawings of existing apartment buildings

(Source: Apartment managers at site survey)

3.1.4 Building simulation

Building simulation is one of the most powerful analytic tools, based on numerical methods
of calculating building performanc@Hensen and Lamberts, 2012)he method has been
commonly used in analysing buildings the wide ranges of building conditioresncbe
simulated.The aim of this study, developiregbuilding energy modelf high-rise apartment

building, necessarilyequires this tool to calculate energy us¢hiesebuildings.

For a main tool ofbuilding simulation severalsimulation programs sch as EnergyPlus,
IES<VE> and eQUEST were compared. As showiiGrawley et al., 2008), EnergyPlus

and IES<VE> provide the wideange of tasks analysing building performance. Between
them, EnergyPlus was chosen for this reseaftite. first reason is the gpularity of the
software analysing buildings in South Korea. While reviewing existing literature, most of
previous studiesvith buildings in South Korea took this software thg analytic tool.

Besides, lie software was already evaluated with a buildingSouth Koreawhich is
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conductedby (Seo, 2001)According to the author, EnergyPlus sensitively responded to
windows in relation to cooling loads, compared to other programs such as BLAST2 DOE
and TRANSYS. However, analysing energy consumption showedt®i 3% errors in
comparison to a real value although it requires a calibration protiesssecondeason is

the compatibility of the software. EnergyPlus is a core engine analysing building
performance. Thus, it does not provide a function visuglibuilding models. However, its
high level of compatibility allows visualising models with other modelling tools. For
example, Openstudi@uglielmettiet al.,2011)with Sketchup and DesignBuildefTindale,
2005) integrate modelling and analysing intoetlrone format by using EnergyPlus.
Moreover, BEopt(Christenseret al., 2006) provides coseffective analysis with building

simulation using EnergyPlus.

3.2 Data analysis

Energy consumption data either collected or calculat@analysed by statisticahethods
The statistical approaches verify hypo#gesand infer relationships ohterests from
observed samplesThe procedure of statistical methodan be therefore, similar from
inductive inference(Romeijn 20M4). Bandyopadhya and ForstéR011) defined four
paradigms of statistical inference: Classical statistaiso( calledfrequency inference),

Bayesian, Likelihood and Akaikean paradigms.

Classical statistics (frequentist statistics) stands on inductive inference to confirm questions
and hypothese¢Mayo and Spanos, 2011)ccording to theauthor, the observed data
generates functions verifying parametdrst the functionsnevitably include errors due to

the limitation of the observed datdn Bayesian statistical methoddhe observed data
incorpaates to modulate prior probability assignment, called a posterior probability
distribution (Romeijn 2014). The difference betweethe two paradigms is that classical

procedure focuses on improving a probability of inferences by selecting or deselecting

77



Chapter 3. Methodology

parameters, while Bayesian methods optintise prior probability with respect tdhe

observed data.

3.2.1 Frequency inference

As mentioned above, the importance of frequency inference is to secure the reliability of
inference, which is measured by significéests and confidendaterval estimatior(Mayo

and Spanos, 2011The author describethe three components of significant tests: a null
hypothesis; the test statistic; the significance leVvaldlue). A null hypothesis is a premise

that no valid relatioship between variables. If the null hypothesis is rejecéedalid
relationship can be measured. The test statistics reflect the goodness of data in accordance
with the null hypothesisThe significance level indicates the probability of results when the

null hypothesis is true. This inference approaels beereadingly used in this research.
Therefore, lhe significance of inference was necessarilgertakero improve the reliability

of analysis.
7 Significant tests

Analysis of Variance (ANOVA) tests nabe used to evaluate the fit of a regression model
(Field, 2009).The tests describe how wAill regression model isvith the five types of
information: sum of squares, degree of freedom, mean squaapFand’ -value. Sum of
squares means total vatibn explained. Mean squares are the sum of squares divided by
degree of freedom.-Fatio is calculated by the model mean squares (explained in the model)
divided by the residual mean squares (unexplained in the model). Therefati Reeds to

be no éss than IField, 2009).” -values represent how significant variadeeto interpret

the regression model if the null hypothesis is true. Thus, I6werlue mears that the

variables give significant impa&on a regression model.
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1 Regression analysis

Regression analysis is a tool quantifying relationships between dependent and independent
variableg(Kleinbaumet al.2013).However, 1 does not represent causalities of them. In this
study, dependent variablegre mostly actual enegg consumption, while independent
variablescan bevaried depending on the specific focus of each chapter. The identified
relationshipsin a regression modegbrovide the robustness of independent variables in

changing energy consuni. The resultganalso be usedo filter ineffective variables.

In Chaper 4, various building featureas independent variablelsave been evaluated by
multiple linear regression analysis to asstgsstrengthof building featuresn changing
actualenergy consumptiorin Chapter 5this analysis also has been applied to medabeare
significanceof associatioab et ween o0 c c up andtersefy consumatiori @ ur s
building energy modeBased on the resultnty influential variableshavebeen taken into

accounto further stages.

Polynomial regression model, which is a type of multiple regression andhgsisbeen
applied toChapter 6 and 7This regression mode&lonsiders only one or two independent
variables Although mnultiple linear regressiomodel measurelsnear relationships between
dependent rrd independent variablepolynomial regression allows various orders and
degrees of models, which can be more flexible to fit observed data to statistical models.
Chapter 6consideringhe heating controls of indivigal apartment unifshas createdihary

linear and quadratic ndels with different degrees to account fbeating energy
consumption irthe apartment units. In Chapter 7, associations between climate factors and
energy consumptiohave beeranalysedwith polynomial regressioto avoidhigh levels of

multicollinearity, which indicates associations among independent var{&liddds, 2009).

1 Exploratory factor analysis
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Exploratory factor analysis seelan underlying specific factor structur@ohnson and

Wichern, 1992) The analysis is often confused with Principle Component Analysis (PCA).

Field (2009)clarified the differencdetweenthemis that factor analysis is only capable of

estimating the underlying structure with various assumptions, while PCAisis&ablinear

components within the data. The output valokthis analysisare affected by the types of

rotating method which needs to be carefully chosdh independent variables are not

correlated, orthogonal rotation can be more appropriate. Otlegralitique rotation, which

allows correlations among variables, can be applicéfkld, 2009) KaiserMeyer-Olkin

measure of sampling adequacy ( KMO) and Bartl et
accuracy of result@Kaiser and rice, 1974)KMO measurs the sum of partial correlations,

which is recommended to be higher than 0.5, Bar
which means correlations between variables are significantly different from(Eiedd,

2009).This analysishas been appliedn Chapter 4to identify intrinsic structuregrom all

independent variables, building featyriasrelation to actual energy consumption.

3.2.2 Bayesian inference

Frequency inference deals with parameters either choosing or eliminating in an inferring
processwhereas Bayesian inference concludes a posterior probability of distribution, which

is updated by a prior probability of distribution and observed (@¢manet al.,2014).As

shown inEquation (31) belowBayes d t heorem yi edm®sc tfrbmre post eri or
the joint probability density functiomssPh , andthe probability of observed valuass« .

Prior distribution==P , and the distribution of samplings«~ P , consists of the joint

probability density functionGelmanet al., 2014). The sampling distributionss «” P |

needs to be processed in a stochastic process. For example, Gaussian processa® which

one of the stochastic processes, compute likelihoods of observations given model

parametersmm « ~ P (Heo et al., 2012). This has beenpap| i ed t o update occuUj
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behaviours consuming heating and electricity for existing apartment buildings, based on the

observed actual energy consumption and sampling cases with building simulation.

—_P ¢ - —r -—CP (3-1)

I Stochastic process
Doob (1953)described the definition of stochastic processes as a collection of random
variables, = «h<" 4| . In other words, the processes can be interpreted as mathematical
models of random phenomena arising through a process in a manner of the probability law
(Parzen, 1999). Particularly, the wider application of Gaussian processes was addressed by

(Parzen, 199).

Gaussian processspecify the properties of functions that take the prior distributions and
observed data; thus, uncertainties can be reduced by the combination of the prior
distributions and thebserveddata(Rasmussen and Williams, 2008 the pocess is not a
parametric model, specifying the prior distributions of functions including covariance
functions is importan(Rasmussen and Williams, 2008he process deals with two forms

of problems, regression and classification. Simply, regressioblgms target real values
while classes in problems are assigned to the classification. AccordRgstaussen and
Williams (2006) Gaussian likelihoodin regression modelsresults in a posterior
distributions over functionavhich is analyticalFor clasification modelswith discrete class
labels, Gaussian likdlbod isinappropriate. Different methods of approximate inference

such as probit likelihoodian bereated(Rasmussen and Williams, 2006)

I n Chapter 5, 0 C c aomsamng redting aedhetectriciphave eero f
identified by the surveyed data. Howevéreir distribution isnot specified for types of
housing, particularly old existing higise apartment buildingswhich have shown

excessive energy consumptiobherefore,Chapte 5 takestheoccupant s6 behavi
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controlling heating and electric devices as a collection of random variablesr
distribution of usage is used as a prior distributids outcomet he occupant so

are optimised foold existing apartmertuildings.

7 Normality tests

The distributions of samples can be ksihpe, normally distributed, when the number of
samples is large enough, according to the central limit theg¢&mldon, 2002)The
collected energy consumption, used in Chapteis Sgquired to be normally distributed.
Three types of normality testsave beerapplied in this research. Firstholmogorov-
Smirnov and ShapirVilk tests compare the distribution of collected samples with the
normal distribution with the same mean and staddleviationField, 2009).If the result is

not significant, samples can be considered as normally distributed. Secondly, guantile
guantile plot (Qi Q plot) visualises how similar the distribution of samples is from the
normal distribution by plottinghe observed quantile with the estimated quarftield,

2009). Finally, skewness and kurtosis indicate the -pjle data from zero (normal

distribution). If both values are nearly zero, it means that samples are normally distributed.

+1.96 limits were aplied to determine the acceptable range as a normal distribution.

3.3 Summary

The overall strategies, as illustratedFigure 3.4, are integratinghe quantified variation
arising fromthe influential factors,specified for existing apartment buildingy statistical
inference in order toenhancea building energy moddor thesebuildings. To achieve the

four objectivesf this studythe specific methods can be summarised as follows:

1 Quantifying the robustness of building features in changing energy consumption
through multiple linear regression and exploratory fiaatalyss in order to classify

existing apartment buildings
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1 Modifyingt he st ochastic data of occupantso6é be
consumption in order to be adjusted for existing apartment buildings, according to
Bayesian inference.

1 Combinng the fragmented modelling approaches in ordeddwelopthe building
energy model for integrating variation arising from individual apartment units.

1 Evaluating refurbishment strategies for existing apartment buildimgth the

building energy model desloped.
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Chapter 4

Classification of existing apartment buildings with
respect to effective building features affecting

energy consumption
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This chapter sets out with the aimabdissifying existing apartment buildings by quantifying
the robustness of building features in changing energy consumptierclassificationis
undertaken byquantifying impacts of the transformation of buildings featuresastual
energy consumptigreollected from existing apartment buildings constructed in the 1970s
1990s. The outline of this chapter consists of five sectioBgction 41 provides a
background of esting apartment buildings in relation to enesfficient refurbishment, and
the research gap that the current literature cannot cover variation related to the physical
characteristics of existing apartment buildin@ection 42 explains a methodology of
guantifying the robustness of building features in changing energy consung#dion 4.3
illustrates the effective building features and the significasfcéhe building featuregn
energy consumption. Section 4.4 compares the resithother casesidifferentcountries

Lastly, theoverall contribution of this worls summarised in Section 4.5.

4.1 Background

In Asian countries that experienced dramatic economic grautth aslapan, Hong Kong,
Singaporeand South Koreé§Chang, 2006)high-rise apartrant buildingbecame one of the

most dominant types of housifiguen, 2011 Yuenet al.,2006).Therefurbishmenbf those
buildings is a common issue after more than 40 years of extensive construction of apartment
buildings. This issue can be also extendedsome countriesuch as China and Malaysia

that haveexperienedthe economic growth in recent years

In South Korearanked & for GHG emissiongOlivier et al.,2012),the Government has

attempted to reduce carbon emissions of the country by enhancing building regulations and

policies. Apartment buildingsvererequired to be energgfficient since 2001Kim, 2010).

In 20009, a new | aw, 0 Fr ameowa rhkd , Acrte qaun rlealw hC agrhlea |
of energy efficiency in buildinggJones and Yoo, 2012pespite thesattempts, energy

consumption irresidentialbuildings has not declineggHuh, 2013) and carbon emissions in

South Korea have also not redud€livier et d., 2012).Several studies such et al.,

2010; Kim 2010)have criticised this unwanted outcome. Particulafiyn (2010) claims
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ineffective energy reduction inesidentialbuildings was due to energy consumption in
existing apartment buildings, which were excluded in the eneffgient schemeln the
building stock of South Korea, the largest proportion of all building types is residential
buildings, which amount®r 67.1%(Statstics Korea 2013) 58% of the residential building
stock is apartment building§Statistics Korea, 201), which is the mostdominant
proportin. 63% of apartment buildings were constructed before Z8Htistics Korea,
2000; Statistics Korea, 2010byhen the higher levels of energgfficient scheme were
applied to buildings. In this aspect, thll apartment buildings constructed ow&€ryears

agqg which occupies the largest proportion in the building stock of South Keeza, not

counted to be energgfficient

There has been a controversial debateongst policy makers, building developers and
residents in South Korea during the last decadeto whether oldexisting apartment
buildings should be demoalished or refurbishildwever,policy makers hav@roposed to
refurbish old apartment buildings to contribute reducing carbon emissions rather than
demolish those buildings. As a result, builgliregulations have been altered in recent years

to encourage refurbishment and reduce demolition oéristingapartment buildings. The

South Korean Government, for example, has permitted developers to increase the number of
floors on top of apartment Bdings in case of refurbishme(WILIT, 2010). This policy can

represent thgovernmental intention to vitalise refurbishment.

Despite the governmental effgrthere are limits in current and recent literature in terms of
creating effective strategies mfurbishment for oldhigh-rise apartment buildingto reduce
energy consumption. Firsthgreat attention has been paid to economic profit rather than
reducing energy consumption or carbon emissions.cbheept ofrefurbishment irexisting
literaturesuch as(Sonet al.,2005; Leeet al.,2007)was identified by maximising economic
profit, and the strategies of refurbishmergtre focused on cosfffectiveness. Therefore, the
strategies would not necessarily be beneficial to reduce ememgumption. Semndly,

existing literatureengaging with energy efficient technologies, does not coveexkling
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apartment buildings that need to be refurbisfeed. Kim et al.,2006a; Kimet al.,2009a;

Janget al.,2010; Kiet al.,2013). t r el i es doonushe@agdSmamnaear advhi ch dr e
thermal condition of buildings from simplified indic@dLIT, 2013), assuming that building
features affecting energy consumptioralhapartmenbuildings are the samelowever, he
building features imld apartmenbuildings werechangedy different design preferences in
different periods and context§he existing literaturedoes not takeinto accountthe
transformation of building features in old apartment builditngs have been constructed in
different periodsand ontexts(Zchang 1994; Choi, 1997; Ba# al., 2001; Hong, 2003;

Jeon, 2010; Kim and Yoon, 2010; Park, 20I3)is chapterargues that the transformation

of building features affects energy consumption and needs to be taken into account when
classifying thephysical characteristics of existing apartment buildings as wedresting

refurbishment strategies.

This chapter therefore,focuses on identifyingexisting high-rise apartment buildingsn
South Korea whicmeed to be refurbished to reduce energy consumption. Furthermore, the
efficient building featuresandtheir effect onenergy consumptiofor both building energy
modelling andrefurbishment will be identifiedo classify these existing buildingEive

gusstions will be answered:

What are the levels of energy consumption in ekisting apartment buildings? Do
these levels of consumption need to be reduced?

Which features irexistingapartment buildings have affected the energy consumption?
Which building features should be prioritised in refurbishment stratdgiesder to
reduce energygonsumptio? How can these existing buildings loéassifiedfor the
building energymodelsto deal with the variation in the physical conditions of these

buildings?
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4.2 Methodology

The methodology is designed to analyse the impact of building features ixistthg
apartment buildings on actual energy consumption. The results will help to prioritise which
building features can most effectively reduce energy consumptibthas guidenot only to
classify existing apartment buildings fdiuilding energy modelsut also to create
refurbishment strategies. The method is threefold: evaluating energy consumption in old
apartment buildingsgentifying effective building featuren energy consumption; ranking

the effects of building features to energy consumption.

4.2.1 Evaluation of energy consumption iexistingapartment buildings

Energy consumption irexisting apartment buildings was evaluated to determine the
neassity of refurbishment to reduce energy consumption. The consumptionearisting
apartment buildings was, therefore, compared to the consumption in apartment buildings
which were certified as energyfficient. To conduct thispld apartment buildingsare
defined bythosewhich were constructed before 2001, a year when building regulations for
the thermal conditions of apartment buildings was much intensified and building energy
rating system was just establish&krmission has alreadyeengiven for ®me of these
buildings to be refurbished, others will be available to be refurbished in 2015 by a building
regulation in South KoreéEnforeement Decree of the Housing Act 2008 contrast the
comparison group of apartment buildings were certified a&sggrefficient in an energy
rating system set byKorea Land and Housing CorporatigkLHC), 2013) The three
values of energy consumption in the both groups were compared: totakenehergy
consumption;space heating and electricity consumption by tan8on years; monthly

energy consumption for space heating and electricitg. résulis shown inSection4.3.1.

4.2.2 Identification of building featuresaffecting energy consumption

Building features in old apartment buildings wetentified by reviewing previous literature

and surveyingxistingapartment buildingsTo prioritise building features in refurbishment,
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this chapterwas, particularly, focused on the transformation of building features rather than
characteristics whicare commonyt foundin all buildings. It isdifficult to precisely divide

time periods of each feature. Instead, tthiapterusedthe dominant designs since the3Q§

as described ifrigure 4.1. Threedistinctive trends are identified in the transformation of

building features imld apartment buildings constructedfore 2001

Condition | ¢—— No insulation — <
of envelope «1981-1984» +—1988-2000 —»
41985-1987»
Heating | 4—— Central gas heating —» +— Individual gas heating ——»
method ¢ District heating ———»

Length & 4 Core 1 & 2 with corridor type —»

construction 4 Core 3 & 4 with stair type — ) )
& Core 1 & 2 with stair type —»

. +—Large size of block —*
Block size ¢ Mediumsize of block ——»
+——— Smallsize of block —»

+—— Linear type ——»
+— Square type —»
Layout au P —— Gridtype ———»
+—— Towertype—

1970 1980 1990 2000 2010

Figure 4.1. Changes of building features irapartment construction of South Korea since the
1970s

First of all, the main purpose in the early stage of apartnmmmistructionwas to
accommodatea rapidly increased urban population and building features were chosen
accordingly whilst building features in the late stage were transformed to abipghier

levels of privacy in each apartment buildi@®on,2010) For example, betweetihe mid
1970sand 1980s large volume apartment clusteo$ more than twenty buildings were
constructed as governmentaed projects(Gelézeayp2007). During the 1990sthe size of
apartment clustensas reducedvhen thegovernment handed over apartment construction to
private developergGelézeay 2007). Total cluster areas were also changed with the
transformations of the size of apartment clusters, but it was differently evolved as the higher

requirements for public space with service facilitigém, 2008). Moreover, partment
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buildings constructed in the early stage were desigrittdionger lengtls and smaller sizk
units. A maximumof eight to ten apartment units were placed on each floor; thus sniall
sizes of less thaBOnt (70nt including communalspace)were constructedn the 1980s
(Kim and Yoon, 2010)Since privacy habecomea sensitive issue, buildings withstair
type wherebyonly two units share one vertical access points (caledéed are preferred

(Jeon,2010)

Second, economic profit hatsobeen asignificant factor to transform tHauilding features

in existingapartment buildingg-or instance, three types of building laycan bedentified

(Choi, 1997, Leest al.,2005; Parlet al.,2007) the lineartype wherebuildings ardong and

thinin plan and located parallel to one another; thease typevherebuildings are squarie

plan; and theyrid typewhere buildingsare locatedn agrid. According taJeon 2010) the

linear type waghetypical desigrntypein the early stage of apartmenbnstructionn South

Korea but the desigmvaschanged to square and grid type to accommodate more buildings.
The sizes of building units were also enlarged; thus the most dominant unit size became

about 85 100nT (about 100 120nf including communal sgcé (Kim and Yoon, 2010).

Third, some building featureseretransformedy stringent policies and the development of
technologiesThe hermal onditiors of envelopesn existingapartment buildinghave been
determined by a building regulatidiKim et al., 2009b). The regulationdetermiring the
thermal conductivity of materials andhe thickness of insulationsequired was firstly
established in 198(®ince 1980, there have been two significant revisions to the regulations
in 1984 and 1987, and in 2004 significant improvementvas madeTherefore buildings
constructed before 1980 hame thermal insulation in their envelophich created a poor
thermal environmenfor residentsThe second revisignmplemented in 1987, required all
apartment buildigs tobe equigped with double glazing. Despitthe dramatic increas@
apartmentonstructionin the 1990qStatistics Korea, 20H), there was naevision of the
regulation to improvehe thermal conditioa of buildings until 2001. Also, three different

heating methods were found in old apartment buildings: central gas heating, district heating
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and individual gas heatingNoh, 1998; Ha, 2007Central gas heating was mostly used in
buildings constructed ithe early stage. Sincthe district heating wasntroduced in 1985
(Kang et al., 1995), apartment buildings constructed in Sebalve been connected to the
district heating systentince thenational construction of gas supgdinesinto the cities,

individual gas boileshave become the dominant typleheating

Table 4.1 indicates how designs diuilding featureswere transformeduntil 2000. As
mentoned above, the three main reasons of the transformatiorldihdpdeatures were
categorised specific variables of building features. With the changes in public preference,
four building features have been transformed: sizes of clusters, total cluster area, types of
buildings access, lengths of buildings. The siffedusters were measured by the number of
buildings in clustersThe large cluster meant more than 20 apartment buildings in clusters.
The medium and small containsi615 apartment buildings and less than 5 buildings in
cluster, respectively. The lengbEbuildings were indicated by the number of vertical assess
points (core) from one to maximum six, as described in Figure 2.6. The second reason was
to increase economic profit, which included two variables: types of building layouts and
sizes of apartmmé units. The three types of clusters were input. The changes of averaged
sizes of apartment units from 41.05 to 18In82vere analysed. The last reason is due to the
improvement of building policies and technologidhie thermal conditions of building
ervelopes were measured by the construction years, which were divided by the revisions of
building thermal regulations: before 1980, 19811984, 1985i 1987 and after 1988.
Moreover, the three types of heating system methods were gpending on the tygs of

data measured, the input data was either categorical (CA) or continuous Th©).
transformation of those building featurems examined as to whether they affect actual
energy consumption or nothus effective building features on energy consuomptivere

identified. The result is described ie&ion4.3.2.
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Table 4.1. Change in designs of building features in apartment construction in South Korea in
pre-2001

Category Variables Data range

(CA: categorical, COcontinuous)

Changes in Sizes ofclusters- CA Large( 20), Medium 6-15),
public preferencel (No. of apartment buildings in clusters] Small( 5)
Total clusterarea CO 12,562 515,906M
Types of building accessCA Corridor type, Staitype
Widthsof buildingsi CA 1-6
(No. of vertical accessointy
Economic profit | Types of building layouts CA Linear, square and grid types
Sizes of building units CO 41.057 181.82m
Developed Thermal conditions of building Buildings constructed before
policies and envelopeginsulationand fenestratiori) | 1980, 19811984, 19851987,
technologies CA after 1988
Heatingsystemmethods CA Central gasDistrict, Individual
gas heating

4.2.3 Quantification of effects by buildingeatures

This section is intended to quantify these relations to energy consunsefanatednto

space heatingnd electricity. Two types of statistical analyses were conducted, which are
multiple regression and factor analysédultiple regression analysis is one of popular
techniques to measure the capability of statistical models to interpret a dependent variable
through correlated independent variables, and determine influential independent variables in
statisticalmodek (Eveiitt and Dunn, 2001)The multiple regressiomnalysis was applied to
interpret a dependent variable (energy consumptiorsfpace heatingnd electricity) by

using independent variables (building featuregxistingapartment buildings)The values

of R-squared demonstrate how efficierthis statistical model accoumtfor energy
consumption in old apartment buildings. The standardisgessiorcoefficient(SRC)was

used to measure the influences of independent variables (cluster sizes, building lengths,
construction types, totalusterarea, building layouts, building unit sizes, the conditions of

building envelopes and heating methoddje multiple regression models were assessed by
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power analysis to examine the power of the samples used irchhe; f-test was

conducted by SPS&rsion 2.0.

Exploratory factor analysisvas, therefore, intended to identify an underlying structure

between observed variables consisted of the building fedtutkis chapter thus the results

can be used to specifyfieient targets for refurbishmenhe principle axis factoring

methodwas performed by Oblimin rotation (delta 0.4) with Kaiser Normalisattoreritt

and Dunn, 2001)The criterion used to indicate an adequacy of factor analysis in the sample

was followel by a Bartlettds test of H®pybr®lkin ci ty of
measure of sampling adequd#aiser and Rice, 1974 order to identify robust variables,

the variables with the low loadings 1@®) and crosdoadings were eliminated. SPSS

version 21.0 was used in all statistical analyses and the results of analyses are shown in

Section4.3.3.

4.2.3.1 Sampling

1 Old existing apartment buildings constructed in pre2001

A total of 189 apartmentclustes (171,054 householdsyere selected as samplekhe
samples occupy 3.5% of the population size, 4,988,441 housdBtédistics Korea, 2000;
Statistic Korea, 201) in apartment buildings constructed between 1976 and 2000 in South
Korea.The sampling framevas designed with four sampling units: 1) construction years; 2)
regions; 3) the number of flogrd) the availability of data on energy consumption. Firstly,
apartment buildings which were buietween 1976 an2000 were only consideretdecause
apartment buildings constructed after 2001 are regarded less urgent to be refuvitishad
intensified building regulation, and constructed before 1976 are highly regarded to be
demolished as lowise buildings to rebuild highise buildings.Second sixteen apartment
districts in Seoul were selected@he districtswere established as part ah enormous
housing construction projects between the 1980s and 1990s, I¢athegdramatic increase

of apartment building construction. 60% agfartmenbuildings constructed before 2000 in
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Seoul were built in these distric(Statistics Korea, 20H). Therefore,buildings in these
districts havebeenused to identifyfdominantcharacteristics built inhat period Moreover,

these districts in Seoul are in the samlimate zone, and the same thermal building
regulations are applied to the buildings in Seoul and the central regions of South Korea; thus
there would not be significantly different climate impacts in these districts. However, these
possible impacts wertaken into account in thishapteras building features related to
building clustersThird, only apartment buildingsith more than ten floorarere considered.

This is becauserefurbishment would be inevitable for the buildings which have more than
ten floors. As they were densely constructed, it is difficult to acquire permissions to
demolish them in order to build super higbe buildings under the curreituilding
regulationg Kim 2002 MLIT, 2010). Lastly, the availability of data on energy consumptio
limited the samplesl5.26 of gpartment buildings which did not fitheir energy bill records

between 2011 and 2012 AMIS were not counted ithis chapter

Energy consumption bills between 2011 and 2@&Pe collected fronAMIS. This system

is organsed by MLIT and managed by KHMA. A policy has been implemented under which
all apartment buildings in South Korea should input their expenses into this system. The
system displays the expenditure of apartment buitdiHgwever, there were some missing
data on the energy bills of some apartment buildings in the system. These apartment
buildings were excluded in the samples. The collected data from energy bills were converted
from Won/nf to kWh/nf. The conversion rates refer to those of KEPC (2014)for

electricityand Seoul City Gag014)for gas.

