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Abstract 

Australia has unveiled a comprehensive, technology-driven plan to achieve net zero 

emissions by 2050. Office buildings are responsible for more than one quarter of total 

energy consumption in non-residential buildings. Based on the projection of Commercial 

Building Baseline Study report, the energy use in this type of buildings will rise by 

11.08% between 2020 and 2050. In pursuit of net-zero energy demand targets for 

Australia by 2050, the Australian government must therefore develop strategies to halt 

the accelerated development of office building energy demand. 

Indoor Environmental Quality (IEQ) is a critical aspect of building design and operation 

that directly impacts the well-being, health, and productivity of its occupants. It 

encompasses a range of factors including indoor air quality (IAQ), thermal comfort, 

lighting, acoustics and so on. Properly managed IEQ ensures that the indoor environment 

is free from pollutants, has adequate ventilation, maintains comfortable temperature and 

humidity levels, and provides appropriate illumination for tasks that are to be carried out. 

The systems that regulate these factors, like HVAC (heating, ventilation, and air 

conditioning) and lighting systems, are significant energy consumers. Optimising for a 

high-quality indoor environment often means adjusting these systems, which can lead to 

increased energy consumption. However, advancements in sustainable building design 

and technology are striving to achieve a balance, ensuring optimal IEQ without excessive 

energy use.   

This study aimed to conduct a comprehensive examination of the IEQ field, concentrating 

on indexing and modelling methodologies, establish criteria for the development of 

quality IEQ models, evaluate the current policy of Australia concerning the indoor 

environment and energy consumption of commercial buildings, and collect perspectives 

from building experts and empirical data to gain a deeper understanding of the influence 

of IEQ on energy use and occupant satisfaction.  

This study conducted a complete scientometric review using the bibliometric data of 456 

research articles published in the IEQ modelling field to determine the research trends 

and gaps in the knowledge. Focusing 25 research publications on developing IEQ 

evaluation models in commercial buildings, their IEQ measurement approaches, types of 

IEQ models, analytical methods, IEQ model justifications and interactions between IEQ 

factors were critically evaluated. Then, the relationship between the normalised energy 

use intensity (NEUI) and the rating scores of 97 Australian office buildings that possess 
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both National Australian Built Environment Rating System (NABERS) Energy and 

NABERS indoor environment (IE) certificates was investigated. Also, an Energy and 

Indoor Environment Index (EIEI) was developed to benchmark Australian office 

�E�X�L�O�G�L�Q�J�V�¶�� �H�Q�H�U�J�\�� �D�Q�G�� �,�(�4�� �S�H�U�I�R�U�P�D�Q�F�H���� �%�\�� �G�H�V�L�J�Q�L�Q�J�� �D�� �V�X�U�Y�H�\�� �L�Q�� �W�K�H�� �Q�H�[�W�� �V�W�H�S����

�$�X�V�W�U�D�O�L�D�Q�� �E�X�L�O�G�L�Q�J�� �H�[�S�H�U�W�V�¶�� ���D�U�F�K�L�W�H�F�W�V���� �E�X�L�O�G�L�Q�J�� �H�Q�J�L�Q�H�H�U�V�� �D�Q�G�� �E�X�L�O�G�L�Q�J�� �D�V�V�Hssors) 

perspectives regarding the influence of IEQ factors on occupant satisfaction and energy 

use in office buildings were collected and examined. An IEQ-Effectiveness index was 

developed to evaluate the cost-effectiveness of improving a specific IEQ parameter in 

achieving high occupant satisfaction while not demanding extra energy input. Further, an 

empirical investigation was conducted on how IEQ influences the satisfaction of building 

occupants and the energy consumption of subtropical office buildings in Australia.  

The present study put forth five key criteria for developing quality IEQ models�² number 

of IEQ factors included, spatial and temporal variability in physical measurement, 

analytical methods for model development, and the number of responses if subjective 

surveys are carried out. A comparison between 49 high-performance NABERS buildings 

(HNBs) and 48 low-performance NABERS buildings (LNBs) demonstrated that, on 

average, HNBs can deliver 12.6% better IEQ with 35.9% less energy consumption than 

LNBs. 

The result of expert survey revealed that the building engineers and assessors regard 

thermal comfort as the most critical factor influencing occupant satisfaction, with 

importance weights of 54.2% and 57.6%, respectively. Alternatively, the architects 

consider visual comfort as the most important (importance weight of 38.8%). All expert 

groups have a similar opinion on the relative importance of IEQ factors in relation to 

office energy consumption. Moreover, applying the IEQ-effectiveness index revealed that 

visual and acoustic IEQ parameters are ideal IEQ parameters that can be prioritised in 

retrofit projects. 

�8�V�L�Q�J���.�D�Q�R�¶�V���P�R�G�H�O�����,�(�4���S�D�U�D�P�H�W�H�U�V���Z�H�U�H���F�O�D�V�V�L�I�L�H�G���L�Q�W�R���%�D�V�L�F�����3�H�U�I�R�U�P�D�Q�F�H�����D�Q�G���%�R�Q�X�V��

�)�D�F�W�R�U�V�����%�D�V�L�F���)�D�F�W�R�U�V���L�Q�F�O�X�G�H���µ�D�F�R�X�V�W�L�F���H�Q�Y�L�U�R�Q�P�H�Q�W�¶�����µ�O�L�J�K�W�L�Q�J���H�Q�Y�L�U�R�Q�P�H�Q�W�¶�����µ�O�H�Y�H�O���R�I��

�S�U�L�Y�D�F�\�¶���� �D�Q�G�¶�� �R�I�I�L�F�H�� �F�O�H�D�Q�O�L�Q�H�V�V�¶���� �Z�K�L�F�K�� �Z�H�U�H�� �G�H�H�P�H�G�� �D�� �S�U�H�U�H�T�X�L�V�L�W�H�� �I�R�U�� �R�F�F�X�S�D�Q�W 

�V�D�W�L�V�I�D�F�W�L�R�Q���� �$�V�� �3�H�U�I�R�U�P�D�Q�F�H�� �)�D�F�W�R�U�V���� �µ�W�K�H�U�P�D�O�� �H�Q�Y�L�U�R�Q�P�H�Q�W�¶���� �µ�L�Q�G�R�R�U�� �D�L�U�� �T�X�D�O�L�W�\�¶����

�µ�I�X�U�Q�L�V�K�L�Q�J�¶�����µ�D�Y�D�L�O�D�E�O�H���V�S�D�F�H�¶���D�Q�G���µ�S�H�U�V�R�Q�D�O���F�R�Q�W�U�R�O�¶���K�D�G���S�U�R�S�R�U�W�L�R�Q�D�O���U�H�O�D�W�L�R�Q�V�K�L�S�V���Z�L�W�K��

overall satisfaction. The only identified Bonus Factor positively impacting overall 

�R�F�F�X�S�D�Q�W���V�D�W�L�V�I�D�F�W�L�R�Q���Z�D�V���µ�9�L�H�Z���I�U�R�P���W�K�H���Z�L�Q�G�R�Z�V�¶�����0�X�O�W�L�Y�D�U�L�D�W�H���O�L�Q�H�D�U���U�H�J�U�H�V�V�L�R�Q���U�H�V�X�O�W�V��

in subtropical climates revealed that artificial lighting is the most energy-intensive IEQ 
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parameter. The findings also suggest that Australian building experts may have over-

emphasised the role that achieving thermal comfort plays in the energy consumption of 

�R�I�I�L�F�H���E�X�L�O�G�L�Q�J�V���L�Q���$�X�V�W�U�D�O�L�D�¶�V���W�H�P�S�H�U�D�W�H���F�O�L�P�D�W�H�V�� 

Overall, this study offers significant insights into the existing literature by merging the 

assessments of building stakeholders with empirical research to highlight the often-

overlooked influence of the indoor environment within office spaces. Results can provide 

clear guidelines for policy makers and building professionals to improve building designs 

and policies, ensuring both satisfying IEQ and energy efficiency. 
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CHAPTER 1  

Introduction 

1.1 Research Background 

1.1.1 Australia's Net Zero Target in 2050 

Australia has unveiled a comprehensive, technology-driven plan to achieve net zero 

emissions by 2050. This ambitious roadmap is designed to ensure that the nation's existing 

industries remain intact, while simultaneously positioning Australia as a global leader in 

low-emissions technologies. The plan also aims to ensure prosperity for Australia's 

regions. Over the next decade, the government's $20 billion investment in low emissions 

technology is projected to stimulate at least $80 billion in total private and public 

investment [1]. This investment will be channelled into areas like clean hydrogen, carbon 

capture and storage, and energy storage.  

