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ABSTRACT 

Quantitative evaluations of indoor environmental quality (IEQ) along with energy efficiency 

are amongst the key features of environmentally sustainable buildings. Buildings are 

responsible for a significant portion (nearly 40%) of the world’s total energy consumption and 

GHG emissions. On the other hand, operational phase contributes to the greater part of the 

building’s energy consumption. Along with energy efficiency, IEQ is another aspect that has 

been attracting significant attention in the field of sustainable building design. People spend 

about 90% of their time indoors. Therefore, the comfort levels and satisfaction of indoor 

environment can easily affect the quality of their daily life. The IEQ parameters considered in 

this thesis include thermal comfort, visual comfort, auditory comfort and indoor air quality 

(IAQ).  

While prefabrication offers substantial benefits to the construction industry through quality 

assurance, time savings and waste reduction, it tends to transform the construction process 

and components which can affect the buildings’ performance in both positive and negative 

ways. Understanding the effects of the prefabricated building components on energy 

performance and IEQ will inform the design decisions which can lead to the creation of more 

sustainable buildings with high quality. Although previous research has focused on the 

benefits and limitations of prefabrication in housing, there has been little quantitative analysis 

on how various envelope components may affect several performance parameters including 

energy consumption and IEQ of residential buildings. Along with that, there is still a lack of 

systematic design methods and decision support which can lead to design solutions to 

improve both sustainability and affordability aspects. These issues constitute the main 

knowledge gaps, leading to the identification of the research aim as: ‘The aim of this thesis is to 

optimise the envelope components of a prefabricated house to minimise thermal discomfort 

hours (TDH), daylight unsatisfied hours (DUH) and life cycle costs (LCC) while meeting the 

requirement of Australian National Construction Code (NCC) on energy efficiency and IEQ 

performance’.  

The focus of this study is on a prefabricated house in various Australian climates. Building 

performance optimisations with multi-objectives in early stages of design have been 

conducted to minimise LCC while maintaining the satisfactory indoor environment. A 

framework was developed to conduct multi-objective optimisation of a selected residential 

building. The framework is the structure developed for conducting multi-objective 

optimisation in early design stages through a number of sequential rational steps. The steps 
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include model development, model validation, sensitivity analysis, development of 

component’s library and multi-objective optimisation. As the result of optimisations, the 

optimal combinations of envelope components were presented in the form of Pareto optimal 

solutions. The optimal solutions achieved 27-31% savings in LCC compared to the baseline 

while the reductions for TDH varied between 6% and 55%. As a result of trade-offs, the 

selected compromised solutions in each climate could achieve better reductions for either 

TDH, LCC or both.The optimal solutions, as well as recommended best compromised 

solutions, provided useful insight and decision support towards the design solutions that 

minimise LCC while providing satisfactory indoor environment. The developed framework for 

building optimisation in early stages can be used by designers and building performance 

simulation practitioners across any types of buildings. 
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Chapter 1: Introduction 

In this chapter the background and motivations for undertaking the research, problem 

statement, research questions, aim and objectives, scope and limitations are presented. An 

overview of the thesis contents is also provided in this chapter. 

1.1. Background and problem statement 

With the growing population and uncoordinated developments of the cities, sustainability of 

built environment has become a critical focus area in most countries. More and more sectors 

throughout the world became eager to modify their processes to prioritise considerations for 

reducing greenhouse gas (GHG) emissions and increasing energy efficiency. Buildings are 

responsible for a significant portion (nearly 40%) of world’s total energy consumption and 

GHG emissions (World GBC 2017). For instance, primary energy consumption of residential 

and commercial buildings in the US was about 11% of total primary consumption in 2019, 

while residential buildings were responsible for 6.5% (IEA 2020). In Australia, residential and 

commercial buildings are responsible for 12.8% of total energy consumption, 7.4% of which is 

by residential building sector (Department of the Environment and Energy 2019). Globally 

60% of the total construction industry’s energy consumption and 43% of the GHG emissions 

by this industry are associated with the residential sector (World GBC 2017). Given the 

magnitude of this impact, it is important to explore strategies to reduce the energy 

consumption in residential building sector. Operation constitutes the greater part of 

building’s life and up to 70% of the energy consumption of buildings happens during 

operation (Aye et al. 2012). This necessitates an approach in which the design considers the 

operational performance and quality of the assets as an important decision factor. Focusing to 

improve buildings’ operational performance including operational energy consumption and 

IEQ during design would lead to more sustainable buildings with higher quality.  

Along with the energy efficiency, indoor environmental quality (IEQ) is another aspect that 

has been attracting significant attention in the field of sustainable building design. People 

spend about 90% of their time indoors. Therefore, the comfort levels and satisfaction of 

indoor environment can easily affect the quality of their daily life. The factors such as 

temperature, relative humidity, air motion, lighting levels, indoor air contaminant levels and 

sound pressure levels are indicators of the quality for indoor environment. Acceptable IEQ is 

the situation that satisfies the occupants’ comfort levels and does not increase the risk or 
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severity of discomfort or illness (Yoon 2008). Aspects of IEQ include thermal comfort, visual 

comfort, auditory comfort and indoor air quality (IAQ) (Fincher and Boduch 2009).  

Apart from the operational stage, energy consumption, resource depletion and GHG emissions 

during creation of the built assets needs to be reduced. UNEP (2019) named product light 

weighting through design, as an important process that can save energy and reduce GHG 

emissions. Reductions in the weight of products lead to reductions in the depletion of raw 

materials. The same report suggested that the use of prefabrication is another strategy that 

leads to reduction of material wastes. Prefabrication is a method used by the construction 

industry, in which components of buildings are manufactured in a controlled factory 

environment and brought to construction site to be assembled (Gorse, Johnston, and 

Pritchard 2012). It offers benefits to the construction industry with reductions in time, cost 

and waste. Furthermore, due to standardisation of components, materials and quality control, 

prefabricated houses are expected to have better overall quality. 

On the other hand, prefabrication changes the construction process as well as components, 

materials and design which consequently may affect the building overall performance in both 

positive and negative ways. One of the characteristics of prefabricated buildings is lightweight 

which results in less thermal mass. While high thermal mass buildings have relatively steady 

indoor air temperatures, the low thermal mass buildings have higher fluctuations (Nicol, 

Humphreys, and Roaf 2012). Furthermore, the transition from heavy building materials to 

lightweight prefabricated components was reported to cause dissatisfaction with the acoustic 

performance of buildings (Cambridge 2006). Issues such as unacceptable thermal conditions 

and IAQ (Shendell 2004), mould growth due to moisture accumulation in gypsum and MgO 

(White, Campbell, and Cheong 2015) and complaints about the noise levels (Newton et al. 

2018) (McGrath and Horton 2011) associated with prefabricated buildings have been reported 

in the literature. 

Prefabrication is a growing industry in Australia as well as around the world especially in 

residential sector. For instance, 45% of housing projects in Finland, Norway and Sweden; 15% 

in Japan; and 10% in Germany utilise prefabricated construction (Bertram et al. 2019). The 

current prefabrication industry in Australia comprises 5% of the housing industry; 

nonetheless, it is expected to reach 10% in 5 years (Steinhardt, Manley, and Miller 2013). As of 

2013, 74 modular housing manufacturers and 61 panelised components manufacturers to date 

were actively contributing to housing industry (Steinhardt, Manley, and Miller 2013), 80% of 

them were in three states namely Queensland, New South Wales, and Victoria (Steinhardt, 
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Manley, and Miller 2013). Despite that, the benchmarks of life cycle costs (LCC) and IEQ of 

prefabricated buildings are not well documented in the literature.  

Understanding the effects of the prefabricated building components on energy performance 

and IEQ will inform the design decisions which can lead to creation of more sustainable 

buildings with high quality. Therefore, it is important to investigate the effects of design 

parameters and materials on the operational energy consumption and IEQ of the 

prefabricated residential buildings.  

As such, the issues that motivated this research are: 

1) Need for IEQ considerations in residential building design 

Previous studies on the current housing stock indicated that there is occupant 

dissatisfaction associated with various aspects of IEQ. Lai et al. (2009) found that 

there are gaps between actual performance levels and satisfactory levels of IEQ 

parameters in existing houses in Hong Kong. They reported that the noise and air 

cleanness levels were not satisfactory by the occupants. Noise annoyance, 

dissatisfaction with thermal environment, visual discomfort, and complains about low 

quality of indoor air have been reported in several post-occupancy studies (Lai et al. 

2009; Yoon 2008; Wang et al. 2015). These studies showed that by considering IEQ 

performance criteria in residential buildings’ design process, the occupant’s overall 

satisfaction increases (Liang et al. 2014).  

2) Need for understanding the performance of prefabricated houses in terms of 

IEQ and energy consumption in various climate zones of Australia 

The performance of prefabricated houses in Australia in terms of IEQ and energy 

consumption is not well documented in the literature. In this respect, it is necessary to 

conduct an investigation to understand the effects of prefabricated components on 

IEQ and energy consumption. Also, the effects of the envelope parameters on energy 

consumption and IEQ under various climate conditions are not sufficiently covered in 

the literature.  

3) Need for a library of thermal properties, sound reductions, total volatile 

organic compounds (TVOC) emissions, and costs of envelope components for 

prefabricated buildings of Australia  

The current design practices in most of the projects has become a part of building 

information modelling (BIM) in which the material and component libraries are being 
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used. The process of building performance evaluation can be much more productive if 

the properties regarding various aspects of IEQ are available in a single library. There 

are some available material libraries with data related to physical and thermal 

properties. However, not all the prefabricated building products are included in the 

existing libraries while they mostly lack other performance indicators related to IEQ 

e.g. sound reduction index and TVOC emission rate.  

4) Need for better building design which minimises discomfort levels and LCC 

The main challenge in building design is that by minimising investment costs the 

quality may be reduced. This is not desirable for the occupants. For this reason, LCC of 

the buildings should be minimised without compromising IEQ.  

1.2. Research questions 

The research questions identified are as follow:  

Question #1: How can consideration on various aspects of IEQ be integrated within the early 

design stages of residential buildings? 

To answer Research Question #1, the parameters of IEQ and their quantification methods 

should be determined. Also, the minimum requirements and recommended levels for each 

IEQ parameter need to be explored followed by identification of methods and tools for 

predicting and assessing the IEQ parameters of buildings.  

Question #2: How the building envelope design decisions affect energy consumption and IEQ in 

various Australian climate zones? 

To answer Research Question #2, a sensitivity analysis of the effects of various envelope 

parameters on the performance parameters should be carried out. Also, the similarity or 

differences of those effects in various Australian climate zones should be explored.  

Question #3: What are the optimised building envelope design parameters to minimise thermal 

discomfort hours (TDH), daylight unsatisfied hours (DUH) and LCC of a selected building in 

each study location?  

To answer Research Question #3 various IEQ indicators of the prefabricated building 

components should be compiled in a single library and applied in optimisation. Series of 

multi-objective optimisations need to be carried out for each selected Australian climate zone. 

The results of the optimisation should be presented in sets of Pareto optimal solutions to the 

decision-makers for selecting the desired outcomes.  
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1.3. Aim and objectives  

The aim of this thesis is to optimise the envelope components of a prefabricated house to 

minimise TDH, DUH and LCC while meeting the requirement of Australian National 

Construction Code (NCC) on energy efficiency and IEQ performance. 

The objectives are as followed: 

• Objective 1: to identify validated baseline energy consumption and IEQ of a 

prefabricated house in selected Australian climate zones; 

• Objective 2: to conduct a sensitivity analysis to understand the effects of building 

envelope parameters on TDH, DUH and annual heating and cooling load in various 

climates. (The parameters that are found more sensitive are used as the main decision 

variables in building optimisations); 

• Objective 3: to develop a library of prefabricated building components and their IEQ 

indicators in order to use in optimisations. (This library has prefabricated components 

or subcomponents available in Australia with their associated properties required for 

thermal and IEQ performance evaluation); 

• Objective 4: to conduct multi-objective optimisations to minimise TDH, DUH and 

LCC while meeting minimum requirements for sound insulation and TVOC 

concentration. (The results of optimisations are presented in the form of Pareto fronts 

from which decision-makers can select the desired outcomes).  

1.4. Research framework 

A framework was developed to conduct multi-objective optimisation of a selected residential 

building. The framework is the structure developed for conducting multi-objective 

optimisation in early design stages through a number of sequential rational steps. These steps 

are defined in the form of research objectives to achieve the research aim. The steps include 

model development, model validation, sensitivity analysis, development of component’s 

library and multi-objective optimisation. An energy model of a prefabricated residential 

building was developed and validated. The most influential envelope parameters were 

identified through a comprehensive sensitivity analysis and used in the definition of input 

variables for optimisation. The inputs for the optimisation were developed in the form of a 

library containing envelope components and their specifications which was read as ‘blocks of 



6 
 

information’ during optimisation. Finally, multi-objective optimisations to minimise LCC, 

TDH and DUH were conducted.  

1.5. Scope and limitations 

The scope of the study is bounded by building type, the study locations as well as the input 

variables, constraints and output variables of the optimisation. A case building was chosen 

from the existing prefabricated houses in Melbourne, Australia. The building is a two-storey 

detached house with four bedrooms, one study room and one living room/kitchen. This 

building exemplifies typical residential houses in Australia. According to Pink (2012), 79% of 

Australian households live in detached houses 74% of which were in 3-4 bedroom houses. The 

building data were obtained from the construction company. The locations selected for 

investigation represent Australian climate zones at various latitudes: Oceanic (Melbourne and 

Hobart), Humid Subtropical (Brisbane and Sydney), Hot Summer Mediterranean (Perth), Cold 

Semi-arid (Mildura), Hot Desert (Alice Springs) and Savanna (Darwin). These locations were 

selected based on the area and population, climate conditions and latitude. 

The input variables are used in optimisation were limited to prefabricated building envelope 

components available in Australia for which the required data could be accessed. While the 

library used for the optimisation input is not a complete representation of all prefabricated 

components, it covers as many available products as possible. This library can be updated 

once the data related to the new products become available.  

One of the limitations associated with this study is the multi-criteria nature of the 

investigation. While each IEQ parameter can represent a separate research topic, this 

investigation attempts to consider all various parameters. This brings limitations due to 

different natures of various IEQ parameters. Therefore, with the existing tools and current 

computational powers, an in-depth and thorough consideration of all IEQ parameters is 

beyond the scope of this thesis. For this reason, the scope of the study is limited regarding a 

number of IEQ parameters. One important limitation is related to the constraint definition for 

both auditory comfort and IAQ. In regard to the auditory comfort only the airborne sound 

reduction index of exterior walls is considered as a constraint. In terms of IAQ, the 

contaminant constraint only applies for TVOC of the walls. Another limitation is associated 

with LCC in which the operational cost is limited to the energy costs for space heating and 

cooling. More in-depth information on the objective functions and constraints are provided in 

Chapter 4. 
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1.6. Overview of the thesis 

This thesis is structured in five chapters and some in the form of publication. Chapter 2 

contains a review of the literature related to thesis aim and objectives. Chapter 3 (a 

manuscript submitted to Applied Energy) focuses on Objectives 1 and 2 and presents sets of 

baseline performance evaluations and sensitivity analyses of energy performance, thermal and 

visual discomfort for a prefabricated residential building. A validated building model was 

developed by using TRNSYS Type 56 followed by energy simulations and daylighting analysis 

using TRNSYS and DAYSIM respectively. The SAs were carried out by using SimLab while 

jEPlus was used for parametric runs. The findings of Chapter 3 are used to identify the scope 

of input parameters in Chapter 4. In addition, Appendices A and B present two conference 

publications relevant to Objective 1. Appendix A (Naji, Samarasinghe, and Aye 2016) contains 

an investigation on the effects of shading design options on the thermal and daylighting 

performance of a typical modular house in Melbourne. Appendix B (Naji et al. 2017) 

investigates the effect of building floor area on energy consumption by comparing the energy 

performance of four prefabricated modular buildings. The energy and daylight simulations 

were conducted using EnergyPlus and Radiance respectively. These publications were the 

preliminary analyses to explore modelling and simulation methods and obtain better 

understanding of the thermal and daylighting performance of four sample prefabricated 

buildings. Appendix C presents a conference publication relevant to Objective 2. This 

conference paper (Naji, Aye, and Noguchi 2018) conducts a preliminary SA to identify the 

significant building envelope parameters affecting the thermal comfort of a prefabricated 

house in Melbourne. The sample building investigated in the conference paper is different 

from the one studied in Chapter 3. The energy simulations were carried out using EnergyPlus 

while the parametric runs and SAs were conducted using jEPlus and SimLab respectively. The 

methods of this conference paper were used as a guide for the investigation carried out in 

Chapter 3. Appendix D (referred in Chapter 3) presents the dataset on validation of TRNSYS 

Type56 while Appendix E (referred in Chapter 3) presents the dataset on baseline performance 

and sensitivity analysis of the selected building. Chapter 4 (a manuscript published in Applied 

Energy) focuses on Objective 4 and presents the methods and findings of multi-objective 

optimisations to minimise life cycle costs, thermal and visual discomfort while meeting the 

NCC requirements for thermal insulation, sound insulation and TVOC emission rates. The 

simulations for energy performance and daylighting were carried out using TRNSYS and 

DAYSIM respectively. The tool selected is jEPlus+EA which uses NSGA-II algorithm. Appendix 

F (referred in Chapter 4) focuses on Objective 3 and presents a dataset developed for building 
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envelope components. The method for acquiring the data was a comprehensive search on the 

commercially available materials and components for prefabricated residential buildings in 

Australia. The components listed in the component dataset and their specifications including 

thermal properties, sound reductions, TVOC emission rates and the cost are used as input for 

optimisations in Chapter 4. A Python code was used to read the components’ specifications 

from the component dataset and write into the TRNSYS building input file. Chapter 5 contains 

discussion, conclusions and potential opportunities for future research. The list of chapters 

addressing each research question is given in Table 1.1. The related journal manuscripts are 

also provided in Table 1.1. In addition, Fig. 1.1. shows the methodology adopted, tools and flow 

of the work 

Table 1.1. Thesis questions with their corresponding chapters and publications 

Research Question Chapter Publication 

#1 2 N/A 

#2 3 Naji, S., Aye, L., Noguchi, M., ‘Sensitivity analysis on 
energy performance, thermal and visual discomfort of 
a prefabricated house in six climate zones’, submitted 
to Applied Energy (in review 2020).  

#3 4 Naji, S, Aye, L & Noguchi, M 2021, 'Multi-objective 
optimisations of envelope components for a 
prefabricated house in six climate zones', Applied 
Energy, vol. 282, p. 116012. 
https://doi.org/10.1016/j.apenergy.2020.116012 
 

 

The following chapter will focus on Research Question #1 by conducting a literature review on 

the topics related to aim and objectives including prefabricated residential buildings, building 

performance parameters, and the optimising variable categories.

https://doi.org/10.1016/j.apenergy.2020.116012


 
 

 

Figure  . . The methodology adopted, tools and flow of the work
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Chapter 2: Literature Review  

In this chapter, a review of literature on the key concepts of the thesis is conducted. The 

purpose of this chapter is to thoroughly review the previous works related to the thesis aim 

and objectives and identify the state-of-art and knowledge gaps. More specifically, this chapter 

addresses the issues raised in the research Question #1. The types of literature selected include 

books, PhD and master’s theses, articles in journals, conferences and magazines, and industry 

reports. The topics discussed in this chapter are prefabricated residential buildings, 

performance parameters, and the optimising variable categories. In the last section of this 

chapter, the knowledge gaps identified relevant to the thesis are presented. The following is 

the list of nomenclature used in this chapter. 
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Nomenclature  

Symbols 
 

AC annual cost of energy for heating and cooling ($) 

A equivalent absorption area in receiving room (m2) 

Arec surface area (m2) 

c speed of sound in the air (km h-1) 

Ctr spectrum adjustment value (-) 

d distance between two leaves (m) 

d real discount rate (-) 

D average sound pressure level difference (dB) 

dsun  daylight illuminance factor (-) 

DF daylight factor (-) 

DUH daylight unsatisfied hours (h) 

Eh,sun exterior horizontal solar illuminance (lx) 

Ep illuminance (lx) 

Ep,obs horizontal illuminance with obstructed sky view (lx) 

EP,unobs horizontal illuminance with unobstructed sky view (lx) 

F frequency (Hz) 

fl knee frequency (Hz) 

f0 mass-air-mass resonance frequency (Hz) 

H number of hours in a specific period (h) 

iL reference point index (-) 

IC NPV of the initial construction cost ($) 

iS window shade index (-) 

ih hour number (-) 

Ic sum of initial costs of the envelope components ($) 

Ispace interior daylight illumination (lx) 

Ith minimum threshold levels daylight illumination (lx) 

L thermal load of the body (W) 

LAeq acceptable equivalent continuous sound pressure levels (dB) 

Leq (h) equivalent continuous sound pressure level (dB) 

Ld day noise indicator (dB) 

Ln night noise indicator (dB) 

Lden day evening night noise indicator (dB) 

m surface mass (kg m-2) 

M rate of metabolic heat generation per unit area (W m-2) 

n the total number of timesteps in a year (-) 

n index for year (-) 

oh occupied hours in a specific period (h) 

Oc NPV of the heating and cooling energy costs ($) 

p surface density (kg m-1) 

PMV predicted mean vote (-) 

PPD predicted percentage dissatisfied (%) 

PMVup upper limit of acceptable PMV ranges (-) 

PMVlow lower limit of acceptable PMV ranges (-) 
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Prms root mean square pressure (Pa) 

P0 reference sound pressure level (Pa) 

R measured sound reduction index (dB) 

Rw weighted sound reduction index (dB) 

t life of the project (a) 

T total number of timesteps in a year (h) 

TDH thermal discomfort hours (h) 

S area of building elements specimen under test (m2) 

Snorm,dir direct normal solar irradiance (W m-2) 

SPL sound pressure level (dB) 

tcomf optimal temperature for comfort ( ̊C) 

tO mean outdoor air temperature ( ̊C) 

wf weighed factor (-) 

wj weighting factor for the time step interpolation (-) 

 
Greek Symbols 
 

α solar azimuth angle ( ̊ ) 

γ solar altitude angle ( ̊ ) 

t simulation timestep (h) 

ε vertical shadow angle ( ̊ ) 

Z solar zenith angle ( ̊ ) 

ηdir luminous efficacy of direct radiation from the sun (lm W-1) 

ϕ luminous flux (lm) 
 
Abbreviations 
 
nZEB Net-zero Energy Building 
BIM Building Information Modelling 
DF Daylight Factor 
DUH Daylight Unsatisfied Hours 
IAQ Indoor Air Quality 
IEQ Indoor Environmental Quality 
LCC Life Cycle Costs 
NaOR Nicol et al.’s Overheating Risk 
NCC National Construction Code of Australia 
NPV Net Present Value 
PM Particulate Matters 
PMV Predicted Mean Vote 
PPD Predicted Percentage Dissatisfied 
PAH Polycyclic Aromatic Hydrocarbons 
SPL Sound Pressure Level 
TDH Thermal Discomfort Hours 
TVOC Total Volatile Organic Compounds 
VOC Volatile Organic Compounds 
WHO World Health Organisation 
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2.1. Prefabricated residential buildings 

With the growing demand for more sustainable built environments, the construction industry 

can benefit from methods and techniques that can enable fast, efficient and more sustainable 

delivery of built assets. Prefabrication or offsite construction although not a new concept has 

attracted a fresh interest due to substantial efficiency gains throughout creation and whole of 

life management of buildings (Bertram et al. 2019). UNEP (2019) named prefabrication as an 

efficient strategy towards achieving goals for sustainable development.  

Prefabrication is defined by Gorse, Johnston, and Pritchard (2012) as “Structure with 

components that have been manufactured in a factory, delivered to site, and assembled”. Various 

types of parts and components of a building can be manufactured offsite. Prefabrication is 

applicable both for the non-volumetric and volumetric parts (Bertram et al. 2019). As outlined 

by Gorse, Johnston, and Pritchard (2012), a building can be delivered in the form of ‘flat-pack’ 

or ‘panelised systems’ which are transported and delivered as flat or two-dimensional panels 

and bolted together on-site; or as volumetric modules that have walls, roofs and floors. 

‘Hybrid’ or ‘mixed’ offsite construction is a combination of non-volumetric and volumetric 

methods (Dave, Watson, and Prasad 2017).  

Further, the levels of completeness of the prefabricated components may vary from one 

project to another. While some prefabricated component may arrive onsite having only 

structural elements, others may be delivered as fully completed parts with all fixtures 

attached. Although prefabrication reduces the amount of time and effort on-site, the level of 

completeness of the prefabricated parts will determine the amount of work that needs to be 

carried out onsite (Bertram et al. 2019).  

Gorse, Johnston, and Pritchard (2012) define prefabricated modules as, “Components of a 

building that have been manufactured in a factory to be assembled on-site”. Modular buildings 

are the most developed form of off-site manufacturing (OSM) technology in which up to 70% 

of the construction is carried out during the manufacturing process in the factory. They 

consist of three-dimensional units which can be finished in the factory and transported to the 

construction site. Lawson, Ogden, and Goodier (2014) define modular construction as three-

dimensional or volumetric units that are generally fitted out in a factory and are delivered to 

the site as the main structural elements of the building. Pods are volumetric units similar to 

modules. They are non-structural modular units, such as toilets and bathrooms that are 

supported directly on the floors of the building (Lawson, Ogden, and Goodier 2014).  
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Prefabrication can be used in a variety of buildings including private and social housing, 

apartments and mixed-use buildings, educational sector and student residences, worker 

accommodations and sheltered housing, health sector buildings and hotels (Lawson, Ogden, 

and Goodier 2014). Currently, many countries use prefabrication in their housing projects. For 

instance, 45% of housing projects in Finland, Norway and Sweden; 15% in Japan, and 10% in 

Germany utilise prefabricated construction (Bertram et al. 2019). The Australian construction 

industry has identified OSM as a key vision since 2004 (Blismas 2007). Currently, a significant 

number of businesses serves as manufacturers or suppliers in prefabricated housing. 

According to a report by Steinhardt, Manley, and Miller (2013), on 2013 up to 74 modular 

housing manufacturers, around 61 panelised components manufacturers had been actively 

contributing to the housing industry. According to this report about 80% of these 

manufacturers were concentrated in three states namely Queensland, New South Wales, and 

Victoria.  

Previous studies have reported the benefits of prefabrication. The benefits during construction 

stage include the speed of construction and time savings, safer conditions and reduction in 

on-site risks, high level of consistency, product try and test in factory, lower labour cost, lower 

cost when the work is under pressure, improved work conditions, minimum disturbance to 

the locality, programme certainty, standardised construction process, in-factory improved 

work environment and unskilled labour employment. The benefits of prefabrication during 

design stage have been identified as repetitive design, use of standardised products and kit of 

parts, availability of product specifications and design certainty. Also, the benefits of the 

prefabrication during the buildings’ useful life are identified as quality assurance and control 

in factory resulting in higher quality buildings, availability of operation, maintenance and 

replacements manuals. In terms of end of life stage, the benefits lie in the fact that they can be 

relocated and reused in future. From the environmental sustainability perspective, 

prefabrication is beneficial since it reduces construction waste and improves the building’s 

quality and performance resulting in less operational energy consumption (Jaillon and Poon 

2008; Blismas 2007; Dave, Watson, and Prasad 2017; Fraser et al. 2015). 

Some studies suggest that the construction industry face some challenges for implementing 

prefabrication. Challenges with minimising project duration and maximising the return of 

investment, reducing of overall cost while ensuring the quality, and cost-benefit over 

building’s entire lifecycle have been identified (Dave, Watson, and Prasad 2017; Jaillon and 

Poon 2008). Also, common perception on the less flexible nature of prefabrications, less 

diversity of components and reduction of selective or bespoke materials are identified as 
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potential challenges of using prefabrication (Luther 2009). Besides, the lightweight nature of 

prefabricated components and their effects on the building’s performance, standardised 

products and standard design can also bring some limitations during the design stage. Other 

design stage challenges were identified as the need for systematic design guidelines and 

decision support which can lead to design decisions that affect both sustainability and 

affordability consequences. Previous research has focused on the relationship between the 

prefabricated construction methods and residential building’s sustainability, affordability and 

operational efficiency. Op’t Veld (2015) explored innovative methods to use prefabrication and 

modular construction in deep renovation projects toward the net-zero energy building (nZEB) 

goals in the Netherlands. Their proposed method reduced the renovation time significantly to 

as low as 5 hours while improving the building’s thermal performance and indoor 

environmental quality which lead to achieving a return in investment within less than 8 years. 

In a survey carried out by Dave, Watson, and Prasad (2017) to capture the perception and 

opinions of the key stakeholders of the prefabricated housing industry, the relationships 

between sustainability and affordability of prefabricated housing were explored. They found 

that although high-quality deliveries, better environmental performance and energy efficiency 

were among the drivers for uptake of prefabrication, the perception remains that buildings 

with higher operational performance are less affordable. Same research focus on the 

importance of considering life cycle costs as a basis for making decisions.  

With the growing demand for more sustainable, affordable and liveable built environments, 

prefabrication can serve as a powerful tool for designing, constructing and operating buildings 

in more efficient ways. Some researchers attempted to evaluate the effects of prefabrication on 

the energy performance and IEQ of residential buildings. Petrosova and Petrosov (2014) who 

evaluated the energy efficiency of a house with lightweight wall construction systems in 

Leningrad, found that for that specific climate, high level of energy efficiency is achievable by 

using the lightweight systems. Boafo, Kim, and Kim (2016) highlighted that both conventional 

methods and prefabricated construction if using certain standards, can achieve high quality 

and desired performance. However, since prefabrication enables standardisation, quality 

assurance and mass customisation, higher quality with lower costs are more achievable by this 

method compared to conventional construction.  

The benefits of prefabrication in terms of IEQ are improved quality due to factory controls. 

This will cause in better insulation and airtightness of the building which leads to better 

thermal performance of the buildings (Boafo, Kim, and Kim 2016). One important 

characteristic of prefabricated buildings is a lightweight construction (e.g. 200-350 kg m-2) 
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(Henze and Krarti 2005) which results in less thermal mass. While passive heavyweight 

construction (e.g. 500-1000 kg m-2) (Henze and Krarti 2005) deliver very steady indoor 

thermal conditions, the lightweight buildings experience more temperature fluctuations 

(Nicol, Humphreys, and Roaf 2012). Furthermore, the transition from heavy building materials 

(e.g brick walls with sound reduction index of 42 dBA) (Garay and Pino 2019) to lightweight 

prefabricated components (e.g. SIP panels with sound reduction index of 30 dBA) (Garay and 

Pino 2019) together with more noise sources caused increased dissatisfaction with the acoustic 

performance of buildings (Cambridge 2006). Nicol, Humphreys, and Roaf (2012) highlighted 

that new generation prefabricated lightweight building use more energy for space 

conditioning to provide an acceptable thermal environment. In this respect, it is important to 

design the buildings in a way that not only achieve acceptable IEQ levels but also contribute 

to buildings’ energy efficiency. In an investigation on the energy and lighting performance of a 

single prefabricated modular unit, Košir, Iglič, and Kunič (2018) found that the daylighting 

was a function of building size, shape, shading, glazing and window to wall ratio. Therefore, as 

long as the appropriate design choices are made in terms of daylighting the type of 

construction e.g. prefabrication, would not impact the daylight quality of the buildings. 

2.2. Indoor environmental quality  

Indoor environmental quality (IEQ) is defined as the indoor conditions that satisfy the 

occupants’ comfort levels and does not increase the risk or severity of discomfort or illness. As 

shown in Figure 2.1, the parameters of IEQ encompass thermal comfort, visual comfort, indoor 

air quality (IAQ) and auditory comfort (Yoon 2008). 

Aspects of IEQ such as temperature, relative humidity, sound pressure level, lighting and view 

have an impact on the occupants’ quality of life to a great extent (Chiazor 2009). For instance, 

it is reported that unpleasant acoustic conditions can cause cardiac problems and fatigue as 

well as stress caused by concentration break (Williams and McCrae 1995). According to 

research by Haverinen-Shaughnessy et al. (2015), classroom temperature and ventilation as 

well as hygiene affect the students’ health and academic performance. Quinn and Shaman 

(2017) reported symptoms related to heat illness and decreased sleep quality during summer 

due to high perceived indoor temperature in residential buildings of New York. Lighting level 

is another important factor that can affect the wellbeing and productivity of the occupants. 
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Figure 2.1. IEQ parameters 

Lack of sufficient daylight levels in dwellings is reported to cause important psychological 

problems while the presence of adequate natural light increases productivity and helps to 

decrease stress (Edwards and Torcellini 2002). Further, lack of sufficient lighting, as well as 

the presence of visual distractions such as glare, were reported to cause reduction of the 

occupant’s concentration within office spaces while increasing the health issues such as 

headache, eye irritation, back and neck pains (Katabaro and Yan 2019). IAQ is another factor 

that can directly affect the health productivity of occupants (Liang et al. 2014; Godish 2016; 

Roaf et al. 2010). The situation called as “sick building syndrome” (SBS) happens as a result of 

insufficient indoor air quality (Persily 2015; Godish 2016) and causes dry and irritated eyes, 

sore or dry throat, stuffy and runny nose, unusual fatigue and chronic headaches (Bernstein et 

al. 2008). Also, the presence of volatile organic compounds (VOC) and particulate matters can 

directly affect occupant’s health causing allergies, headaches and triggering asthma (Cincinelli 

and Martellini 2017).  

Some researchers have conducted questionnaire surveys on the importance of different 

aspects of IEQ. The results of those surveys are shown in Table 2.1. In this table the higher 

number represents more importance. It is evident from this table that auditory comfort and 

thermal comfort are perceived as the most important comfort aspects followed by IAQ. Visual 

comfort is perceived to be less important according to these surveys. Frontczak and Wargocki 
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(2011) who conducted a review of occupant surveys on IEQ concluded that the number of 

surveys is limited and may not provide convincing evidence. They also concluded that various 

factors such as personal physiological and psychological characteristics affect the perceptions 

of IEQ.  

In the following section, the parameters of IEQ are introduced and discussed. 

2.2.1. Thermal comfort 

Thermal comfort is defined as the situation of the body in which the occupant will desire 

neither warmer nor cooler environment (Balaras et al. 1993). Also, ASHRAE (2017) defined it 

as “the condition of the mind in which satisfaction is expressed with the thermal environment”. 

Human Body must maintain at a core temperature which is around 37°C. The body reacts to 

lower or higher temperatures to keep itself at the constant core temperature. This can happen 

by producing sweat in higher temperatures or by shivering in low temperatures. Although 

every individual has a daily temperature routine in which they perceive the thermal 

environment comfortable, this perception can change from person to person, region to region, 

time to time or season to season.  

There is widespread dissatisfaction with the thermal environment even in the buildings with 

advanced controls (Nicol, Humphreys, and Roaf 2012). Overheating in winter and over-

cooling during summer is an issue reported for air-conditioned buildings. A survey carried out 

at Oxford Brooks University on an air-conditioned building shows that up to 30% of 

occupants perceive the building as over-heated during the winter (Nicol, Humphreys, and 

Roaf 2012).  

The satisfaction or dissatisfaction of the indoor thermal environment is a reaction that is 

complex, subjective and dependant on various factors. However, from a general view, thermal 

comfort is a result of the combined effect of physiological parameters (skin temperature and 

wetness), behavioural parameters (clothing, activity level and metabolic rate) and 

environmental parameters (dry bulb temperature, mean radiant temperature, relative 

humidity and air velocity) (Carlucci and Pagliano 2012; Djongyang, Tchinda, and Njomo 

2010). Thermal comfort is also defined by six main factors namely, air temperature, air 

velocity, relative humidity, mean radiant temperature, clothing and activity level (Djongyang, 

Tchinda, and Njomo 2010).  
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Table 2.1. Ranking of the importance of different environmental conditions for overall satisfaction with IEQ ; n=number of participants 

Reference Building type, location n 
Thermal 
comfort 

IAQ 
Auditory 
comfort 

Visual 
comfort 

(Frontczak, Andersen, and Wargocki 2012) Houses, Denmark 2499 3 2 1 4 

(Yoon 2008) 791 houses, USA 160 4 4 3 3 

(Lai et al. 2009) 32 residential apartments, Hong Kong 125 4 1 3 2 

(Lai and Yik 2009) cited in 
(Frontczak and Wargocki 2011) 

High rise residential, Hong Kong 563 4 2 3 - 

(Wong, Mui, and Hui 2008) cited in 
(Frontczak and Wargocki 2011) 

Air-conditioned office Building,  
Hong Kong 

293 4 3 2 1 

(Choi, Aziz, and Loftness 2009)  
cited in (Frontczak and Wargocki 2011) 

29 office buildings, USA 492 3 4 1 2 

(Humphreys 2005) cited in 
(Frontczak and Wargocki 2011) 

26 office buildings, Europe 4655 4 3 2 1 

(Lai and Yik 2007)cited in 
(Frontczak and Wargocki 2011) 

Commercial Building, Hong Kong 548 1 4 4 - 

(Astolfi and Pellerey 2008) cited in 
(Frontczak and Wargocki 2011) 

Renovated classroom, Italy 852 4 2 3 1 

(Astolfi and Pellerey 2008)cited in 
(Frontczak and Wargocki 2011) 

Non-renovated classroom, Italy 852 2 3 4 1 

(Rasheed and Byrd 2013) Green office building, New Zealand 49 4 3 2 1 

(Kim and De Dear 2012) 
Office buildings, Australia, Canada,  
Finland and the USA 

43021 3 2 4 2 

(Zalejska-Jonsson and Wilhelmsson 2013) Multi-family buildings, Sweden 5339 3 4 3  

(Frontczak, Andersen, and Wargocki 2012) Houses, Denmark 569 2 4 3 3 

(Kamaruzzaman et al. 2018) Office buildings, Malaysia 115 2 4 1 3 

Weighted average by excluding (Lai & Yik 2009)and (Lai & Yik 2007) which do not include visual comfort 59459 3.07 2.32 3.55 1.80 
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Two main approaches are used to define thermal comfort inside the buildings. The first 

approach is called the heat balance model most characterised by the works of Fanger (Charles 

2003). In this approach, the data acquired from climate chamber experiment is used to define 

optimum skin temperatures and sweat rates used in predicted mean vote (PMV) and predicted 

percentage dissatisfied (PPD) (Nicol, Humphreys & Roaf 2012). This model uses four main 

criteria for indoor thermal conditions namely air temperature, mean radiant temperature, 

relative humidity, air velocity as well as two personal variables namely clothing insulation and 

metabolic activity (Thapa, Bansal & Panda 2016). PMV represents the votes of a large 

population on the thermal conditions of space. It is expressed in a seven-point Likert scale 

(from -3 to 3) in which -3 represents too cold and 3 represents too warm. Scale ‘0’ represents 

the thermal neutrality (lowest dissatisfied votes amongst the population) (Asadi et al. 2014). 

The ranges of acceptable PMV for new buildings according to EN15251 and ASHRAE 55 2004 

are shown in Table 2.2.  

Table 2.2. Acceptable PMV for new buildings (ASHRAE 2017; CEN 2007) 

Standard Description Acceptable PMV range 

EN 15251 Category II 
(CEN 2007) 

The normal level of expectation 
to be used in new buildings and 
renovations 

5.05.0 +− PMV  

ASHRAE 55 (ASHRAE 2017) 
Acceptable thermal 
environment for general 
comfort 

5.05.0 +− PMV  

 

PMV can be calculated using Eq. (1).as specified by Fanger (Djongyang, Tchinda, and Njomo 

2010): 

0.114[0.303(0.036 ) 0.028]MPMV e L−= +  (1) 

where L is the thermal load of the body and M is the rate of metabolic heat generation per unit 

area in W m-2. 

The second approach to define thermal comfort is called adaptive approach which uses data 

from field studies. The perceived thermal comfort is variable depended on other factors such 

as indoor operative temperature and outdoor temperature. It has been found that outdoor 

conditions can affect the perceived comfort temperature. The variable standard suggests 

different comfort temperatures with variations in outdoor conditions. It mainly reduces the 

indoor-outdoor temperature difference which consequently results in a reduction in the 

consumption of heating and cooling energy (Humphreys 1975; Humphreys 1978). Variable or 
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adaptive standards are applied to the buildings with natural ventilation. The usage of variable 

standards could be expanded to cover the mechanical ventilated buildings as well (Humphreys 

1975; Humphreys 1978). 

ASHRAE55 (ASHRAE 2017) was the first international standard that included adaptive 

comfort. This standard uses the relationship between indoor comfort temperature and 

outdoor temperature. The standard defines two satisfaction level for which 80% and 90% of 

the building’s occupants might find the thermal conditions acceptable.  

According to ASHRAE (2017), for naturally conditioned buildings the comfort equation is as 

Eq. (2):  

0.31 17.8comf ot t= +      (2) 

where, tcomf is the optimal temperature for comfort and tO is mean outdoor air temperature. 

Figure 2.2 shows the acceptable operative temperature ranges for naturally conditioned 

buildings. Also, Figure 2.3 shows examples of thermal comfort range for the climate of Sydney, 

Australia by using PMV and adaptive comfort models respectively. These figures have been 

generated by using Climate Consultant software (Climate Consultant 2020). It can be seen 

from the Figure 2.3 that by shifting the thermal comfort model the ranges of comfort 

temperature change. 

 

Figure 2.2. The acceptable operative temperature ranges for naturally conditioned buildings 

(ASHRAE 2017) 
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Further, occupant’s adaptive approaches can change their perceptions of the indoor 

environment. These factors are not considered in the heat balance approach which is mainly a 

laboratory-based method (Thapa, Bansal, and Panda 2016). The fact that heat balance 

approach does not take into consideration the adaptive factors cause over-estimation or 

underestimations of the comfortable thermal environment (Thapa, Bansal, and Panda 2016). 

Also, the occupants’ interference in the thermal environment is another factor that affects 

thermal comfort. Nicol and Humphreys (1998) suggested a long list of behaviours that might 

be initiated as a response to cold or heat.  

ISO Standard 7730, ASHRAE standard 55, and CEN Standard EN15251 (2007) are three 

important standards that define thermal comfort levels (ASHRAE 2017; CEN 2007; ISO 2005). 

During the past few decades, some methods to assess human indoor thermal comfort has been 

introduced in the literature. There is a wide range of indices which have been used for long 

term evaluation of thermal comfort. Most of those indices are measures to evaluate only 

summer overheating and only some of them can evaluate both summer and winter 

discomfort. The indices for long term evaluation of general thermal discomfort can be 

classified into four categories. Percentage indices, cumulative indices, risk indices and average 

indices.  

An example of percentage indices is the percentage of time outside the range (POR). POR has 

been used by ISO (2005) and CEN (2007). This method calculates the number of occupied 

hours in which the PMV or indoor operative temperature are outside a specified comfort 

range as Eq. (3) (Carlucci and Pagliano 2012):  

1
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where wf is weighed factor, oh is occupied hours in a specific period, and h is the number of 

hours. When referring to Fanger comfort model, PMV is the measure to evaluate comfort 

range. In this case PORFanger, PMV is expressed as Eq. (4) (Carlucci and Pagliano 2012): 
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where PMVup and PMVlow are upper and lower limits acceptable PMV ranges defined by the 

standards.  