1 A comparison group of apartment buildings

A total of 34 apartmentlusters(13,551 householglsverebuilt between 2008 and 2010 in
one district The samples occupy 1.8% of the population size, 740,214 houséhaltistics
Korea 2010bjn apartment buildings constructed between 2008 and 2010 in South Korea.
Five sampling unitsvere usedl) construction years; 2) regions;tBg number of floors4)

energyefficient certificates; b the availability of data orenergy consumptionFirsty,
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buildings built after 2001 were selected to compare eneoggumption in old apartment
buildings becaus&hose buildings areelatively regarded as energificient. Secondly, as
climate conditions can have a significant impan energy use in buildings, a district in
close proximity to the districts in Seoulere selected for the analysis of old apartment
buildings was selected to minimise variation between the old and new sanipidly, the
same number of floors, more thaen floors,was also applied. Fourth, the certified
apartment buildingss energiefficient in this district were only used in thishapteras
mentioned in SectioA.3.1. Lastly the availability of datdéimited to chooseghe sampletike

old apartment bildings The certifiedbuildings which did not filltheir energy bill records
between 2011 and 2012 AMIS were not countedenergy bill datawas collected by the

same method used for old apartment buildings.

4.3 Results

The results are illustrated by thrparts to answer thdive questiongo identify the energy
consumption in old existing apartment buildings and the effective building features, as
mentioned in Section 4.1IThe first part ection4.3.1) describes energy consumption in old
existing apartment building$uilt in before 2001by comparing theconsumption in the
group of apartment buildindsuilt between 2008 and 201The second parSéction4.3.2)
indicates building features affecting energy consumption in old apartment buildindasthe

part Section4.3.3) quantifies the effects of building features to energy consumption.

4.3.1 Energy consumption in old apartment buildings

Figure4.2 showsa compaigon ofthe total energy consumptialivided by total floor areaf
two groups of apartment buildingshich are234.2kWh/nf/year and190.0kWh/n¥/year
respectively. Both numbers aneuch higher than the *igrade in energy rating systems set
by Korea Green Building Certificate Criteria (GBI} in South Koreg60.0 kWh/mé/yea)
(MLIT, 2013) andPassivhau§120.0kWh/nf/yea) (Passivhaus Trust, 201%s a long term

plan, South Korean Governments have plannedetiuce energy consumption in all
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buildingsin orderto be energefficient as equivalerto the Passivehaus (Yoo, 201%his

result shows that the energy consumption of both groups of apartment buildings needs to be
reduced to satisfy these energy rating systeDespite excessive energy consumption,
detailed consumptior(separatedby us@ indicates different tendencies. Old apartment
buildings consumed 109J8Nh/nflyea for space heating wisil apartment buildingsuilt
between 2008 and 201@nly consumed &0 kWh/m’yea. Conversely energy
consumptionof electricity and water heating did not hasmgnificant reductions in this

period.

Thesetendenes are also shown inFigure 4.3. The arerage energy consumed for space
heating in old buildings areduced by their construction years. 100%olaf apartment
buildings constructed before 1980 consumed more energy for spatieg tharthe average

of 108.8 kWh/mflyea, compared ta53% of old apartment buildings constructed in the
1980s. Only 20% of buildings in the 1990s and none of buildingstructed between 2008

and 2010consumedabove averagenergyfor heating theseresultssugges that gartment
buildings built before 2001 have been able to decrease energy consumption efficiently

regarding space heating

300 —— Waterheating === Electricity === Space heating

=

ption (kWh/m~/yr)

200 -

................................... e cmcces --- Passive house

100 —
. GBCC

Energy consum

Apartment buildings in pre-2001 Apartment buildings between 2008 and 2010

Figure 4.2. Total averageenergy consumptions othe sampledapartment buildings (1767
buildings for apartment buildings in pre-2001 and319 buildingsfor the buildings between 2008
and 2010)in 2011 and 2012
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Energy consumption for electricity was not reduced iis feriod 92.2 kWh/mf/year of
electricity wasconinuously consumed by apartment buildingshoth groupsThis can be
explained bythe everyday use of domestppliancesuch agefrigerators televisiors and
computes. However,Figure 4.4 demonstrates that thuimmer use of electricity for space
cooling in the old apartment building was especially high in Audostach monththere
was only 0.05kWh/nflyea differerce between apartment buildings in the both groups,
excep for August when he gap was enlarged to 1WWh/mflyea in 2011 and 5.7

kWh/nflyea in 2012.

Like electricity consumption, there was no significant reduction in water heating
consumption; 32.6 kWh/ffyear of water heating was continuously consumed in both
groups. However, the old building group demonstrated a higher relative standard deviation
with 32.3% while 19.6% was for the new building group. Furthermore, these values are also
higher, compared tgpace heating with 25.2% in old building group and 11.5% in new
building group, and electricity with 15.3% and 11.9% in old and new building groups,

respectively.

Overall, apartment buildings have been able to decrease energy consumption efficiently
regading space heating and cooling although there were not significant reduction in energy
consumption for electricity and water heating. As identified in Section 4.2.2, physical

conditions in apartment buildings constructed between 1976 and 2000 have been
transformed. This would probably result in the changes of energy consumption in these

buildings.
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However, the effects of occupants could also be important factors to understand energy
consumption in these buildings. Interestingly, residents living in apartment buildings in
South Korea showed the extremely unified composition oféleolds. 90% of apartment
buil dings6 i nhabi t aaoffspsing, eandéamiligsawith thtees or Yourt h  t hei r
members occupy 80% of households in apartment build{Bgstistics Korea, 2010c)
Therefore, the general profiles of occupants such asuimber of occupants and types of
family may not give meaningful results explaining energy consumptiéowever,
geographical segregations in residential areas caused byesotiomic factors such as the
levels of income and education have been identifre®auth KoregChoi, 20@t). Their

effects would also be useful to identify the continuous energy consumption in electricity and
water heating, and the large variations in water hedKiogea Energy Economics Institute
(KEEI), 2011) However, thischapter focused on the physit features of apartment
buildings, which were described in Sectidi2.2, to create the efficient strategies for

refurbishment.

4.3.2 Building features affecting to energy consumption

It can be seen that sof the eight featuresTable4.2) had an effecbn energy consumption

for space heating while little difference was found in electricity consumption. This can be
explained by two opposing tendencies. As expected, ortbesé tendencies is thadld
apartment buildings constructed in the early stage coedumore energy thathose
constructed in the late stage. Three features, the conditions of building envelopes, the lengths
of buildings and heating methods, accounted tlis increasing tendency in energy
consumption This means thathe transformations fothe threefeatures reduak energy

consumption as seenkiigure4.5.
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Figure 4.4. Monthly Energy consumption between for (a) electricity and (b) water heating 2011
and 2012

First, the most effective reduction was found by improving the condition of building
envelopes, which waa maximum 48.7kWh/nf/yea (Figure 4.5-(a)). In particular, the
largest reduction occurred between buildings construméate1980 and those constructed

between 1981 and 1984. This is because buildings liefitre 1980 did not have ingation
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on their envelopes while 56nm internal insulatios were applied for those constructed
between 1981 and 198%he second largest reduction was between buildings built between
1981 and 1984 and 1985 and 1987. This was achieved by replacing thed glpeing in
windows from 3mm single glazing to double glazing. The result indiditesthermal

condition of buildingeduedenergy consumption.

Second, the shorter lengthdt is with fewervertical access pointshe buildings had, the

less energy consumed for space heating. Specifically, gradual energy reduction up to 30.2
kWh/nf/year was found by decreasitite lengths of buildingsAs the heights of buildings
weremostlyfixed either 12 or 15 storiethetotal amount of surface area, which is exposed

to heat transfer, was reducedConsequently, this was beneficialt reducing energy
consumptionThird, thechangesn heating methoslalso reduced up to a maximum of 26.2
kWh/nflyear of energy consumed for spaceating. A large gap was found between
buildings with central gas heating, ahdildings with district and individual gas heating.
24.3kWh/nflyear was found between central gas heating and district heating, but@nly 2

kWh/nflyear was found between distrand individual gas heating.

The opposite tendency fkat greater energy consumption occurred in buildings constructed
in the late stagelhis is due to three features, namely the sizes of building units, the sizes of
clusters and the types of builditayouts (Figure 4.5-(d-f)). Firsly, the sizes of buildings
units were increased in response to higher preference for the large sizes of units. This
increase in unit sizes caused higher energy consumption apattment buildings, which is
nearly 30kWh/nf/year more energy consumption for space heating am\20nt/year for
electricity, to maintain a certain level of thermal comfort within the indoor environment.
Secondy, old apartment buildings in large apaent clusters consumed less energy than
thosein small apartment cluster$he amount of energy reducedcording tathe sizes of
clusters,a maximum 12kWh/né/year for space heating andk®h/nf/year for electricity
which werenot as significant ashe reductionsfor other features. Third, the types of

building layout showed increases withk\&h/nt/year in electricity from linear to grid.
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In short, the six building features are identifiedbaéng effectivein energy consumption.
However, the differenamount of energyaffectedby eachbuilding feature needs to be
evaluatedn orderto prioritise refurbishment strategies. The resultthefeevaluations are

illustrated inSection4.3.3.

Table 4.2. The result of multiple regression analysis

I ndependent variabl elSRCStandardSigni fi
Regression

Space h|The thermal conditiol-0.626 0.000
consump|Heating methods -0.301 0.000
(RB0.580The lengths of build{0.196 0.000

The sapastmkent clust|-0.129 0.008
Electri|The sizes of apartme|0. 300 0.000
consump|The sizes of apartme|-0.202 0.002
(B0.256The types of buildin{0.203 0.004

The thermal conditio|-0.2083 0.008

4.3.3 Quantification of effects of building featuresn energy consumption

4.3.3.1 Results of multiple regression analysis

In order to reject the null hypothesis, the results-td#st in multiple regression models
require notbeing less than 2.42 with 95% critical confidence interval. Thesf results
showed 63.88 with the mod@&r spaceheating and 15.94 with the model for electricity,

which means thahe sample sizes were large enough to bring about reliable results.

Table4.2 demonstrates the results of multiple regression analysis. The valuesgoaied

in these two models are 0.580 fgpace heatingind 0.256 for electricity. Téh both R
squared are not very good to account for energy consumption;sfadRe for electricitys
relatively low. This could be the primary dataemergyconsumption were limited to extract

gas consumptiofor cooking and electricity consumption ftire everyday use of domestic
appliances, which are highly determined by user behaviour rather than building features.

Despite it, both models are statistically significant at 5% level.
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The standardised regression coefficients (SRC) of building feaspeesy the effects of
building features on energy consumption. The opposite trends of building featusesn in

the previous section, arlbound by negative and positive values of the standardised
coefficients (Figure 4.6 (a-d)). The negative values of coefficients, decreasing energy
consumption, are attributed to the transformations of these three features: improving the
conditions of building envelopes; changing tivega methods from central gas to individual

gas heating; reducing the sizes of clusters. On the contrary, the positive values of
coefficients, increasing energy consumption, are found by the other three features:
shortening the lengths of buildings; recwgithe sizes of building units; changing the types

of building layouts from linear to grid.
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In space heating, four features were chosen as influential variables: the thermal condition of
building envelopes, heating system methods, the lengths of buildings and the sizes of
clustes (Table4.2). Only the feature, the lengths of buildings, is with positive SRC while
the other three features are with the negative SRCs. The means that space heating
consumption was aeeased by these four conditions: reducing the lengths of buijdings
improving the conditions of building envelope; changing heating methods from central gas
to district or individual gas heating; increasing the sizeglo$tes. The former three
conditions are typically found in apartment buildings constructethie stage whilstthe

large sizes of clusteareidentified in theearly stageof apartment constructioffhe effects

of the oppositeendencie®n space heating are quantified the values oSRC inTable4.2.

The former three features are relativéte higher values of SRC than the sizeschifsters

with SRC 0129 This interprets the reason why space heating in old apartment buildings
could effectively reduce space heating consumpbgntransforming building features.
Specially, improving the thermal conditions of building envelope played a significant role in
this tendency with the most robust SRC 0.626 as sedfmlihe 4.2. This can be a strong

criterion to determine a priority for refurbishment.

In electricity, the oppsite tendencies are also identifiithe sizes of units and the types of
layouts show the positive SR@hereagshe sizes otlustersand the thermal conditions of
building envelopes indicate the negative SRC. In other words, electricity consumption was
deaeased by reducing the sizeschistersand improving the thermal conditions of building
envelope. However, the consumption was increased by the larger sizes of unike and
changes of layout types from linear to grichese four conditions are found lildings

built in late stageThe most significant feature is the sizes of units with SRC 0.300, but the
significance is not as robust as the fea@féectingspace heating. The other three features
are approximately theery similarvalue of SRC with 0202 or 0.203 These values of SRC
reflect that both opposite tendencies have not significant differences each other. This
interprets the reason why thesasno significant change in electricity consumption in old

apartment buildings.
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Figure 4.6. Regression curves of building features with energy consumption: space heating with

(a) construction year and (b) sizes of clusters, and electricity with (c) sizes of building units and

(d) sizes of clusters

4.3.3.2 Results of factor analysis

KaiserMeyerOlkin was satisfactory (0.616); thus this factor analysis model is acceptable,

n the factor

anal ysi s,

A

Bartl ettods

test

but not marvellous due to the same reasothefmultiple regression analysis. Despite it,

70.8% of the total variance is explained by the eight measured variables, which is

statistically effective to account for the variance. Four factors are identified in this factor

analysisas seefMable4.3.
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The first factor explains the most significant proportions of the total variance with 25.9%.
The measured variables in this factor are associated with building fatrfalanc such as

the sizes of building units, the types of building accesses, the conditions of building
envelopes and the lengths of buildings. Apartment buildings in early stage need to be
suitable to accommodate population increased in urban txeaore, the building form

was longer length, smaller unit sizes and caritype, as identified ifrigure 4.1. The
conditions of building envelopes were similarly iraped with these factordn this reason,

the four variablesare in the saméactor, and theyare statistically correlated witbverall
correlation coefficients (R=0.4The second and third factaascount for 18.0% and 15.5%

of total variance, respectivelyhe second factor is comprised &y the types of layouts, the
sizes ofclustes while the third hagotal cluster area. Although the three variables are
associated with apartmediusters, the ifference between them is that the two variables in
the second factor is associated with specifically the characteristic of buildings in clusters
whilst total cluster area is more likely the sizes of site. However,vHr@ables are
statistically correlate with overall correlation coefficients (R= 0.3)he last factor contains

heating system method accounting for 11.4% of total variance.

Table 4.3. Pattern matrix in factor analysis

Category Factors
Factor 1 Factor 2 Factor 3  Factor 4

Structure Matrix Sizes of building nits 0.663

Types of building access 0.584

Conditions of building envelopes | -0.584

Lengths of buildings 0.370

Types of building&yous 0.675

Sizes of clusters -0.591

Total cluster area -0.608

Heatingmethods -0.342
Total Variance
Explained % of Variance 25.900 18.082 15.445 11.440
(70.866 %)

108



Chapterd. Classification of building features

4.4 Discussion

The results based on empirical data in tthspterdemonstrated four distinctive aspects,
compared to findings in other countries. Firstly, energy consumption for space heating in old
apartment building is not extremely high by regarding the climate zone of Seoul in South
Korea (Heating Degree Days (HDC23003200)(Choet al.,2010).Compared to European
countries, Denmark (HDDs 30¢B%00) (Eurostat, 2014showed 144.kWh/n? of heating
consumption in apartment buildingBalaraset al., 2005) United Kingdom (HDDs 2800
3100) and Germany (HDDs 27200) (Eurostat, 2014)which have similar HDDs from
South Korea, showed higher energy consumption in dwelling constructed in theab@B0s
1990s: 268.XWh/nt in detached houseda the UK and 15%Wh/n¥ in Germany; 102.8
kWh/n? in post 2002 miderrace housing in the UK, and 8¥Vh/nf in Germany in 1995
(Economidotet al.,2011). In this chapterapartment buildings indicated 116.7kWHhiyear

in the 1980s and 94lANh/n¥/year in the 1990s although the maximum consumption in the
samples was 173.BWh/n¥/year in the 1980s and 158k8Vh/nf/year in the 1990s. The
space heating consumption in old apartment buildings in South Koreat sgnificantly
highin the climate zone. However, the consumption needs to be reduced like hgyedturo

countries have been trying to achieve.

Secondly, the eight building features of apartment buildings in South Korea indicated the
significantly higher percentage of the variation explained in energy ugeh wh 70.9%
(R?=0.580 for space heating?$0. 256 for electricity. 42% R’=0.379 for space heating) of

the variationexplained was reported in anadtyg building characteristics with 15,000 houses

in Netherlands(Guerra Santinet al., 2009. Sonderegge(1978) reported 54% of total
variation was explained by physical building features with 205 hesisn USA. Schuleet

al., (2000) found relatively lowR?value, 0.144, with building characteristics in West
German households. Pacha{@®04)found 61.4 % of total explained variance by including

sociceconomic characteristics in dwelling in India. Consequently, the effects of physical
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conditions in old apartment buildings in South Korea are much more significant than
buildings in other countries. In other words, the energy consumption of these oldesgpartm

buildings in South Korea can be effectively reduced by improving their physical conditions.

Thirdly, the building features affecting energy consumption in old apartment buildings in
South Korea are more prominent with higher SRC values althoughstkeofi efficient
building features are similar from buildings in other countries. Three building features have
been identified in common as efficient factors reducing energy consumption: thermal
conditions of building envelope (insulations and the glazhgvindows); the volume of

areas (heated areas, housing sizes and the number of rooms); construction years (vintages).
In WestGermany, construction years and the sizes of housing were found as the relatively
effective factors with SRC 0.225 ar@l221(Schuleret al.,2000) In Netherlands, the sizes

of heated area (useful living area), construction years and the insulations of building facades
showed relatively higher SRC values, 0.321082 and @.087(Guerra Santirt al.,2009)
According to Balaas et al (2005) the thermal insulation of the building envelopes and
building system in European apartment buildings, such as Denmark, France, Poland and
Switzerland, were the main factors influencisgace heating. Ithis chapterthere is a
dominant @terminant affecting space heating consumption, the thermal conditions of
building envelope with SRG0.626 in space heating. This result clearly showed how the

energyefficient refurbishment should approach

Fourthly, the effects of building featuredated to building clusters are important factors.
Unlike European countries, apartment buildings in South Korea were built as clusters
including more than two buildings that can be up to thirtiElserefore, theelationships
among individual buildings aralso important factors that must be considered in energy
consumption. Irthis chapter the features related to building clusters explained 33.4% of
total variations in energy use. Moreover, the undeniable contribution of these features was
identified inthe results of the multiple regression analysis for space heating and electricity

although the SRC values were not decisively high.
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4.5 Summary

This chapteaims to identify oldexistingapartment buildings in South Korea that need to be
refurbished in terms of energy efficienby regarding the efficient building features on
energy consumptionlt reveals that old apartment buildings constructed between the 1980s
and 1990s are those whimeed to be urgently refurbished. This is because they showed
excessive energy consumption for space heating and cooling, compared with the
consumption of apartment buildings built in the 2000slowever, naximum 43.65
kWh/nf/yearin space heatingnd5.70 kWh/nf/yea in cooling were reducedn those old
apartment buildingsn terms ofconstruction years. This reduction was attributed to the
transformations of building features in the twepgar period.The eight features iold
apartment buildings successfully account for 70.9% of total variance in the factor analysis.
The largest proportion, 25.9%, was explained by the factor related to building form and
fabric. Multiple regression analysis indicatélte three most influential parametersthe
thermal conditions of building envelopesth SRC 0.626 heating methodwith SRC 0.301

and the sizes of building unitgith SRC 0.300.

Hence, thischaptersuggests how the refurbishment should be dorneduce their energy
consumptiorand how thebuilding energy modelshould classify those buildings to reduce
variation in the physical characteristithe priority of refurbishment should be given to
these three featureAmongst them, the most significant determinant should be the thermal
conditions of building envelopesgith SRC0.626.The other two features will baubsidiary
conditions in refurbishment strategies. In this respélse most urgent target for
refurbishment should be the buildingsnstructedefore 198Qwith central gas &éating and
large sizes of building units), anlde latest target can beofe constructedfter 1988(with

individual gas heating and small sizes of building units).

Furthermore, the prioritisation of building features allows classifying the existingragsr

buildings. This classification benefits fire building energy modets cope with variation
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in energy consumption, caused by the physical characteristics of existing apartment
buildings. At least, these existing apartment buildings need to be ggtobp their
construction years, according to the revisions of thermal regulalibesother two features,

heating methods and unit sizes can also be applied for more precise modelling.

Applications of this approach to cases in the other countries mag &baut different
building features in prioritising old highise apartment buildings for energfficient
refurbishment. Thus, the refurbishment strategies for each coshtyld take specific
featuresand conditions of the apartment buildings into aotdn order to suggest efficient
policies and regulations for refurbishment in each coumtrghe same waythe building
energy modelscould provide more adaptive and accurate estimation with the specific

features and conditions in each context.
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buildings
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In Chapter 4 one ofthe influential factors that this researchs focusng, the physical
characteristics, waslassified by their effectiveness on energy consumptidius, he

building energy modefor existing apartment buildingsan take tls classifiation to

constrain the impacts of variation in the physical characteristics on energy consumption

This chapterapplies two building featureBom the classificationconstruction years and

heating systemsThe initial objective of this chaptes devotedto the second factor,
occupant s fcausimpa@ation im actual energy consumptj@and aims to create a

newpr obabilistic standardised condition of occup
buildings. Thenat i on al sur vey ooh characteristgsaigfered from o n's u mp t
actual energy consumption to be adjusted for existing apartment buildihgsset of

random behaviours of consuming heating and electricity is dealt witalngsian Process
Classification. This chapter is structuredybfour sections. Section B.provides a brief

background of the conventionblilding energy modefor high-rise apartment buildings,

and the importance of human interactions in energy consumption. Se@idesgribes a

methodology of integrating occupars 6 b e ramdv dormucting Gaussian Process
Classification. Section 53 interpretsa distribution of actual energy consumption aad

probability of the new st andaulsTdekeyfindingsobndi t i ons ¢

this chaptearesummarised in Section.

5.1 Background

Apartment building is one of the common types of housing in @ai@n, 2011) Their high
capability of accommodating a large number of residents has attracted the fast grown and
growing countries, suchsaChina, South Korea, Hong Kong and Singapdheen, 2011)

One of the representative countries, South Korea, experienced great economic growth in the
1960s,and the country became rapidly urbanig€hung, 2007) This urbanisation also
resulted in dramatically increased urban popula{iohung, 2007) Apartment buildings

were introduced to accommodate this increased size of the urban population, particularly for
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the working class(Lim, 2011) However, the main targetf @partment buildings was
gradually transferred from the working class to the new middle class that was rapidly
growing during the economic growth in the 1970s and 1980s1g and Lett, 1999)This
transfermeant that living in apartment buildings becameepresentative of rising social
status(Gelézeau, 2007)or this reason, the proportion of apartment building in housing
were extemely raisedStatistics Korea, 20005eoul was one of the main centres in this
significant transformationln the 1970s and 198048% and 26% of national apartment
constructions were concentrated in Seoul, respectii@&tistics Korea, 2000 hey still

comprised about 50% of housing in the ¢kym, 2010.

Improving thermal performance in existing buildings has been discussed in many countries
(Ouyanget al., 2011 as carbon emissions have been internationally issued. Especially,
refurbishingold existing apartment buildings has been importantly investigatesian
countries, such agyuen et al., 2006; Ouyanget al., 201]. In South Korea, apartment
buildings built in the 1970s and 1980s have been pointed out due to thepdardationas

well as high energy consumptigdim, 2010, in accordance with the intensified building
thermal regulationgKim et al., 2013b) Existing literature(Kim et al., 2006b; Lee, 2009;
Song, 2009; Kimet al., 2010; Sonet al., 2010; Roh, 2012jas focused on reducing the
energy demand of apartment buildings in standardised conditions defined by Energy
performance IndeXMLIT, 2013) and Building Energy Efficiency Rating SysteLIT,

201%). These standards have provided deteistic conditions to identify changes in
energy demands of buildings. Thus, they have been used to verify energy efficiency in
buildings, and guide buildings to improve their energy performance. However, this approach
has been questioned about its achiexaimin real situations. Many studies pointed out
limitations and uncertaintiesontained in the standard conditions of buildings used in
existing literature(Ryan and Sanquist, 2012pne of difficulties in refurbishg existing

buildings is the lack of interaction with occupaf@holamiet al.,2013)
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Apartment buildings have been evolved to be-sefficient by occupants despite the unified
features ofbuildings (Gelézeau, 2007)he usagef heating and electricity is individually
controlled in each apartment unit, which can be considered as independent thermal zones in
these buildingsTherefore, sergy consumption in apartment buildings can be significantly
different Besides, some empirical data in existing studiéang et al., 1995; Leeet al.,
2012),showed various actual energy consumption in apartment buildings despite the similar
thermal conditions. Howevehuilding energy models with standardised conditions in the
existing literature are not flexible to take into account the possible variations in energy
consumption. Furthermore, the results would contain a high amount ofaingedue to

random behaviours of energy consumption.

This chapter therefore, aims to develop a probabilistic model of occupant random behaviour
consuming heating and electricitggarding the variation in actual energy consumption for
existing high-rise apartment buildings. Three objectives are designed: to identify the
variation in actual energy consumption in old higge apartment buildings built between
the 1970s and 1980s; to integrate the variation in actual consumptidouifding energy
modeds; and to identify the possible occupant random behaviours controlling heating and

electricity corresponding to the probability of energy consumption.

5.2 Methodology

In order to identify probabilistiooccupant random behaviours controlling heating and
electicity the procedure was designed in four steps. At first, actual energy consumption in
apartment buildings was surveyed, agdouped by two efficient building features,
construction years and heating methods. Afterwaralsationin each groupvas measwd.
Secondpuilding energy models of random control of heating and electricity were analysed
with their uncertainty. Estimated energy consumption oftihiéding energy models was
optimised to reflect the distribution of the actual usage. Third, the Ipilitpaof energy

consumption was predicted by Gaussian Process Classification. At the same time, the
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possible ranges of occupant random controls were updated. Last, the probabilistic random

behaviour was evaluated.

5.2.1 Evaluating variation inactual energy cosumptionin apartment

buildings

5.2.1.1 Sampling

There are many factors interrelating with energy consumption. Thus, it was important to
compareeffects from unrelated factors in thiihapter Four sample frames were chosen: 1)
locations; 2) physical conditions3) heating methods;)4data availability.Firstly, the
locations of apartment buildings were used to eliminate external effétapdrtment
districts in Seoul were chosehese districts ere mainly developed for apartment
constructions under an enforcement decree of the Urban Planning Act sincéSt@76
2004) Thus, apartment buildings in these districts waastructedn a similar time frame
and near distance, which can minimisedifeerencein climate effecs. Afterwards, these 13
districts were separated by soeiconomic factors to avoid the impact of urban segregation
in Seoul(Jee, 1988; Rhee, 2005; Yoon 20139me districts are in high demand despite the
relatively deterioragd conditions of apartment buildings. This is because their locdtames
been centre of businessand commerce(Gelézeau, 2007)For this reason, factors
representing the financial status of households, such as tax rev&fams 2011) the
proportion of education leveldee, 1988and housing priceRhee, 2005)were regarded.

Finally, four districts werehoserfrom the B.

Secondly the physical conditions of apartment buildings neetdecconstrained to avoid
giving impact on energy consumptioaccording to the findings in thgrevious chapter
Two of the most influential factors affecting energy consumption, thermal conditions of
building envelopes and heating methods were chfseem Chapter 4Therefore apartment
buildings constructed in the 1970s and 1980s were dividedvrma groups depending on the

thermal conditions of building envelopes, which were filtered by construction years. The
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first group, period A, was comprised of apartment buildings constructed before 1980 when a
legislation of building thermal regulations sv&nactedThe revisions in 1984 and 1987
were combinedThe second group, period B, contained buildings built between 1981 and
1987before the building regulatidmada professional form. Therefore, the buildings in both
periods need to be refurbished reduce high energy consumpti@kim, 2010 although
buildings in period B can be expected to have relatively advanced thermal conditions than

buildings in peiod A.