In 2012, non-residential buildings in Australia emitted nearly 61 million tonnes of CO2 

equivalent due to their energy consumption. By 2020, these emissions had decreased by 

almost 23%, a decline expedited by the effects of the COVID-19 pandemic on energy 

usage that year [2]. If current trends persist, emissions from non-residential buildings are 

anticipated to drop by over 63% by 2030 and nearly 80% by 2050, compared to 2012 

levels [2]. A significant factor in these projections is the anticipated continued decrease 

in the emissions intensity of electricity use. From 2012 to 2020, the emissions intensity 

of electricity usage across Australia decreased by nearly 18%. Furthermore, baseline 

estimates for energy use and emissions predict an average yearly reduction in energy 

intensity of 0.6% across the country [2]. 

Office buildings are responsible for more than one quarter of total energy consumption 

in non-residential buildings [2]. Also, based on the projection of Commercial Building 

Baseline Study report, the energy use in this type of buildings will rise by 11.08% between 

2020 and 2050 [2]. In pursuit of net-zero energy demand targets for Australia by 2050, 

the Australian government must therefore develop strategies to halt the accelerated 

development of office building energy demand.  
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1.1.2 Energy Efficiency and Indoor Environmental Quality  (IEQ)  in Commercial 

Buildings 

IEQ is a critical aspect of building design and operation that directly impacts the well-

being, health, and productivity of its occupants. It encompasses a range of factors, 

including indoor air quality (IAQ), thermal comfort, lighting, acoustics and so on. 

Properly managed IEQ ensures that the indoor environment is free from pollutants, has 

adequate ventilation, maintains comfortable temperature and humidity levels, and 

provides appropriate illumination for tasks that are to be carried out. An optimised IEQ 

not only safeguards the health of the occupants, reducing the risk of illnesses and 

allergies, but also enhances their overall comfort and satisfaction.  

Energy efficiency and IEQ in commercial buildings often present a complex interplay, 

with some experts arguing that their interests might be at odds. One perspective, as 

highlighted by Residovic [3], posits that efforts to enhance energy efficiency can 

inadvertently compromise IAQ and thermal comfort. This viewpoint stems from the 

understanding that a significant portion, approximately three-quarters, of a commercial 

building's energy consumption is dedicated to maintaining an optimal indoor environment 

for its occupants [4]. Consequently, any reduction in energy allocation to these systems 

might adversely affect the comfort and well-being of the building's inhabitants. 

Contrastingly, another school of thought, represented by Lee et al. [5], asserts that 

buildings designed with energy efficiency in mind are typically better managed. Such 

buildings, due to their meticulous design and management, are more likely to prioritize 

and achieve occupant comfort and satisfaction. This results in a harmonious balance 

where energy efficiency coexists with a high-quality indoor environment. 

Given these divergent viewpoints, it becomes imperative to holistically examine the triad 

of energy consumption, indoor environment quality, and occupant satisfaction. Such a 

comprehensive approach not only sheds light on the intricate dynamics between these 

factors but also equips facility managers with invaluable insights. With this information, 

they are empowered to make well-informed choices, thereby guaranteeing that 

commercial buildings are not only energy-efficient but also provide satisfying IEQ for 

the occupants. 
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1.1.3 Sustainable Retrofit 

In light of Australia's commitment to a net zero target by 2050, there emerges an 

imperative to critically assess and modify the energy performance of existing 

infrastructures, notably commercial buildings. A significant proportion of these 

structures, constructed under previous energy guidelines, contribute extensively to the 

nation's carbon emissions. Sustainable retrofitting of these buildings is not merely an 

environmental necessity but also holds economic implications. Energy-efficient buildings 

can lead to considerable operational cost reductions over time. Furthermore, in an 

increasingly eco-conscious global market, businesses operating within energy-efficient 

premises may gain a competitive edge, potentially attracting more clients and investors 

who prioritise eco-friendly operations. 

As the retrofitting endeavour gains momentum, it becomes imperative to harmoniously 

integrate energy efficiency with IEQ. While the primary objective of energy efficiency is 

the reduction of energy consumption and associated costs, it must not inadvertently 

compromise the building's IEQ [6]. Factors such as ventilation, thermal environment, 

lighting, and acoustic performance are integral to the health, comfort, and productivity of 

the occupants. For example, enhancing the thermal insulation and airtightness of a 

structure could unintentionally diminish its ventilation capability, which could result in a 

decline in IAQ and the development of sick building syndromes [7]. Thus, the retrofitting 

approach necessitates a comprehensive and holistic strategy, to ensure that energy 

conservation measures augment rather than diminish the indoor environmental quality. 

Retrofitting commercial buildings for sustainability presents a complex challenge due to 

the simultaneous goals of achieving energy efficiency and optimal IEQ. It requires a 

comprehensive understanding of the building's current performance, the needs of its 

occupants, and the potential impact of retrofit measures on both energy consumption and 

indoor environment. Collaborative efforts between architects, engineers, and 

sustainability experts will be crucial in devising retrofitting strategies that align with 

Australia's net zero target and guarantee the well-being of building occupants. 
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1.2 Problem Description 

The sustainable retrofit of commercial buildings presents a complex challenge due to the 

need to consider energy efficiency and IEQ simultaneously. Throughout history, energy 

efficiency has garnered the greatest interest of governments, the research community, and 

industry, while IEQ research has only become more prevalent in recent decades. In 

contrast to energy efficiency, which can be readily evaluated using a standard index such 

as energy use intensity, the evaluation of IEQ poses greater challenges due to its 

multifaceted nature encompassing various parameters.  

Given that IEQ involves several different components, a summative indicator is needed 

to represent the overall indoor environment of buildings, considering all factors that affect 

IEQ. This is usually a numerical rating or score that provides a simple numerical summary 

of how well each IEQ factor is performing, known as IEQ models [8]. At present, a 

comprehensive literature review of the IEQ modelling and indexing (IEQMI) field is 

absent, presumably attributable to the fast growth of research in this area. The rapid 

advancements in this domain have surpassed the capacity to encompass various aspects 

of IEQMI within a solitary manual review article. 

Currently, there is no consensus on how to represent different IEQ factors in an IEQ 

model. After the critical review of Heinzerling et al. [8], there are new and important 

research topics in the IEQ modelling domain. Although the study has highlighted several 

critical characteristics that high-quality IEQ models ought to have, there is a lack of an 

easy-to-use and fast tool for researchers to assess the quality of the IEQ models developed 

using a variety of techniques. 

�7�R���P�H�H�W���$�X�V�W�U�D�O�L�D�¶�V�������������J�R�D�O���D�Q�G���R�S�W�L�P�L�]�H���W�K�H���V�X�V�W�D�L�Q�D�E�O�H���U�H�W�U�R�I�L�W���R�X�W�F�R�P�H�V�����W�K�H�U�H���L�V���D��

�Q�H�H�G�� �I�R�U�� �D�� �W�K�R�U�R�X�J�K�� �F�R�P�S�U�H�K�H�Q�V�L�R�Q�� �R�I�� �W�K�H�� �H�[�L�V�W�L�Q�J�� �R�S�H�U�D�W�L�R�Q�D�O�� �V�W�D�W�X�V�� �R�I�� �$�X�V�W�U�D�O�L�D�¶�V��

commercial buildings. A baseline understanding of the current state of Australian offices 

can be best established through an assessment of the National Australian Built 

Environment Rating System (NABERS)-certified office buildings. This is because 

�$�X�V�W�U�D�O�L�D�¶�V���F�X�U�U�H�Q�W�� �&�R�P�P�H�U�F�L�D�O���%�X�L�O�G�L�Q�J�� �'�L�V�F�O�R�V�X�U�H�����&�%�'���� �S�U�R�J�U�D�P���U�H�T�X�L�U�H�V��that the 

building�¶�V���1�$�%�(�5�6���H�Q�H�U�J�\���V�W�D�U���U�D�W�L�Q�J��should be included in any advertising material for 

the sale, lease, or sublease of commercial office space of 1,000 m2 or more. Also, The 

NABERS rating system offers assessments for energy consumption and IEQ, presenting 
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a valuable opportunity to evaluate energy efficiency and IEQ performance within 

Australian office spaces.  