 

(a) 

 

(b) 

Figure 2.3. Thermal comfort ranges for the climate of Sydney, Australia by using (a) heat 

balance and (b) adaptive model  



26 
 

Another index that is used to define thermal comfort in buildings is called thermal discomfort 

hours (TDH). It is defined as “Summed time in the heating and cooling periods when the 

calculated PMV exceeds thermal comfort limits”. TDH can be defined from Eq. (5) (Carlucci 

and Pagliano 2012). 

1

0 if  0.5

if 0.5

n

t

PMV
TDH

t PMV
=

 
= 

 
     (5) 

where n is the total number of timesteps in a year and t is the simulation timestep. 

An example of cumulative indices is accumulated PPD which is the summation of all PPD over 

total time during occupied hours. It is also usable by Fanger comfort model and has been 

introduced by ISO (2005). Also, average PPD is an example of average indices which has been 

used in ISO (2005) and CEN (2007). An example on risk indices is Nicol et al.’s overheating 

risk (NaOR). The estimation of NaOR is based on the nonlinear relationship between human 

perception of thermal discomfort and the exceedance of actual operative temperature from 

the theoretical adaptive comfort temperature by CEN (2007) (Carlucci and Pagliano 2012).  

Several optimisation studies have used PMV based indices as their targeted objectives (Chen, 

Yang, and Sun 2016; Li and Malkawi 2016; Asadi et al. 2012; Asadi et al. 2014). Some studies 

used TDH (Ascione, Bianco, De Masi, et al. 2015; Chen, Yang, and Sun 2016; Ascione et al. 

2016; Khoroshiltseva, Slanzi, and Poli 2016) while others used the total percentage of 

discomfort hours which is the percentage of TDH relative to total occupied hours (Ascione, 

Bianco, De Stasio, et al. 2015; Asadi et al. 2014; Olesen 2007). 

2.2.2. Visual comfort 

Lighting is another important parameter of IEQ. Sufficient sunlight is essential to maintain 

psychological and physiological health. At the same time sunlight affects the buildings in 

terms of thermal and visual comfort as well as energy consumption. Solar radiation can enter 

through the glazed surfaces of the building providing illumination while being absorbed by 

interior surfaces of the building causing a heating effect. It can also be absorbed by exterior 

surfaces of the building, which will be partly conducted to the indoor air (Szokolay 1975; 

Balaras et al. 1993). Since up to 40% of electrical energy load of the buildings is consumed by 

lighting equipment, it is essential to design the building to maximize the sunlight gain. 

Building location and orientation, window and balcony size and locations and shading devices 

are important factors that highly influence the visual comfort and energy consumption of the 

buildings (Yoon 2008). Visual comfort is defined as “a subjective condition of visual well-being 
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induced by visual environment” (Frontczak and Wargocki 2011). Although there are some 

subjective human factors in determining visual comfort levels, some physical properties can 

determine visual conditions in an indoor environment. Discomfort can be caused by either 

lack or abundancy of light amount. The phenomenon called glare is the excessive brightness 

or reflection of light that causes difficulty in seeing. Also, the uniformity of light is another 

factor that can affect visual comfort (Carlucci et al. 2015).  

The most important indices that are used by researchers to determine visual comfort are 

illuminance, daylight factor, daylight autonomy, useful daylight illuminance, frequency of 

visual comfort and intensity of visual discomfort. Among those, illuminance and daylight 

factor are most frequently used in the field of building performance simulation (Carlucci et al. 

2015). Illuminance at point P of a given surface is measured by lux. It is defined as “the ratio 

between the luminous flux incident on an infinitesimal surface in the neighbourhood of P and the 

area of that surface” (Carlucci et al. 2015). Illuminance is calculated from Eq. (6): 

 

      (6) 

where Ep is the illuminance in lux, ϕ is luminous flux in lm and Arec is the surface area in m2. 

The standards and guidelines determine minimum requirements for illuminance level within 

living spaces. For instance, in Japan, the required illuminance levels for living rooms are set as 

30-75 lux, while illuminance of 150-300 lux is required for recreation purpose. For reading 

purpose this number is 300-750 lux (JSA 2010). Australian standards require maintained 

illuminance of 160 lux for dining rooms and sitting areas while for a moderately difficult task 

such as reading, they require 400 lux illuminance (Standards Australia 2008). 

Daylight factor (DF) is another indicator of visual comfort. It is defined as “the ratio between 

illuminance at an interior horizontal point to the illuminance at an unshaded, horizontal 

exterior point” (Mangkuto, Rohmah, and Asri 2016). Daylight factor can be calculated from Eq. 

(7).  
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where Ep,obs is the horizontal illuminance at point P when the sky view is obstructed by the 

room and EP,unobs horizontal illuminance at the same point when the sky view is unobstructed 

by the room (Carlucci et al. 2015).  
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The issue with DF is that it is not capable of assessing visual comfort in the long term and 

during the summer since this factor is applicable only in the conditions of overcast sky. 

Further, DF cannot consider the illuminance of artificial lighting (Carlucci et al. 2015).  

Interior illuminance is another factor that determines visual comfort. Interior illuminance can 

be calculated as shown in Eq. (8) (Chen, Yang, and Sun 2016): 

s ,( , )win L S un h sunI i i d E= (8) 

where 

1)( , ) ( , , ) (1 ) ( , ,sun L S j sun L S h j sun L S hd i i w d i i i w d i i i += + − (9) 

and 

, , cosh sun dir norm dirE S Z= (10) 

where ( , )sun L Sd i i  is the daylight illuminance factor, Li  is the reference point index, Si  is the

window shade index, hi  is the hour number, jw  is the weighting factor for the time step

interpolation, ,h sunE is the exterior horizontal solar illuminance, Z is the solar zenith angle,

dir is the luminous efficacy of direct radiation from the sun and ,norm dirS is the direct 

normal solar irradiance.  

A similar approach to TDH (see Eq. (6)) can be taken for the definition of daylight unsatisfied 

hours (DUH) as shown in Eq. (11) (Chen, Yang, and Sun 2016):  
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where Ispace is the interior daylight illumination in lux, Ith is the threshold levels daylight 

illumination in lux and T is the total number of timesteps in a year (h). 

2.2.3. Indoor air quality 

Air quality is an important factor which affects the occupants’ health and comfort both in 

short term and long-term occupancy period. Air contaminants existed in an indoor 

environment can range from gases to particles. CO, NO2, SO2, Ozone, VOCs and particulate 

matters are the air pollutants that have adverse health effects to occupants and should be 

controlled in an indoor environment (Frontczak 2011; Malayeri, Haghighat, and Lee 2019). 
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Furthermore, the concentration of CO2 and H2O can affect the occupants’ comfort and should 

be controlled to certain limits (Frontczak 2011).  

VOCs are among the most common indoor containments which can be emitted from office 

equipment, furniture and construction materials. In a review of the existing worldwide 

knowledge on the types, levels and toxicology of the indoor contaminants Kotzias et al. (2005) 

reported that the VOCs are the primary concern in respect to their health effects. Types of 

VOCs that can be found in indoor air include aromatics, aldehydes, formaldehyde, 

halocarbons, alcohols, and esters (Malayeri, Haghighat, and Lee 2019). Total volatile organic 

compounds (TVOC) refers to the total concentration of VOCs within an indoor environment 

(Molhave et al. 1997).  

Acceptable indoor air quality is associated with the lack of known contaminant at a harmful 

concentration as determined by standards and lack of dissatisfaction by at least 80% of the 

people exposed (Frontczak 2011). The limits for indoor pollutant concentration vary in various 

international standards. For instance, the U.S. Environmental Protection Agency identified a 

threshold for CO as 35 ppm and 9 ppm in 1 hour and 8 hours exposure respectively. While this 

standard doesn’t identify any threshold for CO2, ‘Health Canada exposure guidelines for 

residential indoor air quality’ recommends the maximum level of 3500 ppm for this 

contaminant (ASHRAE 2009). Quang et al. (2014) set indoor CO2 threshold to 900 ppm in 

their research. Maximum contaminant limits for acceptable indoor air quality according to 

Australian National Construction Code (NCC) and World Health Organisation (WHO) are 

given in Table 2.3.
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Table 2.3. Maximum threshold limits for acceptable indoor air quality 

Contaminant Average time 
NCC guidelines 

(ABCB 2019) 
WHO guidelines 

(WHO 2006, 2010) 

CO2 8 hours 850 ppm NA 

CO 15 minutes 

30 minutes 

1 hour 

8 hours 

90 ppm 

50 ppm 

25 ppm 

10 ppm 

100 ppm 

NA 

35 ppm 

10 ppm 

H2O 30 minutes 0.1 μg/m3 NA 

NO2 1 year 

1 hour 

40 μg/m3 

200 μg/m3 

40 μg/m3 

200 μg/m3 

O3 8 hours, 100 μg/m3 100 μg/m3 

PM2.5 1 year 

24 hours 

10 μg/m3 

25 μg/m3 

10 μg/m3 

25 μg/m3 

PM10 1 year 

24 hours 

20 μg/m3 

50 μg/m3 

20 μg/m3 

50 μg/m3 

TVOC 1 hour 500 μg/m3 NA 

Formaldehyde 30 minutes NA 100 μg/m3 

Naphthalene 1 year NA 10 μg/m3 

PAH NA NA Cancerous 

Radon NA NA Cancerous 

Trichloroethylene NA NA Cancerous 

Tetrachloroethylene 1 year NA 250 μg/m3 

PAH= Polycyclic aromatic hydrocarbons 

2.2.4. Auditory comfort 

Auditory comfort is another key aspect of IEQ, focusing on the acoustical conditions in living 

spaces. Auditory comfort is defined as “state of contentment with acoustic conditions” while 

the definition of acoustics is the “science of sound” (Wang et al. 2015). Sound in a way that is 

received and perceived by the human ear is composed of periodic vibrations of air. (Fincher 

and Boduch 2009). Fincher and Boduch (2009) suggest that three dimensions should be 

engaged to describe the sound. Those are time, frequency and pressure level. Frequency is 

defined as the number of waves passing through a point in one second. Sound pressure is the 

pressure deviation from the atmospheric pressure caused by the sound waves. The sound 

pressure level (SPL) is measured in dB can be calculated from Eq. (12) (Vinokur 2004). 

10
0

20log ( )rmsP
SPL

P
= (12) 

where SPL is sound pressure level in dB and Prms is Root mean square pressure in Pa and P0 is 

Reference sound pressure level in Pa  
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According to Wang et al. (2015) although the reduced sound pressure level is an important 

qualifier of the comfortable indoor environment, acoustic comfort is not always associated 

with it. The presence of pleasant sound even in high volumes can be perceived as a 

comfortable acoustic condition. Therefore, the perceived intensity together with subjective 

acoustic satisfaction determines auditory comfort. Commins and MEIER (1978) found that 

acoustic comfort in residential buildings can be affected by different factors including sound 

sources and building characteristics. The sound sources might be noises from indoor sources 

such as people and equipment as well as outdoor sources such as cars, trains, etc. In another 

study by Yoon (2008) the sources of noise in the residential building were identified as party 

and stereo equipment from neighbours, transportation in street, air conditioners and 

swimming pools. According to CEN (2007), three categories of site background noise can be 

identified as shown in Table 2.4.  

Table 2.4. Three categories of site background noise (CEN 2007) 

Background noise category Quiet Average Noisy 

Sound pressure level <40 dBA*0F 40 to 45 dBA >45 dBA 

In A-weighted sound pressure level, the decibel values of sounds at low frequencies are reduced 
compared to the unweighted decibel system. 

 

The voluntary guidelines published by the Association of Australian Acoustical Consultants 

(AAAC 2017) provides the acceptable equivalent continuous sound pressure levels (LAeq) 

resulted from external noise intrusion in apartments and townhouses (Table 2.5). Also, the 

acceptable or recommended sound pressure levels within the living spaces in residential 

buildings was investigated for different countries. Those values are presented in Table 2.5.  

The building characteristics affect indoor auditory comfort by influencing sound transmission 

through walls, openings, ducts, shafts, etc. The orientation of windows, floor level and sound 

insulation of walls and ceiling are among the contributing factors (Wang et al. 2015). One of 

the early instances of acoustic standards was the 25 mm brick requirement for walls which 

was introduced in Germany in 1938 (Brandt 1962). Since then the sound insulation 

requirements and measurement standards have changed. Currently, these standards vary from 

one nation to another (Rasmussen and Rindel 2005).
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Table 2.5. Acceptable indoor sound insulation levels by international legislation and voluntary 
guidelines (Machimbarrena and Rasmussen 2016; Rasmussen 2006) 

 Livingroom (dBA) Bedroom (dBA) Reference 

Australia LAeq,6-24 ≤ 32-41 LAeq,22-7 ≤ 27-36 (AAAC 2017) 

European Standard LAeq,24h ≤ 25-40 LAeq ≤ 20-35 (CEN 2007) 

Denmark LAeq,24h ≤ 20-35 NA 
(Dansk Standard 
2018) 

Finland LAeq,7-22 ≤ 25-35 LAeq,22-7 ≤ 20-30 
(Hirvonen et al. 
2005) 

Norway LAeq,24h ≤ 20-35 LAmax,23-7 = 35-50 
(Standard Norge 
2019) 

Sweden LAeq,24h ≤ 22-34 LAmax,22-6 =37-49 
(Swedish Institute of 
Standards 2004) 

Czech Rep. LAeq,24h ≤ 30-40 NA 
(Machimbarrena 
and Rasmussen 
2016) 

Belgium LAeq,6-24 ≤ 34  NA 
(Machimbarrena 
and Rasmussen 
2016) 

 

The Australian NCC determines acceptable airborne sound insulation (ABCB 2019). However, 

these requirements are only applicable to separating walls (Table 2.6) without providing any 

sound insulation requirement for building façade elements. A separating wall as defined in 

NCC, is a wall which separates two ‘Class 1’ buildings (houses). The type of buildings 

investigated in this study is detached single dwellings. This type of building does not contain a 

separating wall. Therefore, the current requirement of NCC for separating walls is not within 

the scope of this study.  

Table 2.6. Sound insulation requirements in separating walls according to NCC requirements 
(ABCB 2016a) 

Location Acceptable ranges (dB) 

Between bathroom, kitchen or laundry and a 
habitable room  

Rw+Ctr≥50 
(Discontinuous* construction required1F) 

Between two Class 1 buildings  Rw+Ctr≥50 

*Discontinuous construction means a wall system having a minimum 20 mm cavity between two 

separate leaves 

 

While Australian standards do not provide any recommended sound insulation for building 

façade, some international standards and voluntary guidelines specify recommended levels. 

Table 2.7 lists the requirements by international standards and guidelines for sound insulation 
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of facades in residential buildings. In this table Leq (h) is equivalent continuous sound level, Ld 

is A-weighted Leq (equivalent noise level) over the 12-hour day period (07:00-19:00), also 

known as the day noise indicator, Ln is A-weighted Leq over the 8 hour night period of 23:00 

to 07:00 hours, also known as the night noise indicator and Lden is A-weighted Leq over a 

whole day, but with a penalty of 10 dB(A) for night-time noise (23:00-07:00) and 5 dB(A) for 

evening noise (19:00-23:00), also known as the day evening night noise indicator (Gracy & 

Associates). Note that the requirements for sound insulation levels for exterior walls vary 

depending on the outdoor noise level.  

The value which is considered as criteria for evaluation of airborne sound insulation is Rw+Ctr. 

Rw is weighted sound reduction index or single number sound reduction index. This value is 

obtained by comparing the curve of measured sound reduction index (R) in one third octave 

band frequencies with their corresponding reference curve (Standards Australia 2016). The 

measurements are carried out either in library by constructing a wall between two isolated

rooms or in the field (Standards Australia 2016, 2006). Ctr is a spectrum adjustment value 

which is used to account for low-frequency noise. Being always a negative number, Ctr is 

generally used as the second factor in determining the sound insulation levels of the wall 

panels. In other words, sound insulation type represents their effectiveness by displaying Rw as 

well as Rw+Ctr. 

The calculation of Rw requires the determination of measured sound reduction index (R) in 

corresponding ranges of frequencies which are pre-defined as one-third octave band and 

comparing the obtained curve with a specified reference curve (Standards Australia 2016). 

The measured sound reduction index (R) in one third octave band is calculated from EQ. (13) 

(Ellefsen and Olafsen 2010).  

1010log
S

R D
A

= + (13) 

where D is the average sound pressure level difference in dB, S is an area of building elements 

specimen under test in m2, A is equivalent absorption area in receiving room in m2.
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Table 2.7. The requirements by international standards and guidelines for sound insulation of 
facades in residential buildings 

Country Criteria 
Minimum requirements 
(dB) 

Reference 

Lithuania Rw + Ctr ≥16-33* 

(Minister of The 
Environment of The 
Republic Of Lithuania 
2018) 

Netherlands Rw  ≥30-40* 
(Ministry of the Interior 
and Kingdom Relations 
2012) 

Brazil Rw ≥20-30* 
(Machimbarrena and 
Rasmussen 2016) 

Chile Rw + Ctr ≥20** 
(Machimbarrena and 
Rasmussen 2016) 

Austria Rw ≥43*** 
(Machimbarrena and 
Rasmussen 2016) 

Belgium Rw ≥26**** 
(Machimbarrena and 
Rasmussen 2016) 

Spain Rw + Ctr ≥30***** 
(Machimbarrena and 
Rasmussen 2016) 

*Varies depending on the outdoor noise levels 

**For Leq (h) >60 dBA  

***For 61<Ld<65 dBA and 51<Ln<55 dBA ( 

****minimum requirement additional to other requirements 

*****For Lden>60 dBA 

 

Also, it is possible to predict the sound reduction index by using engineering methods. For 

single panels, R can be calculated by using mass low. By using mass low the sound reduction 

index for single panels can be calculated using Eq. (14) (Marshall Day Acoustics 2019).  

1020log ( ) 47R mf= −     (14) 

where m is the surface mass in kg m-2, f is the frequency in Hz. 

The calculation of the sound reduction index in double panels is more complex. In acoustics 

double panels are defined as two panels separated by an air gap. The Sharp method suggests 

the calculation of the sound reduction index as shown in Eq. (15) (Ellefsen and Olafsen 2010).  
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= + + −  
 + + 

   (15) 

where f0 is the mass-air-mass resonance frequency calculated from Eq. (16) (Ellefsen and 

Olafsen 2010). fl is the knee frequency calculated from equation Eq. (17) (Marshall Day 

Acoustics 2019): 
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where m1 and m2 are mass per unit areas of two leaves, d is the distance between two leaves, c 

is the speed of sound in the air and p is surface density of the plate. 

55
lf

d
= (17) 

As an alternative method, Rw+Ctr can be predicted using sound insulation prediction software 

tools (Asselineau 2015). INSUL is a software developed for prediction of sound insulation 

performance of floor, wall, ceilings and glazing (INSUL 2020). This software uses mass law 

and coincidence frequency and can model and predict sound insulation factors for complex 

sections (Garg, Kumar, and Maji 2014). The prediction accuracy of INSUL software has been 

proofed high by Cambridge (2006) who validated the software results using laboratory 

measurements. 

2.3. Life cycle costs 

Life cycle cost assessment is a method to evaluate the financial performance of the buildings 

over their lifespan. LCC analysis calculates the net present value by discounting each 

anticipated cost to its present worth. The LCC is then calculated by accumulating the present 

values of all anticipated costs (Duffie and Beckman 1991). It can be implemented to a specific 

span of the buildings’ life cycle or for the entire life cycle. It can also be used to evaluate the 

overall life cycle cost as well as cost-effectiveness of a particular expenditure such as energy. 

The advantage of LCC is that it provides an effective evaluation of long-term cost efficiency 

compared to other methods that focus on only investment cost or short-term operation cost 

(Tokarik 2015).  

LCC considers expenditures and savings after the time which payback is reached. The time 

value of money which is expressed by a discounted cash flow and assesses the risk versus 

reward is used by this method. The risking money is of negative value while the reward is 

positive. Net present value (NPV) is the rewarded future value compared to an investment at a 

defined interest rate. LCC for a buildings’ life is the sum of initial costs and net present value 

of operating costs which is calculated from Eq. (19).  

The life cycle cost of the buildings can be calculated from Eq. (18) (Mangan and Oral 2016): 

LCC IC OC= + (18)
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where IC is the NPV of the initial construction cost of the building envelope, OC is the NPV of 

operation cost during the operating years that can be calculated from Eq. (19) (Mangan and 

Oral 2016). 

1

1

(1 )

t

n
n

OC AC
d=

=
+

      (19) 

where AC is annual operating cost, d is the real discount rate and t is the building’s useful life 

in years (Mangan and Oral 2016). 

The discount rate is expressed as fraction per time period and used to convert the value of 

money from future or past to the present time. The real discount rate considers cost and 

benefits in real terms and is adjusted for inflation. 

2.4. Effects of the envelope parameters on energy consumption and IEQ 

of buildings 

Passive features of buildings such as envelope parameters can be employed to improve the 

buildings’ energy consumption and IEQ without the use of space conditioning. The examples 

of passive building features are window size and orientation, glazing type, thermal mass, 

insulation, shading and air sealing (Tokarik 2015). These factors can significantly affect the 

indoor thermal and visual comfort (Szokolay 1975). 

Chen, Yang, and Zhang (2015) found that building layout, envelope thermo-physics, building 

geometry, infiltration and airtightness have a significant effect on building energy 

consumption and thermal comfort. Ortiz et al. (2016) found a reduction in discomfort during 

the cold season by improving external insulation of walls and roof and changing the window 

type. However, they reported that that mechanical heating was required for providing comfort 

during the cold season. They also proposed that the addition of internal insulation can 

increase the overheating hours during summer. The study shows that by using combinations 

of passive cooling strategies the usage of mechanical systems can be abandoned. 

The type and size of glazing have a significant impact on building energy and indoor comfort. 

The results of sensitivity analysis by Yıldız and Arsan (2011). show that the building annual 

heating and cooling loads are mostly affected by window size, U-value, solar heat gain 

coefficient (SHGC) in hot-humid climates. In a similar study by Chen, Yang, and Zhang (2015), 

it was found that the sensitivity index of window SHGC is the highest among all other factors. 

The type of glazing i.e. single, double, triple, and the size of the window directly affect the 
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thermal and visual comfort as well as energy consumption of the buildings (Harmathy, 

Magyar, and Folić 2016). In this respect, the selection of the right glazing amount and type is a 

critical choice in the process of building design. 

Using shading devices is another important strategy to optimise the amount of solar heat gain 

in the buildings. Ortiz et al. (2016) found that adding solar protection devices cause 

significant improvements in thermal comfort of residential buildings during summer in 

Barcelona and Tarragona. Depending on the building location and window orientation various 

types of shading devices can be applied to prevent the excessive heat gain and reduce the 

cooling load in summer and harvest the solar energy in winter. Vertical, horizontal and egg-

crate type devices are the most prevalent shading orientations. External shading devices are 

regarded as the most efficient solar controls. These devices can be defined according to the 

position of the sun relative to the window orientation. Solar geometry is used to determine 

the optimum shading size and orientation. The building location plays a crucial role when it 

comes to solar control. The solar altitude angle (γ) and solar azimuth angle (α), as well as 

vertical shadow angle (ε), changes depending on the latitude and the orientation of the 

shading device throughout the year (Figure 2.4 (a)). Fixed shading devices reduce the amount 

of solar radiation entering the building. Thus, they can increase the heating load during 

winter. However, since the position of the sun relative to the window changes throughout the 

year, it is possible to adjust the dimensions and shape of the shading device to provide shadow 

during summer while letting the sun in during winter (Figure 2.4(b)). Adjustable shading 

devices are other possible options which are more expensive but more effective since they 

provide the variable dimensions. Sun path diagrams are applied to determine solar angles to 

design effective shading devices (Szokolay 1977).  

Previous studies have focused on the effects of passive design features on building energy 

consumption and IEQ. Kolokotsa and Santamouris (2015) reviewed the previous works related 

to the evaluation of the indoor environmental quality and energy efficiency of low-income 

residential buildings in Europe. The factors of IEQ investigated in this article were indoor 

pollution and health, noise pollution and acoustic comfort, indoor thermal comfort and visual 

comfort. They also highlighted the importance of building envelope for achieving better IEQ 

and energy efficiency in those buildings. Thomsen et al. (2016) highlighted the importance of 

building construction on energy efficiency, indoor environmental quality and satisfaction of 

the occupants by investigating satisfaction levels before and after retrofitting a residential 

building in Denmark. The study also investigates the relationship between energy retrofitting 

and its co-benefits such as thermal comfort, daylighting, air quality, noise reduction, 



38 

aesthetics, space efficiency and safety. The results show improvement in temperature 

conditions in winter, indoor air quality and reduction in mould growth and noise from 

outside. In a similar work in Sweden, Liu, Rohdin, and Moshfegh (2015) combined 

measurement, energy simulation and occupant survey to explore the effects of retrofitting on 

energy performance and indoor environment of multi-family residential buildings. They used 

a non-retrofitted identical building as a reference in measurements and simulations. Their 

results indicate that both energy performance and IEQ has improved after retrofitting. For 

example, space heating has been reduced by 39% in retrofitted buildings compared to non-

retrofitted one.  

Figure 2.4. (a) Important angles in determining the shading devices, (b) Summer/winter 

shading (Szokolay 1975) 

Ortiz et al. (2016) highlighted that the same building in various climate conditions can be 

affected by different envelope parameters. Therefore, the effects of passive design strategies 

should be explored separately for various climate zones. In addition to climate, other factors 

such as the definition of the season periods and occupation schedules directly affects the 

energy consumption and comfort results (Ortiz et al. 2016). In this respect, it is important to 

take into consideration all the hypothesis and accurately define the boundary conditions.  

Another aspect to consider is that providing acceptable IEQ conditions can be an energy-

consuming process. For instance, if the building design does not provide sufficient daylight 

from the windows, the occupant will use artificial lighting to compensate for the lack of light. 

Apart from consuming energy, the use of artificial lighting generates heat which can cause an 

increase in cooling load (Edwards and Torcellini 2002). 
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The specifications of the envelope components play an important role during the definition of 

parameters while considering passive design features in building performance simulations. 

The material and component specifications are available through databases on software suits 

for energy simulation and building information modelling (BIM) enabled tools. The data 

available through software suits are generally default values based on standard practices and 

relate to specific circumstances such as locations, availability and local standards (Lu et al. 

2017). Therefore, they do not always reflect the user-specific requirements and perspectives. 

On the other hand, the specialised specification categories e.g. sound insulation or 

contaminant emissions may not be available through standard databases. Due to these 

limitations, development of databases focusing on project-specific or specialised requirements 

has become a common practice leading to more precise approaches in the field of building 

performance simulation (O’Keeffe 2012; Pelken et al. 2013; Jalaei and Jrade 2015). 

2.5. Conclusions  

In this chapter by reviewing the previous works related to the thesis aim and objectives the 

following knowledge gaps are identified: 

Although previous research has focused on the benefits and limitations of prefabrication in 

housing, there has been little quantitative analysis on how various prefabricated components 

may affect several performance parameters including energy consumption and IEQ of 

residential buildings. The activities conducted during Objective 1 and Objective 2 have 

addressed this knowledge gap by conducting evaluation of baseline performance and analysis 

on sensitivities of various envelope parameters on energy consumption and IEQ of a 

prefabricated residential building.  

Further, most of the previous studies on prefabricated residential buildings have focused on 

specific solutions or a limited number of products rather than considering a variety of 

available components. Therefore, there is a lack of knowledge on the optimisation of building 

envelope by considering diverse options of prefabricated components as input parameters. 

The development of prefabricated components’ library as Objective 3 focuses on this 

knowledge gap. 

On the other hand, the literature review on the available component databases leads to the 

conclusion that there is a lack of an established database of properties and characteristics of 

prefabricated building components in Australia. The existing database also mostly lack the 

IEQ performance indicators e.g. sound reduction index and TVOC emission rates. The lack of 
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an established database on prefabricated components and their specifications is addressed 

through Objective 3 which focuses on developing the prefabricated components’ library.  

One issue identified in the previous studies was the need for systematic design methods and 

decision support which can lead to design solutions to improve both sustainability and 

affordability aspects. The activities conducted during Objective 4 have addressed this 

knowledge gap by proposing systematic design methods to optimise the buildings’ envelope in 

early design stages. 

Another challenge identified in the literature was the fact that by improving the quality, the 

buildings’ affordability performance may drop and vice versa. Given that the design decisions 

can affect the building’s initial cost, operational cost and IEQ performance, it is important to 

minimise both LCC and IEQ dissatisfaction. The activities associated with Objective 4 focuses 

on this knowledge gap by conducting multi-objective optimisation to achieve the 

compromised solutions that minimise LCC and maintain acceptable IEQ in prefabricated 

residential buildings.  

On the other hand, the majority of the previous studies which conducted building 

performance optimisation using passive strategies, have focused on single locations. 

Understanding the building’s performance and best optimal design solutions in various 

climate zones is useful in developing general design guidelines to support the implementation 

of sustainable building design principles on a broader scale. To address this knowledge gap, 

this study focused on six Australian climate conditions.  

The knowledge gaps identified in this chapter will be addressed in Chapter 3 and 4. In the next 

chapter baseline performance evaluations along with sensitivity analyses are carried out to 

address the knowledge gaps identified. The effects of envelope parameters on the energy and 

IEQ performance benchmarks of prefabricated buildings are also discussed. 
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Chapter 3: Sensitivity Analysis on Energy Performance, Thermal and 

Visual Discomfort  

Chapter 2 identified the knowledge gaps related to the research aim and objectives. Chapter 3 

addresses those gaps by focusing on Objective 1 and Objective 2 of the thesis responding to 

the Research Question #1 and #2: 

Objective 1 attends to baseline performance evaluation of prefabricated residential buildings. 

This objective addresses the lack of understanding of how envelope components affect the 

energy performance and IEQ of the residential buildings. The activities conducted to address 

Objective 1 included model validation and baseline performance evaluation of the selected 

building. Appendix D (referred in Chapter 3) presents the dataset on validation of TRNSYS 

Type56.  

Objective 2 focuses on undertaking sensitivity analyses (SAs) to identify more sensitive 

envelope parameters on annual heating and cooling loads as well as TDH and DUH. This 

objective addresses the lack of sufficient quantitative analysis to identify effects of 

prefabricated envelope solutions on energy consumption and IEQ performance. Objective 2 is 

addressed in Chapter 3 by investigating the sensitivities of the envelope parameters on the 

selected building’s heating and cooling energy consumption, thermal and visual discomfort. 

Appendix E (referred in Chapter 3) presents the dataset on baseline performance and 

sensitivity analysis of the selected building. 

   



51 

3.1. Publication  

Sensitivity analysis on energy performance, thermal and visual discomfort of a 

prefabricated house in six climate zones in Australia 

Sareh Najia, Lu Ayea,*, Masa Noguchib 

a Renewable Energy and Energy Efficiency Group, Department of Infrastructure Engineering, 
Melbourne School of Engineering, The University of Melbourne, Vic 3010, Australia 

b ZEMCH EXD Lab, Faculty of Architecture, Building and Planning, The University of 
Melbourne, Vic 3010, Australia 

* Corresponding author. 

E-mail address: lua@unimelb.edu.au (Lu Aye). 

ABSTRACT 

For creating more sustainable buildings, it is important to understand the effects of the 
building envelope on energy performance and indoor environmental quality. For prefabricated 
buildings distinctive construction process and components affect design strategies and 
consequences. This article quantifies the effects of building envelope parameters on the 
energy use, thermal comfort and daylighting levels of a prefabricated house built in Australia. 
A building simulation model was developed and validated by comparing predicted with 
measured indoor temperatures of the house. The baseline performance for evaluation of 
energy use, thermal discomfort hours and daylight unsatisfied hours were carried out using 
TRNSYS (Transient System Simulation Tool). Series of regression-based sensitivity analyses 
(SAs) to identify the most sensitive parameters were conducted by coupling TRNSYS, jEPlus 
and SimLab. Applications in six climate zones were investigated. A hierarchical cluster 
analysis was conducted to generate groups of climates with similar sensitivities. The SA 
revealed the important focus areas for various climatic conditions. Window glazing and 
shading were found among the most influential parameters in respect to all targeted 
performance parameters. The results of SA in each climatic condition and the corresponding 
design responses can be applied across ranges of prefabricated building projects in similar 
climates. 

Keywords: sensitivity analysis; building energy performance; thermal comfort; daylighting; 
prefabricated building. 
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Nomenclature 

Symbols 

DUH daylight unsatisfied hours (h) 

f function 

Ispace interior daylight illumination (lx) 

Ith the threshold levels daylight illumination (lx) 

Ith minimum threshold levels daylight illumination (lx) 

m sample size (-) 

n number of envelope parameters (-) 

PMV predicted mean vote (-) 

T total number of timesteps in a year (-) 

TDH thermal discomfort hours (h) 

x envelope parameter 

y input variable 

 
Greek Symbols 

t simulation timestep (h) 

 
Abbreviations 
ACH Air Changes per Hour (-) 
BPS Building Performance Simulation 
CC Correlation Coefficient (-) 
CDD Cooling Degree Day 
DUH Daylight Unsatisfied Hours (h) 
GHG Greenhouse Gas 
HCA Hierarchical Cluster Analysis 
HDD Heating Degree Day 
IEQ Indoor Environmental Quality 
LHS Latin Hypercube Sampling 
MAE Mean Absolute Error 
MBE Mean Bias Error 
MOO Multi-objective Optimisation 
NCC National Construction Code, Australia 
PCC Partial Correlation Coefficient (-) 
PEAR PEArson product moment coRrelation coefficient (-) 
PRCC Partial Rank Correlation Coefficient (-) 
R² Coefficient of determination (-) 
RMSE Root Mean Square Error 
SA Sensitivity Analysis 
SHGC Solar Heat Gain Coefficient (-) 
SPEA SPEArman coefficient (-) 
SRC Standardised Regression Coefficient (-) 
SRRC Standardised Ranked Regression Coefficient (-) 
TDH Thermal Discomfort Hours (h) 
TMY Typical Meteorological Year 
WMO World Meteorological Organisation 
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1. Introduction 

With the growing population and uncoordinated developments of the cities and challenges 
associated with increasing impacts of global warming, there is an essential need to create a 
more sustainable built environment. Environmental and social sustainability has been named 
among the main aspects of sustainable buildings [1]. As a response to environmental 
sustainability demands, more and more sectors throughout the world became eager to modify 
their processes to prioritise considerations for reducing greenhouse gas (GHG) emissions and 
increasing energy efficiency. Buildings are responsible for a significant portion (nearly 40%) of 
the world’s total energy consumption and GHG emissions [2]. For instance, the primary 
energy consumption of residential and commercial buildings in the United States was about 
11% of total primary consumption in 2019, while residential buildings were responsible for 
6.5% [3]. In Australia, residential and commercial sectors are responsible for 7.4% and 5.4% of 
total energy consumption respectively [4]. Globally 60% of the total construction industry’s 
energy consumption and 43% of the GHG emissions by this industry are associated with the 
residential sector [2]. Given the magnitude of this impact, it is important to explore strategies 
to reduce the energy consumption, resource depletion and GHG emissions during entire 
lifecycle (creation, operation and end of life stages) of the built assets. Up to 70% of buildings’ 
energy consumption is associated with the operational phase [5]. With increased 
understanding of the importance of achieving high quality and energy-efficient buildings, new 
standards and regulations, as well as design practices, are in place focusing on those aspects. 

The social aspect of sustainable buildings attends to occupant’s health and productivity within 
the indoor environments. Although the indoor environmental quality (IEQ) in houses need 
not necessarily be identical, there are common criteria that determine the levels of comfort in 
residential buildings. The ideal IEQ is the one that satisfies the occupants’ comfort levels and 
does not increase the risk or severity of discomfort or illness [6]. IEQ can affect occupants’ 
physical and mental health, and productivity. Various aspects of IEQ such as temperature, 
relative humidity, sound pressure level, lighting and view affect the occupants’ quality of life 
to a great extent [7]. According to Haverinen-Shaughnessy et al. [8], indoor temperature and 
ventilation, as well as hygiene, affect the occupants’ health and performance. Furthermore, the 
lack of sufficient daylight levels in dwellings causes important psychological problems [9]. 
Many studies have proved that the presence of adequate natural light increases productivity 
and helps to decrease stress [10]. Providing acceptable IEQ conditions can be energy 
consuming since there is a relationship between energy consumption and thermal and visual 
comfort [11]. In this respect, providing acceptable IEQ levels in buildings, not only improve the 
occupants’ well-being but also can contribute to better energy efficiency. 

With the growing demand for more sustainable, affordable and liveable built environments, 
prefabrication can serve as a way for designing, building and operating buildings more 
efficient. Prefabrication as a growing international market has been introduced as the key 
strategy for reducing construction-induced carbon emissions [12]. From a sustainability 
perspective, prefabrication has many potential benefits including reduced construction waste, 
increased material quality and better building performance. Furthermore, due to the 
standardisation of components, materials and quality control, prefabricated houses are 
expected to have better overall quality [13]. In comparison to its site-built counterparts, off-
site construction may provide better waste management and save time and cost by reducing 
on-site activities. The benefits of prefabrication in terms of IEQ are improved quality due to 
factory controls. This would make better insulation and airtightness of the building which 
leads to improved thermal performance of the buildings [14]. One important characteristic of 
prefabricated buildings is lightweight construction which results in less thermal mass and 
more temperature variations [15]. Some researchers attempted to evaluate the effects of 
prefabricated components on the energy performance and IEQ of residential buildings. 
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Ozarisoy and Elsharkawy [16] found summertime overheating issues in a residential building 
constructed with lightweight systems. It is also reported that new generation prefabricated 
lightweight buildings tend to use more energy for space conditioning in order to provide an 
acceptable thermal environment [15]. Petrosova and Petrosov [17] who evaluated the energy 
efficiency of a house with lightweight wall construction systems in Leningrad, found that a 
high level of energy efficiency is achievable by using the lightweight components. Boafo et al. 
[14] highlighted that both conventional methods and prefabricated construction if using 
certain standards, can achieve high quality and desired performance. 

The need for environmental and social sustainability necessitates an approach in which the 
design considers the operational performance and quality of the buildings as an important 
decision factor. Building envelope parameters affect buildings’ operational performance [12]. 
The choice of envelope parameters such as window size and orientation, glazing type, thermal 
mass, insulation, shading and air sealing can significantly affect the indoor thermal comfort, 
visual comfort as well as building’s energy efficiency [13]. Ozarisoy and Altan [18] outlined that 
effective envelope retrofit strategies can result in significant improvement in building’s energy 
performance. Understanding the effects of various envelope parameters can lead to more 
informed decisions in early design stages. Building performance simulation (BPS) is a common 
method used in early stages of design to evaluate the performance of buildings against certain 
targeted criteria. In the simulation of buildings for predicting their performance, some input 
parameters might have a greater effect on particular parameters. Therefore, it is important to 
investigate the influential building design parameters to maximise their performance. 
Sensitivity analysis (SA) is a method to identify the relative importance of input parameters. It 
is defined as “The study of how the variations in the output of a model (numerical or 
otherwise) can be appointed, qualitatively, or quantitatively, to different sources of variation” 
[19]. The purpose of SA is to determine the links between variations in the independent input 
parameters and the one in the independent output variables. SA results can be useful in 
understanding the model performance and its response to changes. It can also identify more 
and less significant parameters in the model which can lead to customisation of input 
variables in optimisation problems [20]. Therefore, the results of SA can be useful for 
appropriate selection of input parameters and constraints before optimisation [21]. SA 
generates sensitivity coefficients of various input parameters in relation to selected output 
variables. These coefficients can be useful in proposing possible changes to improve building 
performance [22]. 

SA methods can be classified into two main categories: local and global. Local SA focuses on 
the impact of uncertain input parameters around a base case which is used as a reference 
point. By contrast, the ranges of input parameters for global SA cover the whole input space 
within the project-specific constraints [21]. Global SA can be implemented using various 
methods including regression-based, screening-based, variance-based or meta-model-based 
[21]. Some of the regression-based techniques used widely in the building simulation field are 
Pearson product moment correlation coefficient (PEAR), Partial Correlation Coefficient (PCC) 
and Standardised Regression Coefficient (SRC) and their corresponding rank transformation 
Spearman coefficient (SPEA), Partial Rank Correlation Coefficient (PRCC), and Standardised 
Ranked Regression Coefficient (SRRC) respectively [23]. By using SRC and SRRC, input and 
output parameters can be standardised as a result of subtracting the mean of the sample from 
original values and dividing the product by the standard deviation of the sample [20]. These 
coefficients are based on linear regression and have been used by several researchers in the 
field of building performance evaluation. Yildiz et al. [24] used SRRC to define the sensitive 
design parameters in low rise apartment buildings in hot-humid regions of Turkey. Chen et al. 
[22] used SRRC to evaluate the sensitivities of passive design parameters regarding the cooling 
and lighting energies of high-rise residential buildings in Hong Kong. Ignjatović et al. [25] 
implemented SA with SRRC to evaluate more influential design parameters of building design 



55 

on energy consumption and occupant thermal comfort. Also, Li et al. [26] used SRRC and 
PRRC to measure the sensitivities of the design parameters in low energy buildings in Hong 
Kong. 

SA has been applied by several studies to identify the most influential building design 
parameters. The SA conducted by Yıldız and Arsan [27] showed that the building annual 
heating and cooling loads are mostly affected by window size, window U-value, solar heat gain 
coefficient (SHGC) in hot-humid climates. In a similar study by Chen et al. [22] the sensitivity 
coefficient of the window SHGC in respect to cooling load was the highest of all selected 
factors. The type of glazing i.e. single, double, triple, and the size of the window directly affect 
the thermal and visual comfort as well as energy consumption of the buildings [27]. In an 
investigation by Wang et al. [28], the effects of occupant behaviour were found to be 
significant, especially in regard to window and solar shading system operations. Chen and 
Yang [29] found that the most influential factors on the energy performance of a passive high-
rise residential building in climate zones of China are window U-value and window SHGC as 
well as the window to ground ratio. Window to wall ration was found to be the most sensitive 
parameter affecting thermal comfort in a design of informal settlement in Dharavi, Mumbai 
[30]. Gagnonet al. [31] identified window to wall ration, glazing SHGC and thermal 
conductivity of insulation material as the sensitive passive envelope materials affecting the 
energy performance of an office building in Quebec. In the same study, infiltration rate, 
temperature setpoints, and thickness and thermal conductivity of the insulation material were 
found sensitive to thermal comfort output. 