Thirdly, heating methods were also controlled due to the valid associatiorheating
energy consumption, as found in Chapter 4. In this study, district heating method was only
consideredwhich wasmainly applied for many apartment buildings stacted inthe four

districts

Lasty, energy bills were collectethy apartmentmanagement information systefAB,
2014) The monthly consumption in 2014 wasansformed fromWon/m?year to
kWh/m?/year, according tacalculation methods bgKDHC, 2015)and (KEPC, 2014) The
bills were separated byeating and electricity. Thishapteronly consideredenergy bills
consumed for individual unit€Energy bills usedfor communal purposewere therefore,
excludedeven thoughhey were consumed in buildings total 96 apartmentlusters(44
blocks in period Aand 51 blocksn period B were chosen in this sangpktudy They
occupy 37.1% and 16.3% of apartment buildings bailboth periods A and B in Seoul,

respectively.

5.2.1.2 Normality tests

Central limit theorem states that frequencies in empirical populations sheshbp# curves

if the number of independent random samples is large en@dlgbldon, 2002) The
collected samples were evaluated for this normality. Firstly, KolmogBrownov and
ShapireWilk tests were conducted to measure the deviations of the samples from the normal

di stribution with the s amealusseimbothests ale n®tt andar d de
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si gni f ¥ @0Gbn the nprmality of the samples can be accefiRedeet al., 2014).
Secondly, Q' Q plots were drawn to supplement the limitation of the previous normality
tests through visual inspectighield, 2009) Lastly, skewness and kurtosis were measured
to identify how far the sample dais different from the normal distribution; +1.96 limits
were considered as normally distribut&deld, 2009) SPSSrersion 22.QField, 2009) was

used to conduct these tests. The results of normalityatestustrated in Sectios.3.1.

5.2.2 Integrating occupant behaviour reflecting actual energy consumption

into building energy models

A probabilistic approach was applied to reflect variation in the actual energy consumption in
the building energy modelsThe building @ergy models were created by tpessible
behaviours of controlling heating and electricityhe possible energy consumption in the
energy models was compared to the variation in the actual energy consumption. The model

estimation was optimised to be as similar as the real consumption.

5.2.2.1 Buildling energy modlesof occupant behaviours controlling heating and
electricity

The building energy modelsonsisted of three parts: building form, thermal properties and
energy controls. First, building form was fixed by choosing the most typicaldesign
(Kim and Kim, 1993; Park, 2003; Kim and Yoon, 20Hd)d building design (fifteestory

and soutkacing (Son, 2004; Lim, 2011)as shown inFigure 5.1. This wit design
comprised about 80%of apartment buildings built until the 1980w and Yoon, 2010).
The apartment buildings with 15 floors consist of the largest proportion, JE#tstics
Koreg 20103. The building energy modeisere created with six units: two units tiree
floors (ground, middle and top floors). The energy consumption in the two units on the
middle floor was multiplied to estimate the total amount of energy consumption ffam 2
14" floors by using multiplier in EnergyPIu8.0. Multipliers in EnergyPlus are used for
convenience in modellingZone multipliers are designed to multiply floor area, zone loads
and energy consumed by internal gaiBeergyPlus Documentation, 2)1 The multiplied
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loads areused to specify the HVAC system size. In this study, the total energy loads of the
thirteen floors(from the first to 14th floorswere calculated by using the multipbein
EnergyPlus.Each room was separately modelled as individual thermal zones to be

controlled by different schedules as it occurs in real situations.

Second, thermagbroperties(U-values) for the two periods (before 1980, and between 1981
and 1988)were identified by reviewing the building thermal regulations and existing
literature (Seq 2012;Kim et al., 2013h, and site survey mentioned in Methodologe
specific applications weralso verified by the site surveycollecting actual architectural
drawings in three apartmeblocks The thermal condition in apartment ungsdividedinto

two different areas: unconditioneshd conditioned areagigure5.1). Unconditioned areas
mean the bathroom artd/o balconies which are directly exposed to thaside without

heating facilities, whereas conditioned araesthe main living spaces, which are enclosed

by the unconditioned areas to be protected from the outside, apart from the bedroom C.

Therefore, thermal protection was focused on the conddianeas. The profiles of building

envelopes are describedTiable5.1.

1
’ Balcony " Conditioned area
—
Bedr ‘
Kitchen Bedroom B X
- B ™
Tl |
Bedroom A L =
= — —
Balc
ElS I :

Elevation (North)

Figure 5.1. Description of the apartmentunits (Source of the unit planKim and Yoon, 2010)
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Table 5.1. Profile of thermal properties in the building energy models

behayv

Location | Exposure Materials (mm) Thickness Thermal Density Specific U-value
to the (In A out, upA down) (mm) conductivity | (kg/m?) heat (W/m3K)
outside Period A | Period B (Period A/ (W/m.K) (Period (J/kg.K) Period | Period
(Before (19811 1988) B) A/ B) (Period A/ | A B
1980) B)
External | Direct Mortar Mortar 18 1.081 1950 921
wall Cement Cement brick 90 0.605 1700 1550
brick 2.08 2.08
Cavity Cavity 50 0.15 - -
(m2K/W)
Cement Cement brick 90 0.605 1700 1550
brick
Mortar Mortar 18 1.081 1950 921
Indirect Mortar Mortar 18 1.081 1950 921
Cement Cement brick 90 0.605 1700 1550
brick 2.08 0.50
Cavity Insulation 50 0.033 - /50 -/838
Cement Cement brick 90 0.605 1700 1550
brick
Mortar Mortar 18 1.081 1950 921
Side wall | Direct Mortar Mortar 18 1.081 1950 921
Cement | Insulation 90/50 0.605 1700/ | 1550/838 | 3.24 0.59
brick 50
Concrete | Concrete 200 1.400 2240 879
Mortar 18 1.081 -/ 1950 -1921
Roof Direct Mortar Mortar 24 1.081 1950 921
Concrete | Concrete 200 1.400 2240 879 0.52 0.52
Cavity Cavity 220 0.18 - -
(m2K/W)
Insulation | Insulation 50 0.033 50 838
Plaster Plaster board 10 0.209 940 1130
board
Floor Indirect Mortar + Mortar + 100 1.081 1950 921
between Gravels Gravels 1.260 1522 908 4.36 0.55
ground (heating (heating
and tubes) tubes)
undergro Concrete | Concrete 200 1.400 2240 879
und Insulation 50 0.033 -150 -1838
floors Plaster board 10 0.209 -1940 -/1130
Window | Direct Single Single 3 0.900 - - 5.89 5.89
glazing glazing

Some appliances such a¥, refrigerator, and Kimchi refrigerator, also indicated high

electricity consumption, but their operations were much unified: always on for refrigerators

and 5 hours for TV, according to the national surileyPC,2013).Therefore, they were set

in the building energy models, but with consistent valudsvo air-conditioners were

equipped in the living room and the largest bedroom A. Electric blankets for supplementary

heating were applied in the living room and thexrooms. A computer and rice cooker were

placed in the living room including kitcheRour occupants were in each apartment unit,
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which is the most representative type of household living in apartment buil@tagsstics

Korea, 2010c) Electric power ofappliances was taken from the average values in the

national survey(KEPC, 1990; KEPC, 2013)TV (130.6W), refrigerator (40.0W)Ximchi

refrigerator (22.6W), computer (263.3W), fluorescent light (55.0W in bed rooms, and 165W

in the living room), ricecooker (1022.9W in cooking, and 143.4 in warming). Ventilation

rates were set 0.82ACH for conditioned area and 2.00ACH for unconditione(Mirda

201%).

Table 5.2. Prior distributions of uncertain parameters in building energy models

behavi

Categories Input Prior Optimised Locations Units No.
parameters distributions distribution Parameters
Period A | Period B
Heating Setpoint 167 22 16i 20 157 21 Living room °C(winter) 1
temperatures 1671 20 161 21 Bedroom Ai C 2,34
Operating hours 319 3i6 319 Living room Hour/day 5
- - Bed room Ai C (winter) 6,7,8
Electricity Air-conditioner Living room °C(summer) 9
(setpoint 2371 29 Bed room A 10
temperatures)
Air-conditioner Living room Hour/day 11
(operatinghours) 0i 7 017 Bed room A (summer) 12
Rice-cooker 107 16 7716 Living room Hour/day 13
(operating hours) (kitchen)
Computer 174 0.57 3.5 Living room Hour/day 14
(operating hours)
Lighting 177 017 Living room Hour/day 15,16
(operatinghours) Bed roons
Electric Blanket 6071 120 Living room Day/year 171819
Bed room A and (winter)
C

5.2.2.2 Optimisation of model estimation reflecting variation in the actual energy
consumption

The building energy models defined in the previous section were used to estimate the

possible ranges of energy consumption. A great number of possibleneasesreatediue

to the uncertain controls of heating and electricBQO0 random samples were chosen b

Latin Hypercube SamplingLHS) to conductthe Monte Carlo Method. LHS method is

more robust than other sampling meth@dscdonald, 2009)andhas been widely applied

to the uncertainty analysis in building simulations such{Hasin et al., 2008 Silva and
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Ghisi, 2014. EnergyPlus 8.0(Crawley et al., 2001) was used to conduct building
simulatiors. Historical weather data dbeoul in2014, which isprovided byWhite Box
Technologieswveather data for energy calculatiof@White Box Technologies, 2014yvas
applied. Both LHS sampling and simulatios were managedby jEPIlus (Zhang, 2012)

Heating andelectricity consumptionvere separatelyaccumulatedThe ProbabilityDensity
Function (PDF) of the estimated energy consumptionceagared to the PDF of the actual
energy consumption. Theo€fficient of Variation of RoeMeanSquare Deviation (CV
RMSE) was used to measure the discrepancy between the model estimation and the actual

energy consumption.

The previousoccupant random bakiour inbuilding energy models could not be specified

for the residents living in the old apartment buildings. Tais bring about high amounts of
discrepancy, comparing to the actual energy consumption. This discrepancy was optimised
in order to refletthe actual energy consumptidrhe procedure was divided into two parts.
Firstly, multivariate regression analysis was condudtedreate linear models of energy
consumption only with influenti al parameters
linearity was examined byhé coefficients of determination {§uared) and Hatio values

(Field, 2009) SRC valueswere used to determirtbe influential parametersn the linear

models A stepwise method was applied tweate possible linear modedaitomatically.
Secondly, the ranges and values of the uncertain parameters were revised for their
regenerated random samples to have sinmiean and standard deviation of the actual
energy consuption. Random sampling was conducted by uniformly distributed
pseudorandom integers in MATLAB 2018duntet al.,2014).The linear models identified

above were used to estimate energy consumption of the regenerated samples. The
distribution of the reestmated energy consumption was compared to the actual energy
consumptionCV RMSEwas used to evaluate the difference between them. The results are

shown in Sectio®.3.2.1.
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5.2.3 Generalisationof probability of occupant behaviours consuming

heating and electridy

Based on the optimised model estimatidns tsectionconductedstochastic processes to
identify the probability of energy consumptionto€hastic processes deal with thessétall
possible random parametdfoss, 2014)and form the generalised probability distributions

to functions(Rasmussen and Williams, 200&) particular, Gaussian Processes easily deal
with many random variables that are approximately considered normally distributed,
according to the probability theorParzen, 1999)The processes follow Bayes theorem
(Rasmussen and Williams, 20a®ut modifies prior distributions through observed data to
achieve target disbutions (Kalbfleisch, 2012) This inference has been used to calibrate
parameters obuilding energy models in building simulans, asshownin (Heo et al.,

2012. Depending on the types of outputs, either regression or classification is determined in
conducting Gaussian processes; regression deals with continuous outputs that deal with real
values while classification considers discrete outputs classified by I@misardoet al.,

1998.

This chapterfocused on classification to predict the probability of heating and electricity
the group of old apartment buildingather thanexact calibration forcaseby-case The
process was divided intbreesteps. Firsil, the optimised random samples were prepared as
training dataThe anergy consumption was subdivided by 25% deviatighich was called

0 Me d i u mHeatihgacensudnptiowith 25% deviation was defined betweHd7 and 138
kWh/m?yearin period A and betwee87 and 112 kWh/Afyear inperiod B.The electricity
consumption between 30.1 and 33.3 kWityear decided the medium class for the both

periods.

Secondly, GaussiafProcess priors such as covariance functiovere formed. Many
covaiance functions can be applicable. The dstaflcovariance functionserestudied by

(Neal 1997) More than that, the suitable values of hyparameters defining covariance
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functions is more problemati¢Neal, 1997 Rasmussen and Williams, 2006fprior
distributions of hypeparametersare required to be predefined, although the values are
optimised during the process. In thibapter the Squared Exponential (SE) covariance
function, which has beenthe most widelyused (Rasmussen and Williams, 2006yas
chosen. This covariance function necessarily requiseshyperparameters: lengtbcale
and magnitudeThe inverse of lengticales demonstratéke relevance ofputs in the
process, while magnitude indicates the variances of unknown functioesybleal, 2012)

Gaussian distributiowas applied fothe hyperparameterin thischapter

Thirdly, Gaussian Process moslelerestructured by multiomial probit models witmested
Expectation Propagation (nested ERjorithm (Riihiméaki et al.,2013 to take into account
the classes of energy consumption wfthur to six parameters for heating and electricity
consumptionComparing taMarkov Chain Monte Carlg(MCMC), nested EP algorithm also
showedconsistentresults with smallinaccuracy(Riihiméaki et al., 2013, but much less
operating time was require@he calculations were conducted by-GRff (Vanhataloet al.,
2013, run by MATLAB 2014a(Hunt et al., 2014. Contour plots were used to draw the

predictive probabilityThe results are illustrated in Secti®B.2.2

5.2.4 Evaluating estimated energy consumption of probabilistic models

The previous section identified the probability erfiergy consumption, and the previous
identification of behaviours controlling heating and electricity were modified. The updated
random behaviours were evaluated to whether or not the predicted energy consumption
reflects the variation in the actual energyonsumptionwith reduced uncertainty. 100
random samples were chosen with different probability: high probability’ (80%) and

total probability (Oi 90%). Their estimated energy consumption was compared in Section

5.3.3.
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5.3 Results

The results sectiors idesigned in three parts. The first part describes the analysis of variation
in actual energy consumption in Sect®f.1. The second part illustrates the probability of
standardised conditions in Sectibr8.2. Specifically, the optimisation of estimated energy
consumption regarding the actual energy consumption is interpreted in Se8tibh, and

the results obtained from Gaussian Process Classification are shown in Set@oh
Finally, the estimatednergy consumption with the probability of standardised conditions is

evaluated in Sectiob.3.3.

5.3.1 Variation in actual energy consumption in apartment buildings

The results of normality tests demonstrate the collected samgasoemally distributed
(Figure5.2). The J -valuesin the KolmogorovSmirnovtests are unified with 0.200 in the
heating and electricity consumption for both peridaisapireWilk testsalso show he -
values0.3621 0.792, which are not significant. This means thatnormality of the samples
can be acceptedhe Qi Q plotsof the sampleshow slight deviationdrom the normal
distributionat the tails. The deviatigrareinterpreted b kurtosis andskewness. The largest
kurtosis is 1.30 in the electricity consumption in period A while gheatestskewness is
found in the heating consumption in period However,thesedeviatiors are within +1.96
limits of kurtosis andskewness Therebre, the samplegan be regarded asormally
distributed, which means th#lhe number of samples is large enough to represent their

population.

Figure 5.3 gives the overview of energy consumption in old higle apartmentuildings
constructedbetweenthe 1970s and 19803he average heating energy consumption in
apartment buildings constructébefore 1980 (Period A) i$23.2 kWh/m/year while the
consumption is reduced to 99.66 kWhlear in apartment buildings built between 1981
and 1988 (Period B). The comparison of the two average values reveals the significant

impacts of thermal conditienof building envelopes on heating consumption. However, the
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electricity consumption is similar in both periods, A and B, with 31.77 kWiéar and

31.67 kWh/iyear.

The more interesting aspect is the variation in energy wwopson in each period
(Figure5.3). Heatingconsumption is deviate20.6 kWh/ ni/yearamong buildings in period

A while the greater deviatiorabout 30.1 kWh/ nf/year is identified in period B
Furthermore, the difference between minimum and maximum values in heating consumption
is 98.0 kWh/rilyear in period A, and is enlarged to 128.5 kWHyear in period B. The
relatively lower variation in period A could reveal thé@sperat@ecessity of hating due to

the low energyefficient building conditions. The higher variation in period B would result
from the diverse preference of controlling heating by occupants. In electricity consumption,
the standard deviatiofor both periods is about 3.5 kWHityear, and the minimum and
maximum ranges are about 120 kWh/nf/year. In generathe actual rergyconsumption

in apartment buildings isOLi 30% deviation from averagealues.The difference between

minimum and maximum consumption is extended up to 588%.

5.3.2 Probability of standardised conditionsegarding variation in actual
energy consumption

The probabilistic approach integrating the variation intouilding energy modelds
illustrated in this sectionkirstly, building energy models with the prior distributions are
optimised to reflect the variation in the actual energy consumption in Seée8dhl.
Secondly, the probability of energy consumption is calculated by @Gau$¥ocess
Classification. At the same time, the possible ranges of influential parameters are modified.
The results are illustrated in Secti®.2.2.
5.3.2.1 Optimisation of the estimated energy consumption ituilding energy

models

The model estimation witthe prior distribution of input parametgfthick dashed lines in

Figure5.3) is dissimilar from the distribution of the actual energy consumption (solid lines
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with dots). At first, the average values of the model estimation are greater than the actual
values, apart from the heating estimation for period A. The average valussatifig
consumption in period B is overestimatéy about 23 kWh/ftyear with the prior
distribution, while a nearly 3 kWhftyear reduction is required in the average value of
electricity consumption. Second, the distribution of the estimated heatingneptian is far
greater than thene ofactual consumptian62% discrepancy in period frigure 5.3 (a))

and 51% in period BFigure 5.3 (b)). This wider distribution of the estimated heating
consumption indicates that the ranges of occupa
the actual usagevhich needs to be narrowed dow@n the contrary, the ranges of the
parameters for electricity consumption are required to be wider to reduce about 35%
discrepancy from the variation in the actual (IKgure5.3 (c and (). This opposite trend of
estimation, compared to the actual use, implies that different parameters respectively effect

on heating and electricity, and their modification needs tdffereht.
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Figure 5.2. Results of normality tests of actual energy consumption
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Multivariate regression analysigasused to choose the most rigid linear models with less
residual. In the results of-Rjuared valuesF{gure 5.4 (a and b)), the highest Rquared

values more than 0.7 are generally achieved by increasing the number of parameters.
However, he increasg of R-squaredraluesin heating models becomes mificantly steady

after the fourth mode0.84 and 0.70 for period A and Bile the sixth mode{0.94 and

0.78 for period A and Bin electricitymodels. These models also show higheatios with

less numbers of input parameters: 256.2 in period A Hitl6 in period B for heating
(degree of freedom: 4), and 554.4 in period A and 112.2 in periodéefairicity (degree of

freedom: 6)Figure5.4 (c andd)). Hence, heyare choseias the most fitted models.

These linear modelfor heating and electricitgonsumptionare respectively comprised of

four and sk parameters, as shownTable5.3. In the heating modelsetpoint temperature

is the most significant factor, followed blyeir operating hours. Specifically, tlume of
spacedeterminegher impacts on heatingonsumption Thus, gtpoint temperature ithe

living room presentghe highest SRC 0.58nd 0.58 in periods A and BTheir operating

hours has the secondiighes SRC which are0.504 and 0469 for period A and B
respectively.The third parameter is spoint temperatures in the bedroom A with SRC of
0.320 and 0.271 for both periods A and B. This is because the bedroom A is the largest
bedroom. The fourth parameter is-petnt temperatures in the bedroom C with SRC of
0.285 and 0.260 for both periodsahd B, which is the bedroom directly exposed to the

outside.

Electricity models are structured by operating hours of six parameters that can be
categorised by three groups: lighting, appliansed in daily routines and cooling. The most
influential factas are the operating hours of lighting in the bedrooms (SRC 0.527 and 0.475
in periods A and B) and living room (SRC 0.475 and 0.433). The operating d¢forice-
cookers and computeshow the fourth and fifth highest SRC of 0.343 and 0.339 in period

A, and 0.336 and 0.329 in period B. In terms of the seasonal devices, cooling hours is the
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most influential compared to the other factors, including coolingpaiet temperatures.
Their impact on electricity consumption is determined by the size of volunus, €holing
hours in the living room have SRC 0.459 and 0.383 in periods A and B while cooling

operation in the bed room show SRC 0.239 and 0.220 in the two periods, respectively.

131



Chapter 5. Integrationofcoc upant s 6

0.03 T T T T
Mean: 123,17 (KWh/m2/year) —a— Observed
Standard Deviation: 20.63 (kWh = = = Fstimated (62%)
0025 - Min-max range: 9798 (kWh/m2/ Optimised (10%) | -
£ e Oplinised {1.2%)
=
]
= D02F -
=
E:
z
= 0015 T
[=]
=)
£ 001 bl
=
=
[
0.005 - 7
-~
e
- -
0 L
0 50 100 150 200 250
Number of parameters
(a) Heating model (Period A)
0.2 T T T T T
Mean: 31.77 (kWh/m2 fyear) —— Ohserved
008 = Standard Deviation: 3.95 (kW h/m2/ = = = Estimated (35%) 7
Min-max range: 20.36 (kWh/m2/, Optimised (996)
g 0l6 — Optimised (3.5%)
2
2014 J
=
=
012 1
=
S 01 -
[=]
[IKIeh o T
1]
20 25 30 35 40 45 50

(¢) Electricity model (Period A)

Number of parameters

003

0025

002

0013

0.01

Probability Density Function

0005

[INE:3

016

0.14

012

0.1

ty Density Function

008

006

E
E
=
ot
[

004

002

0

T T T T
Mean: 99.66 (kWh/m2/year) o Observed
Standard Deviation: 30.10 (kWh/m = = = Estimated (51%)
I Min-max range: 12851 (kWh/m2/year) Optimised (10%) | |
— (plimised (3.7%)
~ el
I I I L T
0 30 100 150 200 250
Number of parameters
(hy Heating madel (Perind R)
T T T T T
Mean: 3167 (kWh/m2/year) — e Observed
I Standard Deviation: 3.56 (KWh/m2/year) = = = Estinated (36%)
Min-max range: 15,16 (kWh/m2/year) e (Il il (9. 5%)
-
F r \\ |
4
-
I I I I
20 25 0 35 40 45 50

(d) Electricity model (Period B)

Number of parameters

Figure 5.3. Optimisation of model estimations in comparison to the variation in actual energy consumption

132

behav



Chapter 5. Integrationoftcoc upant sé behayv

R-squared

F-ratios

1 T T T T 1 T T T T T
- RIS [c XIREEEETaTar
var 09 oSt 4
08
Lo 08 o I I, e I ]
07 B e
® . 0.7 o
06 . = s .
. 5 0.6 .
0.3 1 Eh .
w05 m
044 - =] .-'0
03t .
02 i 4
0.1 . 7
0 I I I I | 0l | | I I I I
1 2 3 4 5 6 7 8 1 2 3 B 5 6 7 g
Number of parameters Number of parameters
(a) R-squared of heating models (b)y R-squared of electricity models
600 T T T T T T 600 T T T T T
........... o,
et
500 . 500 | -
400 - . 400 - .
- B
£ 5
300 1 ® 300 1
.0 = :
A IRETNY T G o
o [T -
200 - G G 4 200 L0 .
e
g B g @ e .o
100 oo A e BEEEE JTUTTP - 100 - W & r
------------ W ry O BN
0 I I I I I | 0 | | I | |
1 2 3 4 5 4] 7 g 1 2 3 4 5 6 7 8
Number of parameters Number of parameters

(c) F-ratios of heating models (d) F-ratios of electricity models

Figure 5.4. Changes in Rsquaredvaluesand F-ratios of the building energy models

133



Chapter 5. Integrationofcoc upant s6 behavi

Diverse ranges of the input parameierthe linear models arxaminedor their estimation

to be as close as the distribution of the actual energy consumption. As a result, the
discrepancy is significantly declined with the newssdtrandom sampless depicted by
@ptimisedin Figure5.3. The lowest discrepancy is achieved: 1.2% of the heating energy
model for period A and 3.7% for period B. The modified electricity consumption in period A
shows 3.8% of discrepancy. The discrepabegame higheto 9.8% for period B by
applying the same set of the modified samples used for perioth Aomparison to the
previous distribution Table 5.2), the large discrepancy in annual energy consumpiion
reduced by littlechange in daily routinedn the heating modelshé range of seboint
temperatures is reduced from 1L&2 °C to 167 20 °C, and the operatirfipurs arealso
reduced from 3 9 hours to 3 6 hoursin the heating models for period Bor period B, he
range of sepoint temperatures is moved to iL21 °C in the living room, and reduced to 16

T 21 °C in the bedroom Ana C.In the electricity model, the possible ranges of operating
hours of lighting and riceooker are extended by about B hours. The range of computer

is moved to 0.5 3.5 hours. Overallthe changes isettemperatures are within®, while

operating hours are revised within 3 hodrsm the previous distributions

Table 5.3. Result of multivariate regression analysis

Period A (Before 1980) Period B (1981 1988)

Unstandardised Standardised Unstandardised Standardised
Coefficients Coefficients Coefficients Coefficients

B Std. (p-value) B Std. (p-value)

Error Error

Set temperatures in living room| -303.777 16.520 - (0.000) -346.219 26.161 - (0.000)
Heating hours in livingoom 10.070 0.500 0.587(0.000) 10.444 0.792 0.526(0.000)
Heating Set temperatures in bedrodm 8.669 0.497 0.504(0.000) 9.347 0.787 0.469(0.000)
Set temperatures in bedroGm 5.470 0.495 0.320(0.000) 5.651 0.784 0.285(0.000)
Set temperatures in livingom 4.649 0.492 0.271(0.000) 5.157 0.779 0.260(0.000)

(Constant) 15.134 8.036 -(0.000) 16.546 15.921 ~(0.000)
Lighting in bedrooms 0.835 0.027 0.5270.000) 0.740 0.053 0.475(0.000)
N Lighting in living room 0.755 0.027 0.4750.000) 0.676 0.053 | 0.433(0.000)
Blectricty | - oling hours in living room 0.729 0.027 0.4540.000) 0.597 0054 | 0.3830.000)
Operating hours of riceooker 0.544 0.027 0.3430.000) 0.523 0.054 0.33§0.000)
Operating hours of computer 1.079 0.055 0.3390.000) 1.028 0.109 0.3290.000)
Cooling hours in bedroom A 0.378 0.027 0.2390.000) 0.343 0.054 0.2200.000)
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5.3.2.2 Probability of energy consumption withGaussian Process Classification

Figure 5.5 and 5-6 show thathe probability ofenergy consumptiowith 25% deviation
(medium class)s formed byvarious combinations of the influential parametehs other

words, the definition of sandardised conditionsan also be varied bghe probability of
energy consumptiorAll parameters linearly effe@nergy consumption, but they are paired
depending on the relevance and the order of coefficient values for the presentation. Pairs of
the parmeters can be organised in different ways. However, each parameter interacts in
inverse proportion in determining the probability of energy consumption. For instance, the
operating hours of the living room is reduced, while thepsétt temperature is ineased.
Hence, the distribution taken from the actual consumption can be maintained. At the same
time, this interaction allows the standardised conditions flexible in determining the
probability of energy consumption. In addition, impact the parametershift the
probability of energy consumption. This is shown by the dispersi@momtbur lines Thus,

wider dispersion reveals that the parameters are not significantly retevdetermine the
probability of energy consumption as found in heatinegps#tt temperaturem the bedroom

Aand C (

Figure5.5 (b)) and coolinghours(Figure5.6 ( c)).