The establishment of retrofitting protocols and strategies that align with Australia's net 

zero goal while safeguarding the well-being of occupants will necessitate the 

indispensable cooperation of architects, engineers, and sustainable design consultants. As 

those responsible for overseeing the retrofitting of buildings, their assessments regarding 

the prioritisation and allocation of scarce resources are critical to ensuring positive retrofit 

results. Nevertheless, due to their specialised fields of study, various building 

stakeholders might hold divergent views regarding the prioritisation of objectives during 

the retrofit design phase. Furthermore, the perspectives of various building professionals 

regarding the relative importance of IEQ factors in occupant satisfaction and energy 

efficiency remain unknown. 

The adopted retrofit design strategies and technologies will inevitably have energy and 

IEQ ramifications throughout the sustainable retrofit process. Hence, it is imperative to 

allocate a restricted budget towards enhancing IEQ parameters that are crucial for 

attaining occupant satisfaction but do not necessitate a substantial increase in energy 

consumption. For this reason, it is essential to collect empirical data on how IEQ affects 

energy use and occupant satisfaction. Building professionals can then use these data to 

make informed resource allocation decisions. By juxtaposing the empirical findings from 

field studies with the viewpoints of building professionals, discrepancies between 

"professional knowledge" and "ground truth" can be identified, potentially assisting 

building professionals in their quest to "calibrate" their future practises. 

1.3 Research Questions 

Based on the research problems described above, the main research questions (RQs), 

shown in Table 1, were developed. In accordance with the RQs, this research had five 

objectives: 

1. identifying the primary research themes in the IEQ-modelling field 

2. determining key criteria for developing high-quality IEQ models 

3. exploring the relationship between IEQ performance and energy consumption in 

NABERS-certified buildings and developing an index to benchmark the energy and 

IEQ performance of Australian office buildings 
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4. �H�[�S�O�R�U�L�Q�J���$�X�V�W�U�D�O�L�D�Q���E�X�L�O�G�L�Q�J���H�[�S�H�U�W�V�¶���Y�L�H�Z�S�R�L�Q�W�V���R�Q�� �W�K�H�� �L�Q�I�O�X�H�Q�F�H���R�I�� �,�(�4�� �I�D�F�W�R�U�V��

and parameters on occupant satisfaction and energy efficiency in office buildings and 

developing an index that evaluates the overall cost-effectiveness of the IEQ 

parameters in the context of sustainable retrofits 

5. developing IEQ�±energy and IEQ�±satisfaction models to rank the influence of IEQ 

factors on office energy consumption and occupant satisfaction in subtropical 

climatic conditions and compare the perspectives of Australian building 

professionals and the empirical data on the effect of IEQ parameters on office energy 

consumption and occupant satisfaction 

 

Table 1. Research questions and their corresponding chapters. 

Research Question (RQ) Addressed 
in chapter 

Publication (Status) 

RQ1: What are the primary 
research themes in the IEQ-
modelling field? 

2 Roumi, S., Zhang, F., Stewart, R. A. 
(2022). Global Research Trends on 
Buildings Indoor Environmental Quality 
Modelling and Indexing Systems�² A 
Scientometric Review Energies, 15, 4494. 
(Published) 

RQ2: What are the key 
criteria for developing 
quality IEQ models? 

3 Roumi, S., Zhang, F., Stewart, R. A., 
Santamouris, M. (2022). Commercial 
building indoor environmental quality 
models: A critical review. Energy and 
Buildings, 263, 112033. (Published) 

RQ3: What is the current 
status of Australian office 
building energy use and 
indoor environment 
policies? 

5 Roumi, S., Stewart, R. A., Zhang, F, 
Santamouris, M. (2021). Unravelling the 
relationship between energy and indoor 
environmental quality in Australian office 
buildings. Solar Energy, 227, 190-202 
(Published) 

RQ4: How do Australian 
building experts perceive 
the influence of IEQ factors 
and parameters on occupant 
satisfaction and energy 
efficiency in office 
buildings? 

6 Roumi, S., Zhang, F., Stewart, R. A., 
Santamouris, M. (2023). Weighting of 
indoor environment quality parameters for 
occupant satisfaction and energy 
efficiency, Building and Environment, 
228, 109898. (Published) 

RQ6: How closely do 
�$�X�V�W�U�D�O�L�D�Q���E�X�L�O�G�L�Q�J���H�[�S�H�U�W�V�¶��
viewpoints correspond to 
current practice in 
subtropical climates? 

7 Roumi, S., Zhang, F., Stewart, R. A., 
Santamouris, M. (2023). Indoor 
environment quality effects on occupant 
satisfaction and energy consumption: 
Empirical evidence from subtropical 
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Research Question (RQ) 
Addressed 
in chapter Publication (Status) 

offices, Energy and Buildings [Submitted 
paper] 

1.4 Overview of Research Design and Methods 

This research was conducted in four phases: Phase I: conducting a literature review and 

designing the scope of the study; Phase II: evaluating the current status of certified 

Australian office buildings; Phase III: understanding the viewpoints of Australian 

building experts; and Phase IV: establishing IEQ�±energy and IEQ�±satisfaction models. 

The following research design and methods were implemented to address the RQs 

mentioned earlier: 

�x Phase I 

This phase included a comprehensive literature review composed of two parts. The 

first part identified the research trends and gaps in the IEQ-modelling field. The 

second part critically reviewed studies focusing on developing IEQ evaluation models 

in commercial buildings and categorised the major influencing IEQ factors, 

measurement campaigns, surveys and analytical methods described in the existing 

literature. 

�x Phase II  

Phase II adopts quantitative research methods to investigate the statistical relationship 

between energy consumption in office buildings and the NABERS IE certificate. 

Also, an Energy and Indoor Environment Index is developed in this phase to 

benchmark the energy and IEQ performance of Australian office buildings certified 

by NABERS Energy and IE.  

�x Phase III  

�7�K�L�V���S�K�D�V�H���L�Q�Y�R�O�Y�H�G���F�R�O�O�H�F�W�L�Q�J���$�X�V�W�U�D�O�L�D�Q���E�X�L�O�G�L�Q�J���H�[�S�H�U�W�V�¶���Y�L�H�Z�S�R�L�Q�W�V���W�K�U�R�X�J�K���D�Q��

online survey. This helped us to determine their assessments of the effects of IEQ 

factors on office energy consumption and occupant satisfaction. 

�x Phase IV 

�,�Q�� �W�K�L�V�� �S�K�D�V�H���� �.�D�Q�R�¶�V�� �P�H�W�K�R�G�� �Z�D�V�� �X�V�H�G�� �W�R�� �G�H�W�H�U�P�L�Q�H���W�K�H�� �G�L�I�I�H�U�H�Q�F�H�V���E�H�W�Z�H�H�Q�� �W�K�H��

�H�I�I�H�F�W�V�� �R�I�� �Y�D�U�L�R�X�V�� �,�(�4�� �S�D�U�D�P�H�W�H�U�V�� �R�Q�� �R�I�I�L�F�H�� �R�F�F�X�S�D�Q�W�V�¶�� �R�Y�H�U�D�O�O�� �V�D�W�L�V�I�D�F�W�L�R�Q����
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Additionally, an IEQ�±energy model was developed based on long-term 

measurement. This phase also involved a comparison between the perspectives of 

Australian building professionals and occupants on the effect of IEQ parameters on 

office energy consumption and occupant satisfaction, and the development of 

proposals for modifications to Australian regulations to allow a more holistic 

assessment of building performance and reduce energy wastage in office buildings. 

1.5 Structure of the Thesis 

This thesis is structured according to the Griffith University guidelines for preparing a 

PhD thesis as a series of published and unpublished papers. These guidelines allow the 

inclusion of papers that have been prepared for submission to, submitted to or accepted 

by peer-reviewed journals and books. 

Chapter 2 contains a journal article published in Energies. It reviews the emerging topics 

and gaps in the IEQ-modelling field. This review identified the importance of studying 

the relationship between IEQ and energy consumption. 

Chapter 3 is a journal article published in Energy and Buildings. It extends the review to 

critically analyse IEQ factors, data collection methods and analytical approaches 

described in the literature about IEQ modelling in commercial buildings. This review 

helped in identifying the most suitable methods for this study. 

Chapter 4 presents an overview of the research design and research techniques used in 

this study. It concludes with a summary of the research methods used to answer the RQs. 

Chapter 5 is a journal article that was published in Solar Energy. The article focuses on 

current Australian policy on energy efficiency and the indoor environment in office 

buildings. 