This article presents the first section of a broader framework developed for conducting multi-
objective optimisation in early design stages through a number of sequential rational steps. 
The steps include model development, model validation, sensitivity analysis (covered in this 
article), development of component’s library presented in [32] and multi-objective 
optimisation (MOO) presented in [33]. The findings of this article are used in the definition of 
input parameters in [33] which conducts MOOs to minimise thermal discomfort hours, 
daylight unsatisfied hours and life cycle costs of the selected building in six climates zones. 
MOO is an effective method used in early design stages to target multiple performance 
parameters that affect social, economic and environmental sustainability. Given that envelope 
design choices influence several performance parameters in the building, it is important to 
minimise the negative impacts of the targeted outputs through MOO. As a result of MOO 
practice, significant improvements in building performance in terms of occupants’ comfort, 
energy efficiency, CO2 footprints and life cycle costs can be achieved [34]. SA prior to 
optimisation is an effective strategy to reduce the number of input parameters by identifying 
the most influential ones, those that should be optimised for achieving preferred outcomes. 

This article aims to quantify the impact of various building envelope parameters on the energy 
use, thermal comfort and daylighting of a prefabricated house built in Australia. A series of 
regression-based SAs was carried out with a validated building model of the house. The target 
output parameters of SA were thermal discomfort hours (TDHs), daylight unsatisfied hours 
(DUHs) and annual heating and cooling loads. Input parameters were envelope characteristics 
which were selected based on the available components used in the construction of 
prefabricated buildings. A Hierarchical Cluster Analysis (HCA) was conducted to investigate 
patterns of similarities in responses among selected locations. 

Since the design parameters of the building should be adjusted based on climate conditions, it 
is important to understand their effects on design variables to incorporate in design guidelines 
[35]. A specific prefabricated design can be implemented in various sites. Therefore the 
applications of this study have been broadened to cover eight locations representing various 
Australian climate conditions across a range of latitudes. To investigate the applications of a 
specific prefabricated design on various climates, only the envelope parameters are selected as 
variables while other parameters such as size, shape and orientations are considered fixed. The 
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assumptions made in the study are according to the general construction practices of 
prefabricated buildings. Therefore, the results and conclusions are specific to prefabricated 
buildings. 

Although previous researchers have investigated the effects of envelope parameters on energy 
performance and IEQ of buildings, there remains a lack of systematic guidelines and decision 
support in early design stages toward implementation of more sustainable building solutions 
[36]. The novelty and scientific significance of this article is firstly the framework used which 
constructs an example to the researchers and practitioners in the field of BPS. The methods 
used for calibration and validation of the models as well as sensitivity analysis can be 
implemented by design practitioners in a diverse range of building projects. Implementing the 
proposed framework leads to a more systematic approach leading to robust decision support 
in early design stages. On the other hand, despite the existing literature on the performance of 
lightweight prefabricated envelope components, there is still a lack of sufficient data on the 
impact of various prefabricated components on IEQ and energy efficiency outputs. Therefore, 
it is important to conduct baseline performance evaluation and SA to contribute to the 
knowledge on the performance of lightweight prefabricated envelope components and their 
sensitivities. Another significance of this study is the methods and results of validation of a 
TRNSYS building model for the lightweight prefabricated building. The method used for 
calibration and validation of the model constructs an example for the similar practices in 
future. The selection of various climatic conditions provides more in-depth understanding of 
the impact of climate on the design decision-making while provides a comparison of 
building’s performance and the important climate-specific focus areas. Furthermore, 
showcasing how a specific prefabricated design can be optimised for multiple climatic 
conditions, would help understand the potential applicability of this approach to inform 
future research and applications. 

2. Methods 

This article presents the first section of a broader framework developed for conducting multi-
objective optimisation in early design stages through a number of sequential rational steps. 
The steps include model development, model validation, sensitivity analysis (covered in this 
article), development of component’s library presented in [32] and MOO presented in [33]. 
Fig. 1 presents the steps included in the broader framework of this study. In the following 
sections, the details of simulations, baseline performance evaluation, Sensitivity analysis and 
Hierarchical Cluster Analysis conducted are presented. 

2.1. Simulation 

This subsection provides detailed information on the baseline building, model assumptions, 
selected locations and tools used for the simulations and SA. 

2.1.1. Selected locations and weather data 

Understanding the geospatial distribution of climatic conditions is an essential step for 
building design which meets comfort requirements and achieves good energy efficiency [18].In 
this investigation, six climate zones in Australia: Oceanic (Melbourne and Hobart), Humid 
Subtropical (Brisbane and Sydney), Hot Summer Mediterranean (Perth), Cold Semi-arid 
(Mildura), Hot Desert (Alice Springs) and Savanna (Darwin), were selected to represent a wide 
range of latitudes and climate classifications.  

Fig. 2 shows the selected locations with their climate classifications based on the Köppen-
Geiger climate map of Australia [37]. Appendix Table A1 shows the populations, latitudes, 
longitudes as well as the Australian climate zones (as defined by the National Construction 
Code (NCC)) of the selected locations. NCC is the Australian building code which prescribes 
minimum requirements on various aspects of building design including safety and amenity, 
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structural design, energy efficiency and liveability [38]. Table 1 shows the begin and end dates 
of the heating and cooling seasons of the selected climates. It should be noted that these dates 
were derived from the corresponding hourly ambient air temperatures in the Typical 
Meteorological Year (TMY) data files. 

 

 
Fig. 1. Broader framework of the study: Step 1 (this article), Step 2 [32], and Step 3 [33]. 

The heating and cooling seasons for each location were determined by obtaining the daily 
average indoor temperature of the selected building. These temperatures were identified by 
running simulations in different locations on free-running mode i.e. no heating and cooling. 

The heating season is the period when the average daily temperature falls below 18C while 
the cooling season is determined based on the dates when the daily average temperature was 

above 26C. 

The weather data files for the selected locations were generated using Meteonorm software 
which uses data from the World Meteorological Organisation (WMO) [39]. Its database 
contains meteorological information from more than 8,000 weather stations which can be 
assembled into a weather file in formats and time intervals. The weather data file embed 
necessary information required for energy simulation including solar radiation, temperature, 
relative humidity, sky cover, wind direction and speed. In this investigation, the default 
settings: ‘Time period for temperatures’ and ‘Time period for radiation’ were selected in the 
software as recommended in the manual [40]. TMY2 data format was used and solar time was 
selected for the file generation. In order to foresee overall picture of climatic conditions and 
thermal comfort parameters monthly average solar radiations received on the horizontal plane 
and monthly average ambient air temperatures, and psychometric chart for each case study 
location are provided in Fig. A1 and A2 in Appendix A. Software tools EnergyPlus’s ‘Weather 
Converter Program, Version 8.1.0’ [41] and ‘Climate Consultant 6.0’ [42] were utilised to 
generate psychrometric charts. 
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Fig. 2. The selected locations shown on Köppen-Geiger climate map of Australia [37]. 

2.1.2. Building model 

An existing building (Fig. 3 and Fig. 4) was chosen from the current prefabricated projects in 
Australia. The building is a two-story five-bedroom house located in Melbourne. The ground 
floor area is 144.5 m2, the first-floor area is 69.5 m2 and ceiling height is 2.8 m. Bedrooms, 
Study room and Living room are conditioned while other spaces are in free-running mode. 
Materials used in the construction of this building are provided in Table A3 in Appendix A. 
Also, additional images of the selected building and its materials are provided in Fig. A3 in 
Appendix A. The R-value of the roof section is 4.97 m2K.W-1 while the R-value of the wall 
section is 4.3 m2K.W-1. Those values are compliant with the insulation requirement of NCC 
[The minimum required R-value of the roof 4.6 m2K.W-1in Oceanic (Melbourne and Hobart) 
and 4.1 in other climates while the minimum required R-value for wall section is 2.8 m2K.W-1 
in all climates]. The building also complies with the NCC ventilation requirements (the 
ventilation area not less than 5% of the space floor area for habitable rooms as well as 
bathrooms and laundry) [38]. The floor areas of the rooms, glazing areas and the glazing to 
floor area ratios are shown in Table A2 in Appendix A. In addition, ventilation air change rates 
for Bathroom1, Bathroom2, Bathroom3, kitchen and living area are set according to [43, 44] 
6 ACH, 5 ACH, 2.9 ACH, 0.4 ACH and 0.35 ACH respectively. 
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Table 1. 
The features of selected locations. 

Location 
Climate 
Code1 Latitude (° S) 

Heating season Cooling season 

HDD2 Begin End Days CDD3 Begin End Days 

Darwin Aw 12.4634 1 - - 0 2205 01/01 31/12 365 
Alice Springs BWh 23.6980 687 01/06 10/08 71 1087 01/10 15/04 196 
Brisbane Cfa(B) 27.4698 463 10/06 15/07 36 353 20/10 01/05 193 
Perth Csa 31.9505 762 01/06 10/09 102 297 10/11 10/04 151 
Sydney Cfa(S) 33.8688 564 01/06 15/08 76 125 10/11 10/04 151 
Mildura BSk 34.2080 1136 10/05 20/09 134 476 10/11 10/04 151 
Melbourne Cfb(M) 37.8136 1439 20/05 15/09 119 115 10/11 20/04 161 
Hobart Cfb(H) 42.8821 2414 01/01 31/12 365 14 - - 0 
1 Where two location have the same climate classification the initial letter of location name is included with the climate code. 
2 HDD reference temperature is 18C. 
3 CDD reference temperature is 24C [45]. 

Indoor setpoint temperature for season definition is 18C for heating and 26C for cooling. 
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Fig. 3. The plan of the selected building and locations of data loggers and daylight sensors. 

 
Fig. 4. Left: 3D SketchUp model; Right: View of the building [46]. 

The building is a single-family house where parents and four children live. The schedules for 
occupants, light and appliances were defined according to assumed typical daily routines. The 
occupant schedules for spaces are shown in Fig. A4 in Appendix A. These schedules are 
derived from the internal load tables defined by the nationwide house energy rating scheme 
(NatHERS) [47]. The internal heat gain from people was assumed to be 130 W per person 
when present. Clothing level 0.5 Clo was used for summer while 1 Clo was used for winter 
[48]. The daylighting sensor points (circles in Fig. 3) were located in different zones to 
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monitor the illuminance levels. One sensor in each frequently occupied zone (i.e. living, 
working, resting areas) was chosen and placed in a location which cannot be reached by solar 
radiation and is least likely to be disturbed by the occupants. 

2.2. Software tools 

TRNSYS [49] and associated graphical user interfaces were used for building energy and 
lighting performance simulations. TRNSYS is a powerful simulation engine that handles the 
complex functions of the transient systems [50]. The user-friendly interface and modular 
structure of TRNSYS make it a flexible tool that can be used for different applications. TRNSYS 
has embedded functions to incorporate inputs and outputs of daylight simulations through 
coupling with DAYSIM. TRNSYS 3D graphical interface was applied to generate the 3D model 
of the building. This model was then transferred to TRNBuild interface to assign non-
geometrical attributes in TRNSYS. TRNSYS Simulation Studio interface [49] was used to 
assemble other TRNSYS types. DAYSIM [51] (daylight simulation software capable of 
predicting daylight illuminance inside and outside the building) was used for daylight 
simulations. The software uses Radiance [52] as the simulation engine. It is accessible through 
TRNBuild interface and can read the building information to run daylight simulations. The 
results can be transferred to building model as lookup tables [50]. 

The parametric runs were carried out using jEPlus [53], a user-friendly tool that allows 
parametric runs by coupling with energy simulation tools such as TRNSYS, EnergyPlus and 
DOE-2. Due to the graphical interface, results’ reliability and inter-operability with energy 
simulation and SA tools this software have been selected. SimLab [54] (a Monte Carlo based 
uncertainty and SA tool) was used for conducting SA, the creation of batch files for input 
parameters population and the post-processing of outputs. 

2.3. Baseline performance evaluation 

For the performance simulation of the selected building 15 thermal zones were assigned (Fig. 
3). Each room was assigned as a zone and attic space was also assigned as a zone. The 

setpoints for heating (18C) and cooling (26C) were selected for the conditioned zones. The 
operating schedule for heating was assumed to be 8:00 to 11:00. The heating was not active 
during night-time, to reflect the general night-time operation of residential heating in 
Australia. The cooling was assumed to be operating during 8:00 to 11:00 for the Living room 
and Rumpus room and during the night-time (23:00 to 8:00) for bedrooms. For the study 
locations with daylight saving, whether it is in operation or not, was considered in the 
TRNSYS model. The heating and cooling seasons as defined in Table 1 were applied in the 
building model. The building is assumed to be conditioned during heating and cooling 
seasons while it is on free-running mode during the remainder of the year. To be consistent 
with the weather data files and TRNSYS calculations all the schedules in the model applied 
local solar time. Also, the model settings were adjusted for the locations that observe daylight 
saving times. The baseline thermal performance of the selected building was simulated for 
each location. The building model was calibrated and validated by using sets of measured data 
on temperature and relative humidity as described in Appendix B. 

2.4. Sensitivity analysis 

A commonly used regression-based SA is a fast and simple method which generates more 
quantitative measures of sensitivity. In this method, a mapping from input parameters to 
output variables is carried out using a Monte Carlo experiments, Eq. (1) [23]. 

1 2( , ,..., ) 1,...,i n n iny f x x x i m= =      (1) 

where n is the number of independent input parameters and m is the sample size. 
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Uniform distribution was selected to generate the sample since all the input parameters are 
equally probable for a new building [25]. Latin Hypercube Sampling (LHS) method was used 
to generate an input sample. The minimum population size recommended by SimLab is 10 
times the number of input parameters (350 in this study) [23]. A larger population size was 
selected (1,000) for a more accurate investigation. This method tends to provide satisfactory 
results regardless of the sample size [55] and has been used by several researchers in similar 
SA studies. Chen et al. [22] used LHS sampling in for carrying out a SA of energy, daylight and 
airflow network in public housing projects in Hong Kong. In another study, Chen et al. [56] 
used the same sampling method to investigate the effects of passive design parameters on 
energy, daylighting and thermal comfort in high-rise residential projects. Also, Yildiz et al. 
[24] and Li et al. [26] used LHS for sampling in their SA studies. 

2.4.1. Input parameters 

The input parameters (Table 2) were selected from the influential envelope characteristics. 
Constraints were applied to the variables to their ranges according to the availability in the 
market and the requirements of the NCC. The range of window area was based on the 
requirements of the NCC for minimum natural ventilation (as specified in Section 2.1.2.) as 
well as the practicality to fit within the building geometry. The influential envelope 
characteristics considered are the thermal mass of external walls and roof, the thermal 
resistance of insulation, glazing type and dimensions, and shadings. The ranges of window 
types and their characteristics are shown in Table 2. The types of windows are predefined in 
the TRNSYS built-in window library. Varieties of materials and windows were selected based 
on commonly available products in the market which are used in the construction of 
prefabricated buildings. In other words, the envelope characteristics were selected to 
represent lightweight components used in prefabricated buildings. 

TRNSYS defines the shading factor as the fraction of the non-transparent area to the whole 
window area. For detailed investigations, the shading factor was considered separately on 
different floors and façade orientations. Also, the area and types of windows were considered 
as separate factors on various façade orientations (Table 3). The effect of shading on 
daylighting was simulated by applying shading factor in the Radiance material (glass) visual 
transmittance. 

Since this study investigates the effects of envelope parameters on a specific prefabricated 
building design in various climates, the factors such as building size, shape, orientation and 
ventilation rates are considered fixed. The building orientation is fixed in a way that the living 
areas are equator facing to obtain sufficient natural daylight and solar heat. The assumed 
ventilation and infiltration rates are specified in Section 2.1.2. 

2.4.2. Output variables 

Annual heating and cooling loads, TDH and DUH were identified as the output parameters in 
the SA. TDH is calculated based on ASHRAE 55-2017 Predicted Mean Vote (PMV) based 
thermal comfort criteria [44]. PMV represents the votes of a large population on the thermal 
conditions of space. It is expressed in a seven-point Likert scale (from -3 to 3) where -3 
represents ‘too cold’ and 3 represents ‘too warm’. Scale ‘0’ represents the thermal neutrality 
(lowest dissatisfied votes amongst the population) [57]. 

TDH during occupied hours is calculated using Eq. (2). In compliance with ASHRAE 55-2017, 

the acceptable range of PMV was set as -0.5  PMV  0.5. 

1

0 0.5

0.5

T

t

for PMV
TDH

t for PMV
=

 
= 

 
     (2) 

where T is the total number of timesteps in a year and t is the simulation timestep in hour 
unit.  
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Table 2. 
Ranges of input variables in SA of the selected building. 

No. Input variable Unit Range Baseline value 

V1 Exterior wall cladding thickness m 0.005-0.100 0.009 
V2 Exterior wall cladding specific heat kJ kg-1K-1 0.4-1.1 0.88 
V3 Exterior wall insulation thickness m 0.05-0.25 0.15 
V4 Exterior wall insulation conductivity W m-1K-1 0.025-0.055 0.036 
V5 Exterior wall interior finish thickness m 0.005-0.100 0.012 
V6 Exterior wall interior finish specific heat kJ kg-1K-1 0.4-1.7 1.2 
V7 Roof cladding thickness m 0.001-0.100 0.001 
V8 Roof cladding specific heat kJ kg-1K-1 0.4-1.8 1.8 
V9 Roof insulation thickness m 0.05-0.45 0.15 
V10 Roof insulation conductivity kJ h-1m-1K-1 0.025-0.055 0.036 
V11 Roof Airspace resistance m2 K W-1 0-0.23 0.17 
V12 Floor concrete thickness m 0.1-0.7 0.15 
V13  Floor concrete specific heat kJ kg-1 K-1 0.4-1.1 1.0 
V14 Floor insulation thickness m 0.050-0.100 NA 
V15 Floor insulation conductivity W m-1K-1 0.025-0.055 NA 
V16 North windows shading factor (GF) - 0.0-0.6 0.0 
V17 South windows shading factor (GF) - 0.0-0.6 0.0 
V18 East windows shading factor (GF) - 0.0-0.6 0.0 
V19 West windows shading factor (GF) - 0.0-0.6 0.0 
V20 North windows shading factor (FF) - 0.0-0.6 0.0 
V21 South windows shading factor (FF) - 0.0-0.6 0.0 
V22 East windows shading factor (FF) - 0.0-0.6 0.0 
V23 West windows shading factor (FF) - 0.0-0.6 0.0 
V24 North windows’ type - No.101-143081 No.201 
V25 South windows’ type - No.101-143081 No.201 
V26 East windows’ type - No.101-143081 No.201 
V27 West windows’ type - No.101-143081 No.201 
V28 North windows’ area m2 0.8-5.0 2.59 
V29 South windows’ area m2 0.8-5.0 1.33 
V30 East windows’ area m2 0.8-5.0 2.38 
V31 West windows’ area m2 0.8-5.0 2.61 
V32 North glazing visual transmittance - 10-90 70 
V33 South glazing visual transmittance - 10-90 70 
V34 East glazing visual transmittance - 10-90 70 
V35 West glazing visual transmittance - 10-90 70 
1The window ID as specified in window library  
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Table 3. 
Window types used as input parameters. 

ID no. Description #Panes Infill gas 
Glass thickness and infill 

(mm) 
U-value 
W m-2K-1 

SHGC (-) 
Frame U-value 

W m-2K-1 

101 Single clear 1 - 5 5.72 0.84 2.27 
106 Single clear 1 - 14 5.44 0.73 2.27 
3416 Double clear 2 Ar90 6/16/6 2.82 0.64 2.27 
200 Double low E (e2=0.04) 2 Air 4/12/4 1.69 0.66 2.27 
201 Double low E (e2= 0.037) 2 Kr90 6/16/6 1.10 0.62 2.27 
202 Double low E (e1= 0.013) 2 Ar90 6/16/4 1.01 0.33 2.27 
3428 Double low E (e1= 0.012) 2 Ar90 6/16/4 1.01 0.22 2.27 
400 Double low E (e2= 0.037) 2 Ar90 4/10/4 1.07 0.62 2.27 
401 Double low E (e2= 0.03) 2 Ar90 6/16/4 1.08 0.47 2.27 
300 Triple low E (e1=0.037) 3 Ar90 4/12/4/12/4 0.76 0.49 2.27 
301 Triple low E (e1=0.013) 3 Ar90 6/12/4/12/4 0.73 0.30 2.27 
500 Triple low E (e1=0.01, e3=0.03) 3 Ar90 6/12/4/12/4 0.72 0.26 2.27 
501 Triple low E (e1,e3= 0.03) 3 Ar90 6/12/4/12/4 0.74 0.23 2.27 
3500 Triple low E (e1, e3 = 0.092) 3 Kr90 4/12/4/12/4 0.65 0.62 2.27 
3515 Triple low E (e1=0.012) 3 Ar90 6/14/4/14/4 0.64 0.20 2.27 
14300 Triple Iow E (e1,e3=0.037) 3 Ar90 4/16/4/16/4 0.61 0.50 2.27 
14308 Triple low E (e1,e3=0.037) 3 Kr90 4/12/4/12/4 0.52 0.50 2.27 
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A similar approach was used to obtain DUH during occupied hours (see Eq. (3)). A value of ‘0’ 
was used if sufficient daylight existed and ‘1’ where it did not. The duration of artificial lighting 
was not considered in this investigation. The threshold levels daylight illumination 300 lx and 
400 lx were assigned for the Living room and Study room respectively [58]. 
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     (3) 

where Ispace is the interior daylight illumination and Ith is the threshold levels daylight 

illumination and t is the simulation timestep in hour unit. 

2.4.3. SA workflow 

Fig. 5 illustrates the workflow for the SA applied. For carrying out regression-based SA for this 
investigation, the input parameters and their ranges were defined using SimLab and the 
sample population of 1,000 was generated accordingly. The search strings of the same input 
parameters were added in jEPlus project while the same delimiters were placed in respected 
sections on the TRNSYS building input file. The batch sample file generated in SimLab was 
inputted in the jEPlus project after ensuring that the sample data file could be read correctly 
by jEPlus. 

TRNSYS model reads daylight simulation output file during execution. Therefore, the daylight 
simulation results must be generated prior to TRNSYS simulation. To facilitate this sequential 
execution of simulations, jEPlus execution command was written to call this engine to run and 
complete DAYSIM execution prior to TRNSYS simulation. The SA runs were carried out using 
a 16-core virtual machine so that 16 parallel runs could be executed. After completing the 
simulations in jEplus the collective output results were modified to SimLab format and 
imported into SimLab. SRRC was selected as the sensitivity coefficient for this investigation. 
By importing the SimLab input and output files the SA was carried out and the SRRC values 
were obtained. 

 
Fig. 5. SA workflow. 

2.5. Hierarchical Cluster Analysis 

Hierarchical Cluster Analysis (HCA) is a method to generate clusters of objects by measuring 
the distances between variables attributed to them. HCA groups the objects with the closest 
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distance into a specified number of clusters. The HCA results can be presented using a 
dendrogram which is the visual representation of the clustered objects. In this study 
agglomerative HCA was employed to visualise the similarities of SA results among various 
locations. In this method, each location represents one cluster at the beginning of the analysis. 
The clusters would be generated by merging the locations with similar sensitivities regarding 
certain outputs i.e. heating load, TDH, etc. [59, 60]. 

SPSS [61] was used for carrying out HCA. The centroid clustering method was selected in 
which the distance between cluster centroids (the average value of objects in the cluster on 
sets of variables representing the object) is used as the measure for the similarity between 
clusters. Squared Euclidean distance is used as the method for measuring distance in which 
the sum of squared distances is calculated and used as interval measures. This is 
recommended for measuring the Centroid clustering method [62]. The output is presented in 
the form of dendrograms which show the grouping of locations with different similarity levels. 
Depending on the number of expected clusters, the perception of the results of HCA can be 
different. By drawing a vertical line on the dendrogram and moving the line horizontally, 
various scenarios with different numbers of clusters can be explored. 

3. Results 

The results of baseline performance evaluation, SA and HCA are presented in this section. 

3.1. Baseline performance 

The energy performance, TDH and DUH in three zones of the building were evaluated. Fig. 6 
shows the annual heating and cooling load per unit floor area. The results are provided for 
each climate zone with their respective heating degree day (HDD) and cooling degree day 

(CDD). In this investigation, HDD reference temperature (18C) and CDD reference 

temperature (24C) were used. The monthly values of cooling and heating loads are provided 
in Fig. C1 and Fig. C2 of Appendix C. Fig. 7 shows the summer and winter TDH values for 
three zones of the building: Living room, Rumpus room and Study room in all selected 
locations and their respective CDD and HDD. Fig. 8 shows the DUH values of the three zones 
of the selected building in selected locations. The monthly TDH and DUH values of the same 
building zones are provided in Appendix C. 
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(a) 

 

(b) 

 
Fig. 6. Annual (a) cooling and (b) heating loads of the selected building in selected locations. 
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(a) 

 

(b) 

 
Fig. 7. Annual (a) summer and (b) winter thermal discomfort hours (TDH) of Living room, 

Study Room and Rumpus room mapped to heating and cooling degree days in selected 
climate zones. 
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Fig. 8. Annual DUH of Living room, Study Room and Rumpus room mapped to latitude in all 

selected locations. 

3.2. Sensitive parameters 

The identification of more sensitive parameters was carried out independently for each output 
parameter in all selected locations. SRRC, which is a coefficient between -1 and 1, was selected 
for this purpose. The positive SRRC indicates that the input parameters have a direct 
relationship with their respective output parameter while the negative SRRC indicates an 
inverse relationship between input parameters and their respective output parameters. More 
specific investigation of sensitivities, as well as the similarities among different locations, are 
investigated more in the following sections. 

Table 4 illustrates the more sensitive parameters with their associated coefficients regarding 
annual heating and cooling loads. The ranges are colour-coded to represent the sign and 
magnitude of the sensitivities. Among 35 input parameters, only the parameters with 
sensitivity coefficients greater than 0.1 (highlighted in Table 2) are demonstrated in Table 4. 
Since the magnitude of the maximum sensitivity index was ~0.6, the parameters with 
sensitivities less than 0.1 (~15% of the maximum sensitivity) are less likely to have a significant 
impact on the targeted outputs. 

Table 5 illustrates the SRRC of more sensitive input parameters associated with TDH in Living 
room, Study room and Rumpus room. Table 6 illustrates the SRRCs of more sensitive input 
parameters associated with DUH in Living room, Study room and Rumpus room. 
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Table 4. 
SRRC of input parameter for the (a) heating and (b) cooling load. 

Input 
(a) Sensitivity to Heating Load  (b) Sensitivity to Cooling Load 

BWh Cfa(B) Csa Cfa(S) BSk Cfb(M) Cfb(H)  Aw BWh Cfa(B) Csa Cfa(S) BSk Cfb(M) 

V3 3 3 3 3 3 3 3  - - - - - - - 
V4 5 5 5 5 5 5 5  - - - - - - - 
V5 4 - - - - - -  - - - - - - - 
V9 4 4 4 4 4 4 4  - - - - - - - 
V11 4 4 4 4 4 4 4  - - - - - - - 
V16 7 7 7 6 7 7 7  3 3 3 3 3 3 3 
V18 - - - - - - -  - - - 4 - - - 
V20 5 5 5 5 5 5 5  - - - - - - - 
V24 - - - - - - -  3 3 3 3 3 3 3 
V25 4 4 4 4 4 4 4  - - - - - - - 
V26 - - - - - - -  - - 4 4 - - - 
V27 - - - - - - -  - - 4 - - - - 
V28 3 3 4 4 3 3 3  6 6 6 6 6 6 6 
V29 - - - - - - -  6 5 6 6 6 6 6 
V30 - - - - - - -  5 5 5 6 5 5 5 
V31 - - - - - - -  5 5 5 5 - 5 5 

 
Key -1 < SRRC ≤ -0.6 1 -0.6 < SRRC ≤ -0.4 2 -0.4 < SRRC ≤ -0.2 3 -0.2 < SRRC ≤ -0.1 4 

 0.1 ≤ SRRC < 0.2 5 0.2 ≤ SRRC < 0.4 6 0.4 ≤ SRRC < 0.6 7 0.6 ≤ SRRC < 1 8 
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Table 5. 
SRRC of sensitive input parameter for TDH in (a)Living room, (b)Study room and (c)Rumpus room. 

Input 
(a) Sensitivity to TDH in Living room (b) Sensitivity to TDH in Study room (c) Sensitivity to TDH in Rumpus room 

Aw BWh Cfa(B) Csa Cfa(S) BSk Cfb(M) Cfb(H) Aw BWh Cfa(B) Csa Cfa(S) BSk Cfb(M) Cfb(H) Aw BWh Cfa(B) Csa Cfa(S) BSk Cfb(M) Cfb(H) 

V3 - 4 4 4 - 4 - - 4 3 3 4 3 4 - 4 - 4 4 4 4 - - - 
V4 - - - - - - - - 5 5 6 5 5 5 - - - 5 5 5 5 - - - 
V5 - - - - - - - - 4 - 4 -  - 4 4 - - - - - - - - 
V9 - - - - - - - - - - - - - - - - 4 4 4 - - - - - 
V11 - - - - - - - - - 5 - - - - - - 3 - - - - - - - 
V16 2 6 6 7 7 7 7 7 - 5 5 5 5 5 5 5 - - - - - - - - 
V17 - - - - - - - - 3 5 - 6 6 6 6 6 - - - - - - - - 
V19 - - - - - - - - 3 5 - 6 6 6 6 6 - - - - - - - - 
V20 - - - - - - - - - - - - - - - - 3 6 6 6 6 6 6 6 
V24 3 - - 5 5 5 6 6 - - - - - - - - 3 5 5 6 6 6 6 6 
V25 - - 4 - - - - - 3 - 4 - - - - - - - - - - - - - 
V27 - - - - - - - - 3 - 4 5 5 - 5 5 - - - - - - - - 
V28 - - - - - - - - 6 - - 4 4 4 3 3 7 2 3 2 2 2 2 2 
V31 - 4 - - - - - - 7 3 - 2 2 2 2 2 - - - - - - - - 

 
Key -1 < SRRC ≤ -0.6 1 -0.6 < SRRC ≤ -0.4 2 -0.4 < SRRC ≤ -0.2 3 -0.2 < SRRC ≤ -0.1 4 

 0.1 ≤ SRRC < 0.2 5 0.2 ≤ SRRC < 0.4 6 0.4 ≤ SRRC < 0.6 7 0.6 ≤ SRRC < 1 8 
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Table 6. 
SRRC of sensitive input parameter for DUH in (a)Living room, (b)Study room and (c)Rumpus room. 

Input 
 (a) Sensitivity to TDH in Living room (b) Sensitivity to TDH in Study room (c) Sensitivity to TDH in Rumpus room 

Aw BWh Cfa(B) Csa Cfa(S) BSk Cfb(M) Cfb(H) Aw BWh Cfa(B) Csa Cfa(S) BSk Cfb(M) Cfb(H) Aw BWh Cfa(B) Csa Cfa(S) BSk Cfb(M) Cfb(H) 

V16 - - - - - - - - 5 5 5 5 5 5 5 5 7 7 7 7 7 7 7 7 
V19 - - - - - - - - 7 7 7 7 7 7 7 7 - - - - - - - - 
V32 1 1 1 1 1 1 1 1 - - - - - - - - 1 1 1 1 1 1 1 1 
V33 3 4 4 4 4 3 4 4 3 3 3 3 3 3 3 3 - - - - - - - - 
V35 - - - - - - - - 1 1 1 1 1 1 1 1 - - - - - - - - 

 
Key -1 < SRRC ≤ -0.6 1 -0.6 < SRRC ≤ -0.4 2 -0.4 < SRRC ≤ -0.2 3 -0.2 < SRRC ≤ -0.1 4 

 0.1 ≤ SRRC < 0.2 5 0.2 ≤ SRRC < 0.4 6 0.4 ≤ SRRC < 0.6 7 0.6 ≤ SRRC < 1 8 
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3.3. Hierarchical Cluster Analysis 

Since the more sensitive parameters in relation to the targeted outputs show some patterns of 
similarity among certain locations, HCA was carried out to quantify the levels of similarity 
among selected locations in terms of the sensitivities of input parameters. Understanding the 
co-relations among the sensitivities in various locations can provide useful information for 
policymaking and generalised design guidelines. It also can inform the prefabricated 
construction industry and supply chain on the locations for which similar ranges of envelope 
solutions could potentially be applied. 

The SRRC values of all input parameters were selected as the variables while the locations 
were selected as label cases. The HCA was carried out for each output parameter separately. In 
this investigation, the final number of clusters was set as two meaning that the locations will 
continue to group until they reach two main clusters. However, inside each main cluster, the 
smaller clusters can indicate more details on a similarity of the building’s performance in 
different locations. In this investigation, the reference number of clusters was set to three or 
four. This means that if a vertical line was placed on the dendrogram it would intersect four 
horizontal lines representing four groups. If four group clusters did not occur, three groups 
were taken as the reference number. Since the more sensitive parameters and their associated 
coefficients for DUH are very similar for all locations, these parameters were excluded in this 
section and the HCA focus is on heating and cooling loads and TDH only. Fig. 9 shows the 
clustering of the locations in relation to each targeted output. Rather than investigating the 
clusters individually, it is more practical to consider the overall grouping of the locations. 
Table 7 shows the number of times locations clustered together out of five HCAs (as 
mentioned in Section 2.5). 

4. Discussion 

The discussion on the obtained results for baseline performance evaluation, SA and HCA are 
provided in the following subsections. 

4.1. Baseline performance 

As shown in Fig. 6, in seven out of eight locations for the selected building the annual cooling 
load is larger than the annual heating load. The average cooling load of all those locations is 
90% higher than that of heating. This may be explained by three characteristics of the 
building: lightweight construction, well-insulated and airtight envelope and high solar heat 
gain from large north-facing windows. These characteristics are also outlined by [16] as the 
factors that increase the risk of summertime overheating in lightweight buildings. 
Prefabricated construction due to their lightweight nature leads to lower thermal storage in 
the building increasing the daytime heat gain and risk of overheating in summer. To address 
this challenge, the exploration of the use of phase change materials as a potentially effective 
solution is recommended. The overall equivalent infiltration rate of 0.8 ACH, which was 
found for the building as a result of model calibration (Appendix B) is considered as a high 
level of airtightness [63]. This together with well-insulated envelope traps the heat indoors 
causing better thermal performance during winter while increasing the risk of overheating 
during summer. The large north-facing windows is another contributing factor which 
increases the solar eat gain. Another reason for the low amount of annual heating load may be 
the assumed thermostat settings for heating which is 18̊C and can be considered low if 
compared to the heating thermostat settings for living spaces recommended by the Australian 
nationwide energy rating scheme [47]. 

The fact that the amount of cooling required was found higher than heating in seven out of 
eight locations, showed that in those locations strategies for reduction of the cooling load 
should be prioritised. SA can help implement efficient strategies to reduce cooling load by 
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determining more sensitive parameters concerning this indicator. Hobart with an Oceanic 
climate represents the largest southern latitude (largest distance from the equator) among all 
other locations and requires heating throughout the year. For this location, the energy 
efficiency strategies should have a greater focus on the reduction of the heating load. 

 

  
Heating load Cooling load 

  

  
TDH in Living room TDH in the Study room 

  

 

 

TDH in Rumpus  

  

Fig. 9. HCA results for targeted outputs illustrating the groups of locations with similar 
sensitivities. 
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Table 7. 
The number of times locations clustered together in terms of sensitivities to TDH, heating and cooling energy. 

Location Climate Latitude (° S) Darwin [Aw] Alice Springs [BWh] Brisbane [Cfa] Perth [Csa] Sydney [Cfa] Mildura [BSk] Melbourne [Cfb] Hobart [Cfb] 

Darwin Aw 12.4634 - - - - - - - - 
Alice Springs BWh 23.6980 - - 2 2 2 2 - - 
Brisbane Cfa(B) 27.4698 - - - 2 2 - 2 - 
Perth Csa 31.9505 - - - - 5 4 4 3 
Sydney Cfa(S) 33.8688 - - - - - 4 4 3 
Mildura BSk 34.2080 - - - - - - 3 3 
Melbourne Cfb(M) 37.8136 - - - - - - - 4 
Hobart Cfb(H) 42.8821 - - - - - - - - 
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As can be seen in Fig. 6, smaller values of heating loads (0.1-3 MJ m-2) were observed in four 
climates: Hot Desert (BWh), Humid Subtropical (Cfa(B) and (Cfa(S)), Savanna (Aw) and Hot 
Summer Mediterranean (Csa) which have hot to temperate climates. The maximum annual 
heating load (90 MJ m-2) was found for Oceanic climate (Cfb(H)) which requires heating 
throughout the year. Also, locations with Oceanic (Cfb(M)) and Cold Semi-arid (BSk) climates 
have higher heating loads compared to other climates due to colder winters with values of 33 
and 25 MJ m-2 respectively. The maximum cooling load among the selected climates is 
observed in Savanna climate (Aw) with 560 MJ m-2. Other climates with high cooling loads are 
Hot desert (BWh), Humid Subtropical (Cfa(B)) with values of 283 and 178 MJ m-2 respectively. 

In Fig. 7 annual TDH of the Living room, Rumpus and Study room zones are demonstrated. 
The Living room has large north-facing windows while the Study room has west and south-
facing windows. The rumpus room also has a north-facing window. Overheating in the Living 
room, which has large north-facing windows, was found more frequent. This means the level 
of thermal comfort varies among different spaces in the building. As shown in Fig. 7 among all 
selected locations the maximum TDH is associated with the living room of the building 
located in Savanna with the value of 4,185 hours. This value is 40% higher than the TDH of 
the Study and Rumpus Rooms in the same climate and 48% higher than the average 
Livingroom TDH among all selected locations. The high level of summertime TDH may be 
related to overheating during summer. The reason for overheating could be the high amount 
of heat gain from large windows as well as a well-insulated airtight envelope with lightweight 
characteristics [16]. Further overheating in the north-facing zone is more likely to be 
associated with the solar heat gains from the large windows and a glass door on the north side. 
This characteristic causes overheating and increased TDH especially in the Savanna climate 
which had the highest CDD of all selected locations.  

As evident from Fig. 7 in Oceanic (Cfb(H) and Cfb(M)), the TDH in the Rumpus room are 29% 
and 21% higher than average TDH among all locations respectively. In locations with Oceanic 
(Cfb(H)), Oceanic (Cfb(M)) and Cold Semi-arid (BSk) climates, the TDH in the Rumpus and 
Study rooms are 29%, 26% and 3% higher than the average TDH among all locations. The fact 
that these locations have high HDD compared all others may indicate that the TDH in those 
climates is dominant during the cold season (Fig. 7(b)). By studying the summer and winter 
TDH , the relationship between HDD, CDD and TDH were investigated. As evident from Fig. 
7, the summer and winter TDH has general increasing trends by an increase of CDD and HDD 
respectively. The exceptions can be seen in Fig. 7(a) where the summer TDH is lower in Cold 
Semi-arid (BSk) and Hot Desert (BWh) climates compared to Humid Subtropical (Cfa(S)) 
climate despite their higher CDD. This can be justified given that the TDH is calculated based 
on PMV which is a function of various factors other than air temperature i.e. mean radiant 
temperature, relative humidity, air velocity [44]. As can be seen in Fig. 7, the Study room TDH 
during the cold season is greater than the hot season for all selected locations except Savanna 
in which the TDH is merely associated with overheating. Also, the winter TDH in Rumpus 
room outweighs the summer TDH in all climates except Savanna and Humid Subtropical. In 
terms of TDH in the Living room, the changes of TDH in summer and winter varies among the 
climates depending on their climatic conditions.  

It is important to note that since the building is conditioned during defined heating and 
cooling seasons (Table 1), the TDH results are affected by the selected heating and cooling 
setpoints as also outlined by [31]. However, the selected seasons and setpoints for heating and 
cooling are the values that are commonly practised in Australia. Although a model setting 
with free-running mode throughout the year would eliminate the skewing effect of setpoints 
on TDH, the current settings in the model represent a more realistic approach. Further 
investigations on the effects of selected heating and cooling setpoints on the TDH would 
provide a better insight into the optimal model settings. 
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The Study room DUH was found to be higher than the other two zones in all locations except 
Humid Subtropical (Cfa(S)) which showed similar DUH for all three zones (Fig. 8). This is 
because this room does not have a north-facing window. The highest DUH among all selected 
locations is found in Oceanic climates (Cfb(H) and Cfa(M)) while the minimum DUH was in 
Humid Subtropical (Cfa(B)). The latitude is an important factor in determining the DUH as 
demonstrated in Fig. 8. While increasing the southern latitude (an increase of distance from 
the equator), the DUH has a decreasing trend. It is also evident from Fig. 8 that latitude is not 
the only factor affecting DUH. Another influencing factor is the distance from the standard 
meridian which affect the amount of daylight during occupied hours. The increase in DUH in 
Savanna (Aw), and Hot Desert (BWh) despite smaller southern latitude (closer to the equator) 
may be due to their greater distance from the standard meridian. This means in those 
locations the day starts at earlier solar times than others leading to increased DUH, earlier. 

By comparing the values obtained for TDH and DUH (Fig. 7 and Fig. 8), it can be observed 
that TDH are significantly higher than DUH in all climates. The average TDH in Living room, 
Study room and Rumpus room among all locations were 91%, 90% and 88% greater compared 
to those of DUH respectively. This reveals that more emphasis on reduction of TDH is 
required to improve the overall comfort levels in the building. 

4.2. Effects of envelope parameters on heating and cooling loads 

As evident from Table 4, in all selected climate zones the building’s annual heating load is 
most influenced by three parameters: the thickness of external wall insulation, north-facing 
window shading factor and north-facing window area. Factors related to the roof insulation, 
north-facing shading and south-facing window type are other sensitive parameters impacting 
heating load. Furthermore, the thickness of the wall’s interior layer was found sensitive in 
regard to heating load, since an increase in this layer would result in greater thermal 
insulation. 

The signs and levels of sensitivities among selected climates regarding heating load did not 
show significant variations for most parameters. However, the parameters which show a trend 
of change among locations were investigated further as shown in Fig. 10(a). As the HDD 
increases, the sensitivity of insulation thickness increases. This is justifiable since the locations 
with higher HDD require more insulation to effectively reduce the heating load. On the other 
hand, the north-facing window area and the wall’s interior finish have an opposite effect on 
the level of sensitivities with an increase of HDD. This means that the solar heat gain and 
thermal mass have less impact on reducing heating loads in the climates with high HDD. The 
reason could be the large amount of heating load in those climates which is more challenging 
to minimise compared to the climates with low HDD. 

The most sensitive parameters for cooling load were north-facing window: shading factor, type 
and area. In addition, factors related to the south, east and west-facing windows were found to 
be amongst most sensitive parameters for the cooling load (Table 4). Some parameters 
showed an increasing trend when mapped to CDD (Fig. 10(b)). The level of sensitivity to 
north-facing windows’ type increase in climates with higher CDD. This indicates that the type 
of window is an important factor in the cooling dominated climates. The negative sign of 
SRRC related to window type shows that the increase in window ID number (increase in 
insulation) reduces the cooling load. Also, it was found that the sensitivities to north-facing 
window shading factor decrease while the CDD increase which is an indicator that this factor 
is not as effective for warmer climates. This is justifiable considering that minimising greater 
amounts of cooling load is more challenging and therefore certain strategies may appear less 
impactful compared to the climates with less cooling requirements. It is important to note 
that the effectiveness of input parameters on is measured by the rate of change in the output 
parameter. Therefore, the greater the magnitude of the output parameter, the smaller the 
reduction impact would appear. Therefore, the sensitivity trends and the impact of input 
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parameters should be assessed by considering the magnitude of the corresponding output 
parameter. Unlike the parameters shown in Fig. 10, other parameters did not show a particular 
trend or relationship to HDD or CDD. Further analysis through HCA provides more details on 
the similarity of the response in different groups of locations. 