The 90% probability of the medium clag®5% deviation)s overall formed by the range of
heating sepoint temperature from about 1720°C (

Figure5.5). Heating operating hours arbaut3 1 6 hours for period A, and 6 8 hours for

period B This range is lower than the conventional standardised conditions that include 20
or 24 °C set temperatures and its operation controlled by the set temperatures. Furthermore,
the possible determistic value of heating set temperature can be closer to 18 °C by
regarding the actual energy consumption rather 20€C mostly used in existing literature.

The conventional conditions in calculating energy demands are not perfectly out of range,

but hating energy consumption can be overestimated.

Interestingly, the probability in heating comsption for period A (

Figure5.5 (a andb)) is formedby the slightly loweralues of set temperatures and operating
hours,than thevalues for period B (

Figure 55 (c and (), despite highereating consumption of period A. This can be
interpreted by realistic compromise, possibly due to the cost of energy. The medium class

for period A consumes abouDZ1i 138 kWh/ni/year by the possible setting identified
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above. However, the medium class for period B spends less heating energy between 87 and
112 kWh/nilyear with the setting above because of their relatively advanced thermal
conditions, compared to ped A. This reveals that occupants in period A would tactically

suppress their heating controls despite the significant heat loss through building envelopes.

Electricity consumption with 90% probability is generally derived fromi & hours of
ranges in opmtion (Figure 5.6). Specifically, lighting is possibly used from 1 to 5 hours.
The ricecooker can be operated about 94 hours in warming rice, and the computer i
operated fo0.57 3.5hours per day. The agonditioner can be used for up to 6 hours during
summer. The results provide more realistic operations for the appliances with intermittent
operations by linking between the actual energy consumption anthtio@al survey about

using electrical appliances.
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Figure 5.5. Results of Gaussian Process Classification for heating consumption
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Figure 5.6. Results of Gaussian Process Classification for electricity consumption
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5.3.3 Evaluation ofestimating energy consumption with therobability of

the standardised conditions

Energy consumption is estimated by 100 random samples with different probability: high (50
90%), and total probability (0 7 90%). Figure 5.7 demonstrates the comparison between the two

different probabilities. The random samples with high probability (on the longdashed lines in

Figure5.5 and5-6) result in a much lower distribution compared to the samples with total
probability (on the dotted lines)The estimated heating consumption of the samples with
high probability is ditributed from 104 kWh/fflyear to 136 kWh/fiyear for period A
(Period A_a irFigure5.7), while the estimation for period B is from 76 kWH/year to 119
kWh/mflyear(Period B_a). In contrast, the samples chosen with total possibility create much
extended distribution, 46 195 kWh/ni/year heating consumption for period A (Period
A_b) and 23i 179 kWh/nilyear for period B (Period B_b). In terms of electricity
consumpibn, the samples with high probability estimate electricity consumption between 30
and 32 kWh/rftyear for both periods (Period A_a and Period B_a). The distribution of
estimation is enlarged with total probability from about 24 to 44 k\ily&rar. Depending

on the form of the probability, combinations of random samples can be diverse, and their
estimation can be different each other. However, the estimation with high probability closely
represents the standard deviation identified in the actual energy quifsuim each period,
while the estimated consumption with total probability reflects the minimum and maximum

range of the actual energy consumption.
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5.4 Summary

This chapterquestioned the inflexible conventional modelling which disregards the various
occupant random behaviour of controlling energy consumption in apartment buildings.
Despite minimising variationcaused by building features in the existing apartment
buildings, he actual energy consumptiatill shows10 7 30% deviation from average
values in apartments built in the 1970%980s. Moreover, the range between minimum and
maximum values is much greatup to 128%. This variation reveals that deterministic
values defining typical conditions in apartment buildings could provide a limited
interpretation about energy consumption in these buildings. Glégter attempted to
identify the probability of engy consumption in apartment buildings regarding the

variation in actual energy consumption.

The probability of energy consumption with 25% deviation was drawn through Gaussian
Process Classification. The updated values of input parameters represaabtislify of

the standardised condition in apartment buildings, according to Bayesian inference. The 90%
probability of heating consumption is formed by 1L720°C set temperatures andi 38
operating hours25% deviation in electricity is derived from i3 6 hours of ranges in
operation. Compared to the values in conventional modelling, these results imply that
conventional modelling may overestimate energy consumption. Overall, sets of parameter in
507 90% probability could achieve nearly the standardat®en, 107 30%, in real energy

use whereas sets of parameters in total probability showed the far greater distribution of
estimating energy consumption, nearly about the minimum and maximum ranges. Hence,
the standardised conditions in apartment builgirgan be varied depending on the

probability of energy consumption.

This chapterapplies the actual energy consumption and develops the probabilistic models of
occupant random behaviour controlling heating and electricity in apartment buildings. It can
benefit building energy model$or these apartment buildings in South Korea to reduce
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uncertainties caused by the variation in actual energy consumption. Furthermore, this
approach will be applicable for defining realistic standard conditions in different types of

buildings, based on their actual energy consumption.
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Chapter 6

Developng a building energy model
corresponding to variation in individual

apartment units in existing apartment buildings
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In Chapter 4 and, he variation arising from the physical
behaviours in existing apartment buildings wieneestigatedThe scale of the main topi

this chapteiscopesdown from the group of apartment buildings the group of apartment
units. As identified in the literature reviewaviation inunit-specifiedenergy consumptign

due to the locations dpartmentunits, has been already wethown. However yariation
caused by internal factqrespecially indivdual heating controls in each apartment unit and
their interaction through the sharing slalbgs not been regarded in the conventional
building energy model Therefore, this chapter combines the fragmented modelling
approaches to integratiee variation aising from the unit locations arttie internal factors

for a building energy modedf existing apartment buildingghe chapter consists of four
sections Section 6L discusses about a brief background of the conventimnkaling energy
model used for hjhrise apartment buildings, and the limitation to reflect variation in
individual units. Section &.providesa methodology ofreatingtwo types of models; one is
representing variation in the physical conditions with regard to the unit locations, and
arother is a numerical model of internal factaralculatingthe unit-specific heating energy
consumptionSection 6.3 interprets the wsipecific energy consumption and the result of
the numerical model of the individual heating controls in units andaictien between

floors. The final summary is indicated in Section 6.5.

6.1 Background

Building energy modelhave been widely used in measuring thermal performance in
buildings (Ingle et al.,2014).1t also allowsthe analysis of mergy-efficient technologies to
determine the modgffective solutionsin order to improve thermal performance for various
types of buildings(Hong et al., 2000). Due to its conveniencein analysing building

conditions, the approach has been commonly applied fofrtaglapartment buildings.
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The conventionabuilding energy modelused for higkrise apartment buildings the
context of South Koredhas beenapproacheds either a whole building with simplified
thermal enveloper severakingle unitan different locaibnssuch as the ground, middle and

top floors(Yoo et al.,2007).The whole building approach considapartment buildingas

one single building with the unified controls of building systeft building energy model

with this approachmostly focuses on improving the physical conditions of building
envelope. Therefore, the modmcameadically simplified byonly consideringhe physical
conditions ofthe building envelopeexposed to the outside with disregard to internal details
as shown inYoo etal., 2007). Another approach deals wideveralrepresentative units

the same buildingThese selectednits with this approaclare separately modelled and
considered likea detached hous&his approaclprovides specific energy consumption with

a unit scale, but only for the selected units, based on the variation in the physical
characteristics. It has been found that the primary consideration of both approaches is the
physical conditionsTherefore, it is difficult to provide theomprehensive undersiding of
variation arising from individual apartment units. The limitations of both approaches can be

described by three aspects as below.

Firstly, individual apartment units contaimariation in both physicatharacteristicsand
independent controls ofnergy systemsThe variation in the physicatharacteristicds
mainly arisen from thevertical locations of apartment unjteomprised often to fifteen
stories in existing apartment buildingsand the horizontal locations depending tine
number of unitson the same floorThese variations determirtee amount of surfaces
exposed to the outsidend the amount of solar radiation receivddowever,the whole
building approach does not take into account these variatindidually. The

representative un#épproactonly considers these variatigrmit only limits toselected units.

Secondly,apartment units are interlinked by sharing slabs equipped with an -tiader

heating system. The heating systsopplying heated water through the pipe lines buried in
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the sharing slabss mainly controlled by the unit on an upper floor havinggharingslab

as a floor, while the slalsoeffect on the unit on a lower floor having the slab as a ceiling.
The interacion to indoor mean temperaturdgough these slaktemong apartment units is
identified (Choi et al., 2007a).However, bothmodelling approachedave a limitation to

take this interaction intaccountheenergy calculation

Lastly, uman interactiorcontrolling energy systenis one ofimportantfactorsin building
energy modelglthough itis difficult to clarify (Hoeset al.,2009. Heating controls ireach
apartment unitsare independentlymanagedby unspecified occupants. However, both
approachesook the standardised condition, and disregdttie possible variation by this

aspect.

Building energy models, without considering actual energy consumption, tend to
overestimate their outcomes in comparison to real (datde et al., 2014. This disparity

can be an obstacle to use model estimations for practical application. In order totheduce
disparity, various building controls in householdsgle et al.,2014 and actual consumption
data (Galvin, 2014) are essentially requiredThe empirical study measuring the
proportional rates of heating energy consumption in apartment, shibsvs significant
variation, which represents the necessity to be integratedaibiglding energy modedf
high-rise apartment buildings. Moreover, theia#on is not thoroughly corresponded with

theoretical expectation, which indicates human interaction that needs to be considered.

This chapter therefore, aims to develog building energy modebf existing high-rise
apartment buildings reflectinthe variation in heating energy consumption caused by the
location of units and individual heating controls, and identify the specific dataset of heating

controls of apartment units in different locations. Four questions will be answered:

1 What are the levelsfcheating energy consumption depending on the location of
units and individual heating controls? Dailding energy mode well-reflect the
targetedcconsumption?
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1 What variables in heating controls of individual apartment units influence heating
energy consmption in thebuilding energy model?

1 How can those influential variables in individual apartment units be integrated in the
energy model for calculatg heating energy consumption?

1 What are the values of those influential variables in individual apartoretst for

determining real energy consumptiortie building energy model

6.2 Methodology

The proceduras formed by three steps: (1) measuring heating energy consumption in
individual apartment units with different locations; (2) comparingténgetedconsumption

to the estimated energy consumptionaobuilding energy modglbased on the physical
characteristics of apartment units in different locations; (3) creating a hew model-of unit
specific energy consumptidntegratingrelationships with indepelent heating controls in

units and their interactions between floors.

6.2.1 Measuring heating energy consumption in apartment units with

different locations

This section intends to identify wvariation
apart meThta ngnpietosiofniscu ndpatbifaiopna r t me nsth alsu ibleckinn gt r i
managed as private i n faocrcneast Mimobnle® veh i c he mpa s
consumption based on one or t wo buisddngs
i nformdt regqpe consumpti on. T merierfdirwi,dutal e uavers
ener gy c onesxuinsgtpianognmeht buil dings with, simila
which was measured i n t hwagpppelviieodust oc htatpeg ep r
ratoesns peci fic heati ngwiererdiyf fcepg resiulmpltedyaeant i o
(Kaetg 1899.8,3 , pr eslable25 d The propooudlidnlaée a@pleisc e

this an adlexsaius e of t he similarity of t he s
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geographical l ocationhangaedwer opaebeiso matlr d | oor
measured by apartment build9bgsi coB8esbulctwdi ch
two sampused uni tBeisd delspptoeror ti onal rates wer e

f o

-

fsitfotreyenapar t mendh bruo | idmnomgls ena Al dhthewr s f of
apart ment ibrudil dé Wweayatgvida®l 9.6, hri snge (twelve to fiftee
can be reasamablyypiasad umeudnbei not ha(pSameartmeswotti cfsl oor

Korea, T2h0ilsO as)ampl ing unit is also applied in thi

The -sumaéadi fic energy consumption was generated |
average energy consumption value in existing ap:
123. 2 *kyppendxC) . As identified in Section 2.3.3,

to be caref ulbuyi Irdei gnagr deendéidgme viehoed e lhor i zont al | oca

o

modelrieiund endc h ninpsascetn er gy consumpti on. Mor e sign

could be assumed by tbecwepnntr(dKcaaabtgs 9@ &Wwn i n

Therefore, the energy consumptgieonnerian Bendiovi dual
ver tliocalt i ons of apart ment uni t s, but the heatin
the same floor was used as variation in calcul a
consumpti on Tohne seea cthwof Ivoaolru. e s , mean amnkle standard
possible range of energy consumption in apart me

random numbeéermMAY E ARRD1&A(The MathWorks Inc, 2015)T h @ n-i t
speci fic heati ng gemenry@ytcecadt besumpTaroget ed heat.

consumpshoiwm, Sé8.tli.on

6.2.2 Estimating heating energy consumption withbuilding energy model

of high-rise apartment buildings

High-rise apartment buildings were simplified for more efficient energy simulation. The
simplified building energy model was intended to reflectt onlythe different locationsf

units but also the iternal thermal interactiongrough the sharing slab3herefore, two
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aspects were carefullyjodelleddespitethe simplification: vertical locations anlde sharing
slabs with an undéioor heating system. Firstlyhe building energy model was built by51
units on different floors as the same reasons of generating thepeoific energy
consumption in Section 1. Thus, one unitvas placed on each floor of the simplified
modelfor the fifteenstory apartment buildinghe east side walls are connected to the lift
halls, not exposed to the outside, as describdéigare 6.1. Secondly,the shaing slats,
equippedwith the undeifloor hot water heating, between two apartment umése built to
indicate the thermal interaction between flootdeated water could be circulated through
pipe lines buried in theharingslab. A low temperature radiant system (Zone HVAGw
Temperature Radiant Variable Flow) in EnergyPRi® was applied in the building

simulationmodel

The profiles of the simplified models are identified by four aspects: (1) unit designs; (2)
thermal properties; (3) internal gains; (4) heating costieirsty, thesame unit design (the
most common type) in Chapter 5 was ugEigiure 6.1). This unit consisted of heated and
nonheated zones. Heatezones meant the main living area equipped with the heating
system, while noiheated zones included balcony areas where no heating was provided.
Thus, the notheated zones enclosed the heated zonestrassition between indoor and
outdoor environmentddowever, the internal walldividing rooms were removeih this
modellingto reducethe operating time for simulations. The possible difere carbe less

than 5% according tqChoiet al.,2007b).

Secontly, thermal properties of the building envelopere input to reflect the typical
thermal conditions of apartment buildings construdiefbre 1980, as modelled in Chapter
5. The profileof thermal properties for apartment buildingasidentified (Table5.1). U-
values of building envelopes were input as shown: external walls (2.08Yy/ade walls

(3.24 WIniK); roof (0.52 W/MK); floors (4.36 W/rfK); windows (5.89W/rfK).
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Thirdly, the details of occupants, lighting and electric appliances, were taken from the
generalised conditions, identified from the actual energy consumpti@hapter 5 The
number of occupants was in@gfour, which is the most common type of residentsvin
apartments. Lighting levels were identified for one apartment unit with 33(B&dfooms

+ Livingroom) (KEPC, 1990)For electric equipment, five major appliances were input: TV
(130.6W), refrigerator (40.0W), riegooker (143.4W warming and 1022\ i cooking),
computer (263.3W) and Kimchi refrigerator (22.6Y)EPC, 2013).Their daily schedules

for lighting, computer and riceookeraretaken from the resulis Chapter 5The schedules

of refrigerator and Kimchi refrigerator were set 24 hours,Iswtd hours for TV(KEPC,

2013)
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Figure 6.1. Description of the building energy model(Source ofthe unit plan: Kim and Yoon,
2010)

FourtHy, heating controls in apartment units wéept asuncertainfactors although the

average controls were generalisadChapter 5Two factors,independently controlled in
apartment unitswere mainly used: heating gabint temperatures and heating hours.i 18
20°Cfor heating sepoint temperatures was recommendeduilding regulationgMLIT,

201%), whereas heating hours have not yet befépially provided. The heating houns
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the conventionalbuilding energy modelsiere assumed to be 24 hours, and controlled by
zone mean temperatures without considering occupancy. lohéger uncertainty analysis
was undertaken with the possible range of heatingp@et temperatures from 16°C to
22°C, and heating hours fromh8urs per day to 9 hours. In total 30 independent variables (2
variables of heating controls x 15 apartment undsd 15 dependent variabldseating
energy consumptioim each unitwere createdl50 random samples of heating contifois
individual uniswere generated by LHS to condtiot Monte Carlo Method, which has been
widely used in many studies for uncertainty analyslacdonald, 2009)The sampling was
managed by jEplu§&hang, 2012)and actual simulations were conducted by EnergyPlus 8.0
(Crawleyet al., 2001). Historical weather fildor 2014 generated for building simulations

was acquired fronWhite Box Technologies, 2014)

6.2.3 Creating a new model of unispecific heatingenergy consumption

Polynomial regression was conducted to create the new model of heating energy
consumption specified by independent heating controls in individual units and their
interaction between floors. Thisgression model is a type of multiple linear regression, but
focuses one variable with curve fittingy two variables with surface fitting to improve
predictions of mathematical modeglKleinbaumet al., 2013. Therefore, heating energy
consumption in ezh apartment unit can be modelled by consideting inputinfluential
variables which are heating s@int temperatures and heating hosfore the polynomial
regression modellinga correlation coefficient analysis was conducted to determine
influential variables of heating controls for the uggecific heating energy consumption

each apartment unifThe correlation coefficient values of independent variables were
compared as they interpreted the strength of heating controls with heating energy
consumption, and the directions with positive or negative valdasn and Popovich, 2002)
Heating gt-point temperatures and heating hours for the 15 apartment units from the 150

samples were input as 30 independent variables. The heating energy consumption in the 15

apartment units were as 15 dependEhnehangari abl
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Popovich, 2002)was applied to measure the linear correlations of heating controls with
heatirg energy consumption in the apartment units on the 15 floors. 8&Sten22.0
(Field, 2009)was used for calculatiohe correlation analysis is interpreted in Section

6.3.2.

Based on the correlation coefficient analyspylynomial models were created by
polynomial surface fitting in the Curve Fitting Toolbox in MATLAB R201%ahe
MathWorks Inc, 2015) The procedure of polynomial regression minimises the sum of
squares of deviation from corresponding poifiieeinbaumet al., 2013. Therefore, the
goodness of fitn the polynomial models were measured by the coefficient of determination
(R-squared values), representing how much data can be explained by polynomial models,

and the sum of squared errors, indicating how much data cannot be fitted into the models.

The polynomial models in thishapterwere defined by two conditions: heating controls in
apartment units and heating peiint temperatures between floofsvo different orders of

polynomial models were applied: binary linear model (Model 1Nwpénd binaryquadratic
polynomial models (Model 2, & andn ). For heating controls in apartment units, heating

setpoint temperatures and heating hours in apartment units where heating was controlled
were considered with Model i1 3. Due to the model foeachapartmat unit disconnected
with other floors the possible interaction with other floors was disregarded in these

polynomial regression models.

B =10 « F « (Model 1) (6-1)
B = « Fr o 1o e o (Model 2)  (6-2)
B =10 F¢c o « o (Model 3)  (6-3)

l Heating energy consumption (KWHiiyear)
e Heating sepoint temperatures in a unit (°C)
«:: Heating hours in a unit (hour/day)

=h||hghr = M Unknown parameters in polynomial models
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The interaction of heating controls between floors, arising from heat transfer on the shared
slabs, was considered with Molel 'n . Heating sepoint temperatures on two floors were
comprisedof the polynomial model of each flaoFherefore, the models of apartment units

are interlinkedwith each other. For example, heating-geint temperatures on the second
floor can be a variable for both models on the ground and second floorgoddhees®f fits

is evaluated in SectioB.3.3, and the model estimation is examined in Se@idA.

B =1 « r o (ModelN ) (6-4)
B = o« r o T ® [F ® e (Modelni ) (6-5)
B =1 o Fe g o o [ o (Modeln ) (6-6)

I Heating energy consumption (KWHiyear)
e.: Heating sepoint temperatures in a unit (°C)

=h||hghyr + = M Unknown parameters in polynomial models

6.3 Results

The results are described in four sections to address thedeemrchquestions. Section
6.3.1interprets the measureuhit-specificheating energy consumption, and compénesto
the estimated consumption with thmiilding energy model focused on thephysical
conditions arising from thendividual unit locations. Sectior6.3.2 analyses the most
influential variables of the simplifieduilding energy modelcorrelated with heating energy
consumption in each apartment unit. Sec8@3 scrutinises pghomial regression models
for the unitspecificheating energy consumptidny regarding individual heating controls in
each unit In addition,the sensitiviy analysisof the heating controls in each umit the

polynomial modelss illustrated. Sectior.3.4 identifies the new dataset of heating controls
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in the 15 apartment units for the simplified model, and evaluates the dataset of heating

controlsin building simulation

6.3.1 Heating energy consumption in individual apartment units

The quantified heating energy consumptiomith different unit locationglemonstrateshe
prominent variation compared to the average valu23.2 kWh/nf/year as shown in
Figure6.2 (a). Above all, higher heating energy consumptanthe ground and top floors
caused by thehysical conditions is clearly quantifiedebting energy consumption on the
ground and top floors is enlarged to 17%®h/nf/lyear and 160.2kWh/nf/year,
respectively. The disparities of #eare 45% and37% (56.1 and 37.6 kWh/nf/year),
compared to the average valudowever, heating energy consumption is decreased in
accordance with higher floors from th& to the 13 floors. The btal amount of heating
energy decreased from th&tb the 18 floors is about 5&Wh/m/year, whichis as great as
the disparity of the ground floocompared tothe average valueAnother variation in
heating energy consumption on the same floor, genebgtedriation in the three units on
the same floor, is also significaithe average standard deviation of heating consumption in
apartment units on the same floors is %V@h/nf/year. The greatest standard deviation is
identified on the 12floor with 217 kWh/mf/year, which is more significant than the ground
floor with 16.0 kWh/nf/year. Thesmalleststandard deviation is found on the upper(13
floor with a nearly zero value) and lower floors (thé"flbor with 4.0kWh/nmf/year) of the

12" floor.

However, the simplifiecduilding energy model, focusing on the physical conditions arising
from the individual units shows its limited interpretation of reflecting the identified
variation from the measured heating energy consumption, as illustratEayume 6.2 (b).
Higher energy consumption on the ground and top floorughly found although the

specific values are differentvith significant uncertainties. Therefore, a new model
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integrating individual heating controls in each apartment units needs to improve the model

estimation as well as reduce uncertainties irbthiling energy model.
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Figure 6.2. Comparison between thdargeted heating energy consumption and the estimation of
the simplified energy model for the 15 apartment units on different floors: (a)argeted heating

energy consumption, (b) Estimated heating energyomsumption

6.3.2 Influence of variables in heating controls on the urdipecific heating

energy consumption in theuilding energy model

How significant the heating controls in apartment units are related to thespedific

heating energy consumption in theilding energy model is identified by coregion
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coefficients. As shown ifrigure6.4 (a), both variables, heating gatint temperatures and
heatinghours in units wheréhe heating is on, are significantly correlated, but the impact of

the variables from upper and lower floors also shows their considerable correlation.

As can be expected, heating-peint temperatures and heating hours in apartroaits
increase hating energy consumption wigositive correlation coefficient values. The most
significant correlation coefficient value is heating-geint temperatures with the overall
correlation coefficients between 0.70 and 0.90, indicating the high dependence of heating
energy consumptionlhe operating hours of heating is followed with moderate correlation
coefficients values between 0.25 and 0.50. These results show that heating consumption is
mostly determined by heating gmtint temperatures, but it also somewhat affected by the

number ofoperating hour# thebuilding energy model

However, heating energy consumption on tfleaBd %" floors shows valid correlation not

with heating hours, but with heating gmtint temperatures on an upper floo" @nd &

floors). The heating contrelon upper and lower floors impaan reducing heating energy
consumption in a unit Hyetween with negative correlation coefficient values. The overall
correlation coefficient values of this variable for the 15 apartment units are befvéén

and -0.30 Apartment units which do not hawe valid correlation with heating hours
demonstrate greater correlation coefficients with this variable. The interlinked relationships
of heating controls between floors through the shared slabs are shown through this

correlation.

In summary, heating energy consumption in thigding energy model is highly associated
with heating sepoint temperatures in apartment units. Howegeerating hours of heating
in units and heating temperature controls on an upper floalssemportant variables for

heating energy consumption, as summarisddgare6.4 (b).
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6.3.3 Polynomial models integrating heating controls and intetson
between floors
The correlation coefficient analysis indicates two correlated conditions for thepeaitic
heating energy consumption. One is heating controls in apartment units where heating is
operating, another is heating-getint temperaturelsetween floors. These two conditions are
integrated into the polynomial regression models to be used for further predictions
(Figure 6.3): heating controls in eachpartment unit (dotted line with empty dots) and
heating sepoint temperatures between floors (solid line with solid dots). The polynomial
models of both conditions show high levels e$duared values between 0.6 and U8 R-
squared values of polynoatimodels with heating controls in apartment units are slightly
higher than the models with heating-peint temperatures between floors. However, the
difference is not significarenoughto disregard one of the conditions. The detailed analyses

of both onditions are separately interpreted in Sedfi@i3.1 and.3.3.2.

0757
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Figure 6.3 R-squared values of polynomial models: heating controls in apartment units (solid
line with solid dots) and heating setemperatures between two floors (dotted line with empty

dots)
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Figure 6.4. Results of correlation coefficients analysis: (a) correlation coefficient values of
variables on different floors and (b) correhtion coefficient values of variabledHT (Heating set
point temperature in apartment units), UHT (Heating setpoint temperature in apartment units
on an upper floor), LHT (Heating setpoint temperature in apartment units on a lower floor),

and HH (Heating hours in apartment units)
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6.3.3.1 Polynomial models of heating controls

This section, firstly, evaluates the goodness of fit in the polynomial models of heating
controls in apartment units (Model 1, 2 and 3). Secondly, the sensitivity analysis of the
independent variables in the models is interpreted. Different values armidet forthe
unknown parameters of the models depending on the locations of apartment units

(Table6.1and6.2).

The R-squared of polynomial models for the 15 floors are, overall, between 0.6 and 0.9,
indicating the robust interpretations of the tspecific heating energy consumption. The
sum of squared errors, which is the reverse trend-sfjlRred values, is 33,200 the
polynomial models on average. However, the goodness of fit is not significantly different in
the different order of polynomial models (Model 1, 2 and 3), as showigime 6.5. The
ground, &, 8" and 11" floors show slightly higher Bquared values with Model 3, but the
difference is not significant with less than 0.05dared values. Besides, the difference in

the sum of squared errorsalsosmallwith about 5% on average errors.

The sensitivity analysis is measured on the apportioned uncertainties of two variables,
heating sepoint temperatures and heating hours in apartment units, when the olieme
fixed with thetargetedheatng energy consumption in the polynomial models (Model 1, 2
and 3) Figure6.6). Above all, inverse proportion is prominently identified between hgati
hours and heating spbint temperatures. Average heatingsant temperature is gradually
reduced from 22°C to 15°C by increasing heating hours from one to 12 hours. The standard
deviation of heating setoint temperatures is also reduced, wathiheding hours are
increased from one hour ®evenhours of heating. However, the standard deviation is
increased again, while heating hours are increaseddiginhhours totwelve hours. Hence,

the least standard deviation is found dBvenand eight hoursof heating with 0.9°C. The

distribution of heating sqioint temperatures with these two heating hours is located
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between 18°C and 20°C, which are commonly used as standard heatipginset

temperaturegMLIT, 2015b).