Chapter 6 was published as a journal article in Building and Environment. It explores 

�$�X�V�W�U�D�O�L�D�Q�� �E�X�L�O�G�L�Q�J�� �H�[�S�H�U�W�V�¶�� �L�Q�V�L�J�K�Ws into the influence of IEQ factors on energy 

consumption and occupant satisfaction in office buildings. 

Chapter 7 is a journal article that was under reviewed by Energy and Buildings. On the 

basis of long-term measurements and occupant surveys in three office buildings in 

subtropical climates, this paper proposed modifications to Australian regulations to allow 

more holistic assessments of building performance. 
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Finally, Chapter 8 presents the outcomes of the study, discusses its contributions and 

addresses its limitations. It also outlines future directions. 
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Global Research Trends on Buildings Indoor Environmental Quality 

Modelling and Indexing Systems�² A Scientometric Review 

Abstract:  The purpose of this study is to provide a holistic review of two decades of 

research advancement in the indoor environmental quality modelling and indexing field 

(IEQMI) using bibliometric analysis methods. The explicit objectives of the present study 

are (1) identifying researchers, institutions, countries (territories), and journals with the 

most influence in the IEQMI topic; (2) investigating the hot topics in IEQMI field; and 

(3) thematically analysing the keyword evolution in IEQMI field. A complete 

scientometric review was conducted using the bibliometric data of 456 IEQMI research 

articles published in the past two decades. VOSviewer software was employed for 

bibliometric analysis, and the SciMAT tool was used to investigate the keywords' 

thematic evolution in three sub-periods (2004�±2009; 2010�±2015; 2016�±2021). Results 

show that there is a continuous increment in the number of published papers in the field 

of IEQMI, and 60 out of 193 countries in the world have been involved in the IEQMI 

studies. The IEQMI research mainly focuses on a) thermal comfort and energy efficiency, 

b) occupant satisfaction and comfort, c) IAQ and health issues, d) methods and 

procedures. This field has undergone significant evolution. While 'indoor environmental 

quality was initially the only theme in the first period, 'occupant satisfaction', 'buildings', 

'impact', 'building information modelling, and 'health' were added as the main thematic 

areas in the second period; 'occupant behaviour' and 'energy' were novel themes in IEQMI 

studies receiving much attention in the third period. 

Keywords: Indoor environmental quality; analytical model; occupant satisfaction; 

energy efficiency; biblio-metric analysis; scientometric review.
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2.1 Introduction  

Although most human lives are spent indoors [9], the concept of indoor environmental 

quality (IEQ) is relatively new. IEQ concerns the performance of buildings from 

occupants' perspective and includes but is not limited to thermal comfort, indoor air 

quality (IAQ), lighting and acoustics [10]. Previous studies have revealed that improving 

�W�K�H�� �L�Q�G�R�R�U�� �H�Q�Y�L�U�R�Q�P�H�Q�W�� �F�R�P�H�V�� �Z�L�W�K�� �I�L�Q�D�Q�F�L�D�O�� �E�H�Q�H�¿�W�V���� �L�Q�F�O�X�G�L�Q�J�� �S�U�R�G�X�F�W�L�Y�L�W�\��

improvement [11] and lower energy consumption [3]. A massive amount of current 

business expenses is related to employees' salaries. Based on the Property Council of 

Australia report, a 1% increase in office productivity is equal to the entire building's 

energy cost [3]. 

Assessing buildings' IEQ performance demands a summative index, generally a 

numerical score or rating, that combines the building performance in various IEQ aspects 

and provides a numerical gauging summary of the discrete IEQ factor performance data 

[12]. This is commonly called the 'IEQ model'. The research that defines an IEQ model 

can be traced back to the 1990s. As of 2000, a comprehensive IEQ assessment started 

with the EPIQR (energy performance, indoor air quality and retrofit) project in Europe 

with long-term measurement [13] and surveys [14]. 

Given the vital role IEQ plays in influencing occupant health, comfort, and productivity, 

the IEQ research area has been gaining popularity in recent decades. Multiple literature 

review papers have been published to synthesise current knowledge. The focus of some 

review papers was the influence of the indoor environment on occupants' health and well-

being [15, 16], productivity [17] or comfort [18, 19].  

 Different research groups around the world are researching on IEQ issues [8, 20]. In the 

past two decades, IEQ factors were mostly reviewed separately. Thermal comfort [21-

24]����and IAQ [25-28] received more attention than visual comfort [29-31] and acoustic 

comfort [32-34].  

Reviewing recent building control and thermal comfort studies, Park and Nagy [15] 

mentioned that building control systems concentrate mainly on saving energy rather than 

incorporating thermal comfort requirements. Enescu [22] discussed thermal comfort 

models developed to select strategies for controlling indoor environments. The 



 
 

37 

parameters and characteristics of thermal comfort models were reviewed based on fuzzy 

controllers, auto-regressive variants, artificial neural networks, and hybrid models. 

�6�X�Q�G�H�O�O���H�W���D�O���¶�V��[27] literature review denoted low ventilation rate in buildings as one of 

the causes of building related sicknesses. Sick building syndrome (SBS) symptoms are 

reduced in offices with higher ventilation rates up to about 25 L/s per occupant. Tham 

[25] found that airborne infection, indoor chemistry, and their impacts on occupant 

performance were emerging topics in IAQ. The study by Todorovic and Kim [30] 

examined the performance prediction and validation of healthy building daylighting 

dynamic control. They introduced control of windows' transmittance based on the solar 

radiation wavelength as a solution for optimising daylight and energy efficiency in 

buildings. Aries et al. [29] found statistically significant  relationship between sunlight 

and health consequences. On the other hand, Reinten [34] mentioned that it is essential to 

distinguish between the sound effects on occupant performance and the effects of space 

acoustics on the sound environment. If the distinction is not made, the role of room 

acoustics will be overestimated. 

While these critical reviews have progressed the knowledge in the IEQ sector, they 

mainly focused on specific aspects of IEQ and lacked a holistic view or a "big picture" of 

IEQ research. They were also mainly based on individual authors' or research groups' 

judgment [35], therefore could not examine the network between scholars, regions, 

keywords, and articles [36].  

One of the main reasons for the lack of a holistic literature review of IEQ modelling and 

indexing (IEQMI) is the rapid research growth in this topic. Fast-paced development in 

this field has outstripped the opportunity to include multiple facets of IEQMI in one 

manual review paper. A scientometric analysis can address the previous reviews' 

fundamental limitations. Statistical analysis and interpretation���� of the relationships among 

scientific papers on a particular topic is the basis of a scientometric review. Statistical 

indexes could reveal emerging trends and research patterns. Analysing the literature 

quantitatively and comprehensively can generate beneficial information and provide a 

wide-ranging view on a specific topic and its current status. Moreover, scientometric 

analysis can identify the current research interests and emerging topics for future 

development [37]. Specifically, scientometric analysis can identify the time periods in 
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which a specific research theme occurred, the themes that were heavily studied, and the 

evolvement of various themes.  

�7�R���W�K�H���E�H�V�W���R�I���W�K�H���D�X�W�K�R�U�V�¶���N�Q�R�Z�O�H�G�J�H�����Q�R���V�F�L�H�Q�W�R�P�H�W�U�L�F���U�H�Y�L�H�Z���S�D�S�H�U���L�Q���W�K�H���,�(�4�0�,���I�L�H�O�G��

has been published until now. Therefore, the current paper can fill this gap by delivering 

an all-inclusive overview of research advances in the field of IEQMI. The main research 

objectives are to 1) identify the researchers, institutes, journals and countries that are most 

influential in this topic; 2) identify the primary research themes in the IEQMI field; and 

3) evaluate the thematic evolution of IEQMI topics.  

The structure of this research can be divided into five sections. Section 2.2 presents the 

method applied for database development and the software used in the study. Section 2.3 

analyses the retrieved research papers based on scientometric analysis to demonstrate the 

literature's themes, keywords, contributing countries and institutions. Section 2.4 

represents the discussion over major topics found in the IEQMI field and Section 2.5 

delivers the conclusion and future development paths. 

2.2 Methodology 

It is challenging to manually review all the studies relevant to the IEQ modelling and 

indexing field. We benefited from bibliographical data (keywords, authors, citations) 

using VOSviewer text-mining software to create bibliometric maps [36, 38]. Then 

SciMAT software is applied to explore the development of keywords in three evolution 

stages. 