Another important issue is that heating and cooling loads are both affected by north window 
shading factor and north window area however in opposite directions. This finding aligns with 
[27] which highlighted the important role of windows’ parameters on the building’s energy 
performance. The opposite directions of sensitivities indicate that increasing these parameters 
can affect one output positively while affecting the other negatively. To address the 
counteracting effects of window parameters of multiple targeted outputs the use of 
reconfigurable solutions such as electrochromic or thermochromic glazing can be explored in 
future research. For further investigation, the effect of both parameters i.e. total energy 
consumption for heating and cooling was considered as a targeted output in an optimisation 
study [33]. 

(a) 

  

(b) 

 
Fig. 10. Parameters that show a relationship between absolute values of sensitivity indices to 
(a) heating and (b) cooling loads and their respective degree days in selected locations (the 

signs on the legend demonstrate the actual signs of the sensitivity index). 
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4.3. Effects of envelope parameters on thermal discomfort hours 

As evident in Table 4, the more sensitive parameters for TDH in the Living room are north 
windows’ type and shading factor. Factors related to the south and west-facing windows were 
found to have the highest impact on TDH in the Study room. This is justifiable since this room 
has windows facing those directions. Other sensitive parameters are found to be wall 
insulation and the interior finish thickness, which is similar to the results of SA for the heating 
load. North window parameters are among the most sensitive factors in relation to Rumpus 
room TDH. Also, wall and roof insulation are found to have an impact on TDH in the Rumpus 
room. The higher sensitivity of window parameters and insulation to thermal comfort is in 
line with the findings of [29] and [31]. 

The signs of SRRC in regard to TDH agree in most of the locations while the results for some 
parameters in Savanna (Aw) and Humid Subtropical (Cfa(B)) climates show a sensitivity sign 
opposite to other locations. These parameters are the factors associated with the north-facing 
window such as window area, type and shading for Savanna (Aw) and window type and west 
window type in Humid Subtropical (Cfa(B)). The frequent difference in the sign of sensitivities 
in Savanna (Aw) climate is due to the hot climate that requires cooling year-round. While 
other climates benefit from heat gain from larger windows and smaller shading in the cold 
season, Savanna (Aw) climate requires minimisation of heat gain through smaller windows 
and increased shading strategies. In addition to the signs, the levels of sensitivity also varied 
among selected climates in regard to TDH. Certain parameters show higher sensitivities to 
TDH in some climates compared to others. 

The north-facing window shows lower sensitivity to TDH in the living room in Hot Desert 
(BWh) and Humid Subtropical (Cfa(B)). Instead, TDH in same climates together with Humid 
Subtropical (Cfa(S)) show higher sensitivity to insulation thickness of walls. This means 
increasing the insulation of walls has more impact on improving thermal comfort compared to 
other climates. On the other hand, the maximisation of the north window area seems to be 
more important in Oceanic (Cfb(M) and Cfa(H)) compared to other climates. This is 
justifiable since the oceanic climates have colder weather and benefit from solar heat gain 
through north-facing windows.  

Although the sign and levels of sensitivities largely vary among climate zones, no specific 
relationship was found between HDD, CDD and sensitivities to TDH. This means that the 
decisions on envelope parameters should consider the level and sign of sensitivities in 
individual climates while necessitates further investigation through conducting multi-
objective optimisation for each specific location.  

4.4. Effects of envelope parameters on daylight unsatisfied hours 

According to the results of SA, the more sensitive parameters for DUH in different spaces are 
associated with visual transmittance and shading factor on different orientations of the 
building depending on the selected room. For instance, since the Living room has south and 
north-facing windows, the factors associated with those orientations are found to be the more 
sensitive parameters. Similarly, south and west parameters were found to be sensitive for 
Study room DUH and the north parameters for the Rumpus room DUH. Although the Living 
room has north and south-facing windows, the shading factor of these orientations was not 
found sensitive for DUH of this space. This may be due to the large north-facing windows and 
glass doors in the Living room that provides sufficient daylight even with high levels of 
shading factors. The importance of window selection on the visual comfort aligns with the 
findings of [22]. 

The identification of more sensitive parameters for the selected building targeting energy 
consumption, TDH and DUH reveal that different input parameters affect two or several 
output variables in opposite directions. For instance, an increase in north-facing window 
shading factor results in an increase of TDH in the Living room while decreasing the cooling 
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load. This indicates the need for further investigation through multi-objective optimisation to 
find possible optimised solutions. 

Throughout Sections 4.1, 4.2, 4.3 and 4.4. an attempt was made to explain the causes and 
rationale behind the baseline performance as well as signs and sensitivities of certain input 
variables in respect to output parameters. Understanding those functions can lead to more in-
depth insight into buildings’ behaviour under various climatic conditions and their 
corresponding design responses. As such, the global application of this research does not lie in 
the sensitivity results themselves but in the realisation of those underlying functions in each 
climatic condition and the appropriate design responses to address them. 

4.5. HCA analysis 

The HCA was carried out to better understand the similarity of sensitivities among eight 
selected locations in Australia. The clusters shown in Fig. 9 are further discussed in this 
section. The clusters formed in HCA analysis are indicative of the similarities of sensitive 
parameters and their values among the selected climates. The HCA analysis heating load 
results show that the two locations in Oceanic climate share a cluster, Humid Subtropical 
(Cfa(B)) forms an individual cluster while other remaining climates are grouped in a third 
cluster. For cooling load, Hot Desert (BWh) and Humid Subtropical (Cfa(B)) form one cluster 
while Savanna (Aw) is clustered separately, and other remaining climates share another 
cluster. 

In relation to the TDH, the group of Humid Subtropical (Cfa(S)), hot summer Mediterranean 
(Csa), Cold Semi-arid (BSk) and Oceanic (Cfb(H) and Cfb(M)) climates appear to have similar 
performance while Savanna (Aw), Humid Subtropical (Cfa(B)) and Hot Desert (BWh) are in 
different clusters either as individual group or groups of two. 

Humid Subtropical (Cfa(S)) and Hot Summer Mediterranean (Csa) clustered together in all 
five clustering analysis while these two locations grouped with Cold Semi-arid climate (BSk) 
four times. The clustering of these three locations despite different climates can be a result of 
their similar southern latitudes. The two locations with Oceanic climate (Cfb(H) and Cfb(M)) 
grouped four times. Also, Oceanic (Cfb(M)) and Cold Semi-arid (BSk) have similar 
performance for all outputs except heating load. Hot Desert (BWh), Humid Subtropical 
(Cfa(B)) and Savanna (Aw) seemed not to be clustering well while each of them has clustered 
one or two times with other locations.  

The similarities in sensitivity among selected locations can be useful in developing generalised 
national and international guidelines, policies or high-level minimum requirements to be used 
in concept design stage where initial debates on potential design decisions are made. 
Examples of this generalised approach is the minimum required standards provided by NCC 
[38] in Australia which provides recommendations for groups of locations e.g. minimum R-
value of wall and roof is provided for a group of climates. While the generalised approach can 
be useful in concept designs stage, the later stages would require more personalised 
approaches using the accurate climate data to estimate the building’s performance in each 
specific location. Further application of the location groups in regard to environmental design 
requirements would be to inform prefabrication industry and supply chain on locations for 
which similar ranges of envelope solutions could potentially be applied and lead to 
classification and standardisation of their products based on locations. 

4.6. Limitations and future research opportunities 

This article presents the results and findings of baseline performance evaluation and 
sensitivity analysis of a single-family residential building. The input parameters selected for 
this study are limited to the envelope components while other factors are considered fixed. 
The effects of other contributing factors such as buildings’ spatial design and geometry, 
temperature setpoints, occupancy schedules, natural ventilation and air change rates are not 
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considered in this investigation. Since this article presents a specific building with certain 
assumptions, the generated results cannot be generalised, instead the critical analysis to 
investigate the underlying functions behind the performance responses and the design 
recommendations to improve building’s behaviour can be used across ranges of lightweight 
prefabricated projects. 

The weather files used in the simulations are Typical Meteorological Year (TMY) that 
represents long term averages of the weather data. However, TMY data files cannot foresee 
climate change effects in the coming years. Therefore, the consideration of climate change 
effects is recommended for future research in order to generate more realistic outcomes. 

The lightweight characteristic of prefabricated components reduces the thermal mass effect 
leading to higher temperature fluctuations and reduced thermal comfort compared to heavy-
weight traditional buildings. Exploration of the use of innovative technologies such as phase 
change materials as a potentially effective solution in prefabricated buildings is recommended 
for future research. Also, to address the counteracting effects of window parameters of 
multiple performance parameters the use of reconfigurable solutions such as electrochromic 
or thermochromic glazing can be explored in future research. 

5. Conclusions 

In this article, a regression-based global sensitivity analysis (SA) was implemented to 
investigate the effects of building envelope parameters on cooling and heating loads as well as 
thermal discomfort hours (TDHs) and daylight unsatisfied hours (DUHs) of a prefabricated 
house in six climate zones. The input variables are envelope parameters that can be applied in 
lightweight prefabricated construction. TRNSYS was used for the house’s cooling and heating 
load estimations. Daylighting simulations were performed by using DAYSIM and Radiance. 
jEPlus and SimLab were used to perform parametric runs and SA respectively. The most 
sensitive input parameters were obtained for all eight locations. Also, to find similar patterns 
of sensitivity in different climate zones, a hierarchical cluster analysis (HCA) was carried out. 
According to the findings of this study, the following conclusions were drawn: 

The cooling loads were larger than the heating loads (up to 90%) in seven of eight locations. 
This may be explained by three characteristics of the building: lightweight construction, 
airtight envelope and high solar heat gain from large northern windows. Prefabricated 
construction due to their lightweight nature leads to lower thermal storage in the building 
increasing the daytime heat gain and risk of overheating in summer. As such, prioritising the 
strategies to reduce cooling load would lead to achieving better overall energy performance. 
Exploration of the use of phase change materials as a potentially effective solution in 
prefabricated buildings is recommended. Also, TDH was found significantly higher than DUH 
in all climates (up to 91%). This means more emphasis on reduction of TDH is required to 
improve the overall comfort levels in all climate zones investigated. 

The highest Living room’s TDH was observed in the Savanna climate where the TDH was 48% 
higher than the average Living room’s TDH among all selected locations. In Oceanic climates, 
the TDHs of the Rumpus and Study rooms were up to 29% greater than the corresponding 
average TDH among all selected locations. The TDH of Study and Rumpus rooms were more 
dominant during the heating season in all climate zones except Savanna where the TDH was 
associated with overheating during cooling seasons. This is likely to be related to the assumed 
winter setpoint (18 ̊C) which may be considered low. Overheating in the Living room, which 
has large north-facing windows, was more frequent. This means the level of thermal comfort 
varies among different spaces in the building. Although the level of DUH decreases with 
increase in latitude (increased distance from the equator), the locations with greater distance 
from standard meridian were found to have greater DUH despite being closer to the equator. 
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The sensitivity analysis revealed the important focus areas in various climatic conditions. 
Window glazing and shading were found among the most influential parameters in respect to 
all targeted outputs. Some parameters show a relationship between their sensitivity levels to 
heating and cooling load and their corresponding degree days in various climates. These 
trends indicate that the type of window has a higher impact on the reduction of cooling load 
in the cooling dominated climates while insulation of wall was found a more effective strategy 
in heating-dominated climates. 

The rationale behind baseline performance, the sensitivities of certain input variables and the 
trends of sensitivity against degree days as outlined in the discussion, can lead to a more in-
depth understanding of buildings’ behaviour under various climatic conditions and their 
corresponding design responses. This insight on the underlying functions and the design 
responses can be incorporated during early design stages by practitioners across ranges of 
projects. 

The findings from SA implied the need for conducting multi-objective optimisation. Firstly, 
climate conditions significantly change the sensitivities of building envelope variables on 
performance parameters. Although the sensitivity levels of heating and cooling loads showed 
some patterns depending on HDD and CDD, no specific relationship was found between 
HDD, CDD and sensitivities to TDH. Secondly, by comparing the sensitivity parameters 
among performance parameters it was found that some envelope variables affect two or more 
performance parameters in the opposite directions. 

The HCA results reveal that Humid Subtropical (Sydney), Hot Summer Mediterranean (Perth) 
have similar performance in terms of sensitivity parameters for all outputs. Oceanic 
(Melbourne) and Cold Semi-arid (Mildura) climates have similar performance for all outputs 
except heating load. Also, the two locations with Oceanic climates (Hobart and Melbourne) 
show similar performances for all outputs except cooling load. The similarities in sensitivity 
among selected locations can be useful in developing generalised guidelines, policies or 
minimum required standards to be used in concept design stages. Also, it can inform the 
prefabrication industry and supply chain on locations where similar ranges of envelope 
solutions could be applied leading to classification and standardisation of their products based 
on locations. 

The methods used for conducting SA in this study as well as the critical analysis on the causes 
of sensitivity performances and corresponding design responses can be used by the design 
practitioners and decision-makers across a diverse range of prefabricated building projects. As 
such, the global application of this research does not lie in the sensitivity results themselves 
but in the realisation of those underlying functions in each climatic condition and the 
appropriate design responses to address them. The research outcomes derived from the six 
climate zones selected in Australian contexts may apply to new and retrofit housing design 
upgrades in the similar climates outside Australia. Even so, the applicability beyond Australian 
contexts requires further extensive studies for the justification due to not only building 
regulation differences but the cultural ones that to some extent affect building design 
materials, systems and configurations. Accordingly, the universality of this study’s findings 
outside Australian contexts can be considered as an opportunity of further research 
exploration. 
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Appendix A: The features of the selected locations and the case building 

Table A1. 
Features of the selected locations. 

Climate 
Code* 

NCC 
Zone 

City 
Population 

(‘000) 
Location 

WMO 
Station No. 

Aw 1 Darwin 118.4 12.4634° S, 130.8456° E 94120 
Bwh 3 Alice Springs 23.7 23.6980° S, 133.8807° E 94326 
Cfa(B) 2 Brisbane 2,270.8 27.4698° S, 153.0251° E 94578 
Csa 5 Perth 1,671.0 31.9505° S, 115.8605° E 94610 
Cfa(S) 5 Sydney 4,824.0 33.8688° S, 151.2093° E 94767 
BSk 4 Mildura 32.7 34.2080° S, 142.1246° E 94693 
Cfb(M) 6 Melbourne 4,485.2 37.8136° S, 144.9631° E 94866 
Cfb(H) 7 Hobart 222.3 42.8821° S, 147.3272° E 94975 

 

Table A2. 
The properties of thermal zones in the selected building. 

Thermal Zone Area (m2) Volume (m3) Glazing area (m2) Glazing to floor area ratio 

Living/dining 80.99 242.96 35.85 0.442 
Study 16.70 50.10 4.26 0.255 
Bed1 26.42 68.69 7.64 0.289 
Bed2 16.17 45.58 5.33 0.329 
Bed3 15.51 43.50 2.47 0.159 
Bed4 16.77 47.28 3.70 0.220 
Rumpus 12.21 34.24 2.47 0.202 
Bathroom1 4.00 11.20 0.79 0.197 
Bathroon2 5.58 15.62 0.94 0.168 
Bathroom3 8.91 24.94 2.47 0.277 
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Table A3. 
The materials used in the construction of the selected building (baseline). 

Component Material 
Thickness 

(mm) 
Conductivity 

(Wm-1K-1) 

Density 
(kg m-3) 

Specific Heat 
(kJ kg-1K-1) 

Resistance 
(m2 K W-1) 

Reference 

Exterior Wall 

Mag board 9 0.450 1000 0.880 - [64] 

EPS core 149 0.036 25 1.250 - [65] 

Plywood 12 0.150 800 1.200 - TRNSYS Layer Library 

Interior Wall 

Plasterboard 10 0.190 1300 0.840 - [60] 

Timber stud 90 1.300 33 1.024 - TRNSYS Layer Library 

Airspace 90 - - - 0.18 [66] 

Plasterboard 10 0.190 650 0.840 - [60] 

Floor 

Concrete 150 1.130 1400 1.000 - TRNSYS Layer Library 

**Ceramic tiles 15 1.300 2300 0.840 - [67] 

**Carpet 20 0.060 288 1.380 - TRNSYS Layer Library 

Ceiling 

Plasterboard 10 0.190 1300 0.840 - [60] 

Timber veneer 35 0.130 600 2.000 - TRNSYS Layer Library 

Airspace 530 - - - 0.16 [66] 

Particle board 20 0.056 300 1.000 - TRNSYS Layer Library 

Carpet 20 0.060 288 1.380 - TRNSYS Layer Library 

Roof 

Steel 1 15.000 7800 1.800 - TRNSYS Layer Library 

Airspace 37 - - - 0.17 [66] 

EPS 150 41.380 0.13 25.000 - [65] 

Airspace 530 - - - 0.16 [66] 

Timber veneer 35 0.130 600 2.000 - TRNSYS Layer Library 

Plasterboard 10 0.190 1300 0.840 - [60] 

Glazing  ID: 201 (the properties are specified in Table 3) 

** Ceramic tiles are used for the wet areas while the carpet is used for the other spaces 
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Darwin (Savanna) Alice Springs (Hot Desert) 

  
Brisbane (Humid Subtropical) Perth (Hot Summer Mediterranean) 

  
Sydney (Humid Subtropical) Mildura (Cold Semi-arid) 

  
Melbourne (Oceanic) Hobart (Oceanic) 

Fig. A1. Monthly average daily solar radiations (diffuse: darker colour, total: stacked column) 
received on the horizontal plane and monthly average ambient air temperatures. 
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Darwin (Savanna) Alice Springs (Hot Desert) 

  

Brisbane (Humid Subtropical) Perth (Hot Summer Mediterranean) 

  
Sydney (Humid Subtropical) Mildura (Cold Semi-arid) 

  
Melbourne (Oceanic) Hobart (Oceanic) 

Fig. A2. Psychometric charts (generated with Climate Consultant 6.0 (Liggett and Milne, 
2020)[42]) 
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(b) 

 

(a) (c) 

  

(d) (e) 

Fig. A3. The images of the selected building located in Melbourne, Australia: (a), (b), (c) under 
construction and (d), (e) completed [46]. 
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Occupancy- Living room Occupancy- Bedrooms 

  

  

Occupancy- Rumpus room Lighting- Living room/Rumpus room 

  

  
Lighting- Bedrooms Appliances-Living room 

  

Fig. A4. Schedules used in the simulation of the selected building. 
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Appendix B: Calibration and validation of the building model 

B.1. Method 

The baseline building model was calibrated and validated by comparing the simulated and 
measured indoor temperatures of four zones (Living, Bed1, Bed3, and Bed4) in different 
periods. The details on the building location and characteristics are provided in Section 2.1.2. 
The details of the measuring devices applied are presented in Table B1. One ‘Elitech’ logger 
(with 30 min recording interval) was placed to measure the outdoor air temperature in a 
shaded area outside the building. Another ‘Elitech’ logger (with 30 min recording interval) was 
used in Bed3. Three ‘Onset’ loggers (with 5 min recording interval) were used in three zones: 
Living, Bed1 and Bed4 (Fig. 3) 

For comparing the indoor measured and simulated temperature values of the selected 
building, the realistic weather data for that specific period of time was required. For this 
reason, the weather and solar radiation data were acquired from the Bureau of Meteorology 
(BOM) for this specified period. Since these data were obtained in 1-minute intervals, the 
values were aggregated and converted to 1-hour intervals. TRNSYS Type99 [68] was used for 
reading and processing of the customised weather data. The data include dry bulb 
temperature, relative humidity, and total solar radiation on a horizontal surface. 

 

Table B1. 
The equipment used for monitoring the selected building. 

Item Model Manufacturer Quantity 

USB temperature data logger RC-5 Elitech 2 
Temperature & RH data logger UX100-003 Onset 3 

 

In order to check the accuracy of the data loggers, two different evaluation was carried out. 
First, the data acquired from the outdoor temperature sensor were compared to the data 
obtained from BOM. Second, the temperature data from two different sensors in the same 
room were compared. 

The materials used in the building and their properties were defined in the model. To reduce 
the uncertainty of occupants, lightings and internal appliances heat gain schedules, and air-
conditioning system operations, an unoccupied period (30 March -2 April 2018) was selected 
for calibration and validation. The single unknown air infiltration rate was calibrated using the 
measured data between 15:00 on 30 March 2019 and 19:00 on 31 March 2018. The validation 
was carried out for the period between 19:00 on 31 March 2018 and 00:00 on 2 April 2018. 

Coefficient of determination (R²), Root Mean Square Error (RMSE), Mean Bias Error (MBE), 

Mean Absolute Error (MAE) and Correlation Coefficient (CC) were applied for quantifying the 
agreement between simulated and measured temperatures. 

B.2. Results 

The measured indoor data were compared with the data from different sources. The outside 
measured dry-bulb temperatures in the period between 9:00 on 21 December 2017 and 6:00 
on 17 May 2018 were compared with the temperature data obtained from BOM and found to 
have R² = 0.85, CC = 0.92.  

To check the consistency of the data recorded at the loggers, the data from two sensors (one 
Onset and one Elitech) located in the living room were compared. The comparison between 
temperatures recorded by two type of data loggers has R² = 0.92, CC = 0.96, and MBE = 0.2 ̊C. 
These results show that the data recorded by the data loggers are accurate enough for 
validation purpose. 
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Fig. B1. Scatter plot: measured vs. BOM ambient air temperature. 

 

 
Fig. B2. Scatter plot: measured indoor temperature in the living room using two different 

sensors. 

 

For the calibration of infiltration rate, the simulations were performed for the duration 
between 15:00 on 30 March 2018 and 19:00 on 31 March 2018 for five infiltration rates. R², 
RMSE, MBE, MAE and CC for the indoor air temperature comparisons (for all Living, Bed1, 
Bed3 and Bed4) were estimated (Table B2). It was found that the building model with 
infiltration rate 0.8 ACH has better overall agreement between measured and simulated 
results. The selected calibrated infiltration rate (0.8 ACH) agrees with the value suggested by 
Ambrose & Syme [69] (national average value for new residential buildings in Australia). 

The scatter plots of the measured versus predicted values of indoor dry bulb temperature 
during validation period (19:00 on 31 March 2018 – 00:00 on 2 April 2018) for Living, Bed1, 

R² = 0.8537

0

10

20

30

40

50

0 10 20 30 40 50

B
O

M
 (
̊C

)

Measured ( ̊C)

R² = 0.9205

0

10

20

30

0 10 20 30

E
li

te
ch

 S
en

so
r 

(̊C
)

Onset Sensor ( ̊C)



95 

Bed3 and Bed4 zones are shown in Fig. B1 in Appendix B. Table B3 presents R², RMSE, MBE, 
MAE and CC for the comparison between measured and predicted indoor temperatures. 
Better agreements were found for Living and Bed1 zones. The predicted dry bulb temperature 
values are slightly higher than that of measured in the zones on the ground floor (Living and 
Bed1). The predicted temperatures in Bed4 are also higher than that of measured, the reverse 
is true for Bed3. The discrepancies may be attributed by assumed single value infiltration rate 
for all zones. The dataset for the calibration and validation of the TRNSYS building model is 
provided in [70]. 

Table B2. 
R², RMSE, MBE, MAE and CC for various infiltration rates (between 15:00 on 30 March 2018 
and 19:00 on 31 March 2018). 

Infiltration rate (ACH) R² RMSE (C) MBE (C) MAE (C) CC 

0.6 0.80 1.27 0.88 1.09 0.90 
0.7 0.80 1.16 0.71 0.97 0.90 
0.8 0.87 1.07 0.75 0.88 0.93 
0.9 0.80 1.00 0.39 0.77 0.90 
1.0 0.80 0.96 0.24 0.72 0.90 

 

Table B3. 
R², RMSE, MBE, MAE and CC for various zones for the validation period (15:00 on 30March 
2018 - 00:00 on 2 April 2018). 

Zone R² RMSE (C) MBE (C) MAE (C) CC 

Living 0.92 1.20 1.13 1.13 0.96 
Bed1 0.93 0.64 0.47 0.48 0.96 
Bed3 0.93 1.15 -1.08 1.08 0.96 
Bed4 0.86 0.93 0.77 0.77 0.93 
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Living (n=343) Bed1 (n=343) 

  

    

Bed3 (n=58) Bed4 (n= 343) 

 

Fig. B3. Scatter plots: measured vs. predicted indoor dry bulb temperatures (19:00 on 1 April 
2018 - 15:00 on 2 April 2018) for various zones. 
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Appendix C: Supplementary graphs for baseline performance evaluations 

The dataset for the baseline performance of the prefabricated house is provided in [71]. 

 

 
Fig. C1. Baseline monthly cooling loads in all selected locations. 

 

 
Fig. C2. Baseline monthly heating loads in all selected locations. 
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(a) 

 

(b) 

 

(c) 

 
 

Fig. C3. Baseline monthly TDH in (a) Living room, (b) Rumpus and (c) Study room. 
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a) 

 

(b) 

 

(c) 

 

 

Fig. C4. Baseline monthly DUH in (a)Living room, (b) Rumpus and (c) Study room. 
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The sensitive parameters identified in this chapter were used in the next chapter for 

performing multi-objective optimisations. Those parameters which found sensitive were 

selected to be used as optimisation variables while the non-sensitive parameters were assumed 

to be constant. The baseline performance is also used in the next chapter during optimisation 

as a reference point to demonstrate the level of improvements achieved by optimal solutions. 

 



 

Chapter : Optimisations to Minimise TDH, DUH and LCC 

Chapter   identified the most influential input parameters in respect to TDH, DUH and 

energy performance which determine the inputs of the optimisations in Chapter  . Chapter   

focuses on multi‐objective optimisation which is the focus area of Objective   responding to 

Research Question #  and addressing the knowledge gaps identified in Chapter  .  

Objective   focuses on developing a component and specifications’ dataset to establish 

specification’s database which includes the parameters related to IEQ. Appendix F (referred in 

Chapter  ) presents a dataset developed for building envelope components. The components 

listed in the component dataset and their specifications including thermal properties, sound 

reductions, total volatile organic compound (TVOC) emission rates and the cost are used as 

input for optimisation. 

Objective   focuses on multi‐objective optimisations addressing the knowledge gap associated 

with systematic design methods and decision support in early design stages. To achieve this 

objective the findings from Chapter   are used. Chapter   conducts a multi‐objective 

optimisation to minimise TDH, DUH and LCC of the selected building while meeting the NCC 

requirements for thermal insulation, sound insulation and TVOC emission rates. The method 

and findings of the multi‐objective optimisations are presented in this chapter.  
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Multi-objective optimisations of envelope components for a prefabricated 
house in six climate zones 
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H I G H L I G H T S

• Multi-objective optimisation of prefabricated building envelope was conducted.
• An optimisation framework and a library of building components were developed.
• Life cycle cost, thermal comfort and daylight illuminance are objective functions.
• The constraints are total volatile organic compound, thermal and sound insulation.
• The sets of optimal solutions in Pareto fronts for 6 climate zones are presented.

A R T I C L E  I N F O
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Thermal comfort 
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Prefabricated buildings 

A B S T R A C T

The ever-increasing attention towards implementation of environmentally sustainable buildings necessitates the 
predictions of energy consumption and indoor environmental quality (IEQ) during early design stages. Prefab-
rication of buildings changes the construction process and components which affects building performance. 
Better understanding the effects of envelope components on energy performance and IEQ will inform design 
decisions leading to the creation of more sustainable buildings. In this article multi-objective optimisations of 
building envelope were carried out by coupling TRNSYS (Transient System Simulation Tool) and jEPlus + EA 
(EnergyPlus simulation manager for parametrics + Evolutionary Algorithms). The objective functions to be 
minimised were thermal discomfort hours (TDH), daylight unsatisfied hours (DUH) and life cycle costs (LCC) 
while maintaining acceptable sound transmission levels and indoor air quality. The decision variables were 
envelope components of a prefabricated house. Applications for six different climate zones corresponding to 
eight locations in Australia were investigated. The optimal solution sets were unique for each climate zone. The 
optimal solutions achieved 27–31% savings in LCC compared to the baseline. The reductions for TDH varied from 
6% to 55% among the locations. As a result of trade-offs, the selected compromised solutions in each climate 
could achieve better reductions for either TDH, LCC or both.   

1. Introduction

As the earth faces increasing human population and challenges
associated with growing impacts of global warming, there is an essential 
and increasing need to create a more sustainable built environment. The 
concept of sustainable buildings was developed as a response to the 
growing attention towards reducing the environmental impacts of the 
built environment. The sustainability concept combines three key as-
pects and can be applied to buildings. They are environmental (e.g. 

energy and resource efficiency and ecological conservation), social (e.g. 
occupant health and productivity), and economic (e.g. costs) aspects 
throughout the lifecycle of buildings [1]. 

The global residential construction industry consumes 60% of the 
industry’s energy and emits 43% of its greenhouse gas (GHG) emissions 
[2]. Given the magnitudes of these impacts, it is critical to explore 
strategies to reduce the energy consumption in the residential building 
sector. Operation and maintenance constitutes the greater part of 
building’s life (up to 70% of the energy consumption of buildings occurs 
during operation) [3]. This necessitates an approach in which the design 
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considers the operational performance and quality of the assets as an 
important decision factor [4]. Changing building envelope components 
may lead to better environmental performance and energy efficiency, it 
may also increase the initial costs. In order to consider both initial and 
operational costs, life cycle cost analysis (LCCA) can be used [5]. LCCA is 
a method to evaluate the financial performance of a building over its life. 
Thus, LCCA can serve as an important tool for achieving the most cost- 
effective solution [6]. It can be applied to evaluate the overall cost as 
well as cost-effectiveness of a particular metric such as energy efficiency. 
Calculating the total life cycle cost (LCC) for district heating and cooling, 
not only affects the design choices [7], but also can help taking measures 
to improve energy efficiency [8]. Another advantage of LCCA is that it 
provides an effective evaluation of long-term costs efficiency compared 
to other methods that focus on only capital cost or short-term operating 
costs [9]. LCCA calculates the present value of current and future costs. 
It is achieved by discounting all the anticipated costs to their present 
worth and accumulating the present values of all anticipated costs. It can 
be used in a specific stage in the buildings’ life cycle or on the entire life 
cycle [10]. 

Along with LCC, indoor environmental quality (IEQ) plays an 
important role in building’s operational efficiency. IEQ assessment is the 
evaluation of thermal comfort, visual comfort, indoor air quality (IAQ) 
and auditory comfort [4]. On average, people spend about 90% of their 
time indoors. Therefore, the comfort levels and satisfaction of indoor 
environment can greatly impact quality of life. Poor IEQ conditions 
result in adverse physical and mental health effects while decreasing the 
occupant’s productivity. There is widespread dissatisfaction with the 
thermal environment even in buildings with advanced controls [11]. 
Quinn and Shaman [12] reported symptoms associated to heat related 
illness and decreased sleep quality during summer due to high perceived 
indoor temperature in New York residential buildings. Over-heating in 
winter and over-cooling during summer is also an issue reported for air- 
conditioned buildings. Lack of sufficient daylighting in dwellings is re-
ported to trigger mental health issues while adequate natural light 
supports productivity and stress management [13]. The presence of 

visual distractions such as glare, were reported to cause reduction of the 
occupant’s concentration within office spaces while increasing health 
issues such as headaches, eye irritation and back and neck pain [14]. 
Insufficient air quality can cause important health issues such as ‘Sick 
Building Syndrome’ [15]. Also, the presence of air pollutant such as 
volatile organic compounds (VOCs) and particulate matters (PMs) at 
harmful levels can cause allergies, headaches and trigger asthma [16]. 

The building envelope separating indoor and outdoor environments 
is a highly important factor impacting building performance [9]. En-
velope parameters such as window size and orientation, glazing type, 
thermal mass, insulation, shading and air sealing [9] can significantly 
influence energy consumption and indoor thermal and visual comfort 
[17]. Another important factor that is impacting building performance is 
prefabrication. This growing international market is changing the way 
components, materials and buildings are designed. From a sustainability 
perspective, prefabrication has many benefits including reduced con-
struction waste, increased material quality and better building perfor-
mance. The precise factory quality control achieved in prefabrication 
manufacturing improves quality in terms of insulation and airtightness 
which leads to enhanced energy performance [18]. This improved 
insulation and airtightness results in less operational energy consump-
tion [5]. Another aspect of prefabrication impacting building perfor-
mance is the lightweight nature of components. This reduces the thermal 
mass effect causing higher indoor temperature fluctuations [11]. Pet-
rosova and Petrosov [19] who evaluated the energy efficiency of a house 
with lightweight wall construction systems in Leningrad, Russia, found 
for that specific climate a high level of energy efficiency was achievable 
by using lightweight systems. Sonnick et al. [20], while describing low 
thermal mass as a potential disadvantage of lightweight prefabricated 
construction, suggested using phase change materials to increase ther-
mal storage. The lightweight prefabricated components also tend to 
increase dissatisfaction with the indoor sound levels of buildings [21]. 
Further issues related to IEQ in prefabricated residential buildings were 
mould growth due to moisture accumulation and condensation caused 
by elevated moisture content in gypsum and MgO boards [22]. Other 

Nomenclature 

Symbols 
AC annual cost of energy for heating and cooling ($) 
ACH air changes per hour (-) 
d real discount rate (-) 
DUH daylight unsatisfied hours (h) 
f objective function 
Ic sum of initial costs of the envelope components ($) 
Ispace interior daylight illumination (lx) 
Ith minimum threshold levels daylight illumination (lx) 
k total number of envelope components (-) 
n index for year (-) 
n number of envelope parameters (-) 
Oc NPV of the heating and cooling energy costs ($) 
Pm price of the variable component m ($) 
Qm quantity of the variable component m (-) 
t life of the project (a) 
T total number of timesteps in a year (h) 
TDH thermal discomfort hours (h) 
x envelope parameter 

Greek symbols 
Δt simulation timestep (h) 

Abbreviations 
ACH Air Changes per Hour 
BPO Building Performance Optimisation 
CPU Central Processing Unit 
DUH Daylight Unsatisfied Hours 
EA Evolutionary Algorithm 
GA Genetic Algorithm 
GHG Greenhouse Gas 
IAQ Indoor Air Quality 
IEQ Indoor Environmental Quality 
LCC Life Cycle Costs 
LCCA Life Cycle Cost Analysis 
MOO Multi-Objective Optimisation 
NCC National Construction Code of Australia 
NPV Net Present Value 
NSGA-II Non-dominated Sorting Genetic Algorithm 
PM Particulate Matters 
PMV Predicted Mean Vote 
SA Sensitivity Analysis 
TDH Thermal Discomfort Hours 
TRNSYS TRaNsient SYstem Simulation tool 
TVOC Total Volatile Organic Compounds 
VOC Volatile Organic Compounds  

S. Naji et al.

103 

103



Applied Energy 282 (2021) 116012

3

IEQ related issues including unacceptable thermal conditions and un-
acceptable IAQ has been reported in portable prefabricated units in 
schools [23]. In an investigation on the IEQ performance of pre-
fabricated schools, Newton, Backhouse [24] reported acceptable air 
quality for staff and students while students complained about the 
building noise levels. The results of a survey carried out by McGrath and 
Horton [25] showed that occupants of a prefabricated student accom-
modation also had concerns about the building noise levels. 

Currently, many countries use prefabrication in their housing pro-
jects. For instance, 45% of housing projects in Finland, Norway and 
Sweden utilise prefabricated construction while this percentage is 15% 
in Japan, and 10% in Germany [26]. The current prefabrication industry 
in Australia comprises 3% of the construction industry (5% of the 
housing industry); nonetheless, it is expected to reach 10% in 5 years. As 
of 2013, 74 modular housing manufacturers and 61 panelised compo-
nent manufacturers were actively contributing to the housing industry, 
80% of which were concentrated in three states namely Queensland, 
New South Wales, and Victoria [27]. Since prefabrication is a growing 
industry in Australia and internationally, it is important to understand 
the effects of prefabricated components on a building’s life cycle 
performance. 

Previous studies show that by improving the quality (e.g. IEQ) of the 
buildings their affordability (e.g. LCC performance) may be reduced and 
vice versa [5]. To achieve a building design that can fulfil better IEQ 
while not increasing the LCC it is necessary to evaluate various scenarios 
at early design stages. Building performance optimisation (BPO) is the 
processes of exploring different options in the early stages of design to 
achieve optimal performance solutions. Given that the design decisions 
can affect the building’s initial cost, operational cost and IEQ perfor-
mance indicators, it is important to conduct a multi-objective optimi-
sation to minimise both LCC and dissatisfactions on IEQ. Multi-objective 
optimisation (MOO) targets objectives that are the functions of opti-
mising variables and may be subject to various constraints. A typical 
MOO problem contains optimising parameters, objective functions and 
constraints [28]. By using this method, a set of trade-off solutions rep-
resenting the best possible compromises among multiple objectives can 
be found. 

The aim of this article is to optimise the envelope components of a 
prefabricated residential building in various climate zones to achieve 
more comfortable indoor conditions while minimising LCC. A frame-
work has been developed to conduct MOOs supported by BPO in early 
stages of building design through a number of sequential rational steps. 
The steps are simulation model development, model validation, sensi-
tivity analysis [29], development of a library of envelope components 
[30] and optimisation. MOO targets a set of objectives that are the
functions of decision variables. Considering the importance of IEQ,
operational energy and cost on social, environmental and economic
sustainability of buildings, they are selected as targeted outputs in this
investigation. In the optimisation the objective functions to be mini-
mised are life cycle costs (LCC), thermal discomfort hours (TDH), and
daylight unsatisfied hours (DUH). The constraints include minimum
required thermal insulation, minimum allowable sound transmission
levels, and maximum allowable total volatile organic compounds
(TVOC) concentration according to the National Construction Code of
Australia (NCC). These objective functions and constraints were selected
since they determine indoor comfort criteria as well as the initial and
operational costs of the building. Decision variables are envelope design
parameters such as choice of glazing and wall and roof type. The deci-
sion variables were selected based on the findings of a sensitivity anal-
ysis study [29] with the purpose of identifying the most influential
envelope parameters for the building. The Pareto solution representing
the results of optimisation will be able to demonstrate optimised design
which contain sets of variables that meet the constraints and improve
one objective while not deteriorating at least another one.

MOO has been applied extensively by researchers in building per-
formance evaluations. Rosso et al. [31] conducted MOO for retrofit of a 

residential building, through which they achieved significant reductions 
in annual energy demand, annual energy costs, GHG emissions and in-
vestment costs. Giouri et al. [32] employed MOO in the design process of 
zero energy buildings (ZEBs) to minimise energy demand and maximise 
energy production for a high-rise office building . Their optimisation 
resulted in significant reductions in annual energy demand. Chang et al. 
[33] developed a decision support system through MOO framework
targeting energy, thermal comfort, GHG emissions and costs while
optimising various envelope options. By testing their framework on
various residential buildings they were able to identify Pareto fronts. In
another study Sanchez et al. [34] used MOO to optimise the process of
disassembly and adaptive reuse of building components minimising
negative environmental impacts and cost of the building. They
concluded that substantial reductions in environmental loads are
possible through the proposed selective disassembly methods. Several
studies have attempted to conduct MOO targeting building’s LCC and
IEQ. Magnier and Haghighat [35] carried out a MOO on a residential
building focusing on thermal comfort and energy consumption as
objective functions. Yang and Wang [36] conducted MOO on a com-
mercial building by selecting energy consumption and comfort as
objective functions. They have achieved sets of optimal solutions in the
form of Pareto front. Ortiz et al. [37] applied MOO to select optimal
passive solutions for the refurbishment of a residential building in Cat-
alonia, Spain; thermal comfort and energy consumption were objective
functions. They found that MOO can be a very effective method in
determining efficient passive design solutions. They also highlighted
that the optimised solutions vary depending on several parameters such
as climate and boundary conditions. Delgarm et al. [28] carried out
MOO studies to minimise heating, cooling and lighting energy con-
sumption of a residential building in various climates of Iran. They
concluded that focusing on only energy was not adequate and consid-
eration of additional performance parameters such as thermal comfort
and investment cost would also be valuable. Some researchers have
considered thermal and visual comfort as their main objective functions.
Chen et al. [38] used MOO to optimise the passive parameters of a
residential building in Hong Kong by minimising thermal and visual
discomfort. Also, Carlucci et al. [39] performed MOO on a residential
building in south Italy considering thermal and visual discomfort. They
found that although the ranges of optimal solutions as combination of
inputs were provided, it was difficult to identify design guidelines in
respect to individual input variables. Several previous works considered
the cost of the building together with comfort as optimisation objectives.
Asadi et al. [40] selected retrofit cost, energy savings and thermal
comfort as output parameters in their optimisation study. Negendahl
and Nielsen [41] included building energy use, capital cost, daylight
distribution and thermal indoor environment as output parameters in
their MOO which resulted in a variety of feasible solutions. Ascione et al.
[42] who conducted MOO on a residential building in four climate zones
of Italy, selected heating and cooling energy as objective functions while
the number of thermal discomfort hours was considered as a constraint.
The inputs of optimisation were envelope parameters. As a result of the
optimisation they were able to obtain some general design insights for
each of their selected locations. Ascione et al. [43] developed a
comprehensive framework to conduct MOO of geometry, envelope and
space conditioning of an office building in Milan, Italy by minimising
primary energy consumption, energy cost and global costs followed by
identifying the best optimal solutions as a measure to provide decision
support. In another study Ascione et al. [44] attempted to minimise
discomfort hours, global costs and primary energy consumption of a
building by optimising building envelope in four climate zones of Italy.
Harmathy et al. [45] selected indoor illuminance and energy perfor-
mance as the objective functions of their optimisation study which used
window to wall ratio and window geometry as decision variables.

Although previous research has focused on optimisation of envelope 
parameters to improve building performance, there is still a lack of 
systematic design guidelines and decision-making support in the 
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building construction sector. Further, building envelope optimisation 
considering prefabricated materials and components as input variables 
has not been well documented in previous researches. There is a 
knowledge gap in identifying optimal envelope design solutions in 
various climate zones, since most previous prefabricated buildings 
studies have focused on a limited number of climates. Furthermore, no 
previous studies have carried out a comprehensive optimisation 
considering all aspects of IEQ including thermal, visual and auditory 
comfort and indoor air quality in addition to LCC. Therefore, there is a 
lack of knowledge on the optimisation of building envelope by consid-
ering diverse options of prefabricated components to minimise thermal, 
visual and LCC while meeting the auditory comfort and IAQ re-
quirements in various climatic conditions. 