—— Mawdel 1
— # — Model 2
s Moddel 3
09r |

R-squared values

o 1

o 1 2 3 4 35 6 7 B 9 10 11 12 13 14
Number of floors
(a) R-squared values of polynomial models

—— Nodel |
ol — % — Model2 |7
..... +---- Model 3

Sum of squarcd errors

01 2 3 4 5 6 7 8 9 10 11 12 13 14
Number of floors
(b) Sum of squared errors of polynomial models

Figure 6.5. Goodness of fit for heating controls of 15 apartment units: (a) Bquared values of

15 units on different floors, (b) Sum of squared errors of 15 models for units on different floors
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consumption

Table 6.1. Binary linear model of 15 apartment units

B - | e ¢
A B C

Unit 1 -193.9 15.51 7.090
Unit 2 -204.5 14.75 6.662
Unit 3 -245.3 16.86 6.202
Unit 4 -257.5 17.25 7.359
Unit 5 -229.9 15.82 6.988
Unit 6 -251.0 17.38 5.711
Unit 7 -229.9 16.14 6.088
Unit 8 -246.0 16.84 6.731
Unit 9 -243.2 16.13 8.941
Unit 10 -227.7 16.36 4.996
Unit 11 -251.9 17.38 6.102
Unit 12 -236.4 16.46 6.526
Unit 13 -208.0 14.70 7.164
Unit 14 -227.6 15.89 7.447
Unit 15 -154.5 13.42 8.318
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Table 6.2. Binary quadratic models of 15 apartment units

B =1 rcre roec | B=19@7Frcirecrp.
A B c D E A B c D E

Unitl | -7184 6396 343  0.05368 224 | 5886 4614 5579 2205 2213
Unit2 | -7.803 2239  -358 009952 1757 | -5529 5729 -1908 1793  -0.7388
Units | 377  -4212 2542 1361 1714 | -9335 9104 26 1544  0.3867
Unita | -179 122  -4933 004598 0.655 | -180.8 1374 -9.867 0.6729  0.459
Unit5 | 2099 -27.46 1024 1046 09399 | -1307 1144 -1705 08914  0.7514
Unit6 | -1024 4209 5523 02745 06095 -1716 141  -1477 06675 0816
Unit7 | 252  -2606 -31.95 0861 208 | -17.92 6919 -47.24 1902 1849
Units | 37.09 -11.69 -1937 07086 04736| -2059 1469 -1508 04394 0.008316
unito | 783 678 227 002074 1719 | -566 8034 -37.4 1642 1608
Unit10 | -1985 17.04 -9503 -0.1226 0.7883| -1058 1242 -31.76  0.846 2123
Unitil | -1189 7501 -1051 01458 08929 -122 1252 2838 009475 1682
Unit12 | 2458 -2376 -4007 07542 2537 | 5212 3179 6302 2751  1.884
Unit13 | 1416 -4816 -9.602 04047 0901 | -795  9.807 -2658 0953 1602
Unit14 | -4661 05806 -8.269 02951 0.8525| -1455 1113 -7579 09198 -0.2162
Unit15 | 2749 3144 -9575 -0.6167 09509 | -86.88 8912 -1.886 09188  -0.695

6.3.3.2 Polynomial models of interaction betweeifloors

The unknown parameters of the polynomial models are determinedi ddting hours are
limited to sevenand eight hours [Table 6.3, 6.4 and 6.5 The model withsevenheating
hours shows higher-Bguared values of polynomial models with lower values of errors than
the models witreight hours of heatingHigure6.7). Five floors withsevenhours of heating
have an Rsquared value higher than 0.9, but none of floors with 8 hours of heating has R
squared value over 0(®igure6.7(a)). The difference in the sum of squared error between
two models is more outstandingigure6.7(b)). All floors with eightheating hours show the
greater sum of squared errpotsetween 33,000 and 110,0aban the values witlseven

heating hours only between 11,000 and 53,000.

The three types of polynomial models (Model- ) with heating sepoint temperatures

between floors do not indicate significant differenda terms of goodness of fit

(Figure 6.7). However, the sensitivities between independent variables can be differently
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determined by the types of polynomial modélgure 6.8 and 6.9 illustrate the sensitivity
analysis of heating s@bint temperatures between floors wihvenand eight hours of
heating, respectively. The sensitivities of heating-peatt temperatures are éarly
overlapped from 18°C to 22°C of heating-petnt temperatures in units with the three
polynomial models. Specifically, the linearly overlapping partsidentified between 18°C

to 20°C withsevenhours of heatingRigure 6.8) while the part is shifted to 19°C to 22°C

with eight heating hours Kigure 6.9). In this range, about 5°C of heating -peint
temperatures on an upper floor is increased2°C increases of heating gmint
temperatures in apartment units on a lower floor. However, the sensitivities analysis between

the 13" and top fbors shows the greater increase of heatingoieit temperatureswith

about 10°C.
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Table 6.3. Binary linear models of 15 apartment units with 7 and 8 heating hours

7 hours 8 hours
A B C A B C
Unit 1 -97.1 20.05 -7.175 -38.9 18.27 -8.139
Unit 2 -131.1 17.63 -4.817 -113.7 20.24 -8.220
Unit 3 -112.8 18.55 -6.900 -150.7 20.51 -6.726
Unit 4 -124.0 18.69 -6.435 -136.0 18.80 -5.780
Unit 5 -145.5 19.46 -6.057 -91.0 17.54 -6.860
Unit 6 -124.7 18.39 -6.058 -99.6 19.66 -8.513
Unit 7 -100.4 18.59 -7.516 -133.0 2.22 -7.289
Unit 8 -146.1 20.09 -6.594 -96.4 19.79 -8.764
Unit 9 -119.5 18.62 -6.525 -167.7 21.14 -6.357
Unit 10 -134.8 18.77 -5.847 -92.4 19.86 -9.032
Unit 11 -120.9 19.35 -7.145 -132.0 19.79 -6.866
Unit 12 -165.9 19.96 -5.373 -116.7 20.84 -8.703
Unit 13 -26.4 15.47 -8.229 -111.8 19.38 -7.480
Unit 14 -168.7 20.37 -5.634 -123.4 19.39 -6.988
Unit 15 -94.8 16.54 -3.322 -69.4 16.24 -3.996

Table 6.4. Binary quadratic models (degree 2x1) of 15 apartment units with 7 and 8 heating

hours
7 hours 8 hours
A B C D E A B C D E
Unit 1 -72.4 18.44 -8.163 0.016 0.052 131.6 -0.35 -7.760 0.498 -0.015

Unit 2 237.7 -19.77 -6.724 0.929 0.109| 129.8 -4.16 -9.556 0.610 0.064
Unit 3 529.3 -37.01 -19.540 1129 0.671| -130.1 0.70 10.640 0.978 -0.916
Unit 4 67.2 -1.25 -6.772 0517 0.016 -84.7 17.25 -9.653 -0.061 0.205
Unit 5 -31.8 230 -1.054 0.584 -0.265| 397.1 -8.88 -31.910 0.043 1.314

Unit 6 -120.8 1196 -0.213 0.325 -0.308| -144.5 19.62 -3.803 0.122 -0.245
Unit 7 409.1 -8.17 -33.590 0.018 1.351| -1759 2158 -4.128 0.047 -0.168
Unit 8 -136.1 1336 -0.987 0.329 -0.301 152.0 -12.04 -3.319 0.985 -0.295
Unit 9 97.2 -0.12 -10.660 0.385 0.215| 275.0 -17.84 -14560 0.806 0.443
Unit 10 | -338.5 44.72 -10.020 -0.789  0.215 116.1 -9.81 -1.720 0.969 -0.379

Unit 11 52.2 -352 -2636 0.726 -0.246| -353.9 3143 4941 0.002 -0.621
Unit 12 | -145.2 19.73 -7.241 -0.043  0.097 -47.5 9.42 -4714 0403 -0.208
Unit 13 271 16.02 -14.420 -0.173 0.324 98.5 -552 -5.036 0.718 -0.126
Unit 14 -18.6 -1.74 0.353 0.738 -0.312| 440.0 -27.22 -20.380 0.873 0.717
Unit 15 226.7 -1525 -5440 0.785 0.101 75.6 -2.73  -0.527 0.591 -0.183
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Table 6.5. Binary quadratic models (degree 1x2) of 15 apartment units with 7 and 8 heating
hours
7 hours 8 hours
A B C D E A B C D E
Unit 1 -26.7 19.35 -13.930 0.036 0.160 -4.2 18.18 -11.730 0.004  0.093
Unit 2 -418.7 18.24 25420 -0.048 -0.077 | 191.2 2041 -40.850 -0.006 0.862
Unit 3 -164.4 6.65 10.600 0.634 -0.779 | -373.6 36.81 0.468 -0.860 0.238
Unit 4 -184.2 1757 1113 0.057 -0.227 46,5 1454 -20.900 0.227 0.285
Unit 5 -3454 2478 9.778 -0.280 -0.277 | 339.7 -6.93 -27.760 1.299 -0.102
Unit 6 2849 2261 -53.710 -0.231 1.369 | -242.8 23.86 2414 -0.222 -0.176
Unit 7 526.0 -7.32 -46.770 1.338 0.353 | -422.7 2437 19.410 -0.225 -0.591
Unit 8 -155.0 25.57 -11.300 0.284 0.265 | -547.0 29.58 29.150 -0.515 -0.741
Unit 9 168.2 1392 -32.270 0.246  0.554 | -325.8 13.14 18.600 0.418 -0.863
Unit10 | -170.6 14.17 2.615 0.243 -0.344 | -186.0 2451 -3.844 -0.246  -0.013
Unit1l | -401.4 24.27 17.660 -0.258 -0.524 | -360.9 31.44 5.672 -0.618 -0.021
Unit12 | 634 17.81 -27.260 0.100 0.525 -44.4 2323 -18.820 -0.125 0.328
Unit13 | 3035 8.63 -36.540 0.370 0.561 | -524.4 2349 32.090 -0.214 -0.934
Unit14 | -332.9 26.48 5480 -0.319 -0.131 | -223.7 9.96 13.240 0.499 -0.781
Unitl5 | -64.0 1351 -3.478 0.157 -0.075 | -476.0 2291 32.690 -0.361 -0.788
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Figure 6.8. Sensitivity analysis of polynomial models with 7 hours heating
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6.3.4 New model estimations of heating controls determining real energy

consumption

Figure 6.10 describes the newly estimated heating-pgent temperatures for the 15
apartment units with the polynomial models when the initial heatingaet temperatures

on the top floors are chardyérom 18°C to 20°C. Overall, the heating-peint temperatures

for all units are distributed between 18°C to 22°C, and gradually reduced in accordance with
higher floors. Variation in the s@bint temperatures for heating on each floor is identified

by the types of models (Model - ), heating hourssgvenandeighthours) and the initial
temperatures of the top floors (18°C to 22°C). However, the variation caused by all factors is

not less than 0.4°C on each floor.
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Figure 6.10. Estimation of heating setpoint temperatures in apartment units

In comparison to thdargetedaverage heating consumptioRidure 6.11), about 0.5°C
change in heating sebint temperatures brings approximately 10 kWhyear change in
heating energy consumption for the 15 apartment units. Interestingdying sepoint
temperatures on the ground floor are simitathe temperatures on the floors frahe 1%

and %' floors. However, the actual heating energy consumption on the ground floor is about

307 50 kWhi/nflyear higher than the consumption on tifeahd %' floors. This suggests
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that a greater heat loss hasaurred in the unit on the ground floor thamthe five upper

floors.

The new dataset of heating-petint temperatures is applied to thdlding energy model in
order to recalculate heating energy consumption for the 15 apartment units, and their
outpus are compared to thargetedheating energy consumption. Correlation coefficient
analysis is conducted to evaluate the correspondence betweaargttedvalues and the re
estimated energy consumption. In addition, RdeanSquare Deviation (RMSD) ialso
identifiedto compare the difference between thggetedand the recalculated estimation of
heating energy consumptioas shown in Equation All of polynomial models show higher
than 0.90 correlation coefficient values, regardless of the initedtifg sepoint
temperatures on the top floor. Theseadculated values interpret high associations with the
targetedheating energy consumptiohhe sets of heating spbint temperatures with 1@

on the top floor show the greatest correlation coieffic values. Binary linear models

(Model 1 andN ) indicatea slightly more robust correlation than other models.

{4y Ztbei (6-7)

The recalculated estimation of heating energy consumption is compared widrgetd
heatingenergy consumption with 10% standard deviatibigyre 6.11) and the measured
standard deviationHgure 6.12). The estimated heating energy consumption with the
previousy simplified model, focused on the physical conditions in units with different
locations, is also compared to visualise the owpd estimation of heating energy
consumption with the new model. The recalculated estimation shows much reduced RMSD
valuesof 5.42 gevenheating hours) and 7.3@ight heating hours) from RMSD 33.5 (the
previous simplifiedbuilding energy model). Morear, all of the newly estimated heating

energy consumption for the 15 unisswithin 10% ofthe standard deviationHgure 6.11).

169



Chapter6. Developing a building energy model for variation in individual apartment units

With the measured standard deviatioRig(re 6.12), the estimated heating energy
consumption shows very close valuyedthough some floors,™ 4" and 13 floors with
sevenhours of leating, and 8, 13" and top floors witheight hours of heatingare slightly
out of range of the measuresdfandard deviations. However, the differemteach floor is

less than 5kWh/fyear, which could be acceptable.
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Figure 6.11. Comparison of calculated heating energy consumption wittargeted heating

energy consumption: (a) 7 hours of heating; (b) 8ours of heating
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of hedating

Table 6.6. Correlation coefficients of targeted and estimated energy consumption with input

heating setpoint temperature on the top floor

7hours 8hours
degree 1x1  degree 2x1 degree 1x2 degree 1x1 degree 2x1 degree 1x2
18°C 0.972 0.963 0.968 0.974 0.972 0.976
19°C 0.990 0.979 0.988 0.983 0.978 0.982
20°C 0.975 0.963 0.976 0.965 0.959 0.963
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6.4 Summary

In thischapteramodel was established liyeindividual heating controls of apartment units

in different locations. This has been carried out integrating actual data into the existing
building energy model, focusing on the physical conditions of individual units, in building
simulation, and then deloping the new polynomial modelgith regard to the individual

heating control$or further prediction.

The targetedenergy consumption, applied to the proportional rates of heating energy
consumption depending on the unit locatiogsantified 486 and 37% higher heating
consumption in units on the ground and top floofdie great variation in energy
consumptioramongthe middle floorss also found wittebout 50 kWh/rflyear. However,

the building energy model, focused on the physical conditionghe irdividual units could

not fully explain the variation in thenit-specificenergy consumption specified in individual
apartment unitsThe new model was applied to integrate individual heating controls in each

unit.

Two conditions which indicated the higlorrelation with heating energy consumption need
to be considered to take into account this-gp#cified heating energy consumption for
more accurate energy modelling: heating controls in apartment units and heapoimset

temperatures between floofe two types of polynomial models with these two conditions

showed highr levels of goodness of fitvith above 0.6 0.9 of Rsquared values.

Sensitivity analysis determined that the polynomial models of heating controls in apartment
units indicated tb least standard deviations wieven and eight hours of heating,
corresponding to 18 20 °C of heating sqtoint temperatures in apartment units where
heating is operating. For the interaction of this controls between floors, the polynomial
model of heting setpoint temperatures between floors showed heatingpaat

temperatures distributed between 18°C and 22°C for the 15 apartment units.
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Thefirst building energy model in building simulatipnegarding the physical conditions of
the units in diffeent locations, showed RMSD 33.5. This disparity was significantly reduced
to RMSD 5.42 with thedataset identified by theew model integrating the individual

heating controls of apartment units, based on the measured data.
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Chapter 7

Implementation of the building energy model
developed for refurbishment measures under

future climate change
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The previous three chaptefscusedon developng a building energy modebf existing
apartment buildings to integrate the variations arising fthen three influential factors,
physical characteri st i indvidual acits Withatieetbsilding be havi our s
energy model developed, this chapter evaluates the building thermal regulations from 1987
to the present as energfficient refurbishment strategider existing apartment buildings

with respect tduture climate changeThe four revisions of the thermal regulatiohsive
beenapplied to calculate an amountefergy savingcompared to the baseline conditions in

the building energy modelThe reduction in heating energy consumptioal$® evaluated

with the increased ading energy consumptionto determine the efficiency of the
refurbishment strategies. The chapter consists of four sections. Sedtimowvides a brief
background of the main topic, refurbishment strategies of reducing energy consumption and
future climae changdn South KoreaSection 72 describes methods of evaluatipgrtial

and holisticrefurbishment strategies the current and future climate conditio@®ction 7.3
presents results of efficiency of refurbishment strategies in the present ared diimate

conditions Lastly, Section ZA summarises overall findings this work.

7.1 Background

A new agreement of reducing global carbon emissions has been accepted in 2015. All
participating countries, regardless of developed and developing couatifiegdto more
actionsto mitigate global warming(Harvey, 2015) Some countrig heavily relying on
energy resurces overseas, have been making great efforts to reduce their dependence upon
fossil fuels. Spefically, South Kor@, ranked3"in the largestarbon emissionflivier et

al., 2012),imports 95.5% of energy resources frobraad (KEEI, 2015, and renewable
energy is only able tooverless than 1.9% of electricity producti@world Bank, 2013)For

this reason,South Korean Governments have ld@& decrease energy consumption in

various sectors.
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As one ofthe central strategieduilding thermal regulations fia been strictly intensified to
achieve 25% reduction in carbon emissions in buildimg2020 (Yoo, 2015) As a long
term plan, all buildings in South Korea amepectedo be energefficient as equivalerto
PassivhaugPassivhaus Trust, 2015)heintensifiedregulations were focused on reducing
U-values of building envelogesince 2001 Moreover the thickness of thermal insulation
and U-values of windows have beeannuallyimprovedby 25% from 2011 to th@resent
Furthermore, His improving trend seems to beontinued However, this continuolys
intensifying trend of thermal conditionss questionablein achieving an unconditional

reductionin energy consumptigmsidentified in the literature review

Another issue is thatlimate projectios generally estimate warmavinters which could
reduce heating energy consumption, whereas higher cooling consumatior expected
during the summe (Sharples and Lee, 2013%pecifically, mean temperatgrén South
Koreaincreasedy 1.5°Cin the last century, wtst global mean temperature only increased
0.6°C (National Institute of Meteorological Sciences, 2015j 2°C additional increase of
mean temperature is predicted in South Korea up to 2050, aagaeodihe climate change
reports published byinternationalPanel on Climate Chang@PCC) (citied by Climate
Change Information Center, 2015 his changewvould affectthe proportion of heating and
cooling in energy consumptioherefore, mcreasing thermal insulation, mednt reduce
heating energy consumptiooguld also bring aboutan overheating risk, as mentionéual
(Gupta and Gregg, 2013jor this reason, existing national building regulations focusing on
heating, based on historical climate conditions foil ZD yearswould be required to take

into account future climate project®(Xu et al., 2012).

Despite this, the current buildinggulations continuously focus intensifying thencrease
in the thermal insulationand the decrease ithe Uvalues of windowsln hot summer
continental climatesheating is the dominative fact@af consuming energy imesidential

buildings, although cooling consumption hapidly increasedHowever, aprevious study
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(Li et al.,2012) anticipated the significant anease of cooling energy loads compareth&
decrease ofheating energy loads in bdihgs in South Korea under climate change
scenariosOn the other hand tleer studies, such &€ollins et al.,201Q Wanget al.,2010,
concluded that reducing heating consumptiorstié a more efficient strategy in heating

dominant climates.

Old highrise apartment buildings, which consist of the largest propodfdouildings in
South Korea(Statistics Korea, 2010bjave been expected to be refurbished in order to
reduce their problematic excessive energy consumgion, 2010. The current thermal
regulations reducing heating energy consumptican behighly considered as a guideline

for refurbishment strategies. However, no previous study critically evaluated this application

for old highrise apartment buildings, atige validity under climate projections.

This chapter therefore, attempts to asseb® building thermal regulations, proving
thermal conditions in building envelapeas refurbishment strategies for existing apartment
buildings constructed before 1980, and the efficiency of these strategies on reducing energy
consumption with regard tduture climate change scenarioBhree questions will be

answereds below

1 How sensitiveareclimate factorsn effectingactual heating energy consumption in
old highrise apartment buildings8 future climate changan important issue for
refurbishingthesebuildings?

1 How does improvinghe thermal conditions ofhe building envelope effect heating
energy consumption under tbarrentclimate conditions? Dde improved thermal
conditions changeoolingenergy consumptioduringthe summer?

1 Will the change in energy cenmption with refurbishment strategies be valid under

future climate change scenarfos
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7.2 Methods

The methodsre designedh three stepsThe first step is identifying relationships between
climate factors and actual heating energy consumptimrdetermine thenost sensitive
climate factors affecting heating energy consumptiod the significance of considering
climate projection in refurbishing old existing apartment buildingéhe ®cond step is
analysing the causalityof improving variables in the building envelope with energy
consumption based on théour revisions of the building therrhaegulations from 1987 to
the presentThe last step ismeasuringchange inenergy consumption with the holistic

refurbishment strategiesith the presenand future climate conditions

7.2.1 Identifying relationships between climate factors and heating energy

consumption

This sectiornintendsto determinetlie sensitive climate factors affecting actual heating energy
consumption in old existing apartment ldilgs. This sensitivity helps to answer whether
climate projectios are important consideratioa for creating refurbishmentstrategies
Monthly climate conditions were collected from annual climate reports (202014),
published by Korea Meteorological diinistration (KMA, 2014). Six climate factors,
importantly consideredn buildings (Bougdah and Sharple2009), were chosen: air
temperature, relative humidity, precipitation, total horizontal solar radiation, sunshirge hour

and wind speed.

According toKdppen Geiger climate classificatiofiKottek et al., 2006) the central region
of South Koreais classified bythe hotsummer continental climatewith dry and cold
winters and hot and humid sumniSeoul, one of the representative cittdéghe central
region, showsl2.5°C as mean temperature (averaged maximum 18.4¥d averaged
minimum 7.7°C) (KMA, 2015). However, specific weather conditions imeating and

cooling seasonaremore severgeas shown in
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Figure 7.1. The range of mean temperatures in winter is fr&m°C to 1.5°C, while the
range is shifted to 22.4°C 29.6°C in summerRelative humidity becomes highearp to
about 80%in summer because tfie precipitation concentratéal a short monsoon season
from late July to early AugusHorizontal solar radiation gradually increasem winter to
late spring, but redusdrom summer to autumn, whidhk also the same faunshine hours.
However, the short monsoon seaswimgs abouta significant drop in bth solar radiation

and sunshine hours July(

Figure7.1(di e)).

Theaveragedonditions ofthefive climate factorsexcludingmean wind speedor the last
thirty years (1981 2010) are in betweenhe weather conditions from 2011 to 2054

described ir{

Figure7.1). Thus, he range of climate conditions from 2011 to 2@&hcoverthe possible
variation in current climate conditions $eoul The energy consumption in the four years
(20117 2014)was applied to identifythe relationship between climate factors and heating

energy consumption

Table 7.1. Collinearity statistics of climate factors

Collinearity Statistics
Climate factors Tolerance Variance Inflation
Factor (VIF)

Air temperature 0.168 5.966
Relative Humidity 0.217 4.611
Precipitation 0.396 2.526
Total horizontal solar radiation 0.249 4,018
Sunshine hours 0.348 2.878
Mean wind speed 0.691 1.447

However, Igh levels of multicollinearity are found among the six climate factors
(Table 7.1). Although the Variance Inflation Factor (VIF) levels are not extremely

significant, but high enough tdbe concered about heir mutual influencgField, 2009)
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Hence,the multiple regression method did not accurately analyse the relationships between
climate factors and heatjirenergy consumptionnstead, polynomial regression was used,
which analy® the relationship of thedependent variable with only o two independent
variable by minimising the sum of squared erigi®inbaumet al.,2013. Monthly average
heating energy consumptiorfrom 2011 to 2014in old highrise apartment buildings,
constructedefore 1980was used in the previous chaptéChapter 4 an®). Theresultis

interpreted in Sectior.3.1.
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7.2.2 Analysing impacts of refurbishment strategies on heating energy

consumption ancoverheating hours

This sectionis intended to analysethetheror notthe continuous improvement of thermal
conditions inthe building envelopgeaccording to the building thermal regulatiobsings
about an efficient reduction imeatingenergy consumptioi.he assessment was divided into
two parts. Firstlythe causalityof individual variables inthe building envelope on heating
energy consumptiorwas evaluatedunder thecurrent climate conditions The huiilding
envelopeof existing aparhent buildingsvas decomposed into the six parts: external walls,
internal walls, roof (ceiling on the top floor), floor (floor on the ground floor), side walls,
and windows. By improving the thermal conditions of these six parts, change in heating
energyconsumption was measurethe improvement of thermal conditions waasigned

by thefour revisions of thermal regulations from 1987 and 2015, as illustrat€dhble7.2.
Secondly,the causalityof holistic refurbishmentstrategieswith energy consumption was
evaluated. The full strategies were comprised of theaiables irthe building envelopef

the thermal regulationgieating energy consumption was measurgd&bne HVAC: Low
Temperature Radiant Variable Flow in EnergyP8u3 while coolingenergy consumption

wasassumed by the number of hours with zone mean tempeshigher than 26°C.

The improvement of thermal conditioirsthe building regulation(19871 2015)has been
focused on increasing thermal insulation amtkcreasing the Walues of windows in
buildings. Table 7.2 interpreted the change in the building regulation that restricts the
thickness of insultion in apartment building envelopesesit280, which has been applied in

this chapter. As the regulation was established in 1980, apartment buildings constructed
before were hardly insulated. After the first and second revisions in 1984 and 1987, the
envelope of apartment buildings could ha@b insulation. Since this regulation has been
enhanced under the government intent , the parts of apartment buildings that need to be
insulated became more precise by separating the building parts in terms of the exposure of
the outside. The parts dirgcexposed to the outside have required thicker insulation than
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the parts indirectly exposed to the outsilee thermal conditions of window were measured

by U-values that represents the level of effectiveness in protecting heat transfer. The lower
U-values indicate the more efficieheat protection as a material for insulatitirhas been
achieved by developing the glazing type from single and double to triplee{lade 2012).
Moreover, the thickness of insulation has annually been increased upoteiée 2011.

Further improvement can be upcoming.

The existing apartment buildings in thishapterwere limited to the buildings constructed
before 1980 As a baseline modethe building energy modeldevelopedin the previous
chapte (Chapter 6was ugd. Thus, he outcome with the energy model can be speaifad

only for the whole building but also for individual unit$-or the improvement of thermal
insulation, the thermal conductivity of insulatioras fixedat 0.034W/m-K (MLIT, 2015b).

Zone mean temperatures were measured to ensure comfortable indoor conditions, while
assessing heating energy consumption. Historical weather data in (20ite Box
Technologies, 2014)which was used to validate theilding energy modelwas applied,

and EnergyPlus 8.(Crawley et al., 2001]) was used for caldations. The impactof the
decomposed variables the building envelope on heating consumption is illustrated in

Section7.3.2. The holistic strategies amaalysedn Section7.3.3.

Table 7.2. Thermal conditions of the building envelopeswith the building regulation

Parts of Exposure of the | Holistic strategies and the revised years Possibly

apartment outside upcoming

buildings Before | 1987 | 2011 | 2014 | 2015 | (+250p)
1980

External walls Directexposure | - 50 85 120 155 195

(mm)

Internal walls Indirect exposure | - 50 60 80 105 130

(mm)

Roof/ ceiling of Direct exposure | 50 80 160 180 220 275

top floor (mm)

Floor on ground | Direct exposure | - 50 105 140 175 220

floor (mm)

Side wall (mm) Directexposure | - 70 120 120 120 150

Windows Direct exposure | 5.9 5.9 2.1 1.5 1.2 1.08

(U-value) Indirect exposure | 5.9 5.9 2.8 2.2 1.6 1.13
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7.2.3 Evaluating change in impact of refurbishment strategies under

future climate change

This section was conducteduaderstandhe efficiency of the cuent thermal regulations in
2015 as a refurbishment strategiyp reduceheating energy consumption despiiémate
change impact that possibly incress®oling energy consumptiom 25% increase and
decrease irthermal conditionsvere added, according to the 25% increasing trend of the
thermal regulatiors since 2011. The 25% decreased conditiamse the sameas the
regulations in 2014. The 25% increased conditions from the regulations in 2015 are

illustrated inTable7.2.