2.2.1 Data Collection 

The selected database significantly affects the results in scientometric reviews [38]. Some 

well-known bibliometric resources are available for data retrieval, namely Web of 

Science (WoS), Scopus, ScienceDirect and Google Scholar [39]. The WoS is one of the 

most frequently used resources for performing scientometric analysis and covers more 

than 34,000 journals [39]. Therefore, the bibliographic database of WoS was selected for 

collecting the relevant papers. Figure 1 illustrates the steps to develop the database used 

in this study. Keywords were inserted in the WoS search engine applying the TITLE-

ABS-KEY as follows: (IEQ OR "indoor environmental quality") AND (weighting OR 

index* OR model*). Related words (like indexing or modelling) were included in the 

search results by adding "*" sign at the end of individual words. 
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This search returned 869 documents, including 707 articles, 155 proceeding conferences, 

47 review articles, 11 early access, three editorial materials, two book chapters and one 

data paper. Four filters were applied to eliminate publications unrelated to the scope of 

this review. 

1) Publications from the past two decades were considered to investigate improving 

methods used for indexing IEQ in buildings. 

2) Subject area was restricted to engineering, environmental science, energy, decision-

making and computer science. Fields like business and medicine were excluded of the 

study. 

3) Non-English publications were removed as they could not be reviewed. 

4) Source type was limited to journal articles and peer-reviewed conference papers. 

As a result, 484 documents have recovered after initial filtration. Afterwards, the abstracts 

of recovered papers were screened to check that only publications meeting the scope of 

this review were extracted for scientometric analyses. As a result, 456 articles remained 

for analysis. 

2.2.2 Data Analysis Using VOSviewer 

Over the past 20 years, more than 10 software have been developed to ease scientific 

mapping and analysis [40, 41]. Although there were some minor differences, the mutual 

goal of these tools was to unwrap the complex relationships existing among inputs in 

research disciplines (e.g., keywords, documents, journals, authors, countries, references) 

and illustrate interlinked associations in a simple style [40]. 

As previously stated, the main objective of this study is to identify authors, journals and 

countries with the utmost influence in the IEQMI field. To this end, the information of 

filtered publications (title, abstract, publication year, author, citation) was collected and 

inserted into VOSviewer for processing.  

As a commonly employed software����to study and visualise bibliometric networks, 

VOSviewer software (v.1.6.16)����has been used in this research. VOSviewer stands for 

Visualisation of Similarity Viewer, and it was first developed by Van Eck and Waltman 

[42].  
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VOSviewer has four main functions: 1) adding the paper information, 2) determining 

terms co-occurrence, 3) discovering the citation links among papers and 4) visualising 

the terms by clustering them based on co-occurrences. The selection of VOSviewer is 

suitable for scientometric review due to its potential to conduct co-occurrence analysis. 

Thus, main topics and critical research clusters related to the IEQMI field can be 

discovered. 

Two analysis methods were employed to generate the results. A keyword analysis was 

used to study the historical progress and latest trends. Citation analysis was also 

considered to investigate the research interaction in the body of knowledge in the IE-QMI 

field. Both methods are briefly described in the following section. 

2.2.2.1 Keyword Analysis Using VOSviewer 

A keyword analysis can be used to investigate articles indexing in databases and reveal 

the research publications' theme. Therefore, mapping all used keywords in publications 

can provide the study domain's holistic and rational knowledge map. The keywords 

included in the title and abstract of selected papers were collected to achieve a scientific 

landscape. Only the most engaging keywords were extracted by filtering keywords with 

at least 10 occurrences. Most related keywords were selected using VOSviewer's text-

mining function [42]. 

Subsequently, repetitive words (in singular or plural formats, an abbreviation or full 

name) were combined with a pre-defined thesaurus file. VOSviewer created a co-

occurrence map based on the filtered keywords and clustered mentioned keywords 

considering the co-occurrences. Based on the keywords observed, the clusters were 

labelled to compare further. Subsequently, the scientific landscape of IEQMI is generated. 

In clustering mapping, the colour and size of a unique circle represent the cluster type and 

occurrence frequency of a single keyword, respectively. The distance between them 

shows the relative co-occurrence of the two keywords. 
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Figure 1. Database development approach 

2.2.2.2 Citation Analysis Applying VOSviewer 

All publications' citations were analysed to find the interaction in IEQMI research. The 

mentioned analysis demonstrates quantitative interactions of publications. VOSviewer 

extracted the citation information to visualise the relationship network. Based on the 

bibliographic data of VOSviewer, the trends of research in IEQMI studies have been 

evaluated in this section. The evaluation includes active countries and regions, prominent 

journals covering the research, major involved universities and institutions, contribution 

of authors, citation of critical papers and high-frequency. 

Excluded records: (n = 385) 

1. Publication year (<2001 removed) 

2. Subject area (areas other than 

engineering, energy, computer science, 

and environmental science were 

excluded) 

3. Language (languages other than 

English were excluded)  

4. Source type (Only peer-reviewed 

journals or conferences were included) 

484 
documents 

869 documents 

Apply the search syntax in 

Web of Science 

�x 707 Articles 
�x 155 Proceedings 
�x 47 Review articles 
�x 11 Early access 
�x 3 Editorial materials 
�x 2 Book chapters 
�x 1 Data paper 
�x 1 Corrections 

Filters 
applied 

Abstracts 
screened 

456 documents 
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2.2.3 SciMAT  

Thematic evolution analysis investigates the changes and advancement of a research field 

in different periods. This approach results in a comprehensive understanding of 

progression trends in a particular area [41]. A research team at the University of Granada, 

Spain, developed the SciMAT software in 2012 as an open-source scientific mapping 

tool. 

SciMAT unites the advantages of different scientific mapping tools by conducting data 

pre-processing, construction of a knowledge matrix network, record clustering and 

mapping production. Four kinds of maps can be obtained by SciMAT: strategic diagrams, 

cluster network maps, evolution maps and overlapping-items graphs. Two later maps 

were included in this study to investigate the keyword evolution in the IEQMI field. 

2.2.3.1 Overlay Graph 

The overlay graph can evaluate the level of stability between two sequent periods (see 

Figure 2). The numbers printed inside the circles specify the numbers of keywords 

included in the subject during the study period. The number over the horizontal arrow 

represents the shared keywords between periods. The 'stability index' is demonstrated in 

the parentheses. Moreover, the exit arrow illustrates the number of keywords existing in 

the first period that were not considered in the next one. The entry arrow shows the 

quantity of newly occurred keywords that are purely present in the later period. 

 

Figure 2. Overlay graph 

2.2.3.2 Evolution Map 

The primary use of an evolution map is to demonstrate the����thematic development of a 

subject over different periods �@�����> . Evolving from����theme 1, themes 1' and 1" were 

developed over two sequential periods (Figure 3). The development that happened on the 
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theme of theme 2' from theme 2 is shown in Figure 3. Moreover, theme 3 development 

was terminated in the first period, and theme 4 began evolving in the second period. The 

sizes����of nodes in each stage are denoted by the number of documents����within each theme. 

The thickness of the lines indicates the robustness associated with the two clusters. 

Additionally, connecting line thickness determines the similarity of keywords shared 

between themes over time. Finally, the solid lines show that themes have important 

analysis units, while the dashed line demonstrates otherwise. 

 

Figure 3. Evolution map 

2.3 Results 

Applying the method presented in Section 2.2.1, we extracted 456 papers in the IEQMI 

field and analysed them bibliometrically. VOSviewer software was used to investigate 

publication trends in IEQMI (bibliographic coupling, co-citation analysis and co-

occurrence analysis). Afterwards, the results of the evolutionary analysis of the IEQMI 

concept using SciMAT software were reported in Section 2.3.8. 
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2.3.1 Publication Trends 

Figure 4 illustrates the original and review papers published between 2004 and 2021. 

Overall, a constant annual increase in the publication is apparent. Publication growth has 

been more considerable in recent years, as the published papers after 2019 equal 53.4% 

of all published studies in this area. 

While researchers continuously published their IEQMI-related research outcomes in the 

past two decades, there was no paper reviewing the IEQMI field before 2013. The studied 

period in this research is divided into three periods. The first one is between 2004 and 

2009. In this period, a few research papers were published, and the concept of IEQMI 

was propounded [43, 44]. The second period started in 2010, in which a few advanced 

models were developed for modelling IEQ [45, 46]. The last period from 2016�±2021 

witnessed more complex methods developed for IEQMI [47, 48].  

 

Figure 4. Published original and review papers in the IEQMI field 

2.3.2 Analysis of High-Frequency Keywords 

Keywords demonstrate the subjects of a paper and help clarify the primary re-search 

scope. Therefore, keywords included in the database were also analysed by VOSviewer 

to determine the frequent keywords and their relationships. The frequency threshold of 

keywords was 10, and 55 out of 2,244 keywords remained after the filtration and were 

used for the keyword analysis (see Figure 5). 