Since the optimisation of a whole building includes a large number of 
input variables and discrete and nonlinear constraints, it is considered as 
a complex task. Thus, the selection of the appropriate algorithms for a 
particular purpose is important. Genetic algorithm (GA) is a part of the 
family of evolutionary algorithms (EA) in which the optimisation tech-
niques are influenced by evolution processes in nature, such as muta-
tion, inheritance, selection and crossover. By using this method, a set of 
trade-off solutions that represent the best possible compromises among 
multiple objectives can be found between input and output variables 
[46]. The initial chromosomes population used by GAs is composed of 
an arbitrary group of solutions. Afterwards, new generations will be 
developed from the initial population and by implementing numerical 
operators based on natural evolution [47]. During the past decade, GAs 
have been attracting increasing interest in the field of BPO. The GAs with 
Pareto concept is used widely in the studies related to energy and 
building [48]. One of the most efficient GAs used in the multi-objective 
optimisation in building studies is non-dominated sorting genetic algo-
rithm (NSGA-II) which is implemented to find trade-off relations among 
various objective functions. NSGA-II has been successfully used by 
several researchers for the purpose of building MOO and identified as 
one of the most efficient GA algorithms [48]. 

The novelty and scientific significance of this article is firstly, the 
framework developed for optimisation which achieves effective infor-
mation exchange between several BPO tools, datasets and scripts. 
Although existing optimisation techniques and algorithms are used, the 
developed framework and methods can provide guidance for re-
searchers and practitioners in the field of building performance simu-
lation and optimisation. This framework for the building optimisation in 
early stages can be used by designers and building performance simu-
lation practitioners across various building types and classes. The opti-
mising variables and objective functions can be customised based on 
project specific parameters. Finally, the framework and findings of this 
study can be incorporated into future building design guidelines. The 
second novelty of this investigation is the comprehensive optimisation 
which is able to minimise not only thermal and visual discomfort but 
also considers indoor auditory comfort and TVOC. The innovative 
approach being used in this investigation is the application of an 
external component database which uses the actual components as 
blocks of information rather than the property of material or compo-
nent. This approach not only enables better decision-making support for 
practitioners but also provides an open source library which can be used 
by researchers in the field. The optimal envelope solutions for various 
climatic conditions provides more comprehensive guidelines for build-
ing designs in similar climate conditions around the world. 

2. Methods

2.1. Simulations

In this study IEQ and LCC of the selected building was evaluated by 
running simulations to estimate TDH, DUH, initial costs and operational 
energy costs, sound reduction levels and TVOC concentration. The 
following sections provide details on the model settings, inputs, and 

tools applied for simulations. 

2.1.1. Selected locations and weather data 
Climate has a significant effect on the IEQ, energy performance and 

design parameters of buildings [49]. Eight Australian locations were 
selected representing six climate zones at various latitudes: Oceanic 
(Melbourne and Hobart), Humid Subtropical (Brisbane and Sydney), 
Hot Summer Mediterranean (Perth), Cold Semi-arid (Mildura), Hot 
Desert (Alice Springs) and Savanna (Darwin). These locations were 
selected based on the area and population in various climate conditions. 
The features of the selected locations, and their allocated heating and 
cooling seasons are provided in [29]. The climate zones, coordinates, 
heating degree day (HDD), and cooling degree day (CDD) of selected 
locations are shown in Table 1. 

The weather data were generated using the Meteonorm software 
[51]. This software utilises reliable meteorological data of approxi-
mately 8000 international locations obtained from the World Meteoro-
logical Organisation (WMO) [51]. More details on the weather data 
generation method are presented in [29]. The average monthly tem-
peratures of the selected locations are demonstrated in Fig. 1. 

2.1.2. Building model 
A case building (Fig. 2) is an existing prefabricated house in Mel-

bourne, Australia. It is a two-storey detached house with a ground floor 
area of 144.5 m2 and first floor area of 69.5 m2. Details on the building 
materials used in the construction of the selected building, properties of 
thermal zones, occupancy schedules as well as other settings used in 
modelling of the building are presented in [29]. Additionally, the vali-
dated baseline energy consumption and IEQ of this building are pre-
sented in [29]. The building has a concrete slab foundation defining its 
boundary conditions. The ground temperatures throughout a year were 
estimated using TRNSYS and based on the annual outdoor air 
conditions. 

Table 1 
The climate zones, coordinates, heating degree day (HDD), and cooling degree 
day (CDD) of the selected locations.  

Location Köppen 
classification1 

Climate type Latitude, 
Longitude 

HDD2 CDD3 

Darwin Aw Savanna 12.4634◦ S, 
130.8456◦

E 

1 2205 

Alice 
Springs 

BWh Hot Desert 23.6980◦ S, 
133.8807◦

E 

687 1087 

Brisbane Cfa(B) Humid 
Subtropical 

27.4698◦ S, 
153.0251◦

E 

463 353 

Perth Csa Hot Summer 
Mediterranean 

31.9505◦ S, 
115.8605◦

E 

762 297 

Sydney Cfa(S) Humid 
Subtropical 

33.8688◦ S, 
151.2093◦

E 

564 125 

Mildura Bsk Cold Semi-arid 34.2080◦ S, 
142.1246◦

E 

1136 476 

Melbourne Cfb(M) Oceanic 37.8136◦ S, 
144.9631◦

E 

1439 115 

Hobart Cfb(H) Oceanic 42.8821◦ S, 
147.3272◦

E 

2414 14  

1 Where two location have the same climate classification the initial letter of 
location name is included with the climate code. 

2 HDD reference temperature is 18 ◦C. 
3 CDD reference temperature is 24 ◦C [50]. 
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Fig. 2. Plans of the selected building: Ground floor (top), First floor (bottom).  
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Fig. 1. Average monthly temperatures of the selected locations.  
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2.1.3. Software tools 
The software tools for building energy and daylighting performance 

simulations are TRNSYS [52] and DAYSIM [53] respectively. TRNSYS is 
a powerful simulation tool coping with the behaviour of transient sys-
tems. The modular structure of TRNSYS makes it a flexible tool that can 
be used for different applications. TRNSYS can easily be coupled with 
DAYSIM to acquire building geometry and location information from the 
TRNSYS building model. TRNSYS is also able to interpret the daylight 
simulation results and print them as TRNSYS outputs [54]. 

INSUL a software for prediction of sound insulation performance of 
floor, wall, ceilings and glazing was utlised. This software uses mass law 
and coincidence frequency and can model and predict sound insulation 
factors for complex component sections [55]. The prediction accuracy of 
INSUL software has been successfully proven by [21] who validated the 
software results using laboratory measurements. 

jEPlus + EA has been used for conducting the MOO. jEPlus is a tool 
that allows the user to carry out parametric optimisation with using 
energy simulation tools such as EnergyPlus, TRNSYS and DOE-2. An 
addition to jEPlus is jEPlus + EA which enables it to use a MOO algo-
rithm in order to carry out building optimisations [9]. Due to the user- 
friendly environment, graphical interface, results’ reliability and capa-
bility of reading from TRNSYS, jEPlus + EA has been selected as the 
optimisation tool for this study. The limitation to this tool is that it only 
uses one single optimisation algorithm (NSGA-II) [7]. 

2.2. Multi-objective optimisation 

An overview of the optimisation problem is presented in Fig. 3. The 
following sections describe detailed information on objective functions 
(Section 2.2.1), and constraints (Section 2.2.2). 

2.2.1. Objective functions 
The three objective functions (f1, f2, f3) to be minimised are LCC, 

TDH, and DUH as shown in Eqs. (1)–(3). 

f 1(x1, x2,⋯, xn) = Minimise LCC (1)  

f 1(x1, x2,⋯, xn) = Minimise TDH (2)  

f 1(x1, x2,⋯, xn) = Minimise DUH (3)  

where x is an envelope parameter, n is the total number. LCC ($) con-
siders the net present values of total initial cost and annual costs of 
operating energy consumptions during the building’s useful life. Note 
the unit of the monetary values ($) provided in this article is in current 
Australian dollars. The time value of money concept and the discounted 
cash flow calculations are applied. Net present value (NPV) is estimated 
using a defined discount rate [6] applying Eqs. (4)–(6). 

LCC = Ic +Oc (4)  

where 

Ic =
∑k

m=1
PmQm (5)  

and 

OC =
∑t

n=1

AC
(1 + d)n (6)  

where Ic ($) is the sum of initial costs of the envelope components and Oc 
($) is the net present value of the heating and cooling energy costs over 
the building’s useful life. 

The initial costs of the building components are acquired from the 
prefabricated components library [30]. k (-) is the number of envelope 
components in optimisation, Pm ($) is the price of the variable compo-
nent m, Qm (-) is the quantity of the variable component m, n (-) is the 
index for years, AC ($) is the annual cost of energy for heating and 
cooling, d (-) is the real discount rate, and t (a) is the life of the project 
considered in LCCA. 

The discount rate is expressed as the fraction per annum and used to 
convert the value of money from the future or past to the present time. 
The real discount rate considers cost and benefits in real terms and is 
adjusted for inflation [56]. The real discount rate used in this investi-
gation is 7% as recommended by Harrison [56]. In the calculation of the 
initial cost, only the cost of the variable components is included in the 
function. The materials which are fixed during the optimisation are not 
considered in the calculations. The electricity prices to calculate heating 
and cooling energy costs were acquired from [57]. The residential 
building’s lifespan is estimated to be between 25 and 40 years [58]. By 
considering the possibility of future alterations (expansion, relocation, 
change of function) the typical lifespan would be in shorter side. The 
service life of air conditioning equipment and building components such 
as window frames, wall finishes, and flooring are other consideration in 
selection of building’s lifespan. In the calculation of LCC the building’s 
lifespan was assumed to be 25 years. 

TDH during occupied hours is calculated according to a Predicted 
Mean Vote (PMV) thermal comfort criteria [59], see Eq. (7). 

TDH =
∑T

t=1

{
0 for |PMV|⩽0.5

Δt for |PMV| > 0.5 (7)  

where T (h) is the total number of timesteps in a year and Δt (h) is the 
simulation timestep. 

PMV stands for a quantitative representation of indoor thermal 

Fig. 3. Overview of the optimisation problem.  
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conditions based on the heat balance model most characterised by the 
works of Fanger [60]. In this approach, the data acquired from climate 
chamber experiment is used to define optimum skin temperatures and 
sweat rates used in PMV and predicted percentage dissatisfied (PPD) 
[11]. This model uses four main criteria for indoor thermal conditions 
namely air temperature, mean radiant temperature, relative humidity, 
air velocity as well as two personal variables namely clothing insulation 
and metabolic activity [61]. PMV represents the votes of a large popu-
lation on the thermal conditions of space. It is expressed in a seven-point 
Likert scale (from − 3 to 3) in which − 3 represents too cold and 3 rep-
resents too warm. Scale ‘0′ represents the thermal neutrality (lowest 
dissatisfied votes amongst the population) [40]. EN15251 [62] and 
ASHRAE 55 [56] specified PMV values between − 0.5 and 0.5 as 
acceptable range. This range has been selected as threshold for defining 
TDH. 

DUH is the total hours when the daylight is not sufficient to conduct 
daily tasks during the number of occupied hours, which is calculated 
using Eq.(8). 

DUH =
∑T

t=1

{
0 for Ispace⩾Ith

Δt for Ispace < Ith
(8)  

where Ispace (lx) is the interior daylight illumination and Ith (lx) is the 
threshold level daylight illumination. 

The time when artificial lighting is used was not considered in DUH 
(h) calculations. The thresholds of 300 lx in the Living room and Rumpus
and 400 lx in the Study room were selected as the acceptable indoor

illumination levels [63]. The calculated TDH and DUH are the average 
values of three spaces namely Living room, Study room and Rumpus. 

2.2.2. Constraints 
The constraints to meet the NCC requirements for minimum allow-

able sound transmission levels and maximum allowable indoor TVOC 
concentration are presented in Eqs. (9)–(12): 

Rw +Ctr⩾30 dB (9)  

Rroof ⩾RNCC,roof (10)  

Rroof ⩾RNCC,roof (11)  

∑s
i=1Airi

ACH⋅V
≤ 500 μg m− 3 (12)  

where Rw + Ctr is the wall’s sound reduction index. The minimum 
allowable value for exterior wall’s sound reduction index based on in-
ternational standards is 30 dB [64]. Rw (dB) is the weighted sound 
reduction index or single number sound reduction index. This value is 
obtained by comparing the curve of measured sound reduction index (R) 
in one third octave band frequencies with their corresponding reference 
curve [65]. The measurements are carried out either in the library by 
constructing a wall between two isolated rooms or in the field. Ctr (dB) is 
a spectrum adjustment value which is used to account for low-frequency 
noise. Rroof (m2K W− 1) is the R-value for the roof, RNCC,roof ; the mini-
mum requirement for the roofs’ R-value according to NCC is 4.6 
m2K W− 1 for Oceanic Cfb(H) and Oceanic Cfb(M) and 4.1 m2 K W− 1 for 
other selected locations [66]. Rwall (m2K W− 1) is wall’s R-value, RNCC, 

wall; 2.8 m2K W− 1 is the minimum requirement for wall’s R-value ac-
cording to NCC, Ai (m2) is the area of interior surface, ri (μg h− 1 m− 2) is 
the emission rate of TVOC from the interior surface i, ACH (h− 1) is the air 
change rate and V (m3) is the volume of the zone, and s (-) is the number 
of interior surfaces in the zone. The maximum allowable threshold value 
for TVOC concentration within buildings is 500 μg m− 3 according to 
NCC [66]. 

2.3. Envelope parameters 

The varying envelope parameters are defined based on the results of 
the SA carried out on the selected building. This SA identified more 

Table 2 
Input variables of the optimisation used in this study.  

Envelope 
parameter 

Input 
category  

Parameter No. of 
options 

Values 

External 
wall 

Exterior 
cladding 
component 

Layer11 – 1 Fixed 
parameter2 

Insulation 
component 

Layer21 P1 61 COR_ID (ID 
= 11–71) 
[30] 

Interior 
lining 
component 

Layer31 P2 33 LN_ID (ID =
11–43) [30] 

Roof Exterior 
roofing 
component  

– 1 Fixed 
parameter 

Insulation 
component  

P3 61 COR_ID (ID 
= 11–71)  
[30] 

Interior 
finish 
component  

– 1 Fixed 
parameter 

Glazing Glazing 
component 

North P8 21 GL_ID (ID =
11–31) [30] 

South P9 21 GL_ID (ID =
11–31) [30] 

East P103 21 GL_ID (ID =
11–31) [30] 

West P11 21 GL_ID (ID =
11–31) [30] 

Window area 
(m2) 

North P12 6 [0.8, 1.5, 2.2, 
2.9, 3.6, 4.3] South P13 6 

East P14 6 
West P15 6 

Shading Shading 
factor 

North P4 7 [0.0, 0.1, 0.2, 
0.3, 0.4, 0.5, 
0.6] 

South P5 7 
East P63 7 
West P7 7

1 Layers as specified in Fig. 4. 
2 The fixed parameters are the parameters that were not found sensitive in the 

sensitivity analysis carried out prior to the optimisations [29]. 
3 P6 and P10 were found sensitive only in climate Bwh. Therefore, those pa-

rameters are considered fixed in the climates other than Bwh. 

Fig. 4. The structure of the wall prototype used for the optimisation.  

Table 3 
The parts included in the prefabricated component library [30] .  

Component type Number of available options 

Wall Cladding 31 
Wall Core 62 
Wall Lining 48 
Roof Cladding 28 
Roof Core 35 
Floor finish 29 
Glazing 25  
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sensitive input parameters on TDH, DUH and annual heating and cool-
ing loads [29]. The input variables of the optimisation are shown in 
Table 2. The parameters which were not found sensitive for targeted 
performance parameters were used as fixed parameters (e.g. wall and 
roof cladding and interior roof lining). Ranges of components that can be 
used in prefabricated buildings were selected from the prefabricated 
components library [30]as input options. The input dataset for optimi-
sation were developed based on the availability of the materials and 
their specifications. 

In this research the effects of selecting envelope components for a 
prefabricated design in various climate zones are investigated. There-
fore, factors such as building’s dimensions, orientation, infiltration rate, 
and ventilation rate are considered fixed. The ranges for window areas 
were selected so that they comply with the ventilation requirements of 
NCC (the ventilation area should not be less than 5% of the space floor 
area for habitable rooms as well as bathrooms and laundry) [66]. 

2.3.1. Selecting a wall type 
In residential building construction, various types can be selected for 

exterior walls. Among the most prevalent wall construction types are 
stud walls, structural insulated panels (SIPs) and concrete panels. The 
composition of the envelope layers vary across the three wall types. 
While stud walls consist of studs, insulation core, cladding and lining, 
the SIPs are comprised of a core, a cladding and a lining. The concrete 
panels can consist of a concrete core and may include additional layers 
such as cladding and interior lining (e.g. plasterboard). In this study, a 
hypothetical generalised wall system which could represent all three 
types was proposed. This generalised type is a simplified version of 
lightweight wall systems with three main layers. Those layers are 
external cladding, core and interior lining. The exterior cladding and 
interior lining layers can be used interchangeability among all three 
selected wall types. Whereas the wall core is insulation for stud walls 
and SIPs while it is concrete for concrete panel walls. Fig. 4 shows the 
structure of the generalised wall type. One concern about the general-
isation of the wall type is that it may cause some level of inaccuracy 
when it replaces the stud walls due to ignoring the thermal bridging 
effect cause by studs. Therefore, a preliminary analysis was carried out 
to understand feasibility of this replacement. The results are presented 
in Section 3.1. 

2.3.2. Prefabricated components’ library 
A prefabricated components library [30] was developed to provide 

the ranges of possible prefabricated options for the envelope compo-
nents. The idea behind the development of this library is to provide 
components and their specifications in the form of ‘blocks of informa-
tion’ to be used as optimisation inputs. Different envelope components 
namely exterior wall, exterior roof, ground floor, glazing and shading 
are considered in the library. The method was to identify the principal 
parts or subcomponents of the envelope components which can have an 
influence on IEQ and operational energy consumption of the selected 
building. Then the list of available products was gathered for each 
selected part. The parts included in the prefabricated component library 
are shown in Table 3. The tables in the component’s library include 
columns which represent ID, name, supplier company and the relevant 
properties such as thickness, thermal conductivity, density, heat ca-
pacity, sound reduction index, cost and TVOC emission rates. 

2.3.3. Estimation of TVOC emissions 
The TVOC emission rates of interior surfaces are considered as a 

constraint in the optimisation. The data related to the TVOC emissions of 
the construction materials were acquired from [67]. In this study, only 
the TVOC emission of the exterior wall’s interior lining is considered as a 
variable while the TVOC emissions from other internal surfaces are fixed 
parameters (as specified in baseline building’s specification in [29]). 
The maximum threshold for TVOC emissions of external walls is esti-
mated by using Eq. (12). The sum of emissions from all exposed surfaces 
of the room were estimated from emission rates (ri) [30] and areas Ai. 
The infiltration rate of ACH 0.8 was selected based on [29]. The mate-
rials in the component library that have equal or less TVOC emission 
rates than the calculated threshold would be eligible to be used in 
optimisation. 

Given that same category of construction materials can represent 
high or low VOC emissions [67], this investigation has been carried out 
considering two scenarios. Scenario 1 represents the case that the con-
struction materials are selected from low-emission options while Sce-
nario 2 considers high-emission materials. For instance, in Scenario 1 a 
plasterboard with an emission rate of 0.05 mg m− 2 h was used for the 
ceiling while in Scenario 2 a plasterboard with an emission rate of 0.2 
mg m− 2 h was selected. 

2.3.4. Checking for sound insulation 
Since NCC’s mandatory sound insulation requirements do not apply 

to exterior walls, by interpreting international standards and good 
practice guides, a requirement has been identified as given in Eq. (9). To 
check whether the wall options used in the optimisation comply with the 
criteria in Eq. (9), an evaluation of the acoustic performance of different 
wall options needs to be carried out. For this purpose, by using INSUL 
software, the sound reduction indices for individual layers were pre-
dicted and listed in the library [30]. However, the sound reduction index 
of the entire wall sections could not be estimated since the wall sections 
were not pre-defined in the library and they are generated during 
optimisation (with around 100,749 possible options). Due to the lack of 
interoperability of INSUL with other software tools used, the process of 
predicting sound reduction index could not be embedded within the 
optimisation process. For this reason, by introducing a two-tier evalu-
ation method, the sound insulation of the wall sections was evaluated 
both before and after the optimisation. The acoustical constraint is 
applied in two stages. iStage 1 is a preliminary analysis (Appendix A) 
which eliminates the weak solutions to a certain extent. This will save 
efforts during Stage 2 of the constraint application. Stage 2 acoustic 
constraint check was carried out after the optimisation when the optimal 
solutions were known, and an accurate estimation could be obtained. 

Table 4 
The selected heat pumps and their specifications.  

Parameter↓/Brand and model→ A B C D 

Heating capacity (kW) 3.6 7.2 16.0 10.8 
Power input (kW) 0.62 1.73 4.02 2.5 
Heating COP 5.8 4.2 4.0 4.3 
Energy Star 7.0 3.5 NA 4.0 
Cooling capacity (kW) 2.5 6 14 9.5 
Power input (kW) 0.42 1.64 3.7 2.16 
Cooling COP 6.0 3.7 3.8 4.4 
Energy Star 7.0 2.5 NA 4.5 

A = Daikin, ftxz25n/rxz25n. B = Daikin, ftxv60u/rxv60u. 
C = Daikin, fca140cv/rzav140cy. D = LG, utn36wh2/uu36wh2. 
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2.4. Selection of heating and cooling equipment 

To calculate the operation cost of the selected building, it is neces-
sary to estimate the amount of electricity that will be required for 
heating and cooling. In this study, for each conditioned space, a reverse 
cycle heat pump split air conditioning system was allocated to provide 
space heating and cooling. The size of the equipment was determined 
according to the peak loads for both heating and cooling. After acquiring 
the peak loads, the equipment with sufficient capacity to meet the space 
heating and cooling requirements were explored from the Australian 
Energy Star rated equipment list [68]. The Australian Energy Star is a 

Table 5 
The peak loads and the equipment choices in all the conditioned spaces of the building in eight selected locations (Peak loads in 
kW).    

Living Bed 1 Study Bed 2 Bed 3 Bed 4 

Hot Desert, BWh Heating peak load 
Cooling peak load 

2.9 
6.17 

0.48 
2.4 

1.44 
1.11 

1.45 
1.44 

0.37 
0.85 

1.06 
1.22 

Equipment choice B A A A A A 
Humid Subtropical, Cfa(B) Heating peak load 

Cooling peak load 
- 
5.02 

- 
1.18 

0.31 
0.95 

0.22 
1.03 

0.15 
0.65 

0.24 
0.71 

Equipment choice B A A A A A 
Savanna, Aw Heating peak load 

Cooling peak load 
- 
6.04 

- 
1.35 

- 
0.9 

- 
1.01 

- 
0.80 

- 
0.90 

Equipment choice B A A A A A 
Oceanic, Cfb(H) Heating peak load 

Cooling peak load 
16.2 
- 

2.38 
- 

1.71 
- 

1.74 
- 

0.73 
- 

1.77 
- 

Equipment choice C A A A A A 
Oceanic, Cfb(M) Heating peak load 

Cooling peak load 
10.1 
5.46 

1.75 
1.20 

1.37 
0.98 

1.43 
0.8 

0.61 
0.43 

1.42 
0.50 

Equipment choice D A A A A A 
Cold Semi-arid, Bsk Heating peak load 

Cooling peak load 
8.9 
6.38 

1.81 
1.72 

1.3 
1.14 

1.3 
1.47 

0.49 
0.88 

1.31 
1.10 

Equipment choice D A A A A A 
Hot Summer Mediterranean, Csa Heating peak load 

Cooling peak load 
2.64 
6.04 

0.64 
1.11 

0.78 
1.0 

1.0 
1.07 

0.32 
0.71 

0.99 
0.8 

Equipment choice B A A A A A 
Humid Subtropical, Cfa(S) Heating peak load 

Cooling peak load 
- 
6.4 

0.1 
1.0 

0.61 
0.92 

0.64 
0.96 

0.18 
0.66 

0.51 
0.71 

Equipment choice B A A A A A  

Fig. 5. Optimisation workflow.  

Table 6 
The U-value of the wall system with and without studs (wall to stud area ratio =
0.1).   

Layer Thickness  
(mm) 

U-Value
(W m− 2 K) 

Scenario 1 Plywood 9 0.37 
EPS core with studs 90 
MgO 15 

Scenario 2 Plywood 9 0.36 
EPS core without studs 90 
MgO 15  
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rating system developed by the Australian Government to help achieve 
energy efficiency in products, buildings and plants [69]. Four different 
reverse cycle heat pump air conditioners were selected. 60% of heat 
pumps in all selected locations are chosen from a same model and only 
the model choices for living room in the colder climates are different. 
The selected air conditioners and their specifications are given in 
Table 4. Based on the model selected, the constant coefficient of per-
formance (COP) for heating and cooling was calculated and used. The 
peak loads, as well as equipment choice for the conditioned spaces of the 
selected building, are shown in Table 5. 

2.5. Optimisation workflow and settings 

Fig. 5 shows the workflow for the multi-objective optimisation. The 
input variables of the optimisation and their ranges were defined in the 
jEPlus project. For those input parameters that were defined as ‘blocks of 
information’ i.e. component specifications, the required data was 

collected and replaced in TRNSYS input file as intermediate data using a 
Python program. This means that in each iteration after jEPlus replaces 
the input parameters (Table 2), the Python program searches for the 
specifications associated with the input variable in components library 
[30] and replaces them in the TRNSYS building input file. The calcula-
tion of the initial cost was executed within TRNSYS by reading inter-
mediate data tables in ‘.csv’ format. Also, the equations for calculation of
energy costs and LCC were handled by TRNSYS. Consequently, the
jEPlus calls DAYSIM followed by TRNSYS to run the simulations and
send the outputs back to jEPlus + EA for optimisation. By using an
executable batch file, jEPlus was able to call Python, DAYSIM and
TRNSYS executables in the correct order. The optimisation tool then
stored the output variables and used an algorithm to process the data
and to generate Pareto optimal solutions.

The optimisation of envelope parameters was carried out using the 
NSGA-II algorithm. The population size of 10 with parallel simulations 
was selected. The crossover rate was 0.9 (90% of the envelopes in one 
population exchange variable values). The crossover rates are selected 
based on the recommended levels which suggest values greater than 0.5 
[70]. The probability of mutation of 0.2 was selected (20% of the en-
velopes are randomly changed in a population). This value was selected 
since small numbers are recommended for mutation rate [70], and also 
the fact that if chosen too small the convergence can be difficult to reach 
[71]. The maximum generation size was set to 200. The optimisation 
was carried out using a virtual machine with two processors each having 
central processing unit (CPU) clock speed of 2.3 GHz and 16 cores which 
enabled running parallel simulations. The total computer execution time 
for each location was in the order of 70 h. 
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Fig. 6. The percentage change in the targeted outputs with disregarding stud’s thermal bridging effect.  

Table 7 
The surface areas (m2) and the range of TVOC emissions (mg m− 3) inside the room.  

Space Ceiling (m2) Internal wall (m2) Floor (m2) External wall (m2) Scenario 11 Scenario 22 

Bed 1 26.42 19.76 26.42 42.64 0.85 0.56 
Staircases 6.90 40.91 6.90 12.79 1.30 0.73 
Bed 2 17.45 12.12 16.16 30.49 0.79 0.54 
Rumpus 12.61 30.47 12.22 8.81 2.09 1.35 
Bed 3 16.02 33.70 15.52 11.19 1.97 1.02 
Bed 4 18.11 12.12 16.78 31.17 0.81 0.55 
Study 16.70 23.25 16.70 33.45 0.79 0.51 
Living 80.46 60.20 80.99 99.91 1.39 1.17  

1 High emission choices. 
2 Low emission choices. 

Table 8 
Recommended internal lining materials [30] and thicknesses for 
exterior walls.  

Wall lining material Thickness (mm) 

Medium Density Fibreboard ≥12 
Particleboard ≥12 
Plywood ≥15 
Wood ≥14 
Plasterboard ≥12 
Softboard is not recommended.  
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Fig. 7. The optimal and compromised solutions obtained for eight Australian locations ($: Australian dollars).  
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3. Results

3.1. Evaluating the model’s accuracy for the simplified wall type

To find out the level of accuracy in the results, the effect of studs on 
the U-value of the walls were explored. Also, a preliminary run was 
carried out on the baseline building with and without considering the 
stud wall’s thermal bridging effect on external walls. Other layers of the 
walls were selected to represent the materials used in the baseline 
building. The results are shown in Table 6 and Fig. 6. 

3.2. Estimation of TVOC emissions 

Table 7 shows the calculated maximum allowable TVOC emission of 
the exterior walls’ interior surfaces in each room of the selected build-
ing. The calculation method is given in Section 2.3.3. 

3.3. Constraint checks for sound insulation 

Fig. A1 in Appendix A explores the effect of core insulation on the 

overall sound reduction index of the wall sanctions. The changes on the 
wall’s overall Rw + Ctr by using different insulation thicknesses are 
shown in Fig. A2. The results on the prediction of wall sound reduction 
index with variable lining materials are illustrated in Fig. A3. Also based 
on the findings of this study, the recommendations on the use of certain 
lightweight lining materials to achieve acceptable sound insulation of 
exterior walls (using simplified wall type) are given in Table 8. Also, to 
conduct Stage 2 constraint check for sound insulation, the sound 
reduction index of the exterior walls for the optimal solutions are 
calculated and presented in Tables B1–B8 of Appendix B. 

3.4. Optimisation results 

MOO results are presented in the form of Pareto optimal points. A 
solution is Pareto in the case that the optimisation can minimise one 
objective function without deteriorating at least one other. Pareto so-
lutions can be presented graphically with two axis diagrams for the 
studies with two objective functions. A three-dimensional Pareto dia-
gram can be used for the studies with three objective functions [72]. 

During the optimisation in all selected climates, DUH values 

Fig. 9. The box plot of values achieved for TDH in all selected locations.  

Fig. 8. The box plot of values achieved for LCC in all selected locations.  
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Fig. 10. Comparison between the compromised solutions with single choice of glazing versus their current glazing choices. (The Glazing codes correspond to the 
prefabricated component library [30] while solution numbers correspond with Tables B1–B8 in Appendix B). 
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experienced radical reductions at least two times until they reached a 
minimised level (Figs. B1–8). The important finding was that in 7 out of 
8 climates, the optimal solutions were flattened into a two-dimensional 
Pareto where the DUH had reached its minimised values. In other words, 
the differences between minimised DUH values were insignificant and 
could be assumed constant. Therefore, the results could be plotted as 
two-dimensional (rather than three-dimensional) Pareto fronts with 
high level of accuracy. Only in the Savanna climate, the optimal solu-
tions were divided into two groups, one with minimised DUH and one 
with a higher level of DUH but minimised LCC and TDH. Interpretation 
of the results is possible using two-dimensional Pareto fronts as shown in 
Fig. 7. These figures are used to identify the most compromised solutions 
for LCC and TDH. The selected compromised solutions were the solu-
tions with closer distances to the origin point and represented smaller 
TDH and LCC compared to the baseline building. In addition, the three- 
dimensional graphs are provided in Fig. B1-8 of the Appendix B. The 
baseline performance is marked as a reference to measure the im-
provements achieved. In Tables B1–B8 of Appendix B the optimal so-
lutions for each location are listed with their corresponding output 
parameters. 

Figs. 8 and 9 show the box plots of values achieved for LCC and TDH 
for all selected locations. Since the differences between minimised DUH 
values were insignificant, the variation ranges were not investigated for 
this output. In the box plots demonstrated in these figures, the crosses 
represent the arithmetic mean of variables, the central line denotes the 
median value. The upper and lower limits of the boxes denote the first 
and third quartile respectively while the extended lines stand for the 
variability from the quartiles to 1.5 times of the interquartile range. The 
circular sign shows the outlier points within the output ranges. 

As it is evident in Tables B1–B8, options of glazing for north, south, 
east and west orientations vary in a single solution. Therefore, an 
investigation to understand the sensitivity of the glazing option on tar-
geted outputs was carried out. For this purpose, a compromised solution 
was selected in each location and the glazing types were changed in their 
corresponding building model to represent a single glazing option for 
the whole building. The results for TDH and LCC are demonstrated in 
Fig. 10. Since the changes in DUH were insignificant, that output is not 
demonstrated in this figure. 

4. Discussion

4.1. The effect of wall system simplification on accuracy

As shown in Table 6, the U-value of the wall increased by 0.01 W m− 2 

K when considering the effect of studs. Also, it was found that by dis-
regarding the studs’ thermal bridging effect the cooling load was 
affected by less than 4% in all climate zones. The differences in TDH for 
all climates were less than 2%. Heating load differences were less than 
4% except in Humid Subtropical Cfa(S), Cfa(B)and Hot Summer Medi-
terranean climates for which the results were underestimated by 5–7%. 
Since these three locations have a very low amount of heating load [29], 
this percentage represents heating energies as low as 0.14, 0.62 and 
0.78 MJ m− 2. Therefore, the thermal bridging effect for stud walls was 
not considered. 

4.2. TVOC emission constraint 

As it is evident from Table 7, in both Scenario 1 and Scenario 2 the 
TVOC emission from available materials in the library does not exceed 
the maximum allowable ranges. However, by selecting Scenario 2, there 
are cases in some spaces that are very close to the threshold. If the air 
change rate decreases, these cases may become non-compliant. There-
fore, the recommendations are made to use low-emission choices when 
selecting the materials for this building. More details on the TVOC 
emission of the lining materials can be found in the prefabricated 
components’ library [30]. 

4.3. Optimal solutions 

The results of the optimisations (Fig. 7) reveal that the optimal so-
lutions for all selected locations show reductions in LCC and TDH values 
compared to the baseline building. Maximum reductions of TDH were 
witnessed in Savanna (55%). The reason is that Savanna climate re-
quires cooling year-round. Therefore, the building components can be 
optimised by focusing on reduction of summer discomfort. This is less 
challenging than reducing both summer and winter discomfort which 
would require making compromises. After Savanna, Humid Subtropical 
Cfa(S) and Cfa(B) climates showed greater minimisation of TDH (19.6% 
and 17%) compared to other selected locations. On the contrary, the 
minimum reduction in TDH was in Oceanic Cfb(H) (6%) and Cold Semi- 
arid (6%) climates. The maximum reductions achieved for optimal LCC 
compared to baseline LCC were fairly consistent among all selected 
climate zones and ranged between 27% and 31%. 

DUH of optimal solutions showed reductions compared to baseline in 
Humid Subtropical Cfa(S), Cfa(B) and Savanna. However optimal DUH 
values are slightly higher than the baseline performance for other 
selected climates. The level of this increase was 1–4% for Hot Desert and 
Oceanic climates and 6% for Cold Semi-arid and Hot summer Mediter-
ranean. The reason for this increase can be a result of the attempt to 
reach the most compromised solutions rather than minimising the in-
dividual output parameter. Further, the baseline building shows rela-
tively acceptable performance in terms of daylighting because the 
building is a detached house with sufficient windows to provide 
daylighting during occupied hours. The three-dimensional Pareto fronts 
of the optimisations indicate that the DUH output showed a different 
behaviour compared to TDH and LCC. While TDH and LCC were subject 
to gradual minimisations, DUH output showed radical reductions in few 
steps until it reached a minimum level. The optimal solutions in the 
three-dimensional Pareto front represented a dense distribution of DUH 
which resulted in its reduction into a two dimensional-graph. The reason 
for this behaviour is due to the high and sole sensitivity of DUH to the 
shading factor for which minimised values were optimal in respect to 
DUH. The important finding was that although the reduction of shading 
factor could result in overheating and deteriorations of TDH and LCC, 
this situation was compensated by changing other envelope parameters. 
The reason is that in the selected building while DUH is only sensitive to 
shading factor, TDH and LCC are impacted by several input parameters 
including glazing type, insulation and thermal mass [29]. In the ma-
jority of the selected climate zones the variation of LCC among the 
optimal solutions represented a wider range compared to variations in 
TDH (Figs. 8 and 9). This means that by trying to achieve reductions in 
TDH on Pareto front, significant deterioration of LCC is possible. For 
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Savanna, TDH represents a wider range of output variations compared 
to LCC among the optimal solutions leading to larger compromises being 
made by TDH output in trade-offs. In Cold Semi-arid and Oceanic Cfb(H) 
climates, the variations of TDH and LCC are in similar ranges (both 
represent minor variations). This means that the trade-offs for those 
climates would not require large compromises by either LCC or TDH. 
These findings were supported by the data acquired from the identifi-
cation of the compromised solutions for which larger compromises were 
made by LCC compared to TDH in the majority of climates. The 
compromised solutions reduce one objective and do not cause radical 
increases on another. The percentage of compromise (percentage of 
increase in an output parameter compared to its most minimised solu-
tion) as the result of trade-offs were around 3–5% for TDH in all climate 
zones except Savanna. In Savanna, no compromise for TDH was required 
i.e. the minimised TDH was found to be the best solution. The per-
centages of compromise for LCC were 2–5% for Savanna, Humid Sub-
tropical Cfa(B), Oceanic Cfb(H), and Cold Semi-arid. Larger trade-offs
were made on LCC for Hot Desert, Humid Subtropical Cfa(S), Hot
summer Mediterranean and Oceanic Cfb(M) with the compromised
percentages of 6%, 7%, 8% and 11% respectively. The compromised
solutions compared to the baseline building showed reductions in both
TDH and DUT. The percentage reduction highly varies from one climate
to another. While TDH percentage reduction is as small as 1–3% for Hot
Desert, Cold Semi-arid and Oceanic Cfb(H) and 5–7% for Hot Summer
Mediterranean, Humid Subtropical Cfa(S), and Oceanic Cfb(M), it
reached up to 13% for Humid Subtropical Cfa(B) and up to 36% for
Savanna. The LCC values of the compromised solutions showed higher
rates of reduction compared to the baseline building in all selected lo-
cations (11–29%). These results indicate that the minimisation of TDH is
a larger challenge especially in Hot Desert, Cold Semi-arid and Oceanic
climates. Therefore, additional investigations are required to identify
the most effective strategies for reducing thermal discomfort in those
climates. Further, as seen in Fig. 9 the values of TDH of the optimal
solutions are higher than other climates for Oceanic Cfb(H) and Cfb(M)
which have larger heating degree days [30]. This showed that the
defined comfort criteria are less likely to be met in colder climates. The
reason may be that the thermostat settings for heating is 18 ◦C. This
heating setpoint is considered low compared to the heating thermostat
settings for living spaces (20 ◦C) recommended by the Australian
nationwide house energy rating scheme [73]. Therefore, it is likely that
by increase of heating setpoint the TDH associated with cold seasons
would be decreased.

The optimal solutions for Savanna, Hot desert and Humid Subtrop-
ical represented minimised window sizes while in Oceanic climates 
larger window sizes were found optimal. The solutions which used brick 
material as wall interior lining were better in terms of TDH while the 
solutions with lightweight materials were found to perform better in 
terms of LCC. In the majority of the climates, brick and fibreboard were 
found among the optimal wall linings both of which have high levels of 
heat capacity. This shows that the thermal mass effect plays an impor-
tant role in providing thermal comfort. Also, this finding indicates that a 
material such as fibreboard with lower density, but higher heat capacity 
can be an acceptable substitude for heavier materials such as brick. This 
finding is useful for prefabricated buildings in which lightweight ma-
terials are preferable. 

The core materials of wall component for the optimal solutions had 
glass wool and polyester material in different thicknesses. The concrete 
core was not found to be optimal for any of the climates. Thinner 
insulation was optimal for Savanna while thicker insulation was found 
suitable for Oceanic climates. For other selected climates, depending on 
the solution, the thicknesses of the wall core insulation vary. The 
optimal solutions that were among the preferred roof insulation in most 
climates were glasswool, polyester and wool material. Similar to the 

wall component, less insulation was required for Savanna and more 
insulation was required for Oceanic Cfb(H) climates. 

Majority of the solutions used double glazed windows in various 
ranges of properties. The solutions that acted better in terms of TDH 
used double glazing with high insulation properties on most orientations 
while some solutions that used single glazing on some windows were 
found optimal for LCC. This may be related to the higher initial cost 
associated with double glazing. Considering initial costs and operation 
costs as two separate output variables could provide more precise in-
formation on the effects of input parameters on each output and the 
trade-offs between them. As it is evident in Fig. 10, in the majority of the 
studied cases using a consistent type of glazing makes a reduction in one 
output and an increase in another. Only in the Savanna and Cold Semi- 
arid climates, the solutions with their original glazing types represented 
lower values of both TDH and LCC. In the situations where acquiring 
various types of glazing for a single building would be challenging, 
decision-makers can choose from the options with consistent glazing 
depending on their preferences of each output. 

Minimised shading factor, especially on north-facing windows, were 
found optimal in seven out of eight locations. Only in Savanna the so-
lutions with higher levels of north shading were optimal. The fact that 
the majority of the rooms investigated for DUH are north-facing can 
justify the minimisation of north shading factors i.e. the minimum 
shading factor provides more daylighting and reduce DUH. On the south 
windows, all climates except for Oceanic Cfb (M) and Hot summer 
Mediterranean required some level of shading. There was a high level of 
south shading required for Savanna and Hot Desert while Cold Semi-arid 
and Oceanic Cfb(H) climates had lower south shading requirements. The 
optimal solutions for Savanna and Oceanic Cfb (M) required a high level 
of shading on western windows. It is important to note that the mini-
misation of the shading factor, although ideal for DUH reduction, may 
not always represent the best solution in terms of TDH and LCC. 
Therefore, further investigation of the optimal shading factor targeting 
TDH and LCC would be beneficial. 

Combined effects of window size, glazing type and shading factor 
should be considered when looking at the effects of optimal choices. 
Those parameters are strictly dependent on one another and the con-
siderations of individual parameters are not recommended. The Pareto 
solutions provide ranges of options with various corresponding perfor-
mance parameters. Decision-makers can select among ranges of solu-
tions based on their preference and consideration on parameters of 
importance. 

4.4. Sound insulation constraint 

By investigating the sound reduction index (Rw + Ctr) of the con-
crete core component, it was found that the concrete core options (as an 
individual layer) have acceptable levels of sound insulation (Fig. A1 in 
Appendix A). Therefore, given that additional layers will add to the 
sound insulation, no further investigation was carried out for this type of 
wall core. As it is evident from Fig. A2, the changes on the wall’s sound 
reduction index as a function of core insulation is minor (with a 
maximum difference of 3 dB). This value is negligible compared to the 
exterior and interior layers which cause changes up to 53 dB. Therefore, 
it is concluded that the wall core is not a sensitive parameter regarding 
the wall’s sound reduction index. According to Fig. A3, the layers that 
fail to meet the specified requirements in at least two out of three cases 
were not considered among the input parameters. By this elimination, 
the number of lining options was reduced to 33. The recommendations 
given in Table 8 are based on the assumption that the wall is pre-
fabricated, lightweight and comprised of three layers with lightweight 
cladding material. Therefore, where more insulative materials are used 
on the walls (e.g. additional plasterboard or heavy-weight cladding) 
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these restrictions may not apply. The lining materials with higher den-
sities such as fibre cement, concrete tiles and brick found to have better 
performance in terms of sound insulation. No restrictions are needed for 
those materials. 