Climate projections for thishapterwere chosen bidentifying the recent trends of national
carbonemissions(Olivier et al., 2012 and energy consuniph in households in South
Korea (Hun, 2013) For the last twenty yearboth national carbon emissions and energy
consumption in households haseownincreasing trends, except for the noticeable drop in
1998 due to an economic crisiigure 7.2). Various attempts such as the improvement of
building regulations have been implemented to reduce carbon emissions and energy
consumption in housing siac2001. However, the outcome is still not visiblethese

indices as shown irFigure7.2.

Two types of climate scenarios have been published by IPGE.Special Rport on
Emissions ScenariosSRES focused on the assumption of driving forces in the future
(Nakicenovic and Swart, 200Q0yvhile the Representative Concentration Pathways (RCPs)
scenarios arbased on the possibeHG emissionsMan Vuurenet al.,2011).This chapter

took one of the SRESs scenarios, A2 scenarios, in analysing energy consumption. This is
becausehe A2 scenarioare set with fragmented and slower technological changes, which
predict continuous increasing trends of carbon emissidasshownin Figure 7.3, the
projections of the A2 scenarios are between the RCP 4.5 and 8.5 scenarios; the RCP 4.5

scenarios assume the rise in carbon emissions can beveffesuppresseat the current
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levels of carbon emissions, wétithe RCP 8.5 scenarios are based on the continuous rise in

carbon emissions.

Typical Reference Year (TRY), acquired from ASHRAHernational Weather for Energy
Calculatiors 2.0(IWEC2) (White Box Technologies, 2015)vas used t@alculateheating
energy consumption under the typical climate conditions in Seoul. This TRY file was
converted for future climate files in 2020 and 2050 to be applicable for building simulation,
based on the A2 scenarios in SRES scenarios. Climate Change WortteWEde
Generator (CCWorldWeatherGef)entschet al., 2013) was used to generate the future
climate files.This tool has been applied in other studies to produce future climate data for
building simulation such afPeng and Elwan, 2014The result is interpreted in Section

73.4.
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Figure 7.2. Current trends of national carbon emissions and energy consumption inouseholds
in South Korea (Source:Olivier et al., 2012Huh, 2013)
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Figure 7.3. Change in mean temperature in Seoul under different climate projections (historical,
RCP4.5, SRES_A2 and RCP8.5 scenario&Jource: Climate data (1982010) published byKMA,
2012))

7.3 Results

The results are interpreted by four sections. Section 7.3.1 analyses the relationships between
climate factors and heating energy consumption in 202Q14. Section 7.3.2 describes the
causality in improving thermal condition of variablestlie building envelope and heating
energy consumption. Section 7.3.3 illustrates change in heating consumption and
overheating hours with the holistic refurbishment strategies under the current climate
conditions. The strategies are also evaluated with climate chaegariss, which are

described in Section 7.3.4.

7.3.1 Relationships between climate factors and heating energy

consumption

Figure7.4 illustrates the pginomial regression analysis between climate factors and heating

energy consumption. As expectéde thange in temperaturissthe most determinafactor
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correspondingto heating energy consumption existing high-rise apartment buildings.
Heating consunption is rising when the drybulb temperature is below 20°Che actual
increasing trend of heating energy consumptisgh®vn bythe dry-bulb temperature below
18°C, and the consumptiois increasedup to 32 kWh/nf/year when the drybulb
temperature reaches bele#C. The corsumption is increased about 0.9.2 kWh/mf/year
per 1°C decrease of dhulb temperatuiewhen drybulb temperature is betweeh0°C and

10°C.

Relative humidity and total horizontal solar radiation éna moderate relationship with
heating energy consumptioshown byR-squared valuesf 0.39 and 0.46 respectivelss
they shovedthe noticeable change in months. However, precipitation and sunshirselbour
not indicate as significant relationships atatiee humidity and solar radiation. This is
because precipitation is only concentrated July and August, wht no significant

difference is identitd among other months (

Figure 7.4 (c)). Beside, monthly change in sunshine hours is not robust endugtio the

shorte hours in Julypbecause of themonsoon (

Figure 7.4 (e)). Monthly change in wind speed indicates the limited interpretation for
heating energy consumption. However, this does not mean the two factors are not related to
changein heating enerng consumption. More elaborate data would be required for mere in

depth understanding.

In short,the change ithe drybulb temperaturesemonstrates th&ensitiveassociation with
heating consumptionn other words, monthly change in heating energy wopdion is
heavily dependent on outdoor temperatuwesich brings about 0.9 1.2 kWh/nf/year of

heating consumption per 1°C change in-dwb temperatures betweeh0°C and 10C.
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Therefore, climate projectionmdicating the increase of mean temperature in South Korea
could impact onenergy consumption in buildings. Furthermore, the other factors also need
to be carefully regarded in building energy consumptianthe change in temperaturas

the significantevels of multicollinearity witithe other five climate factorsT@ble7.1).
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7.3.2 Causalityof variables in building envelopwith heating energy

consumption

Improvingthethermal conditions of #hsix variables irthe building envelope contributes to
reduce heating energy consumption under the current climate conditions, as shown in
Figure 7.5. The most significant reduction is foundith side walls. The heating
consumption is significantly decreased from 1@&h/nf/year to 83kWh/nf/year by
inserting 70mm insulation, wisl zone nean temperature is increased from 18.5°C to
19.3°C. However, only &Wh/nf/year of heating energy consumption is dropped by

increasing the thickness of insulation from 70 mm to 120 mm

The second significant variable is improving theraluesof windows.This brings abouan
average heating energy consumpi®reduced from 12&Wh/mflyear to 11%Wh/mé/year,

whilst zone mean temperatuigstableat 18.57 18.6°C. Specifically, about 7 kWhffgear

of reduction iscausedby improving the Walues of windws with 2.1W/m-K (directly
exposed to the outside) and 2W/m?K (indirectly exposed to the outside3.4
kWh/mflyear of further reduction in heating energy consumption is also achieved by
strengtheimg the U-values of windows with 1.2 W/rK (directly exposed to the outside)

and 1.6W/rAK (indirectly exposed to the outside).

The tird noticeable reduction is aing from increaség the thickness of insulatioon
external walls. The average heating energy consumption is reduced from 126°kx&#wm
to 119 kWh/nf/yearwith stable zone mean temperature with 18.6 The largest reduction
(5.5 kWh/nf/year) is found by inserting 50 mof insulation on external walldHowever,
the reduced heating consumption is limitedatsout 2 kWh/nf/year when the thermal

insulation increased from 85 mm to 155 mm.

Unlike the external walls, no significant effect on the average heating energy consumption is

shown by increasing thermal insulation on internal walls. The incieae thickness of
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insulation to 105 mm ressltin only about 1 kWh/fyear reduction in the average heating
energy consumption. The first reastor this ineffective reduction could be the small
amount of area of thiaternalwalls, which are mainly comprised of glass doors. The second

reason would éthatthe wallsarenot directly exposed to the outside.

Improving the insulation on the roof and ground floors does not noticeably reduce the
average heating energy consumption. However, it effdgtivedued heating energy
consumption on the top andogind floors A significant reduction from 18RWh/nt/year to

106 kwWh/nflyear is found by inserting 5&m of insulation on the ground flooMoreover,
about 10 kWh/né/yearof heating energy consumptigadditionallyreduced by increasing

the thickness of insulation from 105 mm to 175 misithough less significant reductida
shownon the top floorthe heating consumption &@soreduced from 141kWh/né/year to

134kWh/n¥lyear.

In summary.the average heating energy consumption is signifiyareduced by inserting
thermal insulatiorin the six parts ofhe building However, increasing thermal insulation
does not always bring aboaih unconditional reduction iheating energy consumptionhe
efficiency especiallypecomeanuchlower with the regulationsevised in 2011 able7.2),
apartfrom the Uvalues of windows, and the thickness of insulation on the ground floor.

Hence, mproving thermal conditions in buildingas to be critically designed.
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Figure 7.5. Impact of variables in building envelope on heating energy consumption: (a) Side walls, (b) Windows, (c) External walls, (ofernal walls, (e) Floor on
the ground floor and (f) Roof on the bp floor
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7.3.3 Change in heating energy consumption and overheating hours with
the holistic refurbishment strategies

The holistic refurbishment strategiedbring about changes in both heating energy
consumption andhe number of hours witlzone mean temperaturesceeding 26°C
(Figure 7.6). However, far little change isshown after the revisios in 2011 as also

previously identified in Section.3.2

The most significant reduction in heating energy consumption is shown by igdbdiset

of thermal insulationfollowing by the regulationn 1987. The average heating energy
consumption is reduced from 12&®/h/m/year to 73.5kWh/nf/year On the other hand,
theimproved thermal performance in thailding energy model brings abotliteincrease of
overheating hour232 hourswith zone mean temperaturesceeding 26°@re added by this
improvementwherecooling is requiredWith the air-conditioner consuming 1.8WNh/hour
(KEPC, 2013),a total 302 kWh/year of increasedelectricity consumption camccur,
whereasthe average heating energy consumpimneducedby 53.1 kWh/miyear (486
kWh/yeal). This comparison shows that the reduced heating energy consumption

significantly outweiglhs the increased cooling energy consumption.

The improved building conditionbased on the regulatisin 2011 result inan average
heating energy consumptiaf 60.2 kWh/mflyear. 13.5 kWh/né/year (1098 kWh/year) of
the average heating consumption is redunede from the regulatiogin 1987 whereas34
hours of required cooling (44.2 kWh/year) is added By the improvemen in thermal
regulations from 2014 to 2016nly 2 kWh/nf/year (165.XWh/yea) of the averagheating
energy consumption is reducddterestingly, tis leads to a redudion in overheatinghours
from 3365 to 3292, resulting m96.2kWh of extrareductionsn electricity consumption. In

total 261.4kWh/yearenergy consumption can be reduced
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Change in heating energyonsumptionand overheating hours diffein the different
locations of apartment units, as showrigure7.7. The most significant reduction iotal
energy consumption is found the unit on the ground flopcompared to the other fourteen
floors. The heating energy consumption on the ground floor is reducech 1820
kWh/mflyearto 540 kWh/nf/year However, the increased overheating hours are also the
most significant on the ground fladrom 2882 hours to 3178 hours per year, which causes

only 384.8 kWh/year increased cooling loads.

In heatingdominated climatethe methodsof increasing thermahiulation andhe U-values
of windows are efficient approaches in reducing heating energy consupgpite the
increase of cooling loads during summer. Howewdre reduction in total energy
consumption idimited, as shown irFFigure 7.8. Specifically,there were nearly no change

between the regulation in 2014 and 2015.
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Figure 7.6. Impact of holistic refurbishment strategies, revised in 1987, 2011, 2014 and2015: (a)

change in averaged heating energy consumption and (b) overheating hours
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7.3.4 Impact of refurbishmentstrategies undefuture climate change

scenarios

Figure7.9 and 7.10 depict the average heating energy consumgdiwh overheating hours
with the thee holistic refurbishment strategies under the three different climate conditions:
TRY, 2020 and 2050Figure 7.11 and 7.12 demonstratehow these two factors heating
consumption and overheating hours, are changetthendifferent locations of apartment

units.

1 The current regulations in 2015
The averagdieating energy consumptiowith the current regulations revised in 2015
61.8 kWh/mflyear with the TRY whereas thenumber of overheating hours B&747
According to the A2 scenariodii$ consumption is reduced to 5kWh/nflyear in 2020
and 48.&Wh/nf/year in 2050The climate scenariadso increase the overheating hours to
3150 in 2020 and 3513 in 2050. In 2020, the increased overheating hours increases cooling
energy consumption up to 52dVh/year. This valueslightly outweighs thereduction in
heating energy consumption, &AWh/n¥/year (389kWh/year). However, the reduction in
heating energy consumptidh123 kWh/yea) is slightly higherthan theincreasectooling
consumption(996 kWh/year in 2050. The total changecan beabouta 127 kWh/year

reduction in total energy consumption

The heating consumption and overheating hours in individual units are signifidéfeignt

under the locations of unitgFigure 7.11 and 7.12. Specifically, the most significant
reduction occw in the unit on the top floprwith 18 kWh/nf/year in 205Q whilst the
smallestreduction with 1GkWh/n¥/year is found on the ground floor. Both floors show the
less number obverheating hours, compared to the average value. The top floor has 102 less
overheating hours than the average in 2050, swilile ground floor requires 133 less

overheating hours. This change can bring alzoli68 kWh/year increasein total energy
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consunption on the ground floor, bt 522 kWh/year decreasén consumption on the top

floor (Figure7.13).

Despitethe redution in total energy consumptiorthe amountof reduced total energy
consumption,a maximum of 552 kWh/year on the top floor may be insignificant with

respect to the general energy consumption in these buildings.

1 25% decreased thermal conditions (the regulation in 2014)

The average heating energynsumption is 62.8BWh/nf/year, whilstthe overheating hours
is 2757 with the TRY. The average heating energy consumpitomeduced to 58.1
kWh/nf/yearin 2020 and 48.%Wh/nf/yearin 2050, whikt the overheating hours can be
3164 and 3529, respectivels a result, onlyl44.6 kWh/year reduction in total energy
consumption can be expected in 2050 (114BMh/year decrease in heating energy

consumption and 1003kWh/year increase in cooling energy consumpgtion

Theresult also show thahe 25% decreasén thermalconditionsindicate similar results in
heating energy consumption and overheating hours, compared to the current regulations
revisedin 2015. Heating energy consumption with the 25% deciieabermal conditions is

only 1kWh/nf/year higher tha the consumption with the thermal conditions in 2015, swhil

10 more overheating hours are foundk\Wh/mf/year higher heating energy consumption

can be still continued in 2020, and 14 extra overheating hours are shown. Jrl2@%re
overheating hoursare found with the 25% decrease thermal condition, and 0.7

kWh/nf/year higher heating consumption is identified.

The change in unipecific energy consumption witthe 25% decreasdn thermal
conditions is also nearly similao the resultfrom the current conditions in 201%he most
significant reduction occarin the unit on the top flopmwith 18 kWh/rr12/year, whibkt the
smallestreductionof 10 kWh/nf/year is found on the ground floor. This can bring akout
136kWh/year increasm total erergy consumption on the ground floor, BlB57 kWh/year

decreas@n the consumption on the top floor.

In this respectthe improvement of thermabnditionsin 2015is not efficient in reducing

both heating energy consumption and overheating heilinsTRY, compared to the result
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with the thermal regulation in 2014 oreover, thenefficient reduction ould be continued

in 2020 and 2050
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Figure 7.9. Change in heating energy consumption undefuture climate change (a) Typical
Reference Year, (b) 2020 and (c) 2050

(a) 4000

3500 h

3000 h

Number of hours exceeding 26°C

—
N — — —
7
2500 / _
2000 f A T T
-25% Current +25%
Thermal conditions
(b) 4000
(8]
°
©
S 3500 8
£
?
193
o — — —
3 7
® 3000 N
=3
o
=l
i)
@
2 2500 b
£
>
z
2000 \ A \ \
-25% Current +25%
Thermal conditions
(c) 4000
OO
S 1 ——
S 3500 7 -
[=4
=
[
[
[$]
x
O
© 30007 N
=3
[=]
=
©
@
£ 25004 T
£
>
z
2000 T A T T
-25% Current +25%

Thermal conditions

Figure 7.10. Change in overheating hours undefuture climate change (a) Typical Reference
Year, (b) 2020 and (c) 2050

200



Chapter 7. Implementation of refurbishment measures

1 25% increased thermal conditions

The average heating energy consumption with the 25% indredsermal conditions is 56.1
kWh/mflyear with TRY, whistthe number of overheating hours is 2878. The heating energy
consumption is reduced to 5.kWh/nmf/year in 2020 and 43BNh/nf/year in 2050, whit

the overheating hours becomes 3202020 and 3633n 2050. The increased cooling
energyconsumptioris 157.8kWh/year higher than the reduced heating energy consumption
in 2020. However, the reduced heating energy consumigjomversely,59.3 kWh/year

higher than the increased cooling energy consumyti 2050.

In comparison to the resslof the current thermal conditions in 2015, the 25% incr@ase
thermal insulation resudtin about 5i 6 kWh/nf/year lower heating energy consumption,
whereas th@umber of overheating hoursiigreasedy about B1. However, the difference

in heating energy consumptiois continued in 2020 and 2050. The difference in
overheating hours reduced to 129 in 2020 and 120 in 2050. Unlike the resuhen25%
decreasen thermal conditionsthe more prominent change in reducing heating energy

consumption and overheating hours is shown.

The reduction in heating consumption on the top floor is KIWh/mf/year whilst the
reduction on the ground floor is BWh/mé/year. The number of overheating heus
gradually reduced from the second floor to the groflmar and from 12 floor to the top
floor. The top and ground floors indicate 168 and 124 less overheatingrespestively,
exceeding 28 of zone mean temperatunggherthan the average valu&he change can
reduce total energy consumption on the top floor up told@h/year However,the total
energy consumption on the ground flagincreased up to about 1%3Vh/yeardue to the

smalleramount of heating energynsumptiorreduction

In summary,the total energy consumptiowith the 25% increasim thermal conditiongan
still be reduceduy climate changempact, but limited. The increased overheating hours
brings about more cooling consumption. However, the amount of energy for heating is

reduced more than the increased cooling energy.
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Figure 7.13. Change in total energy consumption with three refurbishment strategies under the

future climate change

7.4 Summary

In this chapter refurbishment strategigdefined bythe building thermal regulations in 1987,
2011, 2014, 2015 anthe upcoming conditionswere evaluated for existing higrse
apartment buildingwiith regard tduture climate change scenariddis has been carried out
by the building energy model developed for existing apartment buildingmeasue the

efficiency of reducing heating energy consumption

The actual heating energy consumption in kigke apartment buildingsensitively
correspondto the dry-bulb temperature0.91 1.2 kWh/nf/year of heating consumptiaves
changedby 1°C change inrg-bulb temperature betweet0°C and 10C. Thus, climate
projections indicating the increase of mean temperature in South Kooedd impact on

energy consumption in buildings.

By upgrading théhermal conditions of theix partsof thebuilding envelpe, heating energy
consumption wasignificantly reduced, but the reduction was limitéaserting thermal
insulation always brought about the most significant reduction up to 76 KiyamOnly

17 2 kWh/nflyear reduction was fourly further improvemenof the thermal conditions
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with the regulation after 2011 Moreover,the holistic approacksalso showed the limited
reduction in heating energy consumption. Despite the increase of overheating hours, the
reduced heating energy consumption outweighed the increased cooling consumption. 4100
kWh/year ofthe total energy consumptioim the baselinenodelwas reduced by inserting
thermal insulation, folloimg the regulation in 1987However, inefficient change in total
energy consuption with only 264.1 kWh/year vgafound between the thermal regulations

in 2014 and 2015.

With the climate change sceiws, heating energy consumption can be reduced,swhil
cooling energy consumption is expected to be increased. However, the change in total
energy consumption is between 5®00 kWh/year, which would be insignificant in the

average energy consumptionré@sidential buildings in South Korea.

The thermal conditions with the current building regulations in 2015 did not resait in
efficient reduction in heating energy consumption, compared to the previous regulations
2014 Almost, similar results irthe heating energy consumption and overheating hours were
identified in the TRY, 2020 and 2050. Although 25% increased conditions reduced heating
energy consumptignas well as overheating hours with regard to climate change, the
difference is limited tdhe5 i 6kWh/nflyearredudion in heating energy and 131 hours of

overheating period with both current and future climate conditions.

Consequentlythe climate change effect isouth Korea with heating dominant climate
conditionsis not significantfor annwal energy consumption iold high-rise apartment
buildings. Therefore, refurbishment strategs®uld focus on reducing heating energy
consumption. However, the current approach, improving the thickness of insulation and the
window conditions inthe building envelope, showed limited effesabn reducing heating

consumption. Thus, other methods need to be considered.

205



Chapter 8

Conclusionsand future works

206



Chapter 8. Conclusions and future works

This thesis set out to explotee building energynodelsof highrise apartment buildings,

and has integrated the influential factomising variation in actual energy consumpiion
existing highrise apartment buildings in South Korea. The previous literature on this
subject and specifically in the adgext of South Koreais unsatisfactory, due to the
influential factors disregarded in the conventiobalilding energy modelsTo provide
rigorous estimation of refurbishment strategies, which lmarachieved in real situations,
conventional building enegy models neededto be improved.The conditions of the
influential factors were sought and optimised for thelding energy model of existing
apartment buildings, based on the actual energy consumption, through the process of this
thesis.As a result, thefficient building features on energy consumptioma used as guide

to classify the existing apartment buildings to treat the variations arising from the physical
characteristics. Mor eover, t he new standar
consuning heating and electricity could providbe adapted data foa building energy

model for these buildingsFurthermore, he specified approach of modellimg regard to
variation in individual units let théuilding energy modebe more comprehensiv&ey

findings of each factor are addressed in the followiection

8.1 Contributions of the thesis

Chapter 4 questionedow to define the physicalcharacteristicsof existing apartment
buildings to control the variation arising fromthe building featuresaffecting energy
consumption. The question was approached by analysingatieformation othe building
features in existing apartment buildingsdits relation toactualenergy consumptionlhe
effectiveness of building features in changing energysemption were quantified, and
applied to classify existing apartment buildings farilding energy modelas well as

refurbishment.

The main contribution of this chapter is the classification of building features affecting

energy consumption in old existjn highrise apartment buildings with empirical
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verification. It has been revealed in this research that the first priority of the classification
should be given to building envelopes. Therefore, construction years, representing the
thermal conditions othe building envelopes, have to be the first considerationttier
building energy modeas well as refurbishment. Heating methods and unit sizes can be
followed as subsidiary categories. By using this classificatiorhuiiding energy model of

the existig apartment buildings could control the variation arising from the physical

characteristics.

Chapter 5 focused n t he variation in actual energy <cons
behavioursn controlling heating and electricity. Energy use in existingtapant buildings

built in the 19704 1980s was 10 30% deviated fromthe average despite the effective

building featureghat were constrained not to impact on energy consumption. Gaussian

Process Classification de ddurstoinctiohs. Bayegans et s of C
inference allowed inferring the distribution of
electricity in South Korean households from actual energy consumption. The inferred results

provide the quantified conditions of contiag heating systems and electric devices with

their probabilities.

A key contribution of this chapter is a new approachusing the stochastic data of
occupantso6 behaviours consuming energy in build
whichtargetan s peci fi ed ordinary peopl e, withhighunpredict a
levels of variation need to be treated by probabilistic vahadiser than deterministic values.

The 90% of probability of heating consumption was drawn by th@aet temperture

between 17C and 20C, when three to eight hours of the operation in 25% deviation.

Electricity consumption with 25% deviation was defined by three to six houtise several

effective appliances. These findings benefit thelding energy modelin selecing the

profile of occupantsd® behaviours consuming ener.

the uncertainties in the model estimation.
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Chapter 6 lookeat the existing apartment buildingsa more precise scale, the individual
apartment unitsThe conventional modelling was fragmented to reflect the real situation of
apartment buildings, not only as one large buildimgt also as single units individually
controlled by independent occupants. This study attempted to combineflibtsein the
building energy model with actual consumption data to reduce the variation arising from
individual units. The energy model was, fiystestablished with regard to the variation in
the physical conditions of apartment units in different locations. Thennéw numerical
model was created to integrate individual heating controls in apartment unitthend
interaction between floors into the firbuilding energy model, and applied to seek the

dataset of unispecific heating controls determining actualtimeaconsumption in each unit.

The contribution of this chapter is encompassing the fragmented approaches of treating
individual apartment units in the conventiobaiilding energy modelsThis comprehensive
understanding of apartment buildings upgraded thigdding energy model of apartment
buildings to take variation arising from individual units into account. It has been found that
two conditions whichhad ahigh correlation with heatg energy consumption need to be
considered to take into account this tspecified heating energy consumption: heating
controls in individual apartment units, consisting of heatingpegtt temperatures and
heating hours, and heating $&tint temperatw@s between floors, concerning the interlinked
heat transfer between floors through the sharing slabs in the whole apartment building. It has
been revealed that the gmint temperatures were distributed between 18°C and 22°C
depending on the unit locatignwith seven and eight hours of heating in operation. This
dataset of heating controls, which is specified by individual units with the different

locations, provided the individual setting of heating in each apartment unit.

Chapter 7 implementethe devéoped building energy model to evaluate the building
thermal regulations from 1987 to the presemg refurbishment strategies for existing

apartment buildings. The initial question of this work was whether the refurbishment
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strategies, created by the Mdilg thermal regulations from 1987 to the present, result in a
continuous reduction in energy consumption in the existing apartment buildingSutoder

climate change

It has been found that the significant reduction in total energy consumption can be achieved
with the refurbishment strategies conditioned with the regulatafh4987 and 2011.
Efficient energy reduction can be expected with the thermal conditions ef ibgslations.

Under climate change, it has been revealed Soath Korean heating dominant climates
would not have agjreat difference in total energy consumption with only about B00
kWhl/year in 2050The findings of this chapter suggest that pobo thermal regulations in
buildings in South Korea should focus on reducing heating energy consumption rather than
considering the possible increase of cooling loads due to climate projdatispite thisijt

has beerfound that the current thermal relgtion of 2015, with a 25% improvementfrom

the conditions in 2014s inefficient.

8.2 Future works

Through the whole process of the reseathls study attempted to improve thailding
energy modelfor existing high-rise apartment buildingsy treatingthe uncertain and
disregarded factormferred from the actual energy consumption to reflect real situation

However there are some still limitationsrhichcould be worthwhilefor future work.

Firstly, this study only used buildings in Seoul, South Korea.The influential factors
investigated in this study amssentialfor buildings in different locationsTherefore,the
factors can be differently defineith different locations,regarding constructiordetails,
climates and occupants, not oniyth other cities in South Koredut alsoother Asian
countriesthat have a large number of these buildings, such as China, Hong Kong and
SingaporeFor instance, Hong Kong is classified as the-sapical climate conditions; thus
cooling energy consumpin is more important issue than heating. In a previous study

(Cheunget al., 2005), the thickness of insulation was experimented with its relation to
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cooling energy consumption in higlse apartment buildings in Hong Konlg. China, due
to the wide rangef climate conditions, the thermal conditions of buildings artedihtly
determined by regions, as shown in (Letgal.,2015).These diversities could be compared

to provide the broader understanding of hitge apartment buildings in Asia.