Second period 

Third period 

First period 
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The core keywords of the IEQMI field are 'Productivity', 'Thermal comfort' and 'IEQ'. 

Several important research topics attracting extensive attention are indicated in Figure 5. 

They can be clustered into four major themes, namely a) thermal comfort and energy 

efficiency, b) occupant satisfaction and comfort, c) IAQ and health issues, d) methods 

and procedures. 

 

Figure 5. High-frequency keywords network 

The relationships among high-frequency keywords are illustrated in Figure 6. Studying 

this trend helps understand the popular topics in the IEQMI field, and possible gaps can 

be determined. The circle colours in Figure 6 show the time slots in which the keyword 

was used in papers. Darker circles show high-frequency keywords in early periods. The 

three dashed brown lines indicate the trend of frequent keywords in the study period. For 

instance, the SBS's circle (in the right of Figure 6) has a dark colour. By checking the 

legend, it is understood that this keyword mostly appeared around 2016, implying that 

this topic was more popular 5-6 years ago. 

On the other hand, some keywords with lighter circles, such as occupant behaviour and 

built environment have been used more by scholars in recent years. With the advancement 

of smartphones and wireless systems, researchers developed occupant voting systems to 
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collect continuous and real-time feedback on occupant's behaviour and perception [49]. 

Collecting and analysing occupants' behaviour and response during building use is 

essential for understanding how to increase occupants' satisfaction and improve buildings' 

energy efficiency [6, 50].  

 

Figure 6. High-frequency keywords trend 

2.3.3 Prominent Journals 

The IEQMI field mainly fits the scope of building- and energy-related journals. In total, 

166 publication sources (journals and conferences) were detected and classified by 

VOSviewer in the IEQMI field. Some journals were more popular than others in the past 

two decades. The top 10 sources have published nearly 53% of all the papers in this field; 

the other 156 journals are responsible for less than 47%. Figure 7 shows the consecutive 

progress of the highest 10 publication sources. It is observed that some journals have had 

a stable and continuous number of publications. While Building and Environment and 

Energy and Buildings published a significant portion of the papers in this field, other 

journals like Sustainability and Journal of Building Engineering had notable recent 

growth.  

2016       2017     2018      2019       2020 
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Figure 7. Consecutive progress of published papers in primary sources 

Significant correlations were discovered between the 'number of publications', 'total 

citation', 'links' and 'total link strength'. Therefore, each factor could be helpful for the 

comparative measurement of different journals' contributions and productivity (see Table 

2). Calculating the Pearson's correlation coefficient (r) between the 'number of 

�S�X�E�O�L�F�D�W�L�R�Q�V�
���D�Q�G�� �
�W�R�W�D�O���F�L�W�D�W�L�R�Q�
���U�H�V�X�O�W�H�G���L�Q�� �D�� �V�W�U�R�Q�J�� �S�R�V�L�W�L�Y�H�� �F�R�U�U�H�O�D�W�L�R�Q�����U�×� �×������������ �S�×����

0.001) among mentioned indices. There is a significant correlation between the total 

�
�Q�X�P�E�H�U�� �R�I�� �S�X�E�O�L�F�D�W�L�R�Q�V�
���D�Q�G�� �
�W�R�W�D�O���O�L�Q�N�� �V�W�U�H�Q�J�W�K�
�����U�×� �×������������ �S�×������������������ �<�H�W���� �W�K�H�U�H�� �L�V�� �Q�R��

significant correlation between 'average citations' and the 'number of publications' 

���U�×� �×�������������� �S�� � �� ���������������� �$�� �V�L�J�Q�L�I�L�F�D�Q�W���F�R�U�U�H�O�D�W�L�R�Q���E�H�W�Z�H�H�Q�� �
�W�R�W�D�O���O�L�Q�N���V�W�U�H�Q�J�W�K�
��and 'total 

�F�L�W�D�W�L�R�Q�V�
�����U�×� �×�������������S�×�������������������L�V���U�H�S�R�U�W�H�G�����K�R�Z�H�Y�H�U�����Q�R���V�L�J�Q�L�I�L�F�D�Q�W���F�R�U�U�H�O�D�W�L�R�Q���Z�D�V���I�R�X�Q�G��

between 'average citation' and other indices.  

Figure 8 i llustrates the relationship between various sources in this field. Only journals 

with at least four publications were selected to eliminate less involved journal and 

conference papers. The VOSviewer resulted in 21 publication sources, as demonstrated 

in Figure 8. It is clear that the sources extensively having contributed to IEQMI research 

topic include Building and Environment (110 papers), Energy and Buildings (59 papers), 

Sustainability (25 papers) and Journal of Building Engineering (20 papers). Figure 8 

illustrates the following patterns and trends. 
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Table 2. Journals published the most in the IEQMI field 

Journal 
No. of 

publications 

Total 

citation 

Average 

citation 
Links 

Total link 

strength 

Building and Environment 110 3,236 36 19 348 

Energy and Buildings 59 1,650 33 12 117 

Sustainability 25 114 5 15 88 

Journal of Building Engineering 20 77 6 8 30 

Energy Procedia 15 756 69 18 84 

Building research and information 12 134 13 8 28 

Energies 11 53 5 10 62 

Building simulation 10 181 18 8 15 

Buildings 10 38 5 9 32 

Journal of Cleaner Production 9 88 11 7 13 

Energy 8 174 25 8 10 

Sustainable Cities and Society 8 141 18 7 22 

Indoor air 7 122 15 10 21 

Journal of building physics 7 69 10 11 44 

Applied Energy 4 76 19 4 10 

Energy Policy 4 32 8 3 6 

Applied science 4 29 7 6 19 

International journal of ventilation 4 23 15 5 15 

Science and technology for the built 

environment 
4 22 6 5 10 

Intelligent building international 4 18 5 6 19 

Energy research and social science 4 19 5 3 4 

1) Node and font size represent the keyword frequency occurrence; therefore, larger font 

or node specifies a more significant number of the published document in a specific 

journal. 

2) More node connections mean a greater significance to the publication. Considering a 

connection as a citation between two different journals, it is understandable that nodes 

with more connections are considerably important. 

3) The node location in visualisation is precisely selected by the occurrence frequency, 

the number of citations and the connections with the rest of the nodes. Therefore, the 

journals located in the centre of the network have fundamental importance to the network. 

4) Clusters with different colours and connections illustrate the closeness among journals 

considering mutual citations. 

Moreover, the active journals in the IEQMI research area can be categorised into four 

general clusters, as illustrated in Figure 8.  
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Figure 8. Leading journals network visualisation and their clusters in IEQMI research 

The primary publication sources in Energy in buildings cluster are Building and 

Environment, Energy and Buildings, and Buildings. It includes the most significant 

number of journals. The distance between nodes is relatively short, implying the journals' 

unified research subject or field. A more detailed investigation of the mentioned cluster 

reveals that the majority of the published papers studied the relationship between IEQ, 

energy consumption and the building environment. The journals, including Indoor Air, 

Science and Technology for The Built Environment and Building Research and 

Information, form the cluster of Building technologies. A significant portion of the 

published papers in this cluster focus on the technologies used to improve the indoor 

environment in buildings. The cluster of Sustainability and architecture includes journals, 

such as Sustainability, Journal of Building Physics and Energy Research and Social 

Science. The main subjects explored in this cluster were the effect of novel architecture 

designs and materials in the building sustainability field. 

The Building environment and policy cluster covers journals like Energy Policy and 

International Journal of Ventilation. These journals concentrate more on policies 

established or needed regarding the indoor environment. It is noteworthy to mention that 

Building environment and policy 

Building technologies 

Sustainability and architecture 

Energy in building 
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there are some partial overlaps between the two clusters. For example, the relationship 

between the two journals in Energy in building cluster (Building and Environment and 

Energy and Buildings) and the Sustainability journal in Sustainability and architecture 

cluster is strong, mainly due to the journals' multidisciplinary scope. 

2.3.4 Prominent Publications 

Most cited papers (with a minimum of 100 citations) in IEQMI are presented in Table 3. 

The key parameters in this table are total citations and annual average citations. Links 

between two papers cited by the same document are demonstrated in Table 3. Mui and 

Wong have contributed notably to the IEQMI field (two out of 10 most cited papers). The 

other scholar with two out of 10 highly cited papers was S. Schiavon from the University 

of California Berkeley. 