Stage 2 of acoustic constraint check (Tables B1–B8 in Appendix B) 
reveal that, except for some solutions in Savanna and Cold Semi-arid 
climates, all the optimal solutions in the other six climates had accept-
able levels of sound insulation on exterior walls. The solutions which did 
not meet the sound insulation criteria were the ones with low-density 
wall lining materials which were among the solutions for those cli-
mates. For those solutions, an additional layer of interior lining (e.g. 
plasterboard) improves the sound insulation to an acceptable level. 

5. Conclusions

In this article, multi-objective optimisations (MOO) of a pre-
fabricated residential building were performed for eight Australian lo-
cations in six climate zones. The envelope components used as 
optimising variables are in the form of information blocks containing 
material type, thickness and specifications required for simulations. The 
objective functions to be minimised are life cycle cost (LCC), annual 
thermal discomfort hours (TDH), and annual daylight unsatisfied hours 
(DUH). The wall and roof insulation levels, sound reduction index, and 
total volatile organic compounds (TVOC) emission are constraints. The 
LCC represents the net present values of initial costs of the envelope 
components and the electricity costs for space heating and cooling using 
reverse circuit heat pump units. The optimisation tool selected was 
jEPlus + EA which used the NSGA-II algorithm for performing the MOO. 
Based on the findings, the following conclusions are drawn: 

• The Pareto solutions provide ranges of options with various corre-
sponding performance parameters. Decision-makers can select a so-
lution set, based on their preference on the importance level of each
parameter. In general, the obtained optimal solutions achieved im-
provements in IEQ while reducing the LCC. This indicated that by
conducting MOO in early design stages of prefabricated residential
buildings LCC and IEQ could be improved.

• Most of the solution sets obtained have acceptable performance in
terms of sound transmission and TVOC emissions. Some optimal
solutions in Savanna and Cold Semi-arid climates did not meet the
sound transmission requirements, for which an additional lining
layer was recommended.

• During the optimisation in all selected climate zones, DUH values
reduced at least twice until they reached a constant minimum. As a
result, the outputs of the optimisation can be plotted in two- 
dimensional graphs by eliminating the axis of DUH. While the
minimised DUH showed reductions in Humid Subtropical Cfa(S), Cfa
(B) and Savanna climates, slight increases of DUH compared to
baseline performance were witnessed in other climates.

• By observing two-dimensional Pareto fronts, the optimal and most
compromised solutions were identified and presented. As a result of
trade-offs, the selected compromised solutions in each climate rep-
resented better reductions for either TDH, LCC or both. The level of
trade-offs in selected compromised solutions was higher for LCC
compared to TDH in all selected locations. Results also indicated that
the minimisation of TDH is challenging in Hot Desert, Cold Semi-arid
and Oceanic climates. Therefore, additional investigations are
required to identify the most effective strategies for reducing thermal
discomfort in those climates.

• The majority (all except Savanna) of the climates had brick among
the optimal interior wall especially regarding TDH. However,

fibreboard was also found frequently among the optimal solutions as 
the lining material for walls. This indicated that a material such as 
fibreboard with lower density, but higher heat capacity can be an 
acceptable replacement to heavy-weight materials such as brick. This 
finding is useful for prefabricated buildings in which lightweight 
materials are preferable.  

• Most solutions have double glazed windows with various properties.
However, the single glazing type was preferred on some windows to
reduce LCC. Considering initial costs and operation costs as two
separate output variables could provide more accurate information
on the effects of input parameters on each output and the trade-offs
between them.

• The minimum shading factor, especially on north-facing windows
was found to be optimal in seven locations. Since reductions in the
shading factor parameter are likely to be related to DUH mini-
misation, further investigation on the optimal shading factor tar-
geting TDH and LCC can be beneficial.

• The developed workflow for the building optimisation can be used by
designers and building performance simulation practitioners in early
design stages. The optimising variables and objective functions can
be customised depending on project preferences. The optimal enve-
lope solutions for various climatic conditions provides more
comprehensive information for building designs in similar climatic
conditions around the world. On the other hand, learning from these
optimal parameters, general recommendations and design guidelines
can be developed for similar climates to provide decision-making
support in early project stages.

In this study, scope for conducting multi-objective optimisation was
limited to envelope parameters of a new prefabricated building. 
Therefore, the effects of other parameters such as thermostat settings, air 
flow rates, building geometry and orientation were not investigated. 
This is considered as a limitation for this study which provides oppor-
tunity for further research. 
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Appendix A. Stage 1 constraint check for sound insulation  

Stage 1 of acoustical constraints carries out a simplified sensitivity 
analysis to understand the impact of various wall layers on the sound 

reduction index of the wall section. Firstly, the sensitivity of the wall 
core was investigated, followed by the lining and cladding materials. 
The sound reduction index of available concrete cores was predicted as 
shown in Fig. A1. 

To explore the effect of core insulation, various core materials with 
different thicknesses were investigated (Fig. A2). The core insulation 
materials were selected to represent different ranges of densities. For 
this specific analysis the cladding and lining materials are fixed to 
represent minimum sound reduction indices among the available op-
tions (15 mm plywood for lining (ID: LN_25) [30] and 0.5 mm 
aluminium sheet for cladding (ID: W_CL_24) [30]). The reason for 
selecting the minimum sound insulation effect on cladding and lining 
was to maximise the effect of the core layer on the overall sound insu-
lation so that those effects could be studied in a more precise manner. 
The effects of two other layers were also investigated. By running this set 
of predictions, the lining layers that fail to meet the identified minimum 
threshold were eliminated from optimisation inputs. The approach was 
to fix the core insulation component (75 mm fibreglass), and to inves-
tigate the effects of changes of the wall lining material on the overall 
sound reduction index of the wall section. This process was repeated for 
three different lightweight wall cladding materials including one metal 
(aluminium sheet), one cement-based (fibre cement) and one polymer- 
based (vinyl) wall claddings as shown in Fig. A3. 

Fig. A2. The sound reduction index of total wall section with various core 
insulation type and thickness (Wall lining: Plywood 15 mm (ID: LN_25), wall 
cladding : aluminium 0.5 mm (ID:W_CL_24)) [30]. 

Fig. A3. Sound reduction index of the exterior wall options for available lining materials using fixed core (75 mm fibreglass) and three different cladding mate-
rial type. 
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Fig. A1. The sound reduction index of concrete core components existed in the 
library [30]. 
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Appendix B. The optimal solutions obtained by MOO in various 
Australian climate zones 

See Figs. B1–B8) and Tables B1–B8. 

Fig. B1. Pareto optimal solutions obtained for Hot Desert climate.  

Fig. B4. Pareto optimal solutions obtained for Oceanic Cfb(M) climate.  

Fig. B2. Pareto optimal solutions obtained for Hot Summer Mediterra-
nean climate. 

Fig. B3. Pareto optimal solutions obtained for Cold Semi-arid climate.  

Fig. B5. Pareto optimal solutions obtained for Oceanic Cfb(H) climate.  

Fig. B6. Pareto optimal solutions obtained for Savanna Climate.  
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Fig. B8. Pareto optimal solutions obtained for Humid Subtropical Cfa 
(S) climate.

Fig. B7. Pareto optimal solutions obtained for Humid Subtropical Cfa 
(B) climate.

Table B1 
Best optimal solutions for Hot Desert (BWh) climate (The values for each parameter are the ID numbers as defined in Table 2).  

Solution rank P1_P2_P3_P4_P5_P6_P7_P8_P9_P10_P12_P13_P14_P15 LCC ($k) TDH (h) DUH(h) Wall Rw + Ctr(dB) 

Baseline 17_26_17_0.0_0.0_0.0_0.0_29_29_29_2.6_1.3_2.4_2.6 165.9 2290.0 294.0 42 
1 37_13_44_0.0_0.2_0.1_0.0_14_25_26_1.5_0.8_0.8_2.2 190.2 2054.0 318.3 76 
2 45_11_44_0.0_0.2_0.1_0.0_14_25_26_1.5_0.8_0.8_2.2 157.2 2089.3 318.3 71 
3 33_11_35_0.0_0.2_0.1_0.0_14_25_26_1.5_0.8_1.5_2.2 146.9 2154.7 318.3 57 
4 37_36_43_0.0_0.2_0.1_0.0_11_25_26_1.5_0.8_0.8_1.5 118.0 2389.3 307.0 45 
5 37_11_35_0.0_0.2_0.1_0.0_14_13_26_1.5_0.8_0.8_2.2 147.7 2137.3 316.7 65 
6 35_11_35_0.0_0.2_0.2_0.0_14_13_26_1.5_0.8_0.8_1.5 145.5 2177.0 316.7 60 
7 35_37_35_0.0_0.2_0.1_0.0_16_13_26_1.5_1.5_0.8_1.5 120.3 2335.0 315.7 40 
8 36_38_35_0.0_0.1_0.2_0.0_13_19_22_1.5_0.8_0.8_1.5 120.6 2358.3 310.3 47 
9 37_13_35_0.0_0.2_0.1_0.0_19_22_24_1.5_0.8_0.8_2.2 187.3 2064.0 320.3 76 
10 37_29_45_0.0_0.2_0.0_0.0_18_25_25_1.5_0.8_1.5_1.5 135.5 2228.0 320.0 52 
11* 37_36_35_0.0_0.2_0.1_0.0_14_25_18_1.5_0.8_0.8_1.5 122.2 2256.0 318.3 45 
12 37_11_44_0.0_0.2_0.2_0.0_16_13_26_1.5_0.8_0.8_1.5 150.5 2135.3 315.7 65 
13* 37_11_35_0.0_0.2_0.1_0.0_14_25_26_1.5_0.8_0.8_2.2 148.7 2110.0 318.3 65 
14 35_39_35_0.0_0.2_0.2_0.0_15_21_25_1.5_0.8_0.8_1.5 119.5 2304.0 317.7 42 
15 37_37_44_0.0_0.2_0.1_0.0_14_19_22_1.5_0.8_0.8_1.5 125.8 2241.3 319.3 46 
16 36_39_35_0.0_0.2_0.1_0.0_14_25_26_1.5_0.8_0.8_1.5 120.3 2286.7 318.3 45 
17 37_37_35_0.0_0.2_0.1_0.0_14_25_18_1.5_0.8_0.8_1.5 122.8 2252.0 318.3 46 
18 35_37_35_0.0_0.2_0.1_0.0_11_25_22_1.5_0.8_0.8_1.5 114.9 2421.7 307.0 39 
19 37_17_44_0.0_0.2_0.1_0.0_24_26_29_1.5_0.8_0.8_1.5 129.6 2238.0 319.0 40 
20 35_39_35_0.0_0.2_0.2_0.0_11_13_26_1.5_0.8_0.8_1.5 112.3 2480.3 304.3 42 
2 35_41_35_0.0_0.4_0.3_0.0_11_13_18_1.5_0.8_0.8_1.5 113.9 2473.3 304.3 47 
22 35_37_35_0.0_0.2_0.1_0.0_11_13_22_1.5_0.8_0.8_1.5 113.8 2453.7 304.7 40 
23 35_37_44_0.0_0.2_0.1_0.0_16_13_26_1.5_0.8_0.8_1.5 123.0 2293.7 315.7 40 
24 35_41_35_0.0_0.1_0.1_0.0_16_25_26_1.5_1.5_0.8_1.5 121.7 2307.7 317.0 47 
25* 37_11_35_0.0_0.1_0.1_0.0_11_19_26_1.5_0.8_0.8_2.2 142.4 2209.7 308.0 65  

* Compromised solutions.
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Table B2 
Best optimal solutions for Humid Subtropical (Cfa(B)) climate. (The values for each parameter are the ID numbers as defined in Table 2.)  

Solution rank P1_P2_P3_P4_P5_P7_P8_P9_P11_P12_P13_P14_P15 LCC ($k) TDH (h) DUH(h) Wall Rw + Ctr(dB) 

Baseline 17_26_17_0.0_0.0_0.0_29_29_29_2.6_1.3_2.4_2.6 149.9 2351.0 168.3 42 
1 37_12_37_0.0_0.2_0.0_23_21_23_1.5_0.8_0.8_1.5 173.0 1890.0 168.3 69 
2 36_12_36_0.0_0.0_0.1_18_21_25_1.5_0.8_0.8_1.5 171.2 1900.7 171.7 67 
3 37_11_37_0.0_0.1_0.0_22_22_24_1.5_0.8_0.8_1.5 137.7 1909.0 170.0 65 
4* 36_11_36_0.0_0.1_0.0_15_24_22_1.5_0.8_0.8_1.5 136.6 1940.3 167.0 62 
5 35_11_36_0.0_0.0_0.0_22_23_25_1.5_0.8_0.8_0.8 135.2 2006.7 170.7 60 
6* 36_11_37_0.0_0.2_0.0_12_24_25_1.5_0.8_0.8_1.5 132.1 2029.3 158.3 62 
7 36_11_36_0.0_0.0_0.0_11_23_20_1.5_0.8_0.8_1.5 131.1 2049.7 156.7 62 
8 35_11_36_0.0_0.0_0.0_12_26_25_1.5_0.8_0.8_1.5 130.6 2054.3 157.7 60 
9 35_11_36_0.0_0.1_0.0_11_20_15_1.5_0.8_0.8_1.5 130.5 2065.0 156.7 60 
10* 37_35_37_0.0_0.0_0.0_22_22_22_1.5_0.8_0.8_1.5 111.8 2092.7 170.0 42 
11 36_35_37_0.0_0.0_0.0_22_22_21_1.5_0.8_0.8_1.5 111.1 2118.0 170.0 39 
12 35_35_36_0.0_0.3_0.0_22_22_17_1.5_0.8_0.8_1.5 110.4 2142.3 170.0 36 
13 35_35_36_0.0_0.0_0.0_18_25_22_1.5_0.8_0.8_0.8 109.5 2155.0 171.7 36 
14 35_35_36_0.0_0.3_0.0_23_20_22_1.5_0.8_0.8_1.5 110.5 2166.0 168.3 36 
15 35_39_36_0.0_0.0_0.0_22_12_28_1.5_0.8_0.8_0.8 108.9 2193.0 169.0 36 
16 37_35_37_0.0_0.3_0.0_12_21_25_1.5_0.8_0.8_1.5 107.4 2218.7 158.0 42 
17 36_35_36_0.0_0.2_0.0_12_26_25_1.5_0.8_0.8_1.5 106.2 2243.0 159.7 39 
18 35_35_36_0.0_0.0_0.0_13_18_15_1.5_0.8_0.8_0.8 105.0 2270.7 157.7 36 
19 35_35_36_0.0_0.0_0.0_11_26_18_1.5_0.8_0.8_0.8 104.4 2294.3 156.7 36  

* Compromised solutions.

Table B3 
Best optimal solutions for Savanna (Aw) climate. (The values for each parameter are the ID numbers as defined in Table 2.)  

Solution rank P1_P2_P3_P4_P5_P7_P8_P9_P11_P12_P13_P14_P15 LCC ($k) TDH (h) DUH (h) Wall Rw + Ctr (dB) 

Baseline 17_26_17_0.0_0.0_0.0_29_29_29_2.6_1.3_2.4_2.6 177.3 3229.3 391.3 42 
1 32_33_35_0.0_0.0_0.5_11_13_21_0.8_0.8_0.8_0.8 120.1 2320.2 326.6 28 
2 32_33_35_0.0_0.0_0.4_11_11_27_0.8_0.8_0.8_0.8 119.9 2354.3 327.4 28 
3 32_33_35_0.0_0.0_0.5_11_16_27_0.8_0.8_0.8_0.8 120.8 2269.1 331.5 28 
4 35_33_35_0.0_0.0_0.5_11_17_27_0.8_0.8_0.8_0.8 121.9 2219.0 333.2 42 
5 32_33_35_0.0_0.0_0.5_11_17_27_0.8_0.8_0.8_0.8 121.1 2255.9 333.7 28 
6 35_33_35_0.0_0.0_0.5_11_26_16_0.8_0.8_0.8_0.8 121.6 2232.2 334.4 42 
7 32_33_35_0.0_0.0_0.5_18_11_26_0.8_0.8_0.8_0.8 123.6 2180.8 346.8 28 
8 34_33_35_0.0_0.0_0.5_28_11_14_0.8_0.8_0.8_0.8 124.3 2158.6 348.6 28 
9* 35_33_35_0.0_0.0_0.5_21_22_27_0.8_0.8_0.8_0.8 125.7 2051.1 349.3 42 
10 33_33_35_0.0_0.0_0.5_21_22_27_0.8_0.8_0.8_0.8 125.3 2084.2 349.4 28 
11 32_33_35_0.0_0.0_0.5_21_22_26_0.8_0.8_0.8_0.8 124.8 2109.3 349.4 28 
12 35_33_35_0.0_0.0_0.5_21_29_27_0.8_0.8_0.8_0.8 125.4 2075.2 350.4 42 
13 32_33_35_0.0_0.0_0.5_22_21_16_0.8_0.8_0.8_0.8 124.5 2120.8 350.5 28 
14 32_33_35_0.0_0.0_0.4_14_29_16_0.8_0.8_0.8_0.8 124.5 2131.1 350.5 28 
15 34_33_35_0.0_0.0_0.5_26_29_27_0.8_0.8_0.8_0.8 125.4 2071.4 354.1 28 
16 32_33_35_0.0_0.0_0.5_26_26_27_0.8_0.8_0.8_0.8 124.8 2091.7 354.6 28 
17 32_33_35_0.6_0.0_0.5_11_12_27_0.8_0.8_0.8_0.8 120.2 1799.5 1242.6 28 
18 35_33_35_0.6_0.0_0.5_11_16_26_0.8_0.8_0.8_0.8 122.1 1684.2 1246.5 42 
19 34_33_35_0.6_0.0_0.4_11_29_27_0.8_0.8_0.8_0.8 121.9 1709.4 1247.7 28 
20 32_33_35_0.6_0.0_0.5_11_17_27_0.8_0.8_0.8_0.8 121.3 1723.9 1248.2 28 
21 32_33_35_0.6_0.4_0.0_14_11_26_0.8_0.8_0.8_0.8 125.2 1623.2 1248.3 28 
22 32_33_35_0.6_0.0_0.5_22_11_15_0.8_0.8_0.8_0.8 124.9 1637.7 1248.3 28 
23* 35_33_35_0.6_0.0_0.5_21_22_26_0.8_0.8_0.8_0.8 126.9 1479.4 1253.3 42 
24 32_33_35_0.6_0.0_0.5_21_22_26_0.8_0.8_0.8_0.8 126.0 1530.8 1253.3 28 
25 32_33_34_0.6_0.0_0.5_19_17_28_0.8_0.8_0.8_0.8 126.0 1552.9 1255.4 28 
26 35_33_35_0.6_0.0_0.4_28_22_27_0.8_0.8_0.8_0.8 126.8 1496.5 1255.9 42 
27 34_33_35_0.6_0.0_0.5_18_17_26_0.8_0.8_0.8_0.8 126.7 1509.1 1256.0 28  

* Compromised solutions.
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Table B4 
Best optimal solutions for Oceanic Cfb(H) climate. (The values for each parameter are the ID numbers as defined in Table 2.)  

Solution rank P1_P2_P3_P4_P5_P7_P8_P9_P11_P12_P13_P14_P15 LCC ($k) TDH (h) DUH(h) Wall Rw + Ctr(dB) 

Baseline 17_26_17_0.0_0.0_0.0_29_29_29_2.6_1.3_2.4_2.6 149.3 3925.7 496.7 42 
1 36_13_36_0.0_0.3_0.0_24_16_25_2.9_0.8_2.9_4.3 169.5 3681.7 534.3 74 
2 37_13_36_0.0_0.3_0.0_24_11_17_2.9_0.8_2.9_4.3 169.3 3727.7 532.3 76 
3 36_13_36_0.0_0.0_0.1_25_11_25_2.9_0.8_2.9_4.3 166.9 3733.7 532.7 74 
4* 37_36_37_0.0_0.0_0.0_25_19_25_2.9_0.8_1.5_4.3 116.7 3778.3 539.7 45 
5 37_36_36_0.0_0.0_0.0_24_16_25_2.9_0.8_2.2_4.3 116.5 3786.7 534.7 45 
6 36_36_36_0.0_0.0_0.0_25_16_25_2.9_0.8_0.8_4.3 115.3 3801.0 534.3 42 
7 37_36_36_0.0_0.1_0.0_25_13_25_2.9_0.8_2.9_4.3 116.0 3802.0 529.7 45 
8 36_35_36_0.0_0.0_0.0_25_16_25_2.9_0.8_2.9_3.6 114.8 3811.7 534.3 39 
9 36_36_36_0.0_0.0_0.0_25_11_25_2.9_0.8_2.9_4.3 113.6 3820.0 532.7 42 
10 36_36_36_0.0_0.0_0.0_25_13_25_2.9_0.8_0.8_3.6 114.3 3830.3 531.7 42 
11* 36_35_36_0.0_0.0_0.0_25_11_25_2.9_1.5_2.9_3.6 112.3 3855.3 532.7 39 
12 37_36_36_0.0_0.0_0.0_13_16_25_2.9_0.8_2.9_4.3 110.4 3890.0 510.7 45 
13* 36_37_36_0.0_0.0_0.0_11_16_25_2.9_0.8_0.8_4.3 108.2 3900.0 507.7 43 
14 36_36_36_0.0_0.0_0.0_11_16_25_2.9_0.8_2.2_4.3 107.1 3911.0 508.3 42 
15 36_36_36_0.0_0.0_0.0_11_11_25_2.9_0.8_2.2_4.3 107.0 3917.3 505.3 42 
16 36_36_36_0.0_0.0_0.0_11_13_25_2.9_0.8_0.8_4.3 106.8 3921.7 505.0 42 
17 36_35_36_0.0_0.0_0.0_11_11_25_2.9_0.8_0.8_4.3 105.7 3927.3 505.3 39 
18 36_36_36_0.0_0.0_0.0_11_11_25_2.9_1.5_2.9_4.3 105.6 3934.0 505.7 42 
19 36_35_36_0.0_0.0_0.0_11_12_25_2.9_0.8_2.9_3.6 104.9 3940.7 505.7 39 
20 36_35_36_0.0_0.0_0.0_11_11_25_2.9_1.5_2.9_3.6 104.6 3950.0 505.7 39 
21 37_36_36_0.0_0.0_0.0_11_11_25_2.9_2.9_2.9_2.2 106.5 3962.0 504.7 42 
22 36_36_36_0.0_0.0_0.0_11_11_25_2.9_2.9_2.9_2.2 104.5 3970.0 505.7 42  

* Compromised solutions.

Table B5 
Best optimal solutions for Oceanic Cfb(M) climate. (The values for each parameter are the ID numbers as defined in Table 2.)  

Solution rank P1_P2_P3_P4_P5_P7_P8_P9_P11_P12_P13_P14_P15 LCC ($k) TDH (h) DUH(h) Wall Rw + Ctr(dB) 

Baseline 17_26_17_0.0_0.0_0.0_29_29_29_2.6_1.3_2.4_2.6 138.6 3837.0 458.0 42 
1 34_14_42_0.0_0.0_0.0_11_12_27_3.6_0.8_0.8_2.9 100.6 3843.3 478.0 32 
2 35_14_44_0.0_0.0_0.0_11_12_25_3.6_2.9_0.8_2.9 100.6 3820.3 478.0 36 
3 37_14_43_0.0_0.0_0.0_11_12_27_3.6_2.9_3.6_3.6 102.7 3799.3 478.0 48 
4 37_14_44_0.0_0.0_0.0_11_24_25_3.6_2.9_1.5_2.9 106.1 3727.7 480.7 48 
5 37_14_42_0.0_0.0_0.0_11_24_17_3.6_1.5_0.8_3.6 103.8 3756.3 480.7 48 
6 34_12_44_0.0_0.0_0.0_24_24_17_3.6_2.9_3.6_2.9 160.8 3521.3 513.7 65 
7 37_12_44_0.0_0.0_0.0_24_12_17_4.3_2.9_0.8_3.6 157.4 3540.7 508.3 69 
8 35_14_42_0.0_0.0_0.0_11_18_24_3.6_2.2_0.8_2.9 102.6 3780.3 481.7 36 
9 37_13_44_0.0_0.0_0.0_24_24_17_4.3_2.9_0.8_2.9 161.9 3416.3 513.7 76 
10 35_14_42_0.0_0.0_0.0_24_12_22_3.6_0.8_0.8_2.9 109.0 3697.0 508.3 36 
11 36_14_43_0.0_0.0_0.0_24_13_26_3.6_1.5_0.8_3.6 110.3 3677.7 508.3 36 
12 37_14_43_0.0_0.0_0.0_24_13_25_3.6_1.5_0.8_2.9 110.9 3660.7 508.3 48 
13 37_13_44_0.0_0.0_0.0_24_24_16_4.3_3.6_3.6_3.6 165.0 3352.3 513.7 76 
14 35_12_43_0.0_0.0_0.0_24_24_17_3.6_3.6_3.6_2.9 158.5 3471.0 513.7 65 
15 37_43_44_0.0_0.0_0.0_24_24_16_3.6_2.9_3.6_2.9 123.2 3553.7 513.7 57 
16 37_12_43_0.0_0.0_0.0_24_24_16_4.3_3.6_3.6_3.6 159.1 3369.3 513.7 69 
17 37_14_43_0.0_0.0_0.0_24_24_27_3.6_2.9_3.6_3.6 114.8 3583.3 513.7 48 
18 35_14_43_0.0_0.0_0.0_24_15_25_3.6_1.5_1.5_2.9 111.2 3639.7 513.7 36 
19* 37_14_44_0.0_0.0_0.0_24_24_29_3.6_3.6_3.6_2.9 115.8 3561.3 513.7 48 
20 37_14_43_0.0_0.0_0.0_24_18_23_3.6_2.2_2.2_2.9 113.4 3601.3 519.3 48 
21 37_13_44_0.0_0.0_0.0_24_24_17_4.3_2.9_0.8_2.9 161.9 3416.3 513.7 76  

* Compromised solutions.
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Table B6 
Best optimal solutions for Cold Semi-arid climate. (The values for each parameter are the ID numbers as defined in Table 2.)  

Solution rank P1_P2_P3_P4_P5_P7_P8_P9_P11_P12_P13_P14_P15 LCC ($ k) TDH (h) DUH(h) Wall Rw + Ctr(dB) 

Baseline 17_26_17_0.0_0.0_0.0_29_29_29_2.6_1.3_2.4_2.6 145.2 2992.7 333.3 42 
1 37_11_36_0.0_0.2_0.0_23_23_25_2.2_0.8_2.2_2.9 139.2 2807.0 377.0 71 
2 33_33_34_0.0_0.2_0.0_11_23_24_2.2_0.8_2.2_2.9 106.8 3115.0 354.7 29 
3 36_11_34_0.0_0.2_0.0_23_23_25_2.2_0.8_2.2_2.9 136.7 2842.0 377.7 63 
4* 37_34_36_0.0_0.2_0.0_23_23_25_2.2_0.8_2.2_2.9 119.4 2859.3 377.0 44 
5 37_34_36_0.0_0.2_0.0_11_23_25_2.2_0.8_2.2_2.9 111.9 2996.7 354.7 44 
6 36_34_36_0.0_0.2_0.0_11_23_25_2.2_0.8_2.2_2.9 111.0 3011.3 354.7 43 
7 37_33_36_0.0_0.2_0.0_11_23_25_2.2_0.8_2.2_2.9 110.4 3017.0 354.7 41 
8* 36_33_35_0.0_0.2_0.0_23_23_24_2.2_0.8_2.2_2.9 114.6 2911.0 377.3 39 
9 37_33_36_0.0_0.2_0.0_11_23_25_2.2_0.8_2.2_2.9 109.5 3023.0 354.7 29 
10 33_33_35_0.0_0.2_0.0_11_23_25_2.2_0.8_2.2_2.9 106.9 3105.3 354.7 29 
11 34_33_34_0.0_0.2_0.0_11_23_25_2.2_0.8_2.2_2.9 107.0 3093.0 354.7 28 
12 37_34_36_0.0_0.2_0.0_11_23_25_2.2_0.8_2.2_2.9 112.8 2992.0 354.7 44 
13 36_34_36_0.0_0.2_0.0_23_23_25_2.2_0.8_2.2_2.9 117.5 2871.7 377.3 44 
14 35_33_36_0.0_0.2_0.0_11_23_25_2.2_0.8_2.2_2.9 107.7 3064.3 354.7 31 
15 36_33_36_0.0_0.2_0.0_11_23_25_2.2_0.8_2.2_2.9 108.6 3037.0 354.7 39 
16 37_33_35_0.0_0.2_0.0_23_23_25_2.2_0.8_2.2_2.9 116.4 2885.0 377.0 41 
17 36_11_34_0.0_0.2_0.0_11_23_25_2.2_0.8_2.2_2.9 131.2 2978.7 354.7 63 
18 36_33_35_0.0_0.2_0.0_11_23_25_2.2_0.8_2.2_2.9 108.1 3050.7 354.7 39 
19 36_33_34_0.0_0.2_0.0_11_23_25_2.2_0.8_2.2_2.9 108.0 3057.0 354.7 39 
20 34_33_35_0.0_0.2_0.0_23_23_24_2.2_0.8_2.2_2.9 113.6 2950.7 377.3 28 
21 35_33_36_0.0_0.2_0.0_23_23_24_2.2_0.8_2.2_2.9 114.2 2927.3 377.3 31 
22 33_33_34_0.0_0.2_0.0_23_23_27_2.2_0.8_2.2_2.9 113.2 2988.3 377.7 29  

* Compromised solutions.

Table B7 
Best optimal solutions for Hot Summer Mediterranean (Csa) climate. (The values for each parameter are the ID numbers as defined in Table 2.)  

Solution rank P1_P2_P3_P4_P5_P7_P8_P9_P11_P12_P13_P14_P15 LCC ($ k) TDH (h) DUH (h) Wall Rw + Ctr(dB) 

Baseline 17_26_17_0.0_0.0_0.0_29_29_29_2.6_1.3_2.4_2.6 147.7 2673.0 342.3 42 
1 37_12_35_0.0_0.0_0.2_15_25_23_1.5_2.9_0.8_3.6 168.0 2443.3 377.0 74 
2 37_11_28_0.0_0.0_0.2_15_24_25_1.5_2.9_0.8_3.6 143.5 2469.7 377.0 71 
3 37_11_35_0.0_0.0_0.2_22_25_25_1.5_0.8_0.8_4.3 136.4 2483.3 378.7 71 
4* 37_34_35_0.0_0.0_0.2_15_24_25_1.5_2.2_0.8_3.6 116.3 2539.3 377.0 44 
5 35_33_34_0.0_0.0_0.2_12_26_25_1.5_0.8_0.8_2.9 105.3 2758.3 365.7 31 
6 37_33_35_0.0_0.0_0.2_16_25_26_1.5_1.5_1.5_3.6 114.0 2568.0 377.3 41 
7 36_33_35_0.0_0.0_0.2_19_25_25_1.5_0.8_0.8_3.6 112.1 2587.7 381.0 39 
8 35_33_34_0.0_0.0_0.2_15_25_24_1.5_1.5_0.8_3.6 111.7 2612.7 377.3 31 
9 35_33_35_0.0_0.0_0.2_14_25_24_1.5_0.8_0.8_3.6 111.0 2617.7 378.7 31 
10 35_33_34_0.0_0.0_0.2_14_25_25_1.5_0.8_0.8_2.9 110.7 2641.0 378.7 31 
11 36_33_35_0.0_0.0_0.2_12_25_25_1.5_1.5_0.8_4.3 107.7 2689.3 365.3 39 
12 36_33_34_0.0_0.0_0.2_12_28_24_1.5_0.8_0.8_3.6 106.4 2706.7 365.3 39 
13 35_33_34_0.0_0.0_0.2_12_27_25_1.5_0.8_0.8_2.2 105.0 2805.7 365.3 31 
14 35_33_34_0.0_0.0_0.2_12_15_26_2.2_1.5_0.8_1.5 104.7 2871.7 365.3 31 
15 35_33_34_0.0_0.0_0.2_12_28_15_1.5_0.8_0.8_0.8 103.9 2953.3 366.0 31 
16 36_33_34_0.0_0.0_0.2_16_25_24_1.5_1.5_0.8_3.6 112.4 2580.3 377.0 39 
17 35_33_34_0.0_0.0_0.2_15_25_25_1.5_0.8_0.8_3.6 111.1 2623.0 377.3 31 
18 37_34_35_0.0_0.0_0.2_12_25_25_1.5_2.2_0.8_3.6 111.0 2651.3 365.3 44  

* Compromised solutions.
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Table B8 
Best optimal solutions for Humid Subtropical (Cfa(S)) climate. (The values for each parameter are the ID numbers as defined in Table 2.)  

Solution Rank P1_P2_P3_P4_P5_P7_P8_P9_P11_P12_P13_P14_P15 LCC ($ k) TDH (h) DUH (h) Wall Rw + Ctr(dB) 

Baseline 17_26_17_0.0_0.0_0.0_29_29_29_2.6_1.3_2.4_2.6 146.0 2500.0 257.0 42 
1 40_33_34_0.0_0.0_0.0_11_12_25_2.2_0.8_1.5_2.2 101.5 2590.7 272.3 74 
2 36_33_34_0.0_0.0_0.0_12_12_25_2.2_0.8_0.8_2.2 102.2 2540.3 273.7 39 
3 36_33_34_0.0_0.0_0.0_11_15_27_1.5_1.5_0.8_2.2 103.8 2493.7 274.3 39 
4 36_33_43_0.0_0.0_0.0_11_15_25_1.5_1.5_1.5_2.2 105.6 2469.7 274.3 34 
5 45_33_43_0.0_0.0_0.0_12_16_25_1.5_1.5_1.5_2.2 110.3 2454.0 276.0 74 
6 36_33_34_0.0_0.1_0.0_24_12_25_2.2_1.5_0.8_2.2 108.6 2421.0 286.0 73 
7 45_13_29_0.0_0.0_0.0_23_23_25_2.2_0.8_0.8_2.2 196.8 2223.3 288.7 73 
8 45_13_43_0.0_0.0_0.0_24_15_25_2.2_0.8_0.8_2.2 189.3 2232.0 288.7 74 
9 36_13_34_0.0_0.1_0.0_23_23_25_2.2_1.5_2.2_2.2 182.5 2273.3 288.7 74 
10 36_13_43_0.0_0.0_0.0_24_15_25_2.2_0.8_2.2_2.2 184.5 2261.7 289.0 39 
11 36_33_34_0.0_0.0_0.0_30_12_25_2.2_0.8_2.2_2.2 109.6 2389.0 289.3 39 
12 36_33_34_0.0_0.0_0.0_24_12_25_1.5_0.8_0.8_2.2 107.9 2444.7 289.3 34 
13 45_33_43_0.0_0.0_0.0_30_15_25_2.2_0.8_2.2_2.2 116.2 2329.0 294.3 34 
14 45_33_29_0.0_0.0_0.0_30_23_25_2.2_0.8_0.8_2.2 123.0 2309.3 294.3 39 
15 36_33_34_0.0_0.0_0.0_30_23_27_2.2_0.8_0.8_2.2 109.6 2359.7 294.3 34 
16 45_33_43_0.0_0.0_0.0_30_15_25_2.2_0.8_0.8_2.2 115.5 2325.0 294.7 39 
17* 36_33_43_0.0_0.0_0.0_30_15_25_2.2_0.8_0.8_2.2 111.0 2337.7 294.7 74  

* Compromised solutions.
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The next chapter contains the discussion, conclusions as well as avenues for future research. 
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Chapter 5: Discussion and Conclusions  

In this chapter, a summary of the main findings and conclusions drawn from Chapter 1-4 are 

presented. Also, the limitation of this thesis and pathways for future research are discussed.  

5.1. Main contents of Chapter 1 

Chapter 1 provided background and problem statement, research questions, research aim and 

objectives and research scope. The problem statement outlined the issues that motivate the 

research as:  

• Need for indoor environmental quality (IEQ) considerations in residential building 

design; 

• Need for understanding the performance of prefabricated houses in terms of IEQ and 

energy consumption in various climate zones of Australia; 

• Need for a library of thermal properties, sound reductions, total volatile organic 

compounds (TVOC) emissions, and cost of envelope components for prefabricated 

buildings in Australia;  

• Need for better building design which minimises discomfort levels and life cycle costs 

(LCC). 

To address the identified issues the research questions were raised as follow: 

Question #1: How can consideration on various aspects of IEQ be integrated within early design 

stages of residential buildings? 

Question #2: How the building envelope design decisions affect the energy consumption and 

IEQ in various Australian climate zones? 

Question #3: What are the optimised building envelope design parameters to minimise thermal 

discomfort hours (TDH), daylight unsatisfied hours (DUH) and LCC of a selected building in 

each study location?  

The aim and objectives related to the research questions were identified as follow:  

‘The aim of this thesis is to optimise the envelope components of a prefabricated house to 

minimise TDH, DUH and LCC while meeting the requirement of Australian National 

Construction Code (NCC) on energy efficiency and IEQ performance’. 
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The Objective 1 is: ‘to identify validated baseline energy consumption and IEQ of a prefabricated 

house in selected Australian climate zones’; 

The Objective 2 is: ‘to conduct a Sensitivity Analysis (SA) to understand the effects of building 

envelope parameters on TDH, DUH and annual heating and cooling load in various climates.; 

The Objective 3 is: ‘to develop a library of prefabricated building components and their IEQ 

indicators in order to use in optimisations’; 

The Objective 4 is: ‘to conduct multi-objective optimisation (MOO) to minimise TDH, DUH and 

LCC while meeting minimum requirements for insulation, sound insulation and TVOC 

concentration’.  

5.2. Main findings of Chapter 2 

In Chapter 2 a review of the previous works related to the problem statement, aim and 

objectives of the thesis were carried out. The knowledge gaps identified are:  

• lack of knowledge on how various prefabricated components may affect several 

performance parameters including energy consumption, indoor environmental quality 

and cost of residential buildings. This knowledge gap has been addressed through 

Objective 1 and Objective 2 which conducted baseline performance evaluations and 

sensitivity analyses on energy performance and IEQ of a prefabricated residential 

building. 

• lack of previous practice on the optimisation of building envelope by considering 

diverse options of prefabricated components as input parameters. This issue is 

addressed by developing prefabricated components’ library in Objective 3. 

• lack of an established library of properties and characteristics of prefabricated building 

components in Australia which contains IEQ performance indicators. This knowledge 

gap was addressed in Objective 3 with developing prefabricated components’ library. 

• Lack of systematic design methods and decision support which can lead to design 

solutions that improve both sustainability and affordability aspects. This knowledge 

gap is addressed in Objective 2 and 4 in which a framework was developed to carry out 

sensitivity analyses and sets of MOOs in early design stages.  

• Lack of knowledge on best optimal design solutions in various climate zones to 

support towards the implementation of sustainable building design principles on a 
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broader scale. This knowledge gap was addressed by investigating eight Australian 

climatic conditions.  

5.3. Main findings of Chapter 3 

Chapter 3 focused on Objective 1 and Objective 2 of the thesis responding to the Research 

Questions #1 and #2. Objective 1 attends to baseline performance evaluation of a prefabricated 

residential building in eight climatic conditions of Australia. This objective addresses the 

knowledge gaps related to the lack of understanding of how prefabricated envelope 

components affect the energy performance and IEQ of the residential buildings. Also, the 

findings from baseline performance evaluations were used as a guide for Objectives 2 and 4 by 

identifying areas for improvements in the existing building.  

A validated building model was developed by using TRNSYS Type 56 followed by energy 

simulations and daylighting analysis using TRNSYS and DAYSIM respectively. The findings of 

Objective 1 have been extensively discussed in Chapter 3. In this section a summary of those 

findings is presented:  

• The baseline TDH, DUH and energy performance of the selected building were useful 

in the identification of the more critical output parameters for which, more 

improvements were needed compared to others. Those output parameters were TDH 

in winter for all selected locations except Savanna (Darwin), TDH in summer for 

Savanna (Darwin), heating load in Oceanic (Hobart and Melbourne) and Cold Semi-

arid (Mildura) climates and cooling load in all climates except Oceanic (Hobart). The 

baseline performance is also used in Chapter 4 during optimisation as a reference 

point to demonstrate the level of improvements achieved by optimal solutions.  

• The cooling loads were larger than the heating loads (up to 90%) in seven of eight 

locations. This may be explained by three characteristics of the building: lightweight 

construction, airtight envelope and high solar heat gain from large northern windows. 

Prefabricated construction due to their lightweight nature leads to lower thermal 

storage in the building increasing the daytime heat gain and risk of overheating in 

summer. As such, prioritising the strategies to reduce cooling load would lead to 

achieving better overall energy performance. 

• The evaluation of TDH and DUH revealed that the TDH values of the selected 

buildings were higher than DUH in all selected locations. Therefore, it was concluded 

that the selected building has better performance in terms of DUH compared to TDH 

and a greater emphasis on reduction of TDH was required compared to DUH.  
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• The highest Living room’s TDH was observed in the Savanna (Darwin) where the TDH 

was 48% higher than the average Living room’s TDH among all selected locations. In 

Oceanic climates (Melbourne and Hobart), the TDHs of the Rumpus and Study rooms 

were up to 29% greater than the corresponding average TDH among all selected 

locations. The TDH of Study and Rumpus rooms were more dominant during the 

heating season in all climate zones except Savanna (Darwin) where the TDH was 

associated with overheating during cooling seasons. This is likely to be related to the 

assumed winter setpoint (18 ̊C) which may be considered low. Overheating in the 

Living room, which has large north-facing windows, was more frequent. This means 

the level of thermal comfort varies among different spaces in the building. Although 

the level of DUH decreases with increase in latitude (increased distance from the 

equator), the locations with greater distance from standard meridian were found to 

have greater DUH despite being closer to the equator. 

Objective 2 focuses on undertaking SAs to discover the more influential envelope 

parameters on annual heating and cooling loads as well as TDH and DUH. This objective 

addresses the knowledge gap related to the lack of sufficient quantitative analysis of how 

prefabricated envelope solutions can affect the building’s energy consumption and IEQ 

performance. Also, this objective answers to the knowledge gap related to lack of 

systematic decision support through obtaining the levels and signs of sensitivities for 

various climate zones. The inputs were the parameters related to exterior walls, roof, floor 

as well as windows’ size, glazing and shading factor in each direction. The analyses were 

carried out by using jEPlus for parametric runs and SimLab for SAs. The findings of the 

Objective 2 were discussed in detail during Chapter 3 of this thesis. A summary of the 

findings is presented in the following section:  

• The SA which followed the baseline performance evaluation revealed the more 

influential envelope parameters in respect to the heating and cooling load, TDH 

and DUH. Those parameters which found sensitive were selected to be used as 

optimisation inputs while the non-sensitive parameters were considered as fixed 

inputs for optimisation. 