Secondly, the scope of buildings is limitéal existing apartment buildings constted
before 2001. However, this scopeuld be expanded or shifted to other perioBsiring
analysis inChapter 4an interesting findingvas that high energy consumptioraiso found
in apartment buildings constructed between 2008 and,2@d€pitethe view that the
building conditionsare expected to bemore energyefficient. This unexpected higher
consumption needs to be interpreted. Moreover, this would provide therediffe

guantificatiors of the influential faadrs used fobuilding energy models

Thirdly, this study only focused on the three influential factors, physical characteristics,
occupant s écontvolig dheating and slectricitgnd individual unitsDespite the
significance of these three factors in buildindpg focuscan be extendet other factorer

even morespecifiedwith these threeF o r e x a mp | avindow @peningbehaviolssd
controlling ventilationcould be another factor that can beéemded,as reviewed in (Falst

al., 2012) This could be determined by buildings in the specific contextcomparable

with others.These comparative studies could provideroaderrange ofthe understanding

of treating these uncertain and disregarded factors ibuiding energy model of highise

apartment buildings.
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Appendix A

Data of building features and energy consumption

Ref | Layout Block size Total floor area Length of Envelope Average unit sizes | Heating Constructio | Space Electricit
Buildings Method n type heating y
1 | Linear less than 5 buildings More than 13,001m2 Core 4 19882000 101-120m2 District Mixed 100.8245 59.5034
2 | Square more than 1%uildings 10,00113,000m2 Core 4 19761980 71-100m2 Central Mixed 146.4440| 100.1017
3 | Linear 6-15 buildings 10,00%113,000m2 Core 2 19851987 101-120m2 Central Mixed 134.5834 82.9543
4 | Linear 6-15 buildings 10,00113,000m2 Core 4 19851987 more tharl20m?2 Central Stair 140.7532 83.5659
5| orid less than 5 buildings More than 13,001m2 Core 2 19882000 101-:120m2 Central Mixed 103.0646 86.8373
6 | grid less than 5 buildings More than 13,001m2 Core 4 19882000 101-:120m2 District Stair 158.8055 96.7405
7 | grid 6-15 buildings Less than 10,000m2 Core 4 19811984 101-120m2 Individual Mixed 151.1495 97.7749
8 | Square 6-15 buildings More than 13,001m2 Core 3 19761980 more than 120m2 | Individual Mixed 155.6599| 110.6973
9 | grid 6-15 buildings 10,00113,000m2 Core4 19761980 more than 120m2 | Individual Mixed 163.9712| 107.3454
10 | Linear 6-15 buildings More than 13,001m2 Core 3 19811984 more than 120m2 | Central Mixed 124.3461 98.1676
11 | Linear less than 5 buildings More than 13,001m2 Core 4 19811984 more than 120m2 | Individual Mixed 136.0940| 110.2094
12 | Square 6-15 buildings More than 13,001m2 Core 3 19851987 more than 120m2 | Individual Mixed 128.6402| 101.3513
13 | Linear more than 15 buildings | 10,00213,000m2 Core 4 19811984 more than 120m2 | Individual Mixed 151.0455| 103.3513
14 | grid more than 15 buildings | More than 13,001m2 Core 3 19761980 more than 120m2 | Individual Mixed 156.5666| 107.3967
15 | Linear 6-15 buildings 10,00113,000m2 Core 3 19811984 more than 120m2 | Central Stair 145.5362| 107.2381
16 | Square less than 5 buildings Less than 10,000m2 Core 4 1981-1984 more than 120m2 | Individual Stair 153.9995| 100.8795
17 | Linear more than 15 buildings | More than 13,001m2 Core 2 19761980 101-120m2 Individual Corridor 173.8685 95.8795
18 | Linear 6-15 buildings Morethan 13,001m2 Core 4 19811984 more than 120m2 | Individual Stair 145.0110| 101.6313
19 | Square less than 5 buildings 10,00%13,000m2 Core 4 1981-1984 more than 120m2 | Individual Stair 138.6358| 101.2057
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20 | Square 6-15 buildings Less than 10,000m2 Core 3 1981-1984 101-:120m2 Individual Stair 142.8603 99.3223
21 | Linear more than 15 buildings | More than 13,001m2 Core 4 19851987 more than 120m2 | Individual Mixed 104.7771 98.6639
22 | Square 6-15 buildings Less than 10,000m2 Core 4 19882000 101-:120m2 Individual Mixed 118.0085 93.8542
23 | Square less than 5 buildings Less than 10,000m2 Core 3 19851987 71-100m2 Individual Stair 79.5575| 101.6911
24 | Square less than 5 buildings More than 13,001m2 Core 3 19851987 101-:120m2 Individual Mixed 150.9976 85.3086
25 | Square less than 5 buildings More than 13,001m2 Core 2 19882000 more than 120m2 | Individual Stair 81.4686| 114.8413
26 | grid 6-15 buildings Less than 10,000m2 Core 2 19882000 101-120m2 Individual Mixed 78.8850| 105.2758
27 | Square 6-15 buildings More than13,001m2 Core 2 19882000 more than 120m2 | District Mixed 69.8231| 104.0296
28 | Square less than 5 buildings Less than 10,000m2 core 1l 19882000 101-120m2 Individual Corridor 76.1782 93.2339
29 | Linear less than 5 buildings More than 13,001m2 core 1l 19882000 71-100m2 District Corridor 63.9580 87.1210
30 | grid less than 5 buildings Less than 10,000m2 Core 2 19882000 71-100m2 Central Mixed 107.1202 94.0579
31 | Square 6-15 buildings Less than 10,000m2 Core 3 19761980 more than 120m2 | Individual Mixed 150.5591| 100.1592
32 | Linear less than 5 buildings 10,00113,000m2 Core 4 19882000 101-120m2 Individual Stair 136.3240| 101.6168
33 | Square 6-15 buildings More than 13,001m2 Core 2 1981-1984 more than 120m2 | Individual Mixed 104.9421| 108.0573
34 | grid 6-15 buildings Less than 10,000m2 Core 2 19882000 101-120m2 Individual Mixed 102.7253| 104.6586
35 | Square less than 5 buildings Less than 10,000m2 Core 3 19882000 101-:120m2 Individual Mixed 97.9403| 109.7018
36 | grid less than 5 buildings More than 13,001m2 Core 3 19882000 101-120m2 Individual Mixed 86.7140| 109.3539
37 | Linear more than 15 buildings | More than 13,001m2 core 1l 19761980 101-120m2 Individual Mixed 106.2227| 103.7738
38 | Square more than 15 buildings | Less than 10,000m2 Core 4 1981-1984 101-120m2 Individual Mixed 127.2736| 100.2994
39 | Square more than 15 buildings | More than 13,001m2 Core 4 19851987 more than 120m2 | Individual Mixed 92.0635| 105.8801
40 | Square 6-15 buildings Less than 10,000m2 Core 3 1981-1984 101-120m2 Individual Stair 101.2023 97.6314
41 | Square 6-15 buildings 10,00%13,000m2 Core 3 1981-1984 more than 120m2 | Central Mixed 144.0756 93.2744
42 | Square 6-15 buildings Less than 10,000m2 Core 3 19851987 more than 120m2 | Individual Stair 86.5900 87.5292
43 | Square 6-15 buildings Lessthan 10,000m2 Core 3 1981-1984 more than 120m2 | Individual Mixed 95.5796 83.1628
44 | grid 6-15 buildings 10,00113,000m2 Core 2 19851987 71-100m2 Individual Mixed 91.8246 80.1457
45 | Square 6-15 buildings 10,00%13,000m2 Core 4 1981-1984 more than 120m2 | Individual Mixed 82.5782 88.8914
46 | Linear 6-15 buildings Less than 10,000m2 Core 3 19811984 more than 120m2 | Individual Stair 88.5449 96.0908
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47 | Square 6-15 buildings 10,00%13,000m2 Core 3 1981-1984 more than 120m2 | Individual Corridor 83.5186 92.7631
48 | Linear 6-15 buildings Less than 10,000m2 Core 3 19811984 more than 120m2 | Individual Corridor 79.6220 99.3635
49 | grid less than 5 buildings Less than 10,000m2 Core 3 19882000 71-100m2 Individual Stair 122.9608| 117.6341
50 | Linear less than 5 buildings More than 13,001m2 core 1l 19761980 more than 120m2 | Individual Corridor 121.0600| 101.8403
51 | Square less than 5 buildings 10,00%13,000m2 Core 2 19761980 more than 120m2 | District Mixed 125.3474 94.9942
52 | grid less than 5 buildings More than 13,001m2 Core 4 1981-1984 more than 120m2 | Individual Mixed 136.0019| 106.9173
53 | Square less than 5 buildings 10,00113,000m2 core 1 1981-1984 101-120m2 Individual Mixed 143.1924 89.2784
54 | Linear 6-15 buildings 10,00%113,000m2 corel 19761980 101-120m2 Individual Corridor 119.4338| 100.9302
55 | Square less than 5 buildings More than 13,001m2 Core 4 19761980 more than 120m2 | Individual Mixed 146.0584 99.5515
56 | Square less than 5 buildings More than 13,001m2 Core 2 1981-1984 101-:120m2 Individual Corridor 111.7794 82.3829
57 | Linear less than 5 buildings More than 13,001m2 Core 2 1981-1984 Less than 70m2 Individual Corridor 122.8221 73.4575
58 | Linear less than 5 buildings More than 13,001m2 Core 2 1981-1984 101-:120m2 Individual Corridor 112.4233 85.8793
59 | Linear 6-15 buildings 10,00113,000m2 Core 2 19761980 101-120m2 Individual Mixed 117.5721| 103.2465
60 | Square 6-15 buildings 10,00%13,000m2 Core 2 1981-1984 101-:120m2 District Mixed 123.7432 99.2802
61 | grid less than 5 buildings More than 13,001m2 Core 2 19761980 101-120m2 Individual Corridor 125.2864| 106.3686
62 | grid less than 5 buildings Less than 10,000m2 Core 2 19851987 71-100m2 Individual Mixed 127.2685 99.2424
63 | Square 6-15 buildings More than 13,001m2 corel 19761980 more than 120m2 | Individual Mixed 110.5539| 102.1668
64 | Square more than 15 buildings | More than 13,001m2 Core 2 19811984 71-100m2 Individual Mixed 135.3571| 100.1654
65 | Linear 6-15 buildings Less than 10,000m2 Core 2 19811984 more than 120m2 | District Mixed 101.8713 96.3444
66 | Linear less than 5 buildings Less than 10,000m2 corel 19851987 more than 120m2 | Individual Mixed 93.0931| 100.5004
67 | Linear 6-15 buildings 10,00113,000m2 Core 2 19761980 101-120m2 Individual Mixed 136.5092 86.0036
68 | Linear more than 1Buildings | 10,00:13,000m2 Core 3 19761980 more than 120m2 | Individual Mixed 127.8237| 100.1812
69 | Linear less than 5 buildings 10,00213,000m2 Core 3 19811984 Less than 70m2 Individual Corridor 127.0199 68.5705
70 | grid 6-15 buildings More than 13,001m2 Core 2 19851987 101-120m2 Individual Corridor 129.1026 83.6651
71| grid less than 5 buildings 10,00213,000m2 Core 3 19851987 more than 120m2 | Individual Mixed 122.6351 86.9338
72 | grid 6-15 buildings Less than 10,000m2 core 1l 1981-1984 101-120m2 Individual Mixed 142.9152| 105.8778
73 | Square 6-15 buildings More than 13,001m2 Core 3 1981-1984 more than 120m2 | Individual Mixed 119.7452| 102.2290
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74 | grid less than 5 buildings More than 13,001m2 Core 4 19882000 101-:120m2 Central Mixed 139.2235| 103.1263
75 | grid less than 5 buildings More than 13,001m2 Core 4 19882000 101-120m2 District Stair 92.0987| 101.6571
76 | grid 6-15 buildings Less than 10,000m2 Core 3 19882000 101-:120m2 Individual Stair 100.2769| 106.3153
77 | Square less than 5 buildings 10,00%213,000m2 Core 3 19882000 101-120m2 Individual Stair 117.5108 96.6932
78 | grid 6-15 buildings Less than 10,000m2 Core 3 19882000 101-:120m2 Individual Stair 101.9208| 109.6932
79 | grid less than 5 buildings More than 13,001m2 Core 3 19882000 101-120m2 Individual Stair 92.0604| 100.3002
80 | grid less than 5 buildings 10,00113,000m2 Core 4 19882000 101-120m2 Individual Stair 110.8721| 103.3998
81 | grid less than 5 buildings More than 13,001m2 corel 19882000 71-100m2 Individual Corridor 117.8688 88.0997
82 | grid 6-15 buildings More than 13,001m2 Core 3 19882000 101-120m2 Central Stair 108.4340 88.8053
83 | grid 6-15 buildings 10,00%13,000m2 core 1 19882000 101-120m2 Central Mixed 93.5665 87.1964
84 | grid less than 5 buildings 10,00113,000m2 core 1 19882000 101-120m2 Individual Mixed 86.0457 90.6834
85 | grid less than 5 buildings More than 13,001m2 Core 3 19882000 101-:120m2 District Stair 125.7756 98.8670
86 | grid less than 5 buildings More than 13,001m2 Core 4 19882000 101-120m2 Central Stair 142.3977 99.8580
87 | Linear more than 15 buildings | Less than 10,000m2 Core 2 19882000 71-100m2 Individual Mixed 82.7460 89.1805
88 | Linear more than 15 buildings | Less than 10,000m2 Core 2 19851987 more than 120m2 | Individual Mixed 79.6300 91.1408
89 | Linear more than 15 buildings | Less than 10,000m2 Core 4 19851987 101-120m2 Individual Mixed 98.0074 93.5329
90 | Square more than 15 buildings | Less than 10,000m2 Core 4 19851987 more than 120m2 | Individual Mixed 97.7982 83.8794
91 | Square more than 15 buildings | Less than 10,000m2 Core 2 19851987 101-:120m2 Individual Mixed 92.0491 89.1457
92 | Square more than 15 buildings | Less than 10,000m2 corel 19851987 101-:120m2 Individual Mixed 83.2686 92.1487
93 | Linear more than 15 buildings | Less than 10,000m2 Core 3 19851987 more than 120m2 | Individual Mixed 86.8576 91.8184
94 | Linear more than 15 buildings | Less than 10,000m2 Core 2 19851987 more than 120m2 | Individual Mixed 91.4115 79.4292
95 | Square more than 15 buildings | Less than 10,000m2 Core 2 19851987 101-:120m2 Individual Mixed 83.4094 83.0564
96 | Linear 6-15 buildings 10,00213,000m2 Core 2 19851987 71-100m2 Individual Mixed 88.1137 83.3815
97 | grid less than 5 buildings 10,00%13,000m2 corel 19882000 101-:120m2 Individual Mixed 83.7299| 105.8431
98 | grid less than 5 buildings More than 13,001m2 Core 4 19882000 101-:120m2 Individual Stair 71.6713| 103.4638
99 | grid less than 5 buildings 10,00%13,000m2 Core 2 19882000 101-:120m2 Individual Mixed 80.0845| 101.8450
100 | grid less tharb buildings Less than 10,000m2 corel 19882000 101-:120m2 Individual Mixed 76.8910| 107.5737
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101 | grid less than 5 buildings More than 13,001m2 corel 19882000 101-:120m2 Individual Mixed 86.1523| 101.8592
102 | Linear less than 5 buildings More than 13,001m2 Core 2 19882000 101-120m2 Individual Stair 80.4509| 101.1550
103 | grid less than 5 buildings Less than 10,000m2 Core 3 19882000 101-:120m2 Individual Stair 67.7048 89.9932
104 | grid less than 5 buildings Less than 10,000m2 Core 3 19882000 101-120m2 Individual Stair 89.7977| 101.2703
105 | grid 6-15 buildings More than 13,001m2 Core 4 19882000 101-:120m2 Individual Stair 80.9275| 103.5389
106 | grid less than 5 buildings 10,00%13,000m2 Core 3 19882000 101-120m2 Individual Stair 109.1350| 103.0738
107 | Square less than 5 buildings 10,00113,000m2 Core 3 19882000 Less than 70m2 Individual Corridor 88.5791| 103.4214
108 | grid less than 5 buildings 10,00%13,000m2 Core 3 19882000 71-100m2 Individual Stair 113.5712| 108.7048
109 | grid 6-15 buildings Lessthan 10,000m2 Core 4 19882000 101-120m2 Individual Stair 84.7012| 100.6639
110 | grid 6-15 buildings Less than 10,000m2 Core 3 19882000 more than 120m2 | Individual Mixed 84.3052| 101.0321
111 | grid 6-15 buildings Less than 10,000m2 core 1 19882000 71-100m2 Individual Corridor 73.4644 70.6342
112 | Linear more than 15 buildings | Less than 10,000m2 corel 19882000 71-100m2 Individual Mixed 97.1225 74.1899
113 | Square more than 15 buildings | Less than 10,000m2 Core 4 19882000 71-100m2 Individual Stair 96.8844 89.6055
114 | Square 6-15 buildings Less than 10,000m2 Core 3 19761980 more than 120m2 | Central Mixed 149.5477 86.2643
115 | Linear less than 5 buildings 10,00213,000m2 Core 3 19811984 more than 120m2 | Central Mixed 132.3601 85.6732
116 | Square 6-15 buildings 10,00113,000m2 Core 2 19811984 more than 120m2 | Central Mixed 124.9839 98.4459
117 | Linear 6-15 buildings 10,00213,000m2 Core 3 19851987 more than 120m2 | Central Mixed 134.7491 87.4459
118 | Linear 6-15 buildings More than 13,001m2 Core 3 19811984 more than 120m2 | Individual Mixed 119.1233| 100.2183
119 | Linear 6-15 buildings More than 13,001m2 Core 3 19882000 101-120m2 Central Mixed 123.6496 68.9029
120 | grid 6-15 buildings More than 13,001m2 Core 3 19882000 101-120m2 Central Mixed 95.8047 78.8654
121 | grid 6-15 buildings 10,00%13,000m2 Core 4 19882000 101-120m2 Individual Mixed 97.5768 59.1518
122 | Square 6-15 buildings 10,00213,000m2 Core 3 19882000 101-120m2 Central Stair 110.8857 84.3787
123 | grid less than 5 buildings Lessthan 10,000m2 Core 2 19882000 71-100m2 Individual Mixed 106.0177 94.7613
124 | Linear 6-15 buildings Less than 10,000m2 Core 2 19882000 101-120m2 Central Mixed 152.4505 84.0332
125 | Linear less than 5 buildings Less than 10,000m2 corel 19882000 101-:120m2 Central Stair 123.2122 88.8186
126 | Linear less than 5 buildings More than 13,001m2 Core 4 19882000 101-120m2 Individual Stair 79.5508 94.2017
127 | Linear more than 15 buildings | Less than 10,000m2 core l 19882000 71-100m2 Individual Corridor 94.9888 77.0782
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128 | Linear more than 15 buildings | Less than 10,000m2 corel 19882000 71-100m2 Individual Corridor 78.2379 71.0000
129 | grid 6-15 buildings 10,00113,000m2 core 1l 19882000 71-100m2 Individual Mixed 87.6256 79.3559
130 | Linear 6-15 buildings 10,00%13,000m2 corel 19882000 71-100m2 Individual Mixed 82.8890 77.0879
131 | Linear 6-15 buildings Less than 10,000m2 core l 19882000 Less than 70m2 Individual Mixed 76.7221 70.5565
132 | Square 6-15 buildings Less than 10,000m2 Core 4 19882000 101-:120m2 Individual Stair 90.1844| 100.4750
133 | grid less than 5 buildings Less than 10,000m2 Core 2 19882000 71-100m2 Central Mixed 137.1510| 101.7536
134 | grid 6-15 buildings More than 13,001m2 Core 3 19882000 101-120m2 Central Mixed 131.2898 93.7315
135 | grid 6-15 buildings More than 13,001m2 Core 2 19882000 71-100m2 Central Mixed 128.1046 89.6744
136 | grid less than 5 buildings Less than 10,000m2 core 1l 19851987 71-100m2 Individual Mixed 83.8714 98.7981
137 | grid less than 5 buildings 10,00%113,000m2 Core 4 19882000 71-100m2 Individual Mixed 85.4430 97.4595
138 | grid less than 5 buildings More than 13,001m2 Core 2 19882000 more than 120m2 | Individual Corridor 71.9621 82.4085
139 | Linear more than 15 buildings | Less than 10,000m2 Core 2 19851987 71-100m2 District Mixed 77.4517 78.1032
140 | Linear more than 15 buildings | Less than 10,000m2 core 1 19882000 71-100m2 Individual Corridor 87.4500 77.8306
141 | Linear more than 15 buildings | Less than 10,000m2 corel 19882000 71-100m2 Individual Corridor 88.7285 76.5229
142 | Linear more than 15 buildings | Less than 10,000m2 Core 3 19882000 71-100m2 Individual Mixed 87.5181 82.9549
143 | Linear more than 15 buildings | Less than 10,000m2 corel 19882000 71-100m2 Individual Corridor 92.1277 85.2475
144 | Linear 6-15 buildings 10,00213,000m2 Core 2 19882000 Less than 70m2 Individual Corridor 79.3868 59.1813
145 | Linear more than 15 buildings | 10,00213,000m2 corel 19882000 71-100m2 Individual Corridor 80.8158 80.0262
146 | Linear more than 1Buildings More than 13,001m2 core 1l 19882000 71-100m2 Individual Corridor 73.3545 80.4135
147 | Linear more than 15 buildings | Less than 10,000m2 corel 19882000 71-100m2 Individual Corridor 84.1944 81.3869
148 | Linear 6-15 buildings Less than 10,000m2 core 1l 19882000 Less than 70m2 Individual Corridor 89.8445 81.4222
149 | Square more than 15 buildings | Less than 10,000m2 Core 2 19882000 71-100m2 Individual Mixed 95.9475 84.9381
150 | Linear less than 5 buildings 10,00213,000m2 Core 4 19761980 101-120m2 Individual Mixed 157.4231| 101.3463
151 | Linear 6-15 buildings 10,00113,000m2 Core 4 19761980 more than 120m2 | Individual Stair 135.6901 90.8789
152 | Linear less than 5 buildings More than 13,001m2 Core 4 19761980 101-120m2 Individual Corridor 142.3645 93.7434
153 | Linear less than 5 buildings 10,00%13,000m2 Core 2 19761980 71-100m2 Individual Corridor 165.1784 88.7676
154 | Square 6-15 buildings More than 13,001m2 Core 4 19761980 more than 120m2 | Individual Mixed 156.0452 91.4188
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155 | Square 6-15 buildings 10,00%13,000m2 Core 2 19761980 more than 120m2 | Individual Mixed 158.9505 95.1734
156 | Square less than 5 buildings 10,00%213,000m2 Core 4 19761980 more than 120m2 | Central Stair 157.7143| 100.3576
157 | Linear less than 5 buildings More than13,001m2 Core 4 19761980 more than 120m2 | Individual Stair 156.3474| 110.0230
158 | Square less than 5 buildings More than 13,001m2 Core 4 19761980 more than 120m2 | Individual Mixed 167.0549 98.2054
159 | Linear more than 15 buildings | Less than 10,000m2 corel 19761980 71-100m2 Individual Corridor 156.3682 99.5716
160 | Square less than 5 buildings 10,00%13,000m2 Core 4 19761980 more than 120m2 | Individual Stair 163.5000 93.4361
161 | Square less than 5 buildings More than 13,001m2 Core 2 19761980 more thanl20m2 Individual Mixed 146.5108| 102.8396
162 | Linear less than 5 buildings Less than 10,000m2 corel 19882000 71-100m2 Individual Corridor 119.1732 85.1189
163 | Linear less than 5 buildings Less than 10,000m2 Core 3 19761980 more than 120m2 | Individual Stair 128.3441| 106.4052
164 | Linear 6-15 buildings 10,00%13,000m2 Core 3 19761980 more than 120m2 | Individual Mixed 145.2396| 108.3420
165 | Linear less than 5 buildings 10,00113,000m2 Core 2 19882000 101-120m2 Individual Mixed 66.4319| 103.5456
166 | grid more than 15 buildings | 10,00213,000m2 Core 2 19882000 101-120m2 Individual Mixed 87.6778 91.9506
167 | Linear less than 5 buildings More than 13,001m2 Core 3 19882000 101-120m2 Individual Stair 83.5127 85.0411
168 | Linear less than 5 buildings 10,00%13,000m2 Core 3 19882000 71-100m2 Individual Stair 73.4506| 103.0283
169 | Linear 6-15 buildings 10,00113,000m2 Core 2 19882000 101-120m2 Individual Mixed 90.7153| 101.6275
170 | grid 6-15 buildings 10,00113,000m2 Core 4 19851987 more than 120m2 | Central Stair 153.6998| 102.7178
171 | Square 6-15 buildings Less than 10,000m2 Core 3 19882000 101-120m2 Central Stair 143.3137 96.6535
172 | grid more than 15 buildings | More than 13,001m2 Core 3 19882000 more than 120m2 | Central Corridor 133.4959 83.5196
173 | Linear more than 15 buildings | More than 13,001m2 Core 4 19811984 more than 120m2 | Individual Stair 112.7135| 109.3505
174 | grid 6-15 buildings Less than 10,000m2 Core 4 19882000 71-100m2 Individual Mixed 74.5615 70.5983
175 grid 6-15 buildings Lessthan 10,000m2 corel 19882000 Less than 70m2 Individual Corridor 84.0571 80.5859
176 | grid 6-15 buildings 10,00113,000m2 Core 2 19882000 more than 120m2 | Individual Stair 84.1309 97.6957
177 | Linear 6-15 buildings Less than 10,000m2 Core 3 19882000 101-120m2 Individual Stair 93.2061| 100.0822
178 | grid 6-15 buildings Less than 10,000m2 corel 19882000 Less than 70m2 Individual Corridor 92.3197 90.3108
179 | Linear 6-15 buildings More than 13,001m2 Core 3 19882000 more than 120m2 | Individual Stair 89.5274 94.7778
180 | grid 6-15 buildings Less than 10,000m2 Core 2 19882000 71-100m2 Individual Stair 89.6285| 101.8818
181 | grid less than 5 buildings 10,00113,000m2 Core 2 19882000 71-100m2 Individual Mixed 76.3110 93.5467
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182 | Square 6-15 buildings Less than 10,000m2 Core 2 19882000 71-100m2 Individual Stair 80.3614| 101.3024
183 | grid 6-15 buildings Less than 10,000m2 corel 19882000 71-100m2 Individual Corridor 81.1147 78.2776
184 | grid 6-15 buildings 10,00%13,000m2 Core 2 19882000 more tharl20m2 Individual Stair 75.4309 97.4701
185 | grid 6-15 buildings 10,00%213,000m2 Core 2 19882000 more than 120m2 | Individual Stair 77.3555 91.9409
186 | Square 6-15 buildings Less than 10,000m2 Core 3 19882000 101-:120m2 Individual Stair 85.4689| 100.1438
187 | grid 6-15 buildings Less than 10,000m2 core 1l 19882000 71-100m2 Individual Corridor 74.1524 77.3113
188 | Linear 6-15 buildings 10,00113,000m2 core 1 19882000 101-120m2 Individual Corridor 67.9960 85.9527
189 | grid more than 15 buildings | 10,00213,000m2 Core 3 19851987 more than 120m2 | Central Mixed 109.3708 83.4943
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Appendix B

1 Stochastic data ofusage ofelectric appliances(KEPC, 1990; KEPC, 2013), used in Chapter 5 (= input items)

Items Electric power Penetration | Daily usage | Annual usage | Annual electric Standard deviation of
consumption(W) rates (%) (min/day) (hour/year) consumptior(Wh) annual usage
TV 130.6 123 331 1918 255,520 63.5
Washing machine 242.8 98 72 205 51,555 30.1
Electric iron 1265.5 79 22 36 43,871 25.2
Computer 255.9 62 130 599 155,589 109.1
Rice-cooker (cooking) | 1036.2 93 66 341 342,407 25.8
Rice-cooker(warming) | 158.2 93 719 3719 604,011 631.7
Microwave 1040.3 71 12 34 35,753 4.8
Vacuum cleaner 1016.2 82 28 107 109,186 12.3
Video/DVD 18.2 8 65 60 1,064 34.6
Electric blanket 170.00 87 339 576 97,340 98.18
Air-conditioner 1340.3 78 173 156 238,245 18.85
Refrigerator 40 104 - - 350,634 -
Kimchi-refrigerator 22.6 86 - - 155,275 -
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Appendix C

Heating energy consumption in apartment units applied in Chapter 6

Locations Horizontal locations
West Middle East

Top floor 152.930 157.233 170.532

13" floor 97.781 97.781 97.781

12" floor 107.364 108.831 145.695

11" floor 109.124 114.698 116.947

10" floor 101.008 114.404 117.339

9™ floor 110.786 121.640 118.414

8" floor 140.903 132.298 139.731

Vertical 7" floor 113.329 132.201 111.374
locations 6" floor 106.680 135.916 130.246
5" floor 154.593 133.276 137.286

4 floor 128.876 139.339 144.521

3“floor 136.112 143.382 144.619

2" floor 136.014 154.886 152.541

1% floor 146.477 156.940 147.064

Ground floor 163.002 195.074 179.821 Ground level
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Appendix D

Publications

A stochastic model of integrating occupant behaviour into energy
simulation with respect toactual energy consumption in highrise

apartment buildings

Hyunju JANG & Jian KANG*
School of Architecture, University of Sheffield, Sheffield S10 2TN, United Kingdom

* Corresponding author

Abstract

Apartment buildings have evolved to be smlfficient for occupants. Thus, energy use is
individually controlled in apartment units, which can be considered as independent thermal
zones within buildings. However, this has been disregarded in conventional energy
modelling which is mainly applicable for redugirenergy demands of buildings with
standardised conditions, rather than reflecting actual consumption. This approach has been
questioned due to the high levels of uncertainty formed with real buildings. In this study, a
model considering occupant randomhaeiour consuming heating and electricity is
developed to reflect variations in actual energy consumption in apartments. Moreover, the
effects of various parameters of occupant behaviour in relation to the model were examined.
In total 96 apartment blocks Seoul were used as samples. Gaussian Process Classification
was applied to modify occupant random behaviours corresponding to the probability of
energy consumpti on. As a result, it has bee
(25% deviation)are between three and eight hours, withil20 °C set temperatures.
Moreover, the operating hours of electric appliances and lighting are also approximated with
the probabilities. This methodology could reduce uncertainties in building simulations, and

provide a broader application in buildings with similar development stages.