As presented in Table 3, the paper with the highest number of citations is 'Quantitative 

relationships between occupant satisfaction and satisfaction aspects of indoor 

environmental quality and building design' authored by M. Frontczak, S. Schiavon, J. 

Goins, E. Arens, H. Zhang and P. Wargocki, with 238 citations and the highest annual 

citations of 23.8 [51]. Analysing 52,980 survey responses from 351 offices, Frontczak et 

al. [51] examined the impact of subjectively evaluated building features and IEQ factors 

on satisfaction of office buildings occupants. They found that noise level, the amount of 

space, and visual privacy are the most critical parameters and suggested that building 

designers and architects focus on the mentioned parameters to improve overall workspace 

satisfaction. 

The second most-cited paper was 'Occupant productivity and office indoor environment 

quality: A review of the literature', published in Building and Environment in 2016, with 

180 citations and the highest annual citations of 30 [17]. By reviewing over 300 published 

papers and books, this research paper identified eight critical factors influencing the IEQ, 

occupant productivity and comfort in green office buildings. A wide range of literature 

indicated a significant correlation between identified factors and occupant productivity. 

There are some correlations and interactions among specified IEQ parameters. Figure 9 

illustrates the heat map of prominent publications in the IEQMI field based on citation 

weights. The colours in a heat map range between red and blue. The more citations a 

paper has, the colour surrounding it will be closer to red. In contrast, the fewer the 

citations, the closer it is to blue. Those papers which are strongly related and have been 
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cited by similar papers are close to each other, whereas those weakly related are located 

at a distance. It can be inferred from Figure 9 that many papers cited Wong et al. [44] also 

cited Lai et al. [52] and Huang et al. [53]. A rough conclusion could be that the 

cooperation of organisations in the Eastern Asian region was much stronger compared 

with that in Europe (Frontczak et al. [51]) and the Middle East (Al Horr et al. [17]). 

Table 3. Highly cited papers in the field of IEQMI 

Article  Title  Year Citations 

Average 

per Year 

Citations 

Links 

Frontczak 

et al. [51] 

Quantitative relationships between occupant 

satisfaction and satisfaction aspects of indoor 

environmental quality and building design 

2012 238 23.8 8 

Al Horr et 

al. [17] 

Occupant productivity and office indoor 

environment quality: A review of the literature 
2016 180 30 3 

Paul and 

Taylor [54] 

A comparison of occupant comfort and 

satisfaction between a green building and a 

conventional building 

2008 175 12.5 3 

Wong et al. 

[44] 

A multivariate-logistic model for acceptance of 

indoor environmental quality (IEQ) in offices 
2008 149 10.64 6 

Lai et al. 

[52] 

An evaluation model for indoor environmental 

quality (IEQ) acceptance in residential 

buildings 

2009 132 10.15 7 

Kim and de 

Dear [45] 

Non-linear relationships between individual 

IEQ factors and overall workspace satisfaction 
2012 127 12.7 6 

Huang et 

al. [53] 

A study on the effects of thermal, luminous and 

acoustic environments on indoor environmental 

comfort in offices 

2012 119 11.9 2 

Kolokotsa 

et al. [55] 

Predictive control techniques for energy and 

indoor environmental quality management in 

buildings 

2009 112 8.62 1 

Seppanen 

and Fisk 

[56] 

Some quantitative relations between indoor 

environmental quality and work performance or 

health 

2006 107 6.69 2 

Heinzerling 

et al. [8] 

Indoor environmental quality assessment 

models: A literature review and a proposed 

weighting and classification scheme 

2013 106 11.78 5 
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Figure 9. Prominent publications in the IEQMI field 

2.3.5 Active Countries in IEQ M odelling and Indexing Research 

Although researchers in the field of IEQMI come from different countries around the 

world, research intensity varies by regions. Figure 10 illustrates the distribution of active 

countries and territories for IEQMI research by investigating published papers 

worldwide. Thirty-one per cent of all countries (60 out of 193) have engaged with IEQMI 

research. Figure 10 shows that the United States (US) and China are the two most active 

countries in this field. Researchers from the US and China contributed 108 and 77 papers, 

respectively. Combined, their involvement accounts for 40.57% of total publications in 

this field. The US scientists' involvement in IEQMI studies (e.g., [8, 57-60]) was 

somewhat expected, given the considerable efforts of the US Government to improve the 

indoor environment for occupants by establishing the LEED certificate [61]. 

Additionally, 220 papers were published in Europe. They also contributed to some 

multinational projects (e.g., the ALDREN project [62]) in which the case study buildings 

were in various countries). Another interesting fact is that while many research papers 

have been published in the US, the recent development of IEQMI occurred in countries 

like Poland, Brazil and Portugal. 
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2.3.6 Prominent institutions in IEQ  Modelling and Indexing Research 

Table 4 demonstrates 12 institutions publishing most in the IEQMI studies. Among them, 

Hong Kong Polytechnic University had the highest rank with 25 relevant studies. On the 

other hand, the University of California Berkeley received the highest citations (1,173 

cites) from 13 papers. Berkeley's Center for Built Environment has the most 

comprehensive database of post-occupancy evaluation surveys, making it a perfect source 

for statistical analysis [63-65]. 

Additionally, 14 publications from the Technical University of Denmark (e.g., [66, 67] 

[62]), 13 papers from Delft University of Technology (e.g., [68, 69]), 12 documents from 

Polytechnic of Turin (e.g., [70, 71]), 12 papers from Yonsei University (e.g., [72, 73]), 

10 documents from Tsinghua University (e.g., [11, 74]), eight publications from 

University of Malaya (e.g., [75]) were published in IEQMI scope. 

 

Figure 10. Network visualisation of main countries conducting research in the IEQMI 

field 

The University of Sydney (e.g., [45, 63, 76]), Lawrence Berkeley National Laboratory 

(e.g., [56, 77]), University Paris-Est (e.g., [62, 78]), Instytut Techniki Budowlanej(e.g., 

[79, 80]) and University Technology of Malaysia (e.g., [81]) owned seven publications 

in the field of IEQMI. The analysis proves that most universities and institutes publishing 

IEQMI studies are from China, the US and Europe. This fact is closely related to the 
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concerns of these countries to provide a better indoor environment, improve performance 

and reduce energy consumption. As mentioned in Section 2.3.5, the US has the greatest 

impact on IEQ studies, and Table 4 confirms that with the highest citations. On the other 

hand, countries like Malaysia and Australia started their research in the last decade, and 

their progress is significant. 

The contribution of the Technical University of Denmark has increased after conducting 

joint projects with other universities around Europe. ALDREN was one of the critical 

projects aiming to resolve market barriers and encourage deep building renovation 

focusing on office and hotel buildings. Its main goal was to describe IEQ as a part of 

energy performance [62]. 

Table 4. Institutions that published the most on the IEQMI topic 

2.3.7 Analysis of Author Involvements 

In this section, a detailed study of the retrieved papers demonstrates valuable information 

to understand the most influential authors in the IEQMI field. 

2.3.7.1 Productive Authors Analysis 

The author's number of publications can illustrate the efforts devoted to exploring 

innovative concepts in a specific topic. The most active authors were identified by 

No. Author Affiliation  Documents Citation Country  

1 The Hong Kong Polytechnic University 25 785 China 

2 Technical University of Denmark 14 525 Denmark 

3 University of California Berkeley 13 1,173 USA 

3 Delft University of Technology 13 248 Netherlands 

5 Polytechnic of Turin 12 210 Italy 

5 Yonsei University 12 145 South Korea 

6 Tsinghua University 10 438 China 

7 University of Malaya 8 81 Malaysia 

8 University of Sydney 7 290 Australia 

8 Lawrence Berkeley National Laboratory 7 222 USA 

8 University Paris-Est 7 188 France 

8 Instytut Techniki Budowlanej 7 79 Poland 

8 University Technology of Malaysia 7 38 Malaysia 

Note: Only major affiliations having more than seven publications are listed. 
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analysing the scholars who published the 456 IEQMI papers. The minimum publication 

of an author was set at four for this analysis. Overall, 17 authors met the criteria. The 

author with the highest number of publications was K. W. Mui, with 11 IEQMI papers; 

followed by I. T. Wong and T. Hong, with 10 papers; and M. Piasecki and Jimin Kim, 

with nine papers. 

As illustrated in Figure 11, all 17 authors could be categorised into four clusters named 

by their colour. Cluster Blue includes the highest number of citations, and Cluster Red 

has the most significant number of authors contributing together. On the other hand, 

Clusters Yellow and Green contain the most recent contributions in the field of IEQMI. 