• The sensitivity analysis revealed the important focus areas in various climatic 

conditions. Window glazing and shading were found among the most influential 

parameters in respect to all targeted outputs. Some parameters show a relationship 

between their sensitivity levels to heating and cooling load and their 

corresponding degree days in various climates. These trends indicate that the type 
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of window has a higher impact on the reduction of cooling load in the cooling 

dominated climates while insulation of wall was found a more effective strategy in 

heating-dominated climates. 

• The analysis on the SA results lead to the identification of relationships between 

their sensitivity levels to heating and cooling load and their corresponding degree 

days in various climates. This finding can be incorporated in the development of 

approaches related to the important focus areas which could apply in general. 

Although the sensitivity levels of heating and cooling loads showed some patterns 

depending on heating degree days (HDD) and cooling degree days (CDD), no 

specific relationship was found between HDD, CDD and sensitivities to TDH. This, 

together with the sensitivities of certain parameters on two or more output targets 

in opposite, necessitated the conduction of MOOs for individual climates. 

• The rationale behind baseline performance, the sensitivities of certain input 

variables and the trends of sensitivity against degree days as outlined in the 

discussion, can lead to a more in-depth understanding of buildings’ behaviour 

under various climatic conditions and their corresponding design responses. This 

insight on the underlying functions and the design responses can be incorporated 

during early design stages by practitioners across ranges of projects. 

5.4. Main findings of Chapter 4  

Chapter 4 of this thesis discusses the methods and finding of Objective 3 and Objective 4. 

responding to Research Question #3. Objective 3 focuses on developing a component and 

specifications’ library. This objective answers to the knowledge gap related to the lack of an 

established specification’s library which includes the parameters related to IEQ. Another 

knowledge gap covered by this objective is the lack of previous practices which use a diverse 

range of prefabricated components as inputs for optimisation. The purpose of the 

prefabricated component’s library is to provide components and their specifications as blocks 

of information to be used in optimisation inputs.  

The method for acquiring the data was a comprehensive search on the commercially available 

materials and components for residential buildings in Australia. After listing the available 

components, their specifications such as material, thickness, density, thermal conductivity, 

heat capacity, TVOC emission rate and costs were acquired. The component categories 

covered in the dataset were wall, roof and floor components as well as glazing. The summary 
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of the contents may be found in Table F.1 of Appendix F and the details may be found in the 

dataset. The findings of Objective 3 are summarised in this section: 

• The dataset developed as optimisation input was a successful result of an attempt to

gather the data related to energy and IEQ simulations in a single library. Also, the idea

of using components rather than parameters as inputs for optimisation was

successfully implemented through the component library. This library has been

designed to be expandable with time. The data can easily be customised and updated

to serve the purpose of various design practices. New material types and specification

categories can be added, and the cost of materials can be updated.

MOOs of the selected prefabricated house were carried out as the main activity in Objective 4. 

This objective addresses the knowledge gap associated with a lack of systematic design 

methods and decision support in early design stages for various climate zones. The 

optimisation practice used the findings of Objective 1, Objective 2, and Objective 3. The 

baseline performance from Objective 1 was used as a reference point to measure the 

improvements achieved. The findings of the Objective 2 were used to identify the input 

variables in the optimisation. Finally, the findings of the Objective 3 were used as input library 

for optimisation. The objective functions of the optimisation are LCC, TDH and DUH while 

the wall and roof insulation, sound reduction index and TVOC emission rate were used as 

constraints. The LCC in this study represents the initial costs of the variable components and 

the net present value of the energy costs needed for space heating and cooling using reverse 

cycle heat pump as air conditioning units in the conditioned spaces. The tool selected is 

jEPlus+EA which used NSGA-II algorithm. The findings were discussed exclusively throughout 

Chapter 4. A summary of the findings is provided as follow:  

• The Pareto solutions provide ranges of options with various corresponding

performance parameters. The decision-makers can select a solution set, based on their

preference on the importance level of each performance parameter. In general, the

obtained optimal solutions achieved significant improvements in IEQ while reducing

the LCC. This indicated that by conducting MOO in early design stages of

prefabricated residential buildings LCC and IEQ could be improved.

• Identification of the compromised solutions revealed that greater compromises were

made by LCC compared to TDH. The percentage of compromise as the result of trade-

offs were around 3-5 % for TDH in seven out of eight climates. The percentages of

compromise for LCC were 2-5% in Savanna (Darwin), Humid Subtropical (Brisbane),

Oceanic (Hobart), and Cold Semi-arid (Mildura). Bigger trade-offs were made on LCC



133 

for Hot Desert (Alice Springs), Humid Subtropical (Sydney), Hot Summer 

Mediterranean (Perth) and Oceanic (Melbourne) with the compromised percentages 

of 6%, 7%, 8% and 11% respectively. 

• Most of the optimal solution sets obtained had acceptable performance in terms of

sound insulation and TVOC emissions. Some optimal solutions in Savanna (Darwin)

and Cold Semi-arid (Mildura) climates did not meet the sound insulation

requirements, for which an additional lining layer was recommended.

• By investigating the optimal input parameters, some generalised design

recommendations could be made for each climate zone. The optimal solutions for

insulation of walls and roofs were identified. Also, the wall lining materials which were

found frequently among the optimal solutions were identified. It was found that the

materials such as fibreboard with lower density, but higher heat capacity can result in

optimal thermal performance similar to heavy-weight materials such as brick. Based

on the evaluation of sound insulation, some recommendations were made on the use

of certain lightweight lining materials to achieve acceptable sound insulation of

exterior walls. In terms of optimal shading, the fact that minimum shading factor,

especially on north-facing windows, were found to be optimal in seven locations raised

the point that this situation was likely to be related to minimisation of DUH.

Therefore, further investigation on the optimal shading factor targeting only TDH and

LCC can be beneficial. Most solutions used double glazed windows with various

properties. Though, the single glazing was optimal in some solutions due to lower

initial cost. It was concluded that, considering initial costs and operation costs as two

separate output variables could provide more accurate information on the trade-offs

between those performance parameters.

5.5. Generalisation of the findings and conclusions 

The trends of relationships between sensitivity levels to heating and cooling load and their 

corresponding degree days in various climates identified the important focus areas which can 

be applied in general. Further, by identifying optimal combinations of most influential input 

components minimising LCC, TDH and DUH of the selected building, the optimisation results 

were able to provide insight and guidance on the effective envelope design solutions in various 

climates. The general recommendations made, provided useful insights to support the design 

decisions and achieve solutions that can minimise LCC while creating satisfactory indoor 

environment. The developed framework for the building optimisation in early stages can be 
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used by designers and building performance simulation practitioners across any types of 

buildings. The input variables and performance parameters can be customised depending on 

the preferences of the projects. Finally, the framework and results of this study can be 

incorporated into future building standards and guidelines.  

Further, the developed component library can be useful for building designers and 

practitioners in the field of building performance evaluation, multi-criteria analysis and MOO. 

The designers can use this dataset in design, modelling and simulation practices to make 

informed decisions in early design stages. By further modification of data, they can also be 

used by common modelling tools for building information modelling (BIM) practices. By 

converting the data into a common data format such as industry foundation classes (IFC), the 

data can be integrated within BIM process.  

5.6. The limitations of the study and pathways for future research 

The limitations of this study and opportunities for further investigations are provided in this 

section.  

This study focuses on eight various climate zones in Australia. The locations were selected 

based on the population, latitude and the climatic conditions. Although the selected locations 

provide a good representation of the Australian climate zones, it is also important to expand 

the study to other climate conditions/latitudes to provide more comprehensive 

recommendations. 

This study was carried out on a single-family prefabricated residential building. The changes 

in the buildings’ spatial design and geometry can affect their performances. Therefore, it is 

important to investigate how the variations of building shape, size and orientation affect the 

optimal envelope solutions. Also, the outdoor air change rate was considered as a fixed 

parameter in this study. The rate of air entering from outdoors has a significant impact on 

energy and IEQ performance of the buildings. Therefore, it is recommended to introduce 

infiltration and ventilation rates as optimisation variables in future studies.  

The effects of materials’ optical properties on the daylighting performance has not been 

investigated. It is recommended to include this factor in further analyses to achieve more 

realistic DUH outcomes. 

The focus of this study was on the new prefabricated residential buildings. Since the new 

buildings generally are constructed with good airtightness and insulation, they represent 

better energy performance in general. Given that the current housing stock in Australia 
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requires energy and IEQ retrofits, it would be valuable to expand this investigation to seek 

optimal prefabricated solutions for housing retrofits. 

The lightweight characteristic of prefabricated components reduces the thermal mass effect 

leading to higher temperature fluctuations and reduced thermal comfort compared to heavy-

weight traditional buildings. Exploration of the use of phase change materials as a potential 

effective solution in prefabricated buildings is recommended for future research.  

In this investigation, the selected outputs for the optimisation were LCC, annual TDH and 

annual DUH. Due to the limitations of the scope, limited number of outputs related to IEQ 

and LCC could be considered. For instance, the variations in TDH reductions throughout the 

year if investigated, could lead to a better understanding of the effects of the envelope in 

summer and winter TDH. Similarly, the separate consideration of heating and cooling energy 

costs would result in a more comprehensive understanding of the optimisation process. The 

comparison of variations in initial costs versus operational cost could also be beneficial for the 

investigation. Therefore, a more detailed optimisation study with the increased number of 

output parameters is recommended for future studies.  

The findings from this investigation reveals the significant impact of window size, window 

glazing, and shading on the energy and comfort performance parameters. Therefore, further 

in-depth investigation of those parameters independent from other envelope variables can 

provide better insight on their effects on the targeted performance outputs as well as optimal 

design solutions to achieve minimisation of discomfort and LCC.  

In this investigation, the constraint related to the auditory comfort could not be integrated 

within the optimisation process and had to be handled separately through a time-consuming 

process before and after optimisation. An avenue for future studies could be the integration of 

sound insulation prediction within the building performance optimisation process. 

The library for the prefabricated components can be expanded and modified further to 

represent more diverse ranges of products and specifications. The modifications of the data to 

common data formats such as IFC can help with utilisation of the developed dataset through 

commonly used BIM tools. Finally, the framework used for optimisation, can be further 

developed into an online tool to allow industry practitioners to access the model and generate 

results for specific locations. 
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Abstract: Prefabrication of houses is a growing industry in Australia. Although prefabrication does not negatively 
affect the building quality, the potential to provide acceptable indoor environment quality with high energy efficiency is 
still a topic of argument. Effective passive design strategies are necessary to achieve low-energy buildings with 
satisfactory indoor environment quality. The building envelope parameters such as materials, openings and shadings 
highly affect the heat transfer, air exchange and light transmission between outside and indoor environment. Shading, 
one of the passive envelope design strategies, can reduce cooling energy while improving the indoor thermal comfort. 
However, the effects on daylighting and thermal performance depend on the climate conditions, and the size, location 
and orientation of the shading device. The performance benchmarks of prefabricated houses have not been well 
documented in the literature. The aim of this paper is to investigate the effects of shading design options on thermal and 
daylighting performance of a typical modular house in Melbourne. EnergyPlus and Radiant simulation engines have 
been employed in this study. By quantifying the performance, the appropriate shading design for the typical modular 
house in Melbourne could be identified. 

Keywords: Envelope design, Shading, Thermal performance, Daylighting, Prefabrication 

1. Introduction

With the growing population and uncoordinated 
developments of the cities, sustainability and 
liveability of built environment have become a 
critical focus area in most countries. More and 
more sectors throughout the world became eager to 
modify their process to prioritise considerations for 
reducing GHG emissions and increasing energy 
efficiency. Buildings are responsible for a large 
amount of energy consumption (about 40% of 
world’s total energy consumption) and GHG 
emissions [1]. 

For instance in Europe, buildings account for 40% 
of the energy consumption and 36% of the GHG 
emissions [2]. Energy consumption of residential 
and commercial buildings in the US was about 
27% of total consumption in 2016, while 
residential buildings were responsible of 6.7% [3]. 
In Australia 14% of total energy consumption is 
associated with commercial and residential 
buildings, residential buildings are responsible for 
7.7% [4]. 

People spend most of their times indoors. 
Therefore, the comfort levels and satisfaction of 
indoor environment can easily affect the quality of 
their daily life. Indoor environmental quality (IEQ) 
is referred to as the factors that satisfy the 

occupants’ comfort levels and does not increase the 
risk or severity of discomfort or illness [5]. Factors 
influencing IEQ are: thermal comfort, visual 
comfort, acoustic comfort, hygienic comfort and 
olfactory comfort [6]. Studies investigating the 
importance of IEQ parameters showed that 
occupants thermal comfort and indoor air quality 
are on the top of the importance list [7], [8]. 

Considering the necessity of affordable, liveable, 
resilient and sustainable housing, prefabrication 
offers benefits to construction industry with 
reductions in time, cost and waste. Furthermore, 
due to standardisation of materials and quality 
control, prefabricated houses are claimed to have 
better overall quality and environmental 
performance. Modular construction is one of the 
most advanced off-site manufacturing methods 
which complete up to 70% of construction in the 
factory. The pre manufactured modules are 
transported to the construction site [9]. 

Although prefabrication and off-site manufacturing 
does not negatively affect the building quality, the 
potential to provide acceptable indoor environment 
quality with high energy efficiency is still a topic 
of argument. Considering that up to 70% of 
buildings’ energy consumption is associated with 
the operational phase [10], It is important to reduce 
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the operational energy of the buildings by 
improving thermal performance of the buildings. 

Thermal comfort is defined as the situation of body 
in which the occupant will not desire neither 
warmer nor cooler environment [11]. Sunlight 
affects the buildings in terms of thermal and visual 
comfort. Solar radiation can enter through the 
glazed spaces of the building providing 
illumination, while being absorbed by interior 
surfaces of the building causing a heating effect. It 
can also be absorbed by exterior surfaces of the 
building, which will be partly conducted to the 
indoor air [11], [12]. Factors such as window type, 
size and orientation, building envelope, and 
shading can affect the amount of heat and 
illumination inside the buildings due to the solar 
radiation outside [12]. 

Although The effects of passive strategies and 
solar design of thermal and visual comfort has 
been investigated by several researchers (Goia 
2016; Okba 2005; Sadineni et al. 2011; Wu et al. 
2016), the thermal and visual comfort levels in 
prefabricated/modular houses have not been well 
documented in the literature. It is necessary to 
investigate the current baseline performance of 
these houses. By doing so the new future houses to 
be constructed can be better. 

Using shading devices is one of the strategies to 
optimise the amount of solar heat gain in the 
buildings. Depending on the building location and 
window orientation various types of shading 
devices can be applied to prevent the excessive 
heat gain and reduce the cooling load in summer 
and harvest the solar energy in winter. Vertical, 
horizontal and egg-crate type devices are the most 
prevalent shading orientations [12]. 

This paper investigates the effects of shading 
devices on the cooling and heating loads and 
daylighting performance of a typical modular 
house in Melbourne, Australia. This is a part of 
baseline thermal performance evaluation of 
prefabricated modular houses. The materials and 
systems investigated in this paper are available in 
the Australian market. Building energy simulation 
and daylighting analysis has been carried out on 
the building with different shading options. 
2. Methods

2.1. Base building 
The building which is used in simulations is a 
single story modular house called “Nano-flat”. 
This typical house is an example of prevalent 

modular houses currently available in Australia. 
The house has two bedrooms, two bathrooms and a 
living room, with a total floor area of 52 m2 
(Figure 1). The detailed specifications of the 
building components and the properties of 
materials are presented in Table 1. 

Figure1: Floor plan of nano-flat house 

2.2. Simulation Engines 
The thermal performance predictions of the typical 
house selected was carried out using EnergyPlus 
8.6.0 simulation engine. The 3D models of the 
buildings were generated using “OpenStudio” 
Sketchup plug-in. OpenStudio also uses Radiance, 
advanced daylight analysis software. All required 
inputs and features of the house were defined in 
OpenStudio. Additional features such as 
illuminance map and daylighting controls were 
added to the model to investigate the daylighting 
performance. In this study the main aim of 
simulations is to investigate thermal and 
daylighting performances with special focus on the 
shading designs which may be implemented. In 
this respect, all other parameters that affecting the 
cooling and heating loads, and daylighting are 
considered fixed. They include location, window 
orientations, building envelope and thermostat 
settings. Furthermore, for the same purpose, no 
internal heat loads related to occupancy and 
equipment inside the building were considered in 
the model. It should be noted that the heating and 
cooling loads of the buildings can differ because of 
the usage and schedule and internal heat gains. 
However, since in this study only the changes in 
heating/cooling loads depended on shading options 
is being investigated; this fact does not affect the 
results. 

EnergyPlus website provides weather data for 
Melbourne which is based on a representative 
metrological year (RMY) developed by “Australia 
Greenhouse Office” [17]. To acquire the data set 
suitable for prediction of long term thermal 
performance “Meteonorm” software tool was 
applied. It provides worldwide weather data in 
various formats based on the observations from 
8325 weather stations all around the world [18]. 
Data source used by this software is World 
Meteorological Organization (WMO). 
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Table 1: The properties of selected materials of each 
components of the building 
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*Fibercement 10 0.25 1360 1000 
*FAUX Timber 10 0.15 608 1630 
OSB board 20 0.13 640 840 
Insulation 90 0.043 91 837 
OSB board 20 0.13 640 840 
Plasterboard 10 0.19 1300 840 

In
te

rio
r 

W
al

l Plasterboard 10 0.19 1300 840 
Air space  90 - - - 
Plasterboard 10 0.19 1300 840 

Fl
oo

r 

Lightweight 
concrete 70 0.53 1280 840 

Air space  150 - - - 
OSB Board 20 0.13 640 840 
Insulation 170 0.049 265 836 
OSB board 20 0.13 640 840 
**Ceramic tiles 15 1.3 2300 840 
**Carpet  15 0.06 288 1380 
**Wood 15 0.15 608 1630 

R
oo

f Stainless steel 1.5 45 7680 418 
EPS insulation 200 0.038 15 1130 
Stainless steel 1.5 45 7680 418 

D
oo

r 

Wood 25 0.15 608 1630 

*Two different materials are used in building Façade finishing. On
some surfaces, FAUX Timber cladding is used while other surfaces
use fibre cement cladding.
**For bathroom ceramic tiles, for living room timber flooring and for
bedrooms carpet flooring are used. 

For all simulations ‘Ideal Air Load’ option was 
selected in EnergyPlus. The conditioned zones are 
the living room, the two bedrooms. According to 
[19] the heating degree days are highest during the
period from 1 May to 31 October; whist the
cooling degree days are higher from 1 December to
28 February. In this study, these durations were set
as heating and cooling seasons. The space 
conditioning system was assumed to be switch off
during other seasons. The thermostat set point for
heating was 21°C during daytime (6 am – 10 pm)
and the nighttime (10 pm – 6 am) the setback was
18°C. The thermostat set point for cooling was
24°C. The assumed air infiltration rate was 1 ACH.
The windows are 3 mm thick single glazing having
U-factor of 6.24 W m-2K-1 and solar heat gain
coefficient (SHGC) of 0.252.

2.3. Investigated Shading Design Options 
External shading devices are known as the most 
efficient solar controls. These devices can be 
defined according to the position of the sun relative 

to the building face. Solar geometry is used to 
determine the optimum shading size and 
orientation. The building location plays a crucial 
role when it comes to the solar control. The solar 
altitude angle (γ) and solar azimuth angle (α) as 
well as vertical shadow angle (ε) changes 
depending on the latitude and the orientation of the 
shading device throughout the year (Figure 2a). 

Fixed shading devices reduce the amount of solar 
radiation entering the building. Thus, they can 
increase the heating load during winter. However, 
since the position of the sun relative to the window 
changes throughout the year, it is possible to adjust 
the dimensions and shape of the shading device to 
provide shadow during summer while letting the 
sun in during winter (Figure 2b). Adjustable 
shading devices are other possible options which is 
more expensive but more effective since they 
provide the variable dimensions.  

Sun path diagrams are designed to determine solar 
angles to control or design the effective shading 
devices. The Climate Consultant 6.0 software tool 
is a user-friendly tool that facilitates the design of 
shading devices by providing sun-path diagrams 
[20]. It also enables the users to visualise the 
effects of vertical shadow angle and to identify the 
optimum shading size. In this study, Climate 
Consultant was used to determine the dimension of 
horizontal devices on the north facing windows. 
This software displays hot, cold and comfortable 
hours during the whole year on the sun-path 
diagrams. The comfort levels selected in this 
software are according to ASHRAE Standard 55. 

The first step in sizing the shading devices is to 
determine the shading type. Nano-flat house has 
windows only on northern and southern walls. 
Considering the latitude of Melbourne, horizontal 
shading devices are required only on northern 
windows. The horizontal shading size depends on 
the vertical shadow angle, ε (see Figure 2a) and the 
window height. By using Climate Consultant tool, 
the vertical shadow angle was adjusted to cover the 
specified hot days of the year during the summer. 
After acquiring the angle and having the window 
height the width of shading device can be 
determined. The glass door (height = 2 m) and 
three windows (height = 1.9 m) on the northern 
wall were considered in shading analysis. 
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Figure2: (a) Important angles in determining the shading 
devices, (b) Summer/winter shading [12] 

The shading options investigated in this study are 
for various vertical shadow angles (ε). By choosing 
the vertical shadow angle of 67° most of the hot 
days during December and January, the windows 
would be shaded. Another option suggested by 
Climate Consultant is the vertical shadow angle of 
63° which covers most summer days but also 
provides shading during November. In this study, 
rather than these options, other ε angles have been 
selected to be investigated. the vertical shadow 
angle ε angles equal to  80, 70, 60 and 50 degrees 
were taken to calculate the width of alternative 
shading devices. In order to investigate the effect 
of shading on thermal and daylighting performance 
of the Nano-flat building, all options have been 
modelled and simulated by using EnergyPlus and 
Radiance simulation engines. Furthermore, in order 
to carry out a valid comparison a base building 
without applied shading has been modelled. Figure 
3 shows an example of the modelled building with 
shading devices. The window shape and sizes are 
visible in the figure. Table 2 shows the width of 
shading corresponding with each vertical shadow 
length.   

Table 2: The width of shading corresponding with each 
vertical shadow length. 

Vertical shadow angle, ε 
(Degree) 

Width of shading device 
(m) 

90 0 
80 0.33 
70 0.7 
67 0.81 
63 0.97 
60 1.09 
50 1.59 

Figure 3: The modelled building with shading 
devices. 

3. Results and Discussion

The results of simulations including thermal 
performance and daylighting performance are 
presented in this section. 

3.1 Thermal Performance 
Figure 4 and 5 show the changes in annual cooling 
and heating load respectively, for different shading 
options. Vertical shadow angle indicates the width 
of the shading device according to Table 3. 
Cooling load decreases with a decrease in the 
vertical shadow angle (increasing shading size, see 
Figure 4). The cooling load diagram reaches 
minimum when the ε is 67 degrees and it remains 
relatively constant by further reduction of the 
angle. As we discussed formerly by choosing 67 
degrees the shading provides shadow in the interior 
spaces of the building during hot days of 
December and January which are counted as the 
hottest months in Melbourne. Providing shading 
with 67°, the cooling load decreases by 12.5% 
compared to the base building without shading.  

Figure 4: Annual cooling load 

It can be seen from Figure 5 that the annual heating 
load consistently increases by a fall in vertical 
shadow angle. This reduction of the heating load is 
a result of addition of shadow during winter time. 
Although the rate of increase in heating load is 
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slower than the rate of decrease in cooling load, 
(by providing shading with 67°, the heating load 
increases by 3.67% compared to base building 
while the reduction rate of cooling load is 12.5%), 
since for the climate of Melbourne the annual 
amount of heating load is significantly higher than 
cooling load, the total annual energy increases by 
providing any type of shading on the building. 
Figure 6 shows the trend of changes in annual total 
heating and cooling energy.  

Figure 5: Annual heating load 

Figure 6 shows the annual electricity consumption 
for heating and cooling of investigated shading 
options. For calculating energy, the peak power for 
both heating and cooling were extracted from the 
results. By using Australian energy star rated 
equipment list for heating and cooling. The 
equipment with sufficient capacity for peak 
demand was selected and its coefficient of 
performance (COP) was calculated by using the 
specified configurations [21]. It is evident from 
Figure 6 that the energy input for heating is 
significantly higher than that of cooling.  

Figure 6: Annual electricity consumption 

3.2 Daylighting performance 
The results of daylighting analysis are presented in 
this section. The hourly illuminance maps of the 
building for the whole year are available in the 
result file. However in this paper only the summer 

and winter design day performance will be 
presented. The summer design day has been 
defined as February 21st while winter design day is 
July 21st.  By considering standard illuminance 
requirements, living rooms should have general 
lighting of 30-75 lux, while 150-300 lux id 
required for recreation purpose. For reading 
purpose this number is 300-750 lux (JIS Z 
9110:2010). Australian standards require 
maintained illuminance 0f 160 for dining rooms 
and sitting areas while for moderately difficult task 
such as reading they require 400 lux illuminance 
(1680.1:2008; AS/NZS 1680.2.1:2008). Figure 8 
shows the illuminance map of living room at 9:00 
AM on July 21st while Figure 9 shows the 
daylighting performance in the living room at 8:00 
AM on February 21st.  

The colours shown on the illuminance map 
represent the illuminance levels of the space. The 
colour range can vary depended on the maximum 
and minimum illuminance level in the spaces. Red 
colour shows the maximum illuminance while the 
blue colour represents minimum illuminance. The 
maximum and minimum levels of each map are 
mentioned on the top of the map in Figure 7 and 8.  
As it is obvious form figure 8 the illuminance of 
the living room space ranges from 50 to 500 lux in 
the building without shade (ε=90). The maximum 
level of illuminance reduces to 350 for the building 
with ε=67 while it reaches 300 for the building 
with ε=50. 

The blue areas in the middle of the illuminance 
maps illustrate the illuminances around 100 lux in 
ε=50, 60 while the illuminance in the middle of the 
building increase to 130 lux in the building with 
ε=67. The illuminance at the same spot for the 
building with no shade is 170 lux. The green areas 
are in the illuminance range of 200-250 in the 
buildings with shade and 300 in the building 
without shade. The dark areas in the corner 
indicate illuminance of 50 lux or less.  

It can be drawn from figure 9 that the illuminance 
range of the living room space changes from 200 to 
1000 at 8:00 AM in a summer day for all the 
options. Most spaces of the building except the 
area near the windows are blue color which 
indicates the illuminance between 200 and 300. 
The dark areas in the corner have the illuminance 
around 100. The areas near the window which is in 
green color show the illuminance of 400-500.  

Vertical shadow angle =50 Vertical shadow angle =60 
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Illuminance: 50-300 lux Illuminance: 50-350 lux 

Vertical shadow angle =63 
 Illuminance: 50-350 lux 

Vertical shadow angle =67 
 Illuminance: 50-350 lux 

Vertical shadow angle =70 
Illuminance: 50-400 lux 

Vertical shadow angle =80 
 Illuminance: 50-450 lux 

Vertical shadow angle =90 
Illuminance: 50-500 lux 

Location: Livingroom 
Date: 21 July 
Time: 9:00 AM 

Figure 7: Illuminance map of living room for 
different shading options at 9:00 AM on July 21st. 

Figures 9 and 10 show the hourly illuminance in 
centre of living room throughout a day, during 
summer and winter design day respectively, for 
three shading options. The options are selected to 
represent no shade (ε=90), maximum shade (ε=50) 
and optimal shade (ε=67). It is obvious from figure 
10 and 11 that the optimal shading device provides 
sufficient lighting in the living room in winter 
while moderating the excessive illuminance during 
the summer. 

Vertical shadow angle =50 
Illuminance: 100-1000 lux 

Vertical shadow angle =60 
Illuminance: 100-1000 lux 

Vertical shadow angle =63 
Illuminance: 100-1000 lux 

Vertical shadow angle =67 
Illuminance: 100-1000 lux 

Vertical shadow angle =70  
Illuminance: 100-1000 lux 

Vertical shadow angle =80 
Illuminance: 100-1000 lux 

Vertical shadow angle =90  
Illuminance: 100-1000 lux 

Location: Livingroom 
Date: 21 February 
Time: 8:00 AM 

Figure 8: Illuminance map of living room for 
different shading options at 8:00 AM on February 

21st. 

Figure10: Hourly illuminance in centre of living 
room throughout summer design day (February 

21st), for no shade (ε=90), maximum shade (ε=50) 
and optimal shade (ε=67). 
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Figure 11: Hourly illuminance in centre of living 
room throughout winter design day (July 21st), for 

no shade (ε=90), maximum shade (ε=50) and 
optimal shade (ε=67). 

3.3 Overall Evaluation and Conclusion 
In this paper the effects of shading design options 
of thermal and daylighting performance of a 
modular house has been investigated. The location 
of building is Melbourne-Australia which 
experiences long heating season and only three 
months of cooling season. The investigated 
building is a single family modular house with 
floor area of 53.95 m2. The building has a glass 
door and three 1.9 m high windows on the northern 
façade. This façade is the side where the building 
gets most solar radiation. Buildings with different 
shading sized has been modelled and simulated by 
using   computer simulation tools, to explore the 
effects of shading size on the building thermal and 
daylighting performance. 

The comparison of thermal performance and 
daylighting performance of the buildings with 
different shading width reveal that the addition of 
larger shading devices can negatively affect the 
daylighting and thermal performance of the 
buildings by reducing illuminance levels and 
increasing heating loads. In this respect the 
selection of optimal shading size is of great 
importance.   

In terms of thermal performance and energy 
efficiency, even though by adding shading devices 
the rate decrease in cooling load significantly 
(12.5%) is higher than the rate of increase in 
heating load (5.3%), due to significantly larger 
heating load for the climate of Melbourne, the total 
annual energy demand for heating and cooling of 
the building rises. By considering the cooling load 
results for the investigated options, the building 
with a shading size corresponding to ε=67 degrees, 
is the optimum size for shading since it causes 
maximum decrease in cooling load while 

increasing the heating load only by 3.67%. The 
increase in total heating and cooling load is 2% 
while the total energy input increases by 1.9% by 
with choosing this shading option. Considering the 
rates of energy in Australia this increase would be 
equivalent to AU$ 6.11 for one year.  

In terms of Daylighting performance, in overall the 
building receives sufficient daylighting due to the 
glass door and big windows on the north. However 
by choosing bigger shading sizes certain interior 
spaces of the building will lack sufficient required 
daylighting. For instance, I a winter day the central 
area of living room has illuminance of 500-700 lux 
in building without shade, while the same area has 
maximum illuminance of 200-300 lux for the 
building with a shading case of ε=50. This building 
will require additional artificial lighting for reading 
with ε=67 provide the illuminance purposes. In 
similar circumstances, the selected optimal shading 
option provides maximum illuminance of 400-600 
which is sufficient lighting for living room area.     
It can be concluded that addition of optimal 
shading can be useful for reducing cooling load 
and control the daylighting illuminances and glare 
during the summer while maintaining the building 
heating load and sufficient illuminance during the 
winter. The results show that, for Melbourne 
climate even though the heating load is 
significantly higher, the proper shading device can 
improve building performance without 
significantly affecting the heating load.  
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ABSTRACT  

Prefabricated modular construction is one of building solutions that has positive effects on construction time and 
waste management. In general, thermal performance of the building envelope is an important parameter which 
dictates the operational energy consumption. There are some prefabricated modular buildings available in Australia. 
However, their thermal performance benchmarks have not been well documented in the literature. Innovative panel 
systems have been proposed to improve the cost competitiveness and to achieve better performance. It is essential 
to know the current performance so that newer panels can be proven to be better. This paper investigates the 
thermal performance of four prefabricated modular buildings currently available in the Australian market. The 
buildings were selected to represent single-family houses with different floor areas. A building energy performance 
simulation tool was used to predict the cooling and heating loads of each building. The findings based on the 
simulations are presented in this paper. 

Keywords: modular buildings, thermal performance, heating and cooling, energy simulation

1. INTRODUCTION

Due to the increasing trend of energy usage and greenhouse gas (GHG) emissions, various sectors throughout 
the world give priority to reducing GHG emissions and increasing energy efficiency. Building sector accounts for 
almost one third of world’s total energy consumption while it is the source for intense GHG emissions as well. For 
instance in Europe, Buildings account for 40% of the energy consumption and 36% of the CO2 emissions. Energy 
consumption of the buildings in the US was about 40% of total energy consumption in 2012. Furthermore, in 2015 
around 20% of total energy consumption of Australia was associated with residential and commercial buildings. 

Modular buildings are the outcome of off-site manufacturing technology in which up to 70% of the construction is 
carried out in factory. They are factory constructed three dimensional units and transported to the building site. 
Prefabricated modular construction offers benefits in terms of construction time, cost and waste management. 
These benefits lead to reductions in materials and energy use and waste during onsite construction. Further 
benefits are improvement in environmental performance and building overall quality due to standardisation of 
methods and components. 

Previous researches show that up to 70% of buildings’ energy consumption is associated with the operational 
phase. The reduction of energy usage by applying engineered materials and appropriate designs are well 
documented in the literature. Several studies have been carried out focusing on the environmental performance of 
residential buildings considering different stages of building life ranging from whole life cycle environmental 
assessment to merely construction or operation. They have emphasised on various effective factors such as 
building design, physical properties, passive strategies and occupants. A few researches have been carried out 
focusing on life cycle costs of prefabricated and modular buildings using life cycle assessment (LCA) method. 
However, the thermal performance of the prefabricated modular residential buildings is not well documented in the 
literature. It is necessary to investigate the current baseline performance of these buildings in order to prepare a 
guideline to improve the new buildings to be constructed in future. 

This study investigates the thermal performance of four prefabricated modular buildings as a part of baseline 
performance evaluation of modular construction in Melbourne, Australia. The materials and systems investigated 
in this paper are applied in Australian modular construction industry. EnergyPlus was used to simulate the building 
and estimate the building cooling and heating loads. The main focus of this study is on the building size and 
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envelops design. The results of energy performance simulations for four sample buildings are presented in this 
paper. 

2. THERMAL PERFORMANCE EVALUATION

2.1 Sample buildings

Four floor plans (Wattle, Banksia, Territory and Outback) which are available in the Australian market were 
investigated. These sample buildings exemplify the typical residential plans constructed by modular construction 
method. The detailed building data were obtained from the website of a modular construction company in Australia. 
All selected modular buildings are single story residential buildings. The location considered was Melbourne, 
Australia. Figure 1 shows the floor plans of the selected buildings. The smallest building is Wattle constructed with 
only one module (12192 x 3000x 3100 mm at 17 t) and the largest building is Outback constructed of four modules. 
Banksia and Territory are constructed by using two and three modules respectively. 

2.2 Simulation method 

The 3D models of the buildings were generated using “OpenStudio” plugins in Sketchup environment. Afterwards 
all required features of the building were defined in OpenStudio. In this paper the main focus of simulations is to 
investigate thermal performances for different building sizes. In this respect, other factors that affect the energy 
consumption of buildings such as location, orientation, annual climate and environmental conditions are considered 
fixed for simulations. No internal heat loads related to occupancy and equipment were considered. The materials 
used in building construction, their thicknesses and properties are presented in Table 1. 

Figure 1: Floor plans of the four sample buildings 

EnergyPlus website provides weather data for different locations based on various data resources. The provided 
data relevant to the site for Victoria, Australia are based on RMY data source which is Australia representative 
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meteorological year climate files developed by “Australia Greenhouse Office”. In order to acquire representative 
long term data, the weather file was generated by using “Meteonorm”. Meteonorm is a Swiss made software 
providing worldwide weather data in various export formats. Data source used by this software is “world 
meteorological organization” (WMO) which is providing accurate scientific weather information. 

For all buildings ‘Ideal Air Load’ option was selected in EnergyPlus. The schedules for heating and cooling were 
defined according to local seasons. According to Lhendup et al the heating season is from 1 May to 31 October; 
whist the cooling season is from 1 December to 28 February. During the remaining months the heating and cooling 
systems are not active. The thermostat set points for heating were 21°C during the day (6 am – 10 pm) and 18°C 
during the night (10 pm – 6 am). The thermostat set point was assigned as 24°C for the cooling season. Table 2 
shows the main features of the buildings defined in OpenStudio. 

Component Material Thickness 
mm 

Conductivity 
W m-1K-1 

Density 
kg m-3 

Specific heat 
J kg-1K-1 

Exterior Wall 

Steel wall panel 1.6 54 7800 450 
OSB board 25 0.13 640 840 
Insulation 90 0.043 91 837 
OSB board 25 0.13 640 840 
Plasterboard 10 0.19 1300 840 

Interior Wall 

Plasterboard 10 0.19 1300 840 
OSB board 25 0.13 640 840 
Air space 20 - - - 
OSB board 25 0.13 640 840 
Plasterboard 10 0.19 1300 840 

Floor 

Light wt concrete 100 0.53 1280 840 
Membrane 9 0.16 1121 1460 
Cement Mortar 15 1.60 2000 1000 
Vinyl covering 15 17 1390 900 

Roof 

Metal roofing 1.5 45 7680 418 
OSB board 25 0.13 640 840 
Insulation 17 0.049 265 836 
Roof membrane 9 0.16 1121 1460 
Gypsum  12 0.16 784 830 

Interior Door Wood 25 0.15 608 1630 

Exterior Door Metal Surface 0.8 45 7824 500 
Insulation board 25 0.03 43 1210 
Table1: The properties of selected materials for each components of the building 

Category Item Value 

Location, 
Melbourne, Australia 

Latitude [deg] 
Longitude [deg] 
Time Zone [h] 
Elevation above sea level [m] 
Site ground temperature [°C] 

-37.817
144.967
10
38
18

Window glazing U-Factor [W m-2 K-1]
Solar transmittance [-]

2.10 
0.237 

Thermostat settings Heating set point: 
Cooling set point: 

Day:21°C, Night:18°C 
24°C 

Space infiltration rate Flow per space floor area [ms-1] 0.0007 
Design ventilation rate Outdoor Air flow per floor area [ms-1] 0.0003 

Table 2: Main features of the buildings defined in OpenStudio 
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3. RESULTS AND DISCUSSION

3.1 Effect of building size

Building size can affect the total energy consumption and energy consumption per unit floor area. While the total 
cooling and heating loads tend to increase by growth of building size, the loads per floor area is expected to 
decrease. Table 3 shows the total floor area and floor area of conditioned spaces for four sample buildings. The 
conditioned spaces are living room, bedrooms and study rooms for which ‘Ideal Air Load’ option has been set in 
EnergyPlus. The unconditioned spaces include the bathrooms and storages. Table 3 shows that the ratio of 
conditioned spaces has been decreased as the total floor area increases. While 92% of the spaces in the Wattle 
building are conditioned, this percentage decreases to 85% in the Outback. 

Building Area (m2) Window to wall ratio (%) 
Floor Conditioned Walls Window North East South West Overall 

Wattle 40.2 36.9 85.21 11.75 3.74 27.88 3.64 78.38 14 
Banksia 68.4 61.8 104.12 6.91 9.26 5.04 5.61 5.04 7 
Territory 109.7 94.4 116.56 12.34 7.03 14.69 3.33 21.01 10 
Outback 135.7 114.8 148.20 18.34 30.55 4.84 11.33 5.15 12 

Table 3: Areas and window to wall ratios of the buildings investigated 

3.2 Effects of wall to window ratio and conditioned area 

The components and configurations of building envelope highly affect the energy consumption of the buildings. 
The location and size of the windows, the construction of exterior walls and roof, window and wall areas and the 
window-wall ratio are some of the envelope parameters that highly affect the amounts of heat gain in summer and 
heat loss in winter. An increase in window area especially on north façade can increase the cooling load during 
summer. Table 3 shows the window and wall areas as well as window to wall ratios on the exterior walls facing 
different directions for all simulated buildings. 

Banksia has smaller window area than Wattle which causes a dramatic fall in window to wall ratio of Banksia (see 
Table 3). Wattle has large windows and a big glass door on the east and west façade respectively. Regarding the 
fact that Wattle is the smallest building and therefore wall area is lower than other three buildings the high value of 
window to wall ratio can be justified. 

3.3 Cooling and heating loads 

The simulations of four sample buildings were carried out in order to evaluate the thermal performance. According 
to the results, the cooling load is considerably lower than heating load for all buildings. This is due to the climate 
conditions of Melbourne in which the heating season is longer and more heating load is required to fulfil indoor 
thermal comfort. The annual cooling load is maximum among all simulated buildings for Wattle being equal to 0.43 
GJ. This can be explained due to higher window to wall ratio and larger total surface area to volume ratio which 
can result in higher load per unit floor area. The annual cooling load per unit area for Bankisa, Territory and Outback 
are relatively close (0.18, 0.17, and 0.19 GJ respectively). The cooling load for Banksia is slightly higher than the 
one that of Territory. This can be explained by the fact that the window to wall ratio on north façade is higher for 
Banksia which caused more heat gain during the summer. The heating load increases with a rise in total building 
area. Since window area has less influence on heating load compared to cooling load, the heating load increased 
consistently from Wattle to Outback The values of annual heating loads are 13.08, 21.06, 26.09 and 33.25 GJ for 
Wattle, Banksia, Territory and Outback respectively. The maximum and minimum cooling loads occur during 
January and December respectively. The heating load is maximum in July and minimum in October. 

Figures 2a and 2b show the values per unit floor area for heating and cooling loads respectively. The heating 
energy per floor area decreases with the rise in the floor area. However, it increases slightly from “Territory” to 
“Outback”. This pattern verifies the fact that rather than floor area other factors such as building envelope design 
parameters can influence the energy consumption of the buildings. For instance, the addition of shading devices 
can significantly reduce the cooling load since it limits the amount of solar heat gain received from glazed areas. 
Similarly the glazing type and properties of glazing affect the heat transfer between indoor and outdoor 
environments and the heating and cooling loads accordingly [25]. Building orientation is another factor that affects 
the building energy consumption since the amount of solar heat gain can vary by changing the orientation. Other 

From the Conference Proceedings of World Sustainable Built Environment Conference 2017 Hong Kong - ISBN 978-988-77943-0-1    www.hkgbc.org.hk

149



World Sustainable Built Environment Conference 2017 Hong Kong 
Track 3: Advancing SBE Assessments 

865

factors such as occupation and compartmentalisation can affect the building loads. However, the occupancy was 
not considered in this paper. Also compartmentalisation is expected to have small impact on the loads of the 
sample buildings investigated in this paper. Cooling load per unit floor area decreases consistently with increasing 
floor area (Figure 2b). To justify the change in heating load per unit floor area the trend of increase in floor area as 
well as window to wall ratio should be considered. 

The sharp change in the cooling load between Wattle and Banksia can be explained by considering the high 
amount of total cooling load for Wattle. Since the total cooling load of other three buildings were of close values, 
the consistent reduction of the cooling load per floor area from Banksia to Outback is reasonable. 