Keywords

Bayesian inference, Uncertainty, Gaussian Process, Occupant behaviour, Apartment building
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1. Introduction

Apartment buildings are one of the most common types of housing in(sén, 2011)

Their high capacity of accommodating a large number of residents has attracted the fast
grown and growingcountries, such as China, South Korea, Hong Kong and Singapore
(Yuen, 2011) One of the representative countries for a great number of apartment
construction, South Korea, experienced great economic growth in the 1960s, and the country
became rapidly urbaed (Chung, 2007) This urbanisation also resulted in a dramatically
increased urban populatiofChung, 2007) Apartment buildings were introduced to
accommodate this increased size of the urban population, particularly for the working class
(Lim, 2011) However, the main target for apartment buildings was gradually transferred
from the working cl ass, to the Anewdo middle cl &
growth in the 1970s and 198Qksett, 2001) This transfer meant that living in apartment
buildings became a representative of rising social s{@ekzeau2007) For this reason,

the proportion of housing that were apartment buildings was much gf8tatstics Korea

2010a) Seoul was one of the main centres in this significant tranaf@m In the 1970s

and 1980s, 48% and 26% of national apartment construction was concentrated in Seoul,
respectivelyStatistics Korea2010a) They still comprised about 50% of housing in the city
(Kim, 2010)

Improving thermal performance in existingilkdings has been discussed in many countries
(Ouyanget al., 2011ps carbon emissions is an international issue. Refurbishing old existing
apartment buildings has been importantly investigated in Asian countries, s(¢heaset

al., 2006;0uyanget al, 2011) In South Korea, apartment buildings built in the 1970s and
1980s have been highlighted due to their large population, as well as high energy
consumption(Kim, 2010) in accordance with the intensified building thermal regulations
(Kim et al., 2013. Existing literaturg Kim et al., 2006; Lee, 2009; Song, 2009; Son et al.,
2010; Kim et al., 2010; Roh, 201Bas focused on reducing the energy demand of apartment
buildings in standardised conditions defined by the Energy Performance(Muaestry of

Land, Infrastructure and TranspoR015a)and Building Energy Efficiency Rating System
(Ministry of Land, Infrastructure and Transpo£015b) These standards have provided
deterministic conditions to identify changes in the energy demands of buil@imgs, they

have been used to verify energy efficiency in buildings, and guide buildings to improve their

energy performance. However, this approach has been questioned in its relation of real
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situations. Many studies pointed out the limitations and umiogigs contained in the
standard conditions of buildings used in existing litera(Byan & Sanquist2012) One of
difficulties in refurbishing existing buildings is the lack of interaction with the occupants
(Gholamiet al., 2015)

Apartment buildingshave evolved to be sedfficient for occupants despite the unified
features of buildinggGelézeapu2007) The usage of heating and electricity is individually
controlled in each apartment unit, which can be considered as an independent thermal zone
in these buildings. Therefore, energy consumption in apartment buildings can significantly
vary. Besides, some empirical data in existing stufesqg et al., 1995; Lee et al., 2012)
showed variation in actual energy consumption in apartment buildings edé@spisimilar
thermal conditions. However, energy models with standardised conditions in the existing
literature are not flexible enough to take into account the possible variations in energy
consumption. Furthermore, the results would contain a high anodumcertainty due to

random behaviours of energy consumption.

Existing field studies have indicated how much energy consumption can vary by occupant
energy behaviour. One of the existing stud@alvin, 2013)divided consumers living in the

same apament buildings by the heating consumption levels, due to the normality of the

three distributions in the frequency density: lower than 500 kwh,i58@00 kWh and

higher than 3000 kwWh. Except for the consumption of space heating, electricity consumption

could also vary from 50 to 750 kWh among 100 households, and the consumption for
standby was between 0 and 1300 kWh per g@emHanssen2013) The monitored usage

of electric appliances, apart from the consumption for space heating and hot water, was

dif f ered bet ween 35% and 40% depending on t
behaviourgSidleret al., 2002)

In order to take these variations caused by
energy modelling in existing literature has atterdpte integrate the variations with a
probabilistic approach, rather than deterministic values. One of the probabilistic approaches

is to use stochastic model s. The concept o]
human behaviour as not deterministieit complex and unpredictable actions which are
represented by a composition of observable s{afieste & NevesSilva, 2012) Therefore,

the stochastic model of occupantsé behaviour
about energy consumptiam a change in indoor environment. Vir&eNevesSilva (2012)

used the hidden Markov Chain model to integrate observable motivations of occupant
behaviour taking the actions consuming energy. Ni@d0l) consi der ed OCCuUf

behaviours as binary heatng on or offi and applied the probit regression analysis for
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PN

model l ing the proportion of occupantsb6 actions
stochastic models refine the ranges of possible consumption behaviours with the quantified

probability. Tterefore, the models draw uncertain factors with the more distinctive

boundaries in building simulations. However, the limitations of stochastic models can be

that they do not provide consistent results that can be directly input in building simulations

(Virote & NevesSilva, 2012) even the results are within the probable ranges.

This study, therefore, aims to develop a probabilistic model of occupant random behaviour
consuming heating and electricity, regarding the variation in actual energy consufaption

old highrise apartment buildings. Three objectives are designed: to identify the variation in
actual energy consumption in old higke apartment buildings built between the 1970s and
1980s; to integrate the variation in actual consumption into gmacaglels; and to identify

the possible occupant random behaviours controlling heating and electricity corresponding
to the probability of energy consumption.

2. Methods

In order to identify probabilistic occupant random behaviours controlling heating and
electricity the procedure was designed in four steps. At first, actual energy consumption in
apartment buildings was surveyed, and then its variation was measured. Second, energy
models of the random control of heating and electricity were analysed withutitertainty.
Estimated energy consumption of the energy models was optimised to reflect the distribution
of the actual usage. Third, the probability of energy consumption was predicted by Gaussian
Process Classification. At the same time, the possitriges of occupant random controls

were updated. Last, the probabilistic random behaviour was evaluated.

2.1 Evaluating variation in actual energy consumption in apartment buildings
constructed in the 19708 1980s

2.1.1 Sampling

There are many factorsiterrelating with energy consumption. Thus, it was important to
control effects from unrelated factors in this study. Three sampling units were chosen: 1)
locations; 2) physical conditions; 3) data availability. Firstly, the locations of apartment
buildings were used to eliminate external effects. Sixteen apartment districts in Seoul were
chosen. These districts were mainly developed for apartment constructions under an
enforcement decree of the Urban Planning Act since 1866, 2004) Thus, apartment
buildings in these districts were constructed in a similar time frame and near distance, which

can minimise the difference in climate effects. Afterwards, these 16 districts were separated
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by socieeconomic factors to avoid the impact of urban segregatioBeioul. Existing
literature has identified that the disparities of education levels and occupations are highly
correlated to the income levels of residents in S€voibn, 1998; Lee, 2008; Chung, 2015)
Yoon (2011) compared the geographical disparities afious indices related to the socio
economic factors: population, fiscal se#fiance ratio, health and welfare, education, prices

of housing and land, industrial structure and transportation. Five boroughs representing
relatively better living conditionsvere chosen from a total of 25 boroughs in Seoul by
comparing a standard score of the indices. Residents with high level education were densely
populated in these five boroughs. The robust correlation between theschigation
residents in these five bmrghs and their housing types (apartment buildings) has been
found (Zchang, 1994)Sixteen apartment districts are affiliated to these five boroughs. Four
of the five boroughs (13 apartment districts), all with apartment buildings constructed in the
mid i 1970s and 1980s, were chosen for this study. The residents in the four boroughs,

especially those who live in highi se apart ment buil dings, were
class(Lett, 2001; Zchang, 1994¥¢chang(1994)d escr i bed t he fismalldo mi d
business owners and a higher income than the

Lett(2001)di scovered the seven categories of occu
in the four boroughs: scholars, government bureaucrats, corpeakatey men, business
owner s, professional s, religious | eader s, no
middle class are varigd.ett, 2001;Gelézeau2007) but people in this class can afford not

to be concerned about energy consumption.

Secondly, the physical conditions of apartment buildings need to be constrained to avoid
giving impact on energy consumption. Two of the most influential factors affecting energy
consumption, thermal conditions of building envelofiésn, 2013)and hedhg methods

(Lee et al., 2004; Moon et al., 200iyere chosen. Therefore, apartment buildings
constructed in the 1970s and 1980s were divided into two groups depending on the thermal
conditions of building envelopes, which were filtered by constructiorsy@#e first group,

period A, was comprised of apartment buildings constructed before 1980 when a legislation
of building thermal regulations was enacted. The second group, period B, contained
buildings built between 1981 and 1988 before the buildinglaéign has a professional
form. Therefore, the buildings in both periods need to be refurbished to reduce high energy
consumption(Kim, 2010) although buildings in period B can be expected to have relatively
advanced thermal conditions compared to bugdim period A. The district heating method

was considered only, which was mainly applied to many apartment buildings constructed in

the four boroughs.

250



Appendices

Lastly, energy bills were collected through the Apartment management information system
(Korea AppraishBoard 2015) The monthly consumption in 2014 was transformed from
Won/nflyear to kWh/miyear, according to calculation methods by tierea District
Heating Corporatiorf2015) and Korea Electric Power Corporati¢®014) The bills were
separated by heatfy and electricity. This study only considered energy bills consumed for
individual units. Energy bills used for communal purposes were, therefore, excluded even
though they were consumed in buildings. In total 96 apartment blocks (44 blocks in period A
and 51 blocks in period B) were chosen in this sample study. They occupy 37.1% and 16.3%
of apartment buildings built in both periods A and B in Seoul, respectively.

2.1.2 Normality tests

Central limit theorem states that frequencies in empirical poputasioow belishape curves

if the number of independent random samples is large en@ags, 2002)The collected

samples were evaluated for this normality. Firstly, Kolmogé&avrnov and ShapiraVilk

tests were conducted to measure the deviations ofathples from the normal distribution

with the same mean awnal sdsanidmariotdlevi easti ®nar ¢ fnoi
0.05), then the normality of the samples can be accéRtss et al., 2014F5econdly, Q Q

plots were drawn to supplementthimitation of the previous normality tests through visual

inspection(Field, 2009) Lastly, skewness and kurtosis were measured to identify how far

the sample data is different from the normal distribution; +1.96 limits were considered as

normally distrbuted(Field, 2009) SPSYField, 2009)was used to conduct these tests. The

results of normality tests are illustrated in Section 3.1.

2.2 Integrating occupant random behaviour reflecting actual energy consumption into

energy modelling

A probabilistic appoach was applied to reflect variation in the actual energy consumption in
energy models. Energy models were created by the possible behaviours in controlling
heating and electricity. The possible energy consumption in the energy models was
compared to thevariation in the actual energy consumption. The model estimation was
optimised to be as similar as possible to the real consumption, which indicates the possible

ranges of occupant behaviours determining the variation in the actual consumption.
2.2.1 Enegy models of occupant random behaviours controlling heating and electricity

Energy modelling consisted of three parts: building form, thermal properties and energy
controls. First, building form was fixed by choosing the most typical unit d€&ign &
Kim, 1993; Park, 2003nd building design (fifteentory and soutfiacing (Son, 2004; Lim,

251



Appendices

2011) as shown in Figure 1. This unit design made up about 80% of apartment buildings
built until the 1980gKim & Yoon, 2010) The apartment buildings with 15 floamrsake up

the largest proportion, 31.7#inistry of Land, Infrastructure and Transpd2004) Energy
models were created with six units: two units on three floors (ground, middle and top floors).
The energy consumption in the two units on the middle flees multiplied to estimate the

total amount of energy consumption from the 2nd to 14th floors by using multiplier in
EnergyPlus8.qEnergyPlus Documentatipi2010) Each room was separately modelled as
individual thermal zones to be controlled lklfferent schedules as it occurs in real

situations.

Second, thermal properties {ldlues) for the two periods (before 1980, and between 1981
and 1988) were identified by reviewing the building thermal regulations and existing
literature(Seo, 2012; Kim eal., 2013) The specific applications were also verified by the

site survey collecting actual architectural drawings in three apartment blocks. The thermal
condition in apartment units is divided into two different areas: unconditioned and
conditioned aras (Figure 1). Unconditioned areas mean the bathroom and two balconies,
which are directly exposed to the outside without heating facilities, whereas conditioned
areas are the main living spaces, which are enclosed by the unconditioned areas to be
protectel from the outside, apart from the bedroom C. Therefore, thermal protection was
focused on the conditioned areas. The profiles of the building envelopes are described in
Table 1.

! Balcony External wall(Indire Conditioned area
Bedroom C s D Unconditioned area
Kitchen Bedroom B >/
7%
B IR 1
g gBathroom|
[« »[
Bedroom A Living room I -
vall i
Balcony Extérnal wall(Direct Floor plan

BT W ] | ot
[0 111 [T 111

Elevation (North)

Figure 1 Description of the apartment units
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Table 1 Profile of thermal properties in energy models

Locatio | Exposure Materials (mm) Thickness Thermal Density Specific U-value
n to the (In A out, upA down) (mm) conductivity (kg/m?) heat (W/m3K)
outside Period A Period B (Period A/ (W/m.K) (Period (I/kg.K) Period | Period
(Before 1980) | (19817 1988) B) Al B) (PeriC)Jd A A B
B
External | Direct Mortar Mortar 18 1.081 1950 921
wall Cement brick Cement brick 90 0.605 1700 1550
Cavity Cavity 50 0.15(nfK/W) - - 2.08 2.08
Cement brick Cement brick 90 0.605 1700 1550
Mortar Mortar 18 1.081 1950 921
Indirect Mortar Mortar 18 1.081 1950 921
Cement brick Cement brick 90 0.605 1700 1550
Cavity Insulation 50 0.033 - /50 -/838 2.08 0.50
Cement brick Cement brick 90 0.605 1700 1550
Mortar Mortar 18 1.081 1950 921
Side Direct Mortar Mortar 18 1.081 1950 921
wall Cement brick | Insulation 90/50 0.605 1700/50 | 1550/838 | 3.24 0.59
Concrete Concrete 200 1.400 2240 879
Mortar 18 1.081 -11950 -1921
Roof Direct Mortar Mortar 24 1.081 1950 921
Concrete Concrete 200 1.400 2240 879 0.52 0.52
Cavity Cavity 220 0.18(nfK/W) - -
Insulation Insulation 50 0.033 50 838
Plaster board Plaster board 10 0.209 940 1130
Floor Indirect Mortar + Mortar + 100 1.081 1950 921
between Gravels Gravels 1.260 1522 908 4.36 0.55
ground (heating tubes) | (heating
and tubes)
undergr Concrete Concrete 200 1.400 2240 879
ound Insulation 50 0.033 -/50 -/838
floors Plaster board 10 0.209 -1940 -/1130
Window | Direct Single glazing | Single 3 0.900 - - 5.89 5.89
glazing

Third, heating and electricity controls were set differently depending on uncertainty. Heating

supply in each room isontrolled by supplying valves, and the controller manipulates set

point temperatures and operations. Heating controls in this study concentrated on the set

point temperatures and operating hours in each room. The possible range of hepting set

tempeatures was set between 16 °C and 22 °C. The operating hours were gradually

increased from three to nine hours per day. In terms of electricity controls, the national

surveys investigating behaviours of electricity consumptigtorea Electric Power

Corporaion, 1990; Korea Electric Power Corporatipi2013 were used to identify the

possible range of operations in households. Daily routines of using electric appliances in 500

households were collected in this survey. Lighting and four electric appliancesnghow
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variations in their operating hours with higher penetration rates (60%) were chosen: air
conditioner, electric blanket, computer and #to®ker. Lighting operation was separated by
the living room and the bedrooms. The operating hours were increased to 7 hours per

day with maximum 70% fluorescent lights in operation among the 500 houséKolds
Electric Power Corporatigri990) The control of akconditioners was separated by-set
point temperatures and hours. The temperatures were incffeased3°C to 29°C. Overall,
operating hours of cooling did not exceed more than 32%, which is relatively lower
compared to other appliances. The maximum hours of using-aoralitioner was 7 hours

in a day with 10% probability. Rieeookers showed theighest operating hours, with an
average of 3800 per year in consuming electricity for warming(Koeea Electric Power
Corporation 2013) The maximum operating hours was identified to be 16, with about 40%
in operation, and the minimum hours was 10hvabout 60% in operation. The computer
was mainly used at night. The maximum usage is distributed between 7pm and 11pm with
about 30% in operation. The electric blanket was generally used between five to six hours
per day, but the number of days used yrear indicated more prominent variations from 60

to 120 days. This variation was taken into account in models. In total 19 input parameters

were set with the possible range of values (Table 2).

Some appliances, such as the TV, refrigerator, and Kimchgeeditor, also indicated high
electricity consumption, but their operations were much unified: always on for refrigerators
and five hours on for the TV, according to the national suiikeyrea Electric Power
Corporation 2013) Therefore, they were set the energy models, but with consistent
values. Two akconditioners were equipped in the living room and the largest bedroom A.
Electric blankets for supplementary heating were applied in the living room and two
bedrooms. A computer and rice cooker weracetl in the living room, including the
kitchen. Four occupants were set in each apartment unit, which is the most representative
type of household living in apartment buildin@atistics Korea201M). Electric power for
appliances was taken from the average values in the national $lore@a Electric Power
Corporation 2013) TV (130.6W), refrigerator (40.0W), kimchi refrigerator (22.6W),
computer (263.3W), fluorescent light (55.0W in bed rooms, 5%V in the living room),
rice-cooker (1022.9W in cooking, and 143.4 in warming). Ventilation rates were set at
0.82ACH for conditioned area and 2.00ACH for unconditioned &nistry of Land,
Infrastructure and Transport (2015b)
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Table 2 Prior distributions of uncertain parameters in building energy models

Categories | Input parameters Prior Optimised Locations Units No.
distributions distribution
Period A | Period B
Heating Setpoint 167 22 16i 20 157 21 Living room °C(winter) 1
temperatures 1671 20 16i 21 Bed room Ai C 2,34
Operating hours 319 3i6 319 Living room Hour/day 5
- - Bed room Al C (winter) 6,7,8
Electricity Air-conditioner - Living room °C(summer) 9
(setpoint 231 29 Bed room A 10
temperatures)
Air-conditioner Living room Hour/day 11
(operating hours) 017 017 Bed room A (summer) 12
Rice-cooker 107 16 7116 Living room Hour/day 13
(operating hours) (kitchen)
Computer 17 4 0.51 3.5 Living room Hour/day 14
(operating hours)
Lighting 177 017 Living room Hour/day 15,16
(operating hours) Bed rooms
Electric Blanket 6071 120 - Living room Dayl/year 17,18,19
(winter)

2.2.2 Optimisation of model estimation reflecting variation in the actual energy

consumption

Theenergy models defined in the previous section were used to estimate the possible ranges
of energy consumption. A great number of possible cases were created due to the uncertain
controls of heating and electricity. 200 random samples were chosen by yptrCGlbe
Sampling (LHS) to conduct the Monte Carlo Method. The LHS method is more robust than
other sampling method#1acdonald 2009) and has been widely applied to the uncertainty
analysis in building simulations such &klyun et al., 2008; Silva& Ghisi, 2014)
EnergyPlus 8.qCrawleyet al, 2001)was used to conduct building simulations. Historical
weather data for Seoul in 2014, which is provided by White Box Technologies weather data
for energy calculation@/NVhite Box Technologie2014) was applid. Both LHS samplings

and simulations were managed by jEPI(&chang 2012) Heating and electricity
consumption were separately accumulated. The Probability Density Function (PDF) of the
estimated energy consumption was compared to the PDF of the actual energy consumption.
The Coefficient of Variation of RodWleanSquare Deviatin (CV RMSE) was used to

measure the discrepancy between the model estimation and the actual energy consumption.
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The previous occupant random behaviour in energy models could not be specified for the
residents living in the old apartment buildings. Than doring about high amounts of
discrepancy, compared to the actual energy consumption. This discrepancy was optimised in
order to reflect the actual energy consumption. The procedure was divided into two parts.
Firstly, multivariate regression analysis wesnducted to create linear models of energy
consumption only with influenti al parameters
linearity was examined by the coefficients of determinatiorsq&ared) and -Fatio values

(Field, 2009) Standardised égression Coefficient (SRC) values were used to determine the
influential parameters in the linear models. A stepwise method was applied to create possible
linear models automatically. Secondly, the ranges and values of the uncertain parameters
were revisd for their regenerated random samples to have a similar mean and standard
deviation of the actual energy consumption. Random sampling was conducted by uniformly
distributed pseudorandom integers in MATLAB 201&4unt et al., 2014) The linear
models idernfied above were used to estimate energy consumption of the regenerated
samples. The distribution of the-estimated energy consumption was compared to the
actual energy consumption. CV RMSE was used to evaluate the difference between them.

The results @& shown in Section 3.2.1.

2.3 Generalisation of probability of occupant random behaviours consuming heating

and electricity

Based on the optimised model estimation, this section conducted stochastic processes to
identify the probability of energy consummti. Stochastic processes deal with the sets of all
possible random parametdRoss, 2014)and form the generalised probability distributions

to functions(Rasmusserand Williams 2006) In particular, Gaussian Processes easily deal
with the many randomariables that are approximately considered normally distributed,
according to the probability theorParzen 1999) The processes follow Bayes theorem
(Rasmusserand Williams 2006)that modifies prior distributions through observed data to
achieve targetistributions(Kalbfleisch,2012) This inference has been used to calibrate
parameters of energy models in building simulations, as show(ién et al., 2012)
Depending on the types of outputs, either regression or classification is determined in
condicting Gaussian processes; regression deals with continuous outputs that deal with real

values while classification considers discrete outputs classified by (Alszls 1998)

This study focused on classification to predict the probability of heatinglantticity in the
old apartment buildings, rather than exact calibration-bgsmse. The process was divided
into three steps. Firstly, the optimised random samples were prepared as training data. The

energy consumption was subdivided by 25% deviatlé@ating consumption with 25%
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deviation was dined between 107 and 138 kWf/year in periodA, and between 87 and
112 kWhm?year in period B. The electricity consurigst between 30.1 and 33.3

kWh/m?year decided the medium class for the both periods.

Secondly, Gaussian Process priors such as covariance functions were formed. Many
covariance functions can be applicable. The details of covariance functions were studied by
Neal (1997) More than that, the suitable values of hyparameters defining covarice
functions is more problemati¢Rasmussenand Williams 2006; Neal, 1997) Prior
distributions of hypeparameters are required to be predefined, although the values are
optimised during the process. In this study, the Squared Exponential (SE) ocoarian
function, which has been the most widely ug@hsmusserand Williams 2006) was
chosen. This covariance function necessarily requires two ipgsameters: lengtbcale

and magnitude. The inverse of lengitales demonstrates the relevance of inputthé
process, while magnitude indicates the variances of unknown function yhles 2012)
Gaussian distribution was applied for the hyparameters in this study.

Thirdly, Gaussian Process models were structured by multinomial probit models st ne
Expectation Propagation (nested EP) algorifi®iihimaki, 2013)to take into account the
classes of energy consumption with four to six parameters for heating and electricity
consumption. Comparing to MCMC, nested EP algorithm also showed consesahts r

with small inaccuracyRiihimaki, 2013) but much less operating time was required. The
calculations were conducted by &Ruff (Vanhataloet al., 2013) run by MATLAB 2014a
(Hunt et al, 2014)Contour plots were used to draw the predictive proibabilhe results

are illustrated in Section 3.2.2.
2.4 Evaluating estimated energy consumption of probabilistic models

The previous section identified the probability of energy consumption, and the previous
identification of behaviours controlling heatiagd electricity were modified. The updated
random behaviours were evaluated to whether or not the predicted energy consumption
reflects the variation in the actual energy consumption with reduced uncertainty. 100
random samples were chosen with differprababilities: high probability (50 90%) and

total probability (OF 90%). Their estimated energy consumption is compared in Section 3.3.
3. Results

The conventional energy modelling used for higle apartment buildings has estimated
energy consumption based on the standardised conditions, which are provided from the

international or national guidelines. Therefore, the estimation could containevigls lof
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uncertainties when it is applied to specific types of buildings and groups of occupants. The
methodology in this study was designed to reduce the uncertainties, caused by applying the
standardised conditions, by identifying the probability of pecut energy behaviour from

the national survey and the variation in actual energy consumption. Thus, the result of the
probabilistic model can be adjusted for the specific resident group and the conditions of
apartment buildings. This section presentsphe obabi | i sti ¢ model for
middle class living in old apartment buildings constructed in the 1970s and 1980s in Seoul.
The section is designed in three parts. The first part describes the analysis of variation in
actual energy consumption ire&ion 3.1. The second part illustrates the probability of
standardised conditions in Section 3.2. Specifically, the optimisation of estimated energy
consumption regarding the actual energy consumption is interpreted in Section 3.2.1, and the
results obtaied from Gaussian Process Classification are shown in Section 3.2.2. Finally,
the estimated energy consumption with the probability of standardised conditions is
evaluated in Section 3.3.

3.1 Variation in actual energy consumption in apartment buildings bilt between the
1970s and 1980s

The results of normality tests demonstrate that the collected samples are normally distributed

( Fi gur e -vales in thér KolmggoreBmirnov tests are unified with 0.200 in the

heating and electricity consumption fortbgeriods. ShapirgVi | k t est s al so sh
values 0.362 0.792, which are not significant. This means that the normality of the samples

can be accepted. The iIQQ plots of the samples show slight deviations from the normal
distribution at the tails. Ae deviations are interpreted by Kurtosis and Skewness. The largest
Kurtosis is 1.30 in the electricity consumption in period A, while the greatest skewness is

found in the heating consumption in period A. However, these deviations are within £1.96

limits of Kurtosis and Skewness. Therefore, the samples can be regarded as normally
distributed, which means that the number of samples is large enough to represent their

population.

Figure 3 gives the overview of energy consumption in old -higgh apartment bldings
constructed between the 1970s and 1980s. The average heating energy consumption in
apartment buildings constructed befd®80 (Period A) is 123.2 kWim?/year, while the
consumption is reduced to 99.66 kWhiyear in apartment buildings built betwe&981

and 1988 (Period B). The comparison of the two average values reveals the significant
impacts of thermal conditions of building envelopes on heating consumption. However, the
electricity consumption is similar in both fmas, A and B, with 31.77 kWm“year and

31.67 kWhim?/year, respectively.
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The more interesting aspect is the variation in energy consumption in each period (Figure 3).
Heating consmption is deviated 20.6 kWin#/year among buildings in period A, while a
greder deviation about 30.kWh/m?/year is identified in period B. Furthermore, the
difference between minimum and maximum values iratihg consumption is 98.0
kWh/m?year in period Aand is enlarged to 128.5 kWitlyear in period B. The relatively
lower variation in period A couldeveal their desperate need of heating due to the low
energyefficient building conditions. The higher variation in period B would result from the
diverse preference in controlling heating by occupants. In electricity consumption, the
standard deviationof both periods is about 3.5 kWhf/year, and the minimum and
maximumranges are about 1520 kWhim?/year. In general, the actual energy consumption

in apartment buildings is 1030% deviated from average values. The difference between
minimum and maximion consumption is extended up t0i5028%.

Figure 2 Results of normality tests of actual energy consumption
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