Figure 3 shows the annual electricity consumption per floor area for the sample buildings. These values have been 
calculate according to peak demand of each building and by selecting appropriate equipment with adequate 
capacity from Australian energy star rated equipment list. Table 4 provides the capacities, cooling and heating 
coefficient of performances (COPs) of the heat pumps selected. It is apparent from Figure 3 that the electricity 
consumption per floor area decreased consistently from Wattle to Territory, but increased from Territory to Outback. 
The increase in the electricity consumption for Outback is due to the lower COPs of the heat pump available and 
selected to meet the higher peak loads (see Table 4). 

Building Heat pump model Heating (kW) Heating COP Cooling (kW) Cooling COP 
Wattle Daikin FFQ25C2 / RXS25K3 3.2 4.00 2.5 4.46 
Banksia Daikin FTXM50P / RXM50P 6.0 4.23 5.0 4.24 
Territory Daikin FTXM60P / RXM60P 7.0 4.07 6.0 3.87 
Outback Daikin FTXS71L / RXS71L 8.0 3.67 7.1 3.41 

Table 4: Capacities and COPs of heat pump selected 

(a) (b) 
Figure 2: (a) Heating and (b) Cooling load per unit floor area for all simulated buildings 

Figure 3: Annual electricity consumption 
4. CONCLUSION
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In this paper energy performance simulations of four prefabricated modular houses have been carried out using 
EnergyPlus interface with OpenStudio. The buildings have been selected from a supplier available on the market. 
The number of selected sample buildings was limited to four which are representatives of single family residential 
houses with different floor areas. A larger number of sample buildings that could provide better opportunity for 
more expanded results and discussion is to be considered in future works. Except building envelope parameters 
and floor area all other effective factors have been remained constant throughout the simulations. The heating and 
cooling seasons for Melbourne have been defined according to literature and applied in the simulations. 

The results reveal that heating and cooling load of the buildings highly depend on both floor area and window to 
wall ratio. While the energy required for heating showed increase in buildings with larger floor area, the cooling 
load followed a different pattern that indicated the impact of envelope parameters. Results showed that for 
Melbourne climate the heating load is significantly larger than cooling load. The monthly results show that the 
highest heating load occurs in July for all buildings. The highest cooling energy is consumed during January for all 
buildings. The heating and cooling energy per floor area show a decreasing trend with increase of floor area. 
Results also indicate that window to wall ratio has higher impact on cooling load compared to heating load. 
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Abstract: The ever-increasing attention towards implementation of environmentally sustainable 
building design approaches necessitates the prediction of indoor environmental quality (IEQ) 
during design stage. Building performance simulation tools are able to predict key performance 
indices of buildings including IEQ. Among different aspects of IEQ, thermal comfort has been 
reported as one of the important aspects for occupants. It is necessary to understand the effects 
of design parameters on the performance of building in order to provide acceptable thermal 
comfort levels. However, due to the possibility of various design strategies, the selection of the 
most appropriate combination is a challenging task. Thus, the determination of effective 
parameters is of great importance in order to streamline the design process. The design 
parameters related to building envelope are among the most important items that have major 
influence on building thermal performance. Although prefabrication offers several benefits in 
terms of saving on-site time, saving money and better waste management, it affects envelope 
thermal performance due to introduction of lightweight components. While there is a body of 
research reporting the effects of passive strategies on building thermal performance, the influence 
of lightweight prefabricated envelope components is not well-documented in the current literature. 
This paper aims to perform a sensitivity analysis (SA) to identify the relative importance of major 
building envelope design parameters affecting thermal comfort of a prefabricated house in 
Melbourne, Australia. The envelope parameters investigated are: infiltration rate, solar heat gain 
coefficients and sizes of windows, and thermal resistance of insulation for exterior walls, floor and 
roof. The ranges of these parameters are based on the building components particularly used by 
prefabrication building industry in Australia. A typical three-bedroom prefabricated house in 
Melbourne was considered and the results of the SA are presented. 

Keywords: Prefabrication, Building Envelope, Thermal Comfort, Energy Efficiency
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1 Introduction 
Prefabrication offers benefits to the building construction industry by reducing on-site
time, overall cost and on-site waste. Furthermore, due to new technologies and
automation of the processes, better quality houses can be delivered with prefabrication.
Modular building construction is a type of off-site manufacturing in which about 70% of
the construction is carried out off-site. Modules are factory-produced 3D (volumetric) or
2D (flat pack) preassembled building components which are transported to the site for
installation. Although prefabrication is a growing industry in most developed countries,
the performance of prefabricated components in terms of energy efficiency and indoor
environmental quality is not well-documented in the current literature. Due to the
lightweight nature of prefabricated components, the overall thermal performance of the
building can be significantly affected. Therefore, it is important to investigate the effects
of envelope design parameters on the energy use and indoor environmental quality
(IEQ) in prefabricated buildings.

Previous studies showed that passive building design strategies such as envelope,
geometry, and airtightness have significant effects on energy consumption (Chen, Yang
& Zhang 2015) and thermal comfort. Ortiz et al. (2016) found reduction in hours outside
the comfort zone during cold season by improving external insulation of walls and roof
and changing the window type. They concluded that addition of internal insulation
increases the hours above thermal comfort range during summer. Also, the type and
size of glazing have significant impacts on building energy consumption and indoor
thermal comfort (Yildiz et al. 2012).

Building performance simulation plays an important role during the design stage to
achieve higher indoor air quality, more comfortable and more energy efficient buildings.
In building simulation, some design parameters have greater effects on total energy
consumption and thermal performance. This indicates that for improving building
performance more attention should be given to these parameters. The relative
importance of design parameters on building performance can be verified by carrying out
a sensitivity analysis (SA). It is an analysis to investigate the effects of different design
parameters on performances using a building simulation model. The analysis before
optimisation can help to identify the most influential design parameters. The results will
help in optimisation to select design parameters properly and/or to set appropriate
constraints to optimisation (Tian 2013). Major design solutions should be proposed
based on sensitivity index of design parameters affecting related performance
parameters depending on the building location, climate and other circumstances (Chen,
Yang & Zhang 2015).

There are six sequential steps for a SA of building design parameters: defining input
variables, creating building model, running energy simulation, exporting simulation
results, performing SA by running the simulation iteratively, and reporting SA results
(Tian 2013). There are two types of SA: local and global analyses. Local SA, also known
as differential method investigates the responses of output by applying changes to one
input parameter at a time. This method requires a baseline case to make comparisons
as well as a sensitivity coefficient to interpret the output (Chen, Yang & Zhang 2015).
The limitation of this method is that the input data are assumed to be linear so that their
impacts are superimposed to obtain the total uncertainty (Yildiz & Arsan 2011). It means
that in order to obtain realistic results, local SA requires other variables to be assumed
constant. This method addresses little about the relationships among input variables. On
the other hand global SA focuses on the effects of uncertain inputs distributed over the
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entire input space (Tian 2013). It is able to investigate the effects of several input
parameters at once (Chen, Yang & Zhang 2015). Therefore, global SA is regarded to be
more reliable. However, this method requires more computing time compared to local SA
approach (Tian 2013).

There are several methods that can be implemented to carry out a global SA.
Regression, screening based, variance based and meta-model based methods are
among the common global SA approaches used in building performance evaluation
(Tian 2013). Regression method is the most widely used SA method in building energy
simulation. Fast and simple implementation are the advantages that made this method
popular in this field. Standardised Regression Coefficient (SRC) and Standardised
Ranked Regression Coefficient (SRRC) are two indicators that show the sensitivity
levels by using regression method (Tian 2013). These coefficients standardise input and
output variables by subtracting the sample mean from the real values and dividing by
standard deviation (Reuter & Liebscher 2008). SRC is based on linear regression in
which the value of standard regression coefficient is equal to the correlation coefficient.
SRRC is similar to SRC except that it is calculated based on rank transformation data
(Yildiz & Arsan 2011). Both SRC and SRRC are widely used in SA in the field of building
performance evaluation (Yildiz et al. 2012; Chen, Yang & Zhang 2015; Chen, Yang &
Wang 2017; Ignjatovi et al. 2016; Tian 2009; Chen, Yang & Sun 2016).

SA for identifying the effective design parameters for buildings has been applied by
several studies. The results of the SA by Yildiz & Arsan (2011) showed that the building
annual heating and cooling loads are mostly affected by window size, U-value, solar heat
gain in hot-humid climates. In a similar study by Chen, Yang & Zhang (2015) the
sensitivity index of window, solar heat gain coefficient (SHGC) is the highest among all
other factors. The type of glazing i.e. single, double, triple, and the size of the window
directly affect the thermal and visual comfort as well as energy consumption of the
buildings (Harmathy, Magyar & Folic 2016). In another study by Wang et al. (2017), the
effects of occupant behaviour were found to be significant, especially in regards to
window and solar shading system operation.

The aim of this paper is to quantify the impact of different building envelope parameters
on the energy use and thermal comfort of a prefabricated house in Melbourne, Australia.
For this, a regression-based global SA has been conducted to investigate the effects of
different building envelope parameters on energy use and thermal comfort indicators.
EnergyPlus, jEPlus and Simlab have been used to conduct the energy simulation,
parametric run and SA respectively.

2 Method 

2.1 Baseline Building 
The baseline building is a 3-bedroom single story modular house which has been
selected from the existing prefabricated projects in Melbourne. This building is
constructed of two prefabricated modules (dimension: 12192 x 3000 x 3100 mm, and
weight: 17 t each). Figure 1 shows the plan view of the building which exemplifies the
typical residential plans used by modular construction companies in Australia. The
information about building details and construction materials was obtained from the
website of the company.

The hourly weather data was generated by using Meteonorm software tool which
provides worldwide weather data. This software tool is flexible and can generate hourly
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weather data file in various formats. The data source used by the software tool is “World
Meteorological Organization” (WMO) which is providing accurate scientific weather 
information (Bureau of Meteorology 2016). A 3D model of the building was created by
using SketchUp with OpenStudio plugin. The attributes of the building such as fabric
properties, air flow rates, occupancy, equipment were assigned after creating the model.
The method for calculation of the heating and cooling loads in EnergyPlus was set to
“ideal air loads”. The begin and end dates of heating and cooling seasons assumed for
Melbourne were 1 May to 31 October, and 1 December to 28 February respectively
(Lhendup, Aye & Fuller 2012). The building is in free-running mode (no space heating
and cooling) during the rest of the year. The setpoint temperature for heating was 21°C
during the day (6 am – 10 pm) and 18°C (setback) during the night (10 pm – 6 am) while
that of cooling was 24°C. Each separate room was defined as a thermal zone. All zones
except bathroom were assumed to be conditioned. The occupancy and lighting
schedules were set for the building zones assuming that the building is occupied by
three people. Assumptions were made about their daily activities in different spaces. The
clothing schedules were set according to heating and cooling seasons in Melbourne.

Figure 1: The plan view of the baseline building 

Table 1 shows the main features of the building used in the baseline model. Table 2
shows the properties of the building materials. Some selected properties were
considered as input parameters for the SA.

Table 1: Main features of the baseline building 

Category Item Unit Value

Location, Melbourne

Latitude

Longitude

Time zone

Elevation above sea level

Site ground temperature

deg

deg

h

m

°C

–37.817

144.967

UTC+10

38

18

Window glazing
U-factor

Solar heat gain coefficient

W m-2K-1

–
2.10

0.237

Thermostat set point

Heating, day

Heating, night setback

Cooling

°C

°C

°C

21

18

24

Space infiltration rate Air flow per floor area m s-1 0.0007

Design ventilation rate Outdoor air flow per floor area m s-1 0.0003

Shading device
Orientation

Width

–
m

North

0.5
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2.2 Simulations and the SA method 
In this paper, jEplus1.6.4 beta was used for the parametric analysis while Simlab4 was
used for the SA. EnergyPlus was used as the building performance simulation software.
jEplus is a tool that allows users to carry out parametric optimisation with using software
such as EnergyPlus. It uses batch parametric simulations to explore large parametric
design spaces. Several researchers have been applied this tool for parametric studies
reporting the reliability of the results (Zhang & Korolija 2010; Chen, Yang & Sun 2016;
Chen, Yang & Sun 2016; Delgarm et al. 2016; Carreras et al. 2015; Germán Ramos
Ruiz et al. 2016; Tresidder, Zhang & Forrester 2012; German Ramos Ruiz et al. 2016;
Naboni et al. 2013). It has a user-friendly interface which makes the optimisation process
easier (Tokarik 2011).

Table 2: Properties of the materials used in the baseline building model 

Component Material
Thickness

(mm)
Conductivity
(W m-1K-1)

Density
(kg m-3)

Specific heat
(J kg-1K-1)

Exterior Wall

Wall cladding 10 0.25 1360 *900

Airspace 60 – – –
OSB board 20 0.13 640 840

Insulation *90 0.03 91 837

OSB board 20 0.13 640 840

Plasterboard 10 0.19 1300 840

Interior Wall

Plasterboard 10 0.19 1300 840

Air space 90 – – –
Plasterboard 10 0.19 1300 840

Floor

Light wt concrete 70 0.53 1280 *840

Air space 150 – – –
OSB Board 20 0.13 640 840

Insulation *170 0.03 265 836

OSB board 20 0.13 640 840

**Wood 15 0.15 608 1630

**Ceramic tiles 15 1.30 2300 840

**Carpet 15 0.06 288 1380

Roof

Roof cladding 1.6 54.00 7800 *418

OSB board 25 0.13 640 840

Insulation *200 0.03 91 836

Roof membrane 9 0.16 1121 1460

Gypsum 12 0.16 784 830

Door Wood 25 0.15 608 1630

*The property selected as input parameter for SA.
**bathroom floor: ceramic tiles; living room floor: timber; and bedrooms: carpet on timber floor.

SimLab is a tool for sensitivity and uncertainty analysis which is capable of pre-
processing and post-processing. This tool has been applied for buildings by several
researchers (Tr et al. 2011; Ignjatovi et al. 2016; Yildiz & Arsan 2011). SimLab provides
the user with various options of SA methods including Morris, Sobol and FAST. Since
this flexible tool accepts text-based inputs and outputs, the user can easily manipulate
the data to be suitable for different applications.

The 3D model created with OpenStudio plugin in Sketchup was exported to EnergyPlus
where other attributes of the building such as material properties, schedules for
occupancy, lighting, heating and cooling setpoints were assigned. The targeted output
variables were selected in EnergyPlus. Afterwards, an initial run with baseline
parameters was carried out to obtain the baseline performance of the building. The
model was then imported into jEPlus. jEPlus uses the EnergyPlus sample file together
with weather data as input files. The input parameters and their search strings were
defined in jEPlus. In parallel, input factors and their ranges were defined with uniform
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distribution in SimLab. By choosing uniform distribution it is assumed that within the
range given the input variables are equally probable (Ignjatovi et al. 2016). After
specifying factor correlation and generation method, the sample data file can be
generated in SimLab. Latin Hypercube Sampling (LHS) method was selected to be used
in this SA. Regardless of sampling size, this method is reported to provide satisfactory
results (Tr et al. 2011). Being popular for regression and meta-model based SA this
method has been employed by many researchers for the purpose of SA in the field of
building performance simulation (Chen, Yang & Zhang 2015; Chen, Yang & Wang 2017;
Hu & Augenbroe 2012; Yildiz et al. 2012; Chen, Yang & Sun 2016). A sample data with
1000 population was generated and imported into jEPlus. The simulations were run
through jEPlus and the combined results were imported into SimLab once again to run
the SA. Figure 2 illustrates the framework for the conducted SA method.

Figure 2: The framework for the conducted SA method 

2.3 Input Parameters Selected 
Since this paper investigates the effects of envelope parameters, the characteristics of
building envelope components such as walls, roof, floor and glazing are taken into
consideration. For wall, roof and floor components, input parameters represent thermal
insulation and thermal inertia. Those parameters are thermal conductivity of insulation
and specific heat of the exterior surfaces. For windows, the U-value and SHGC were
selected as design parameters to be analysed. Furthermore, the input parameters
related to walls and glazing represent separate variables on each façade direction. The
ranges of design parameters were selected to meet the Australian National Construction
Code (NCC) requirements as well as market availability. By running preliminary
simulations, the minimum insulation thicknesses to comply with NCC requirements for
floor, wall, and roof for this particular building were found to be 60, 75 and 150 mm (with
0.03 W m-1K-1 thermal conductivity) respectively. Table 3 shows the input parameters
with their value ranges used in the SA.
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Table 3: The input parameters with their value ranges used in SA. 

No. Input Parameter Unit Range

V1 North wall cladding specific heat J kg-1K-1 400 – 1100
V2 South wall cladding specific heat J kg-1K-1 400 – 1100
V3 East wall cladding specific heat J kg-1K-1 400 – 1100
V4 West wall cladding specific heat J kg-1K-1 400 – 1100
V5 North wall insulation thickness mm 75 – 150
V6 South wall insulation thickness mm 75 – 150
V7 East wall insulation thickness mm 75 – 150
V8 West wall Insulation thickness mm 75 – 150
V9 Roof cladding specific heat J kg-1K-1  400 – 1100
V10 Roof insulation thickness mm 150 – 250
V11 Floor concrete specific heat J kg-1K-1 800 – 1100
V12 Floor insulation thickness mm 60 – 200
V13 North glazing U-value W m-2K-1 2.5 – 7.0
V14 South glazing U-value W m-2K-1 2.5 – 7.0
V15 East glazing U-value W m-2K-1 2.5 – 7.0
V16 West glazing U-value W m-2K-1 2.5 – 7.0
V17 North glazing SHGC – 0.16 – 0.81
V18 South glazing SHGC – 0.16 – 0.81
V19 East glazing SHGC – 0.16 – 0.81
V20 West glazing SHGC – 0.16 – 0.81

2.4 Output Parameters Selected 
Annual district heating, annual district cooling and total hours of thermal discomfort in
different thermal zones are selected as output parameters from EnergPlus simulations.
The selected comfort evaluation method is based on ASHRAE55 simple model criteria.
These criteria can be found among EnergyPlus input options. By choosing the related
output variable the software calculates the total number of hours during the year when
the zone is occupied and the combination of humidity ratio and the operative
temperature outside the ASHRAE 55-2004 summer or winter clothes zones. Clothing
level 0.5 Clo was used for summer while 1 Clo was used for winter (U.S. Department of
Energy 2012). After running simulations, the selected output variables were listed in a
separate file located in the output folder. jEPlus can combine all output variables for all
parametric runs in one single text-based document which can be saved as a ‘.txt’ file and
imported to SimLab for conducting the SA.

3 Results and Discussion 

3.1 Baseline Performance of the Building 
An initial building simulation with baseline parameters has been carried out. Figure 3
shows the monthly heating and cooling loads for the baseline building while Figure 4
shows the monthly thermal discomfort time for different rooms in the house. It is evident
from Figure 3 that the heating load far outweighs cooling load for the baseline building.
The justification for this lies in the climate conditions of Melbourne where the heating
season is longer and more severe than the cooling season (Naji, Samarasinghe & Aye
2016; Naji et al. 2017). The maximum monthly heating load occurs in July with 39.36 MJ
m-² while the maximum monthly cooling load is found to be in January with 8.38 MJ m-².
The annual heating load is 178 MJ m-² while the annual cooling load is 18.84 MJ m-².

As discussed before, the thermal comfort is evaluated using ASHRAE 55-2004 summer
or winter clothes zones. It is evident from Figure 4 that the number of discomfort hours in
bedrooms are more than those in the living room. The discomfort hours for both
bedrooms increase dramatically from March to July which coincides with the heating
season and the increase in heating load. This could be a result of setback temperature
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during the night when the setpoint temperature is 18 C. The maximum number of
discomfort hours in bedrooms occur during July and August while the minimum
discomfort is during February. In Living Room and Study Room the maximum number of
discomfort hours occur during April. The discomfort hours during the winter in the living
room are much fewer than those in bedrooms. The increase in the discomfort hours
during the winter time in bedrooms indicates that despite using air conditioning, which
may not provide comfortable indoor environment. The annual thermal discomfort times
are found to be 2534 and 2828 h for Bedroom 1 and Bedroom 2 respectively while this
value is 1488 h for Living Room.

Figure 3: Monthly heating and cooling loads for the baseline building 

Figure 4: Monthly thermal discomfort time for different spaces in the baseline building 

3.2 Sensitivity Analysis 
In this section, the results of the SA are presented. The sensitivity index SRRC was used
for the evaluation. The positive SRRC indicates that the increase in the building
parameter will cause an increase in the corresponding value. A negative SRRC means
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that the increase in the parameter will decrease the corresponding result (Yildiz et al.
2012). Figure 5 shows SRRCs of input parameters in relation to different output results.

Figure 5: SRRC sensitivity indicators of input parameters on different output results 

An overall evaluation of the SA results reveals that the SHGC values of the windows
have higher impacts on both heating/cooling loads and discomfort hours of the building
investigated. According to the results, SHGC value of north glazing (V17) is the most
sensitive input parameter in relation to annual heating load and total heating and cooling
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load as well as discomfort hours in living room and bedrooms. The SRRC for V17 is
negative in relation to discomfort hours and total heating and cooling load, meaning that
an increase in value of north glazing SHGC will decrease those outputs. In relation to
cooling load, north glazing SHGC shows a positive but slightly less SRRC.

Other than glazing SHGC, north and south glazing U-value, as well as south wall, floor
and roof insulation thicknesses, are other sensitive parameters regarding annual heating
load. The roof and floor insulation thickness were found to be other sensitive values
regarding cooling load. Also, the floor and south wall insulation thicknesses and east and
south glazing U-value were found to be other more sensitive values regarding thermal
discomfort hours.

The results also indicated that the specific heat of the building components have a minor
effect on this building’s comfort and energy consumption. This could be because of the 
lightweight and thin building components for which the change in material specific heat
does not cause major effects on thermal mass. Figure 6 shows the scatter plot of
selected output parameters in relation to SHGC value of north glazing.

Figure 6: Scatter plot of output values in relation to north glazing SHGC 

Figure 6 shows that by changing the envelope design parameters the energy
performance and indoor environmental quality of building can be affected significantly.
According to the scatter plots, by changing the envelope design parameters, values of
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annual heating and cooling loads can differ by 30% and 52% respectively while values of
the thermal discomfort time in Living Room and Bedroom 1 can differ by 26% and 30%
respectively. This also indicates that improvements in the performance of the baseline
building can be achieved by 20%, 17%, 20% and 20% for annual heating load, annual
cooling load, discomfort time in Living Room and discomfort time in Bedroom 1
respectively.

4 Conclusions 
In this paper, a regression-based global SA has been conducted to investigate the
effects of different envelope design parameters on heating and cooling loads, and
thermal comfort for a sample modular house in Melbourne, Australia. EnergyPlus, jEPlus
and SimLab were applied to carry out the energy simulation, parametric run and SA
respectively. To understand the baseline performance of the building, a baseline energy
simulation has been carried out prior to the SA. According to the results of the analysis,
the following conclusions can be drawn.

The results of the baseline performance simulation indicated that the building's annual
heating load outweighs the annual cooling load in Melbourne. Maximum heating load
occurs during July and maximum cooling load occurs during January. According to the
baseline simulation results, the thermal discomfort hours in the bedrooms increase
during the heating season. This could be a result of setback temperature during the night

which decreases the thermostat setpoint temperature from 21 C to 18 C. Monthly
thermal discomfort hours in the living room is maximum during April and November
which are during the free-running period.

The SA results indicated that the SHGC of the glazing especially on north façade is the
most sensitive parameter regarding the output parameters such as annual heating load,
annual total heating and cooling load and discomfort hours. Other than glazing SHGC,
north and south glazing U-value, as well as south wall and roof insulation thickness, are
others more sensitive envelope design parameters regarding both heating and cooling
loads, and thermal comfort.

The scatter plot of the 1000 simulations indicated that by changing the envelope
parameters, values of annual heating and cooling loads can differ by 30% and 52%
respectively while values of the thermal discomfort time in Living Room and Bedroom 1
can differ by 26% and 30% respectively. Results also showed that, by changing
envelope properties, improvements up to 20% is possible on both energy performance
and thermal comfort of the baseline building are achievable.

The baseline study and the SA in this paper was conducted based on some assumptions
on the shading device, temperature setpoints, occupants’ schedules and clothing. Since
these factors can be influential on the perceptions of thermal comfort it is important to
investigate the effects of these factors on the results of similar SA investigations. In this
respect, future studies could focus on these important factors as additional design
parameters.
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Dataset on validation of TRNSYS building model for a prefabricated house built 
in Australia 

Authors 
Sareh Naji1, Lu Aye1, Masa Noguchi2 
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1 Renewable Energy and Energy Efficiency Group, Department of Infrastructure Engineering, 
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2 ZEMCH EXD Lab, Faculty of Architecture, Building and Planning, The University of 
Melbourne, VIC 3010, Australia 
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Abstract 
This dataset includes data from the validation of TRNSYS building model for a prefabricated 
house built in Australia. The simulated indoor temperatures were compared with the 
measured ones in Melbourne. The comparison was carried out for the period between 
19:00:00 on 31 March 2018 and 00:00:00 on 2 April 2018. Coefficient of determination (R²), 
Root Mean Square Error (RMSE), Mean Bias Error (MBE), Mean Absolute Error (MAE), and 
Correlation Coefficient (CC) were applied for quantification of the agreement between 
simulated and measured temperatures. 

Keywords 
Prefabricated house 
TRNSYS Type56 
Validation 
Australia 

D.1. Publication

168



Page - 2 

Specifications Table 

Subject Civil and Structural Engineering 
Renewable Energy, Sustainability, and the Environment 

Specific subject area Indoor environmental quality and energy simulation of buildings 

Type of data Text, Tables 

How data were 
acquired 

One minute weather source: Australian Government Bureau of 
Meteorology (BOM) [1] 

Measuring instruments: Elitech RC-5 temperature sensors, Onset 
UX100-003 temperature sensors 

Software tool: TRNSYS 18 [2] 

Data format Raw and processed 

Parameters for data 
collection 

The raw and processed data for the validation of TRNSYS building 
model developed in [3] are provided. All the parameters and 
assumptions are included in [3]. 

Description of data 
collection 

The hourly outdoor air temperature data <OudoorTemp.xlsx> were 
generated by aggregating the minutely data acquired from BOM [1]. 

The indoor air temperature data (<SensorsComparison.xlsx>, 
<Calibration.xlsx>, and <Validation.xlsx>) were measured using 
temperature sensors located in four indoor spaces within the 
selected house. (Note: Datalogging timestep for Bed3 is 30 min, for 
the rest is 5 min). The outdoor air temperature <OutdoorTemp.xlsx> 
were collected at a shaded area outside the building. 

The predicted indoor temperature data (<Calibration.xlsx> and 
<Validation.xlsx>) were obtained using energy simulation tool 
TRNSYS 18. The input data for the simulations provided in 
<Type99Melbourne.99> are the hourly aggregated weather data from 
BOM [1]. 

The single unknown air infiltration rate was calibrated using the 
measured data between 15:00:00 on 30 March 2018 and 19:00:00 on 
31 March 2018 < Calibration.xlsx>. 

Data source location The location in Australia and climate zone [4]: 
Melbourne (37.8136° S, 144.9631° E), Oceanic (Cfb) 

Data accessibility CC BY 4.0 
You can share, copy, and modify this dataset so long as you give 
appropriate credit, provide a link to the CC BY license, and indicate if 
changes were made, but you may not do so in a way that suggests the 
rights holder has endorsed you or your use of the dataset. Note that 
further permission may be required for any content within the 
dataset that is identified as belonging to a third party. 
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Value of the Data 
This dataset adds to credibility of the methods and discussions provided in [3] while 
maximising the usefulness of the conducted research. By free access to the data, the users may 
benefit from a more in-depth understanding of the methods and results. The users may gain 
insight on the methods of data preparation and processing applied in [3] and may also 
conduct further analysis of the results. 

Data Description 
The data provided in <OutdoorTemp.xlsx>, <SensorsComparison.xlsx>, <Calibration.xlsx>, 
and <Validation.xlsx> are the tables used for generating the illustrations in [3]. 

Simulation Design, Materials, and Methods 
Simulation design, materials, methods, assumptions made, and their justifications are 
provided in [3]. 
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Dataset on baseline performance and sensitivity analysis of a prefabricated 
house in six climate zones in Australia 

Authors 
Sareh Naji1, Lu Aye1, Masa Noguchi2 

Affiliations 
1 Renewable Energy and Energy Efficiency Group, Department of Infrastructure Engineering, 
Melbourne School of Engineering, The University of Melbourne, VIC 3010, Australia 
2 ZEMCH EXD Lab, Faculty of Architecture, Building and Planning, The University of 
Melbourne, VIC 3010, Australia 

Corresponding author 
Lu Aye: lua@unimelb.edu.au 

Abstract 
This dataset includes the results of baseline performance evaluation and sensitivity analysis of 
a prefabricated house in six climate zones in Australia. The performance parameters 
investigated are monthly heating loads, monthly cooling loads, monthly thermal discomfort 
hours (TDHs) and monthly daylight unsatisfied hours (DUHs) of the living room, study room, 
and rumpus room in the prefabricated house. 

Keywords 
Prefabricated house 
Heating load 
Cooling load 
Thermal comfort 
Daylighting 
Australia 
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Specifications Table 

Subject Civil and Structural Engineering 
Renewable Energy, Sustainability, and the Environment 

Specific subject area Indoor environmental quality and energy simulation of buildings 

Type of data Text, Tables 

How data were 
acquired 

Software tools: Meteonorm 7.3 [1], TRNSYS 18 [2], DAYSIM [3], 
SimLab 2.2 [4], jEPlus 2.1 [5] 

Data format Raw and processed 

Parameters for data 
collection 

The raw and processed data on the baseline performance of the 
prefabricated house and the sensitivity analysis conducted in [6] are 
provided. 

Description of data 
collection 

The data on baseline performance (<Loads.xlsx>, <TDH.xlsx> & 
<DUH.xlsx>) were simulated by using Meteonorm, TRNSYS and 
DAYSIM software tools. (Note: The TRNSYS building model used 
may be found at [6] and the validation dataset is provided in [7].) 

The data on sensitivity analysis results: Standardised Ranked 
Regression Coefficient (SRRC) of building envelope variabes for 
loads, TDHs and DUHs (SRRC.xlsx) were obtained through SimLab. 

The sample file for sensitivity analysis <SimlabSample.sam> was 
generated using SimLab. The raw data on results of parametric 
analyses <jEplusRaw.zip> were obtained from jEplus. 

Data source location Locations in Australia and climate zones [8]: 
Darwin (12.4634° S, 130.8456° E), Savanna (Aw) 
Alice Springs (23.6980° S, 133.8807° E), Hot Desert (BWh) 
Brisbane (27.4698° S, 153.0251° E ), Humid Subtropical (Cfa) 
Perth (31.9505° S, 115.8605° E), Hot Summer Mediterranean (Csa) 
Sydney (33.8688° S, 151.2093° E), Humid Subtropical (Cfa) 
Mildura (34.2080° S, 142.1246° E), Cold Semi-arid (BSk) 
Melbourne (37.8136° S, 144.9631° E), Oceanic (Cfb) 
Hobart (42.8821° S, 147.3272° E), Oceanic (Cfb) 

Data accessibility CC BY 4.0 
You can share, copy, and modify this dataset so long as you give 
appropriate credit, provide a link to the CC BY license, and indicate if 
changes were made, but you may not do so in a way that suggests the 
rights holder has endorsed you or your use of the dataset. Note that 
further permission may be required for any content within the 
dataset that is identified as belonging to a third party. 
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Value of the Data 
This dataset adds to credibility of the methods and discussions provided in [6] while 
maximising the usefulness of the conducted research. By free access to the data, the users may 
benefit from a more in-depth understanding of the methods and results. The users may gain 
insight on the methods of data preparation and processing applied in [6] and may also 
conduct further analysis of the results. 

Data Description 
The data provided in <Loads.xlsx>, <TDH.xlsx>, <DUH.xlsx>, and <SRRC.xlsx>. They are the 
data tables used for generating the corresponding illustrations in [6]. 

The data in <SimlabSample.sam> (unformatted ASCII text file) are the sample data generated 
in SimLab by defining the input parameters and their ranges. Latin Hypercube Sampling 
(LHS) method was used to generate this input sample. 

The data embedded in <jEPlusRaw.zip> are the outputs of jEPlus after conducting parametric 
runs using the contents of <SimlabSample.sam> as the input batch file. The data were then 
inputted in SimLab to conduct the sensitivity analysis. 

Simulation Design, Materials, and Methods 
Simulation design, materials, methods, assumptions made, and their justifications are 
provided in [6]. The validation of the building model may be found in [6] and validation 
dataset is provided in [7]. 
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Dataset on thermal properties, sound reductions, TVOC emissions, and costs of envelope 
components for prefabricated buildings in Australia 

Authors 
Sareh Naji , Lu Aye , Masa Noguchi  

Affiliations 
 Renewable Energy and Energy Efficiency Group, Department of Infrastructure Engineering, The 
University of Melbourne, VIC  , Australia 

 ZEMCH EXD Lab, Faculty of Architecture, Building and Planning, The University of Melbourne, 
VIC  , Australia 

Corresponding author 
Lu Aye: lua@unimelb.edu.au 

Abstract 
This data article includes the common envelope components for prefabricated buildings in 
Australia. The thermal properties, sound reductions, total volatile organic compound emission 
rates and the cost data are included in this dataset. The material types and their available 
thicknesses were collected from commercially available standardised construction components. 
This data set can be used for building energy and indoor environmental quality performance 
evaluations. The cost data can be used for estimating the initial cost of building envelope. By 
further modification of data, they can also be used in Building Information Modelling (BIM) tools. 

Keywords 
Prefabricated building 
Envelope component 
Thermal properties 
Cost 
Sound insulation 
TVOC emissions 
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Specifications Table 

Subject  Civil and Structural Engineering 
Renewable Energy, Sustainability and the Environment 

Specific subject area  Indoor environmental quality and energy simulation of buildings 

Type of data  Tables 

How data were 
acquired 

Instruments: INSUL software (Version  ) 
Books, catalogues, journal articles and online databases 

Data format  Raw 

Parameters for data 
collection 

The cost data provided in the list are for year  . 
the assumptions and existing dataset within INSUL software. 
The data provided upon the availability of specifications by suppliers 
or other reliable resources. 

Description of data 
collection 

The material types and their available thicknesses were collected 
from commercially available standardised construction components. 
The thermal properties and TVOC emission rates of materials were 
collected from the product technical details from 
manufacturer/supplier or from other available reliable resources. The 
sound insulation data were collected using INSUL  software. The 
cost data were extracted from [ ]. 

Data source location  Locations: Alice Springs ( . ° S,  . ° E), Brisbane 
( . ° S,  . ° E ) Darwin ( . ° S,  . ° E), Hobart 
( . ° S,  . ° E), Melbourne ( . ° S,  . ° E), 
Mildura ( . ° S,  . ° E), Perth ( . ° S,  . ° E), 
Sydney ( . ° S,  . ° E) 
Country: Australia 

Data accessibility  CC BY  .  
You can share, copy and modify this dataset so long as you give 
appropriate credit, provide a link to the CC BY license, and indicate if 
changes were made, but you may not do so in a way that suggests the 
rights holder has endorsed you or your use of the dataset. Note that 
further permission may be required for any content within the 
dataset that is identified as belonging to a third party. 

Value of the Data 

 Although the specifications of the materials are critical for building energy and IEQ
simulations and optimisations, they are not always accessible. The availability of the
component list together with their specification can provide the opportunity for the
practitioners and decision‐makers in early design stages to examine various scenarios and
optimise the parameters to deliver buildings with improved energy performance and IEQ.
This set of data was compiled all necessary information that can be used as input
parameters in energy simulations and IEQ evaluations of the buildings.
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 This dataset is useful for modelling, simulation and optimisation of building in early
design stages.

 The data can easily be expanded, customised and updated in order to make suitable for
various design practices. New products can be supplemented. The cost of components can
be updated in the future and the new categories and features can be added to the dataset.
By further modification of data, they can also be used in Building Information Modelling
(BIM) tools. By converting the data into a common data format such as industry
foundation classes (IFC), the data can be integrated within BIM process.

 An additional value of this dataset is to encourage the data driven design, evaluation and
optimisation approach in the construction industry. This dataset inspires other
practitioners in construction industry to utilise data toward delivering more sustainable
assets using more efficient methods.

Data Description 
The data included in the dataset are related to prefabricated building components and their 
specifications. The specification provided are component type, material, thickness, density, 
thermal conductivity, specific heat, sound reduction index, TVOC emissions and costs in various 
locations of Australia. The components that are included in this dataset are wall cladding, wall 
core, interior wall lining, insulation, roof cladding, floor covers and glazing. The authors 
attempted to cover most of the available component types and their available thicknesses. 
However, the authors acknowledge that due customisability of these products, other variations of 
the materials and their dimensions may have not been mentioned in the dataset. For some 
materials the specifications related to certain properties could net be accessed. Therefore, this 
dataset is designed to be open for updates and further development in the future. The dataset has 
been used in sets of building envelope design optimisation practices as input parameters. 

Experimental Design, Materials, and Methods 
The method for acquiring the data was a comprehensive search on the commercially available 
materials and components for prefabricated buildings in Australia. After listing the available 
components, their specifications such as material, thickness, density, thermal conductivity, heat 
capacity and TVOC emission rate were obtained. The information on the products and their 
specifications were obtained from the supplier’s websites and other resources such as reliable 
online databases, journal publications and books. The references are made available within the 
database which provides details of the sources the data were acquired from. 

The cost of the material was obtained from the Rawlinson   construction cost guide [ ]. This 
guide is a reliable source containing the cost of the construction materials in different locations 
within Australia. The cost provided in this dataset includes the material’s cost‐plus allowances for 
preliminaries and builder’s profit and overheads at approximately  %. For assuring a consistent 
approach [ ] was used as the single source for acquiring cost data. However, this source do not 
have the cost data for all ranges of the materials and thicknesses that were listed in the data set. 
For the materials that cost was available for certain thicknesses, if the cost and thickness have 
linear relationship, the cost for other thicknesses were estimated by using linear interpolation. 
The data on the sound reduction index of the construction components, were acquired using 
INSUL software. INSUL is a software for prediction of sound insulation of floor, wall, ceilings and 
glazing. This software uses mass law and coincidence frequency and can model and predict sound 
insulation factors for complex sections [ ]. The prediction accuracy of INSUL software has been 
proofed high by [ ] who validated the software results using laboratory measurements. 
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F.2. Summary of contents

Table F.1. The list of component categories and their specifications as existent in the prefabricated components’ library 

Component Category Keyword Specifications 

Thickness Density 
Thermal 

Conductivity 
Specific Heat 

Sound reduction 
index 

TVOC Emission 
Rate 

Cost 

Wall cladding WL_CL_ID (ID=11-42) Y Y Y Y Y N Y 

Wall/roof core COR_ID (ID=11-87) Y Y Y Y N N Y 

Wall lining LN_ID (ID=11-59) Y Y Y Y Y Y Y 

Roofing RF_ID (ID=1-26) Y Y Y Y N N Y 

Flooring FL_ID(ID=1-29) Y Y Y Y N N Y 

Glazing GL_ID (ID=11-58) Y N N N N N Y 

Y = included in library; N = not included in library 
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Appendix G contains the ‘Declaration for a thesis with publication’ and ‘Co-author 

authorisation’ forms. 
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H.1. List of electronic files  

Conference Paper 1 

Execution Files 

OpenStudio Files 

NoShading.osm 

Shading_60.osm 

Shading_63.osm 

Shading_70.osm 

Shading_80.osm 

Weather Files 

AUS_VIC.Melbourne.948660_IWEC.ddy 

AUS_VIC.Melbourne.948660_IWEC.epw 

Paper PDF 

Conference_Paper_1.pdf 

Conference Paper 2 

Execution Files 

OpenStudio Files 

Banksia.osm 

Outback.osm 

Teritorry.osm 

Wattle.osm 

Weather Files 

AUS_VIC.Melbourne.948660_IWEC.ddy 

AUS_VIC.Melbourne.948660_IWEC.epw 

Paper PDF 

Conference_Paper_2.pdf 

Conference Paper 3 

Execution Files 

Energy Plus Files 

Banksia .idf 

Baseline.idf 

jEPlus Files 
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Banksia.jep 

my.rvi 

samplefinal.csv 

SimLab Files 

Factors.fac 

Samplefinal.sam 

Weather Files 

Melbourne-WMO948660.epw 

Paper PDF 

Conference_Paper_3.pdf 

Journal Paper 1 

Baseline Performance 

Degree Days 

AliceSprings-DD.xlsx 

Brisbane-DD.xlsx 

Darwin-DD.xlsx 

Hobart-DD.xlsx 

Melbourne-DD.xlsx 

Mildura-DD.xlsx 

Perth-DD.xlsx 

Sydney-DD.xlsx 

Project Setup 

Daylight_Control_Points.dwg 

Occupancy_Schedules.xlsx 

Solar_Time_Calculation .xlsx 

Results 

DUH.xlsx 

Loads.xlsx 

TDH.xlsx 

TRNSYS Files 

Alice Springs 

AliceSpringsBase.tpf 
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StartAlice.b18 

Brisbane 

BrisbaneBase.tpf 

StartBris.b18 

Darwin 

DarwinBase.tpf 

StartDarwin.b18 

Hobart 

HobartBase.tpf 

StartHobart.b18 

Melbourne 

MelbourneBase.tpf 

StartMelbourne.b18 

Mildura 

MilduraBase.tpf 

StartMildura.b18 

Perth 

PerthBase.tpf 

StartPerth.b18 

Sydney 

SydneyBase.tpf 

StartSydney.b18 

Weather Files 

Alicesprings-CBD.tm2 

Brisbane-CBD.tm2 

Darwin-CBD.tm2 

Hobart-CBD.tm2 

Melbourne-CBD.tm2 

Mildura-CBD.tm2 

Perth-CBD.tm2 

Sydney-CBD.tm2 

Sensitivity Analysis 
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Execution Files 

jEPlus 

jEPlus Output 

jEPlus_Raw_Results_AliceSprings.txt 

jEPlus_Raw_Results_Brisbane.txt 

jEPlus_Raw_Results_Darwin.txt 

jEPlus_Raw_Results_Hobart.txt 

jEPlus_Raw_Results_Melbourne.txt 

jEPlus_Raw_Results_Mildura.txt 

jEPlus_Raw_Results_Perth.txt 

jEPlus_Raw_ResultsSydney.txt 

jEPlus Project 

SA.jep 

Runtrnsys.bat 

Sample.csv 

AliceSpringsSA.dck 

BrisbaneSA.dck 

DarwinSA.dck 

HobartSA.dck 

MelbourneSA.dck 

MilduraSA.dck 

PerthSA.dck 

SydneySA.dck 

SimLab 

SimLabProject 

InputSample.sam 

Factors.fac.txt 

TRNSYS Files 

AliceSpringsSA.tpf 

BrisbaneSA.tpf 

DarwinSA.tpf 

HobartSA.tpf 
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MelbourneSA.tpf 

MilduraSA.tpf 

PerthSA.tpf 
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