�%�X�L�O�G�L�Q�J���R�F�F�X�S�D�Q�W�V�¶���E�H�K�D�Y�L�R�X�U���L�Q���D�Q���L�Q�G�R�R�U���H�Q�Y�L�U�R�Q�P�H�Q�W�����H���J�������Z�L�Q�G�R�Z-opening, setting 

temperature) was primarily evaluated in Cluster green. On the other hand, practical 

implementation of the IEQ models and indicators in green buildings were discussed in 

Cluster yellow. In contrast with Figure 8, there is no overlap between clusters in Figure 

11, demonstrating the distinction between IEQMI research teams. 

 

Figure 11. Highly productive authors and clusters 

2.3.7.2 Contribution Analysis 

We follow Howard et al.'s method to quantitatively compare and analyse the contributions 

of authors in IEQMI research [82]. The mentioned technique has been previously used to 

evaluate author contribution in different fields (e.g., [83, 84]). The score calculation was 

conducted using Equation 2.1. 

Cluster Yellow 

Cluster Blue 

Cluster Green 

Cluster Red 
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 (2.1) 

S in E.1 represents each author's contribution score in a publication. Moreover, n and i 

signify the number of authors and their order, respectively. The total score of a single 

publication is considered one unit in Equation 2.1. For instance, if six authors contributed 

to a paper, then the contribution score of the first author is 0.37, the second one is 0.25, 

the third author is 0.16, the fourth is 0.10, the fifth is 0.07, and the last is 0.05. Table 5 

shows the most possible and common author contribution score. 

Table 5. Contribution score for a multi-author paper 

Total number 
of Authors 

Order of a Specific Scholar 
1st 2nd 3rd 4th 5th 6th 7th 

1 1.00       
2 0.60 0.40      
3 0.47 0.32 0.21     
4 0.42 0.28 0.18 0.12    
5 0.38 0.26 0.17 0.11 0.08   
6 0.37 0.25 0.16 0.10 0.07 0.05  
7 0.35 0.24 0.16 0.10 0.07 0.05 0.03 

Twenty-one most productive and highly cited authors are presented in Table 6. Each 

scholar has published at least four papers in the IEQMI scope and has been cited more 

than 20 times by other researchers. The presented analysis calculated four main 

quantifiers (published papers, number of citations, contribution score and average 

citations) to demonstrate the performance of these academics. 

While the criteria of 'published papers' and 'contribution score' have a close correlation, 

the 'total citation' and 'average citation' do not have a meaningful relationship with the 

number of 'published papers'. Correlation analysis demonstrates that the 'published 

�S�D�S�H�U�V�
���V�L�J�Q�L�I�L�F�D�Q�W�O�\���F�R�U�U�H�O�D�W�H���Z�L�W�K���W�K�H���
�F�R�Q�W�U�L�E�X�W�L�R�Q���V�F�R�U�H�
�����U�×� �×�����������S�×���×�����������������7�K�H�U�H�I�R�U�H����

the 'contribution score' of an author to the IEQMI field has a linear relation with the 'total 

number of publications'. Nevertheless, no significant correlation is identified between 

�
�W�R�W�D�O���S�X�E�O�L�F�D�W�L�R�Q�
���D�Q�G���
�W�R�W�D�O���F�L�W�D�W�L�R�Q�
�����U�×� �×�������������S�×� �×���������������R�U���E�H�W�Z�H�H�Q���
�W�R�W�D�O���S�X�E�O�L�F�D�W�L�R�Q�
���D�Q�G��

�
�D�Y�H�U�D�J�H���F�L�W�D�W�L�R�Q�
�����U�×� �×�������������S�×� ���������������� 

Mui and Wong were two leading scholars in the IEQMI field. They both received the 

highest number of citations. Among all the scholars, Y. Zhu has the highest average 

citation (73.6), indicating that she was influential in the IEQMI research topic. Other 
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authors with considerable contributions to the IEQMI field include M. Piasecki, Jimin 

Kim, P. Bluyssen, V. Fabi, R. de Dear and Jungsoo Kim since they have received a 

contribution score of more than 2.  

Table 6. Productive and highly cited scholars 

Scholars 
Published 
Papers 

Contribution 
Score 

Total  
Citations 

Average 
Citation 

Affiliation  

K. W. Mui 11 4.26 501 45.5 
The Hong Kong Polytechnic 

University 

L. T. Wong 10 3.43 488 48.8 
The Hong Kong Polytechnic 

University 
T. Hong 10 3.05 117 11.7 Yonsei University 

M. Piasecki 9 4.02 96 10.7 Instytut Techniki Budowlanej 
Jimin Kim 9 3.26 104 11.6 Yonsei University 

P. Bluyssen 7 3.05 138 19.7 Delft University of Technology 
V. Fabi 7 2.75 169 24.1 Polytechnic of Turin 

S. Schiavon 7 1.84 448 64.0 University of California Berkeley 
R. de Dear  5 2.26 252 50.4 University of Sydney 

K. Ito 5 1.8 37 7.4 Kyushu University 
S. N. Kamaruzzaman 5 1.13 72 14.4 University of Malaya 

Y. Zhu 5 0.89 368 73.6 Tsinghua University 
A. L. Pisello 5 0.73 28 5.6 University of Perugia 

S. Habibi 4 4 92 23.0 University of Ferrara 
Jungsoo Kim 4 2.75 236 59.0 University of Sydney 
S P. Corgnati 4 1.88 51 12.8 Polytechnic of Turin 

K. B. Kostyrko 4 1.8 43 10.8 Instytut Techniki Budowlanej 
F. Favoino 4 1.41 143 35.8 University of Cambridge 
M. Overend 4 0.86 152 38.0 University of Cambridge 

B. Cao 4 0.81 214 53.5 Tsinghua University 
M. Lee 4 0.78 66 16.5 Yonsei University 

2.3.8 Keyword Changes Analysis 

In the next step, the overall trend of keywords in IEQMI publications is examined in three 

time periods (2004�±2009, 2010�±2015 and 2016�±2021), as demonstrated in Figure 4. An 

overlay graph is beneficial in understanding changes happening to the keywords during 

each study period and identifying the number of mutual keywords between consecutive 

time steps. 

As mentioned in Section 2.2.3.1, the numbers printed inside the circles denote the 

keywords included in the subject during the study period. The number over the horizontal 

arrow represents the mutual keywords between the two periods. The stability index is 

presented by numbers inside the parentheses. Moreover, the exit arrow illustrates the 

number of keywords existing in the first period that was not in the next one. The entry 



 
 

58 

arrow shows the quantity of new occurring keywords that are purely present in the later 

period. 

From 2004 to 2009, few papers were published in the IEQMI field (3.3 papers per year). 

The number of papers accelerated in the second stage, 2010�±2015, in which 16.8 papers 

were published annually. The third stage demonstrated the greatest number of 

publications, and 369 papers were published by international researchers between 2016-

2021. As illustrated in Figure 12, the quantity of keywords has increased almost four 

times between the first and last periods denoting that the field of IEQMI has undergone a 

considerable development by including new areas. 

Additionally, the number of sustained keywords during the study periods has notably 

risen from 34 to 93, representing that the IEQMI topic has gained some stability in used 

keywords. Moreover, the rise in the stability index indicates that the IEQMI has achieved 

more maturity in the last stage. The quantity of disappeared keywords from the IEQMI 

topic is low, meaning that most IEQMI research topics have been inherited by later 

research stages. Alternatively, the number of new keywords inserted into the IEQMI 

research topic was high in each period, indicating the continuous evolution of the field. 

 

Figure 12. Overlay graph 

The evolutionary map (see Figure 13) shows that the IEQMI field is multi-layered and is 

categorised by an impulsive evolutionary process. Only keywords with more than six 

repetitions have been included in a thematic evolution map. This map illustrates that the 

IEQMI field has continued to expand from the first to the last period. Each node size 

represented the number of documents within the relevant theme. Clearly, 'IEQ' had been 

repeated the most in the published papers. As shown in Figure 13, some keywords 

appeared in the second stage. For example, 'occupant satisfaction' and 'building 

information modelling' appeared between 2010 and 2015 without a direct relationship 

with 'IEQ' publications in the previous period. Larsen et al. [85] designed a tool to 

evaluate the holistic IEQ performance using 16 parameters without considering 
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occupants. The 'impact' focused on the inter-relationships between IEQ factors and/or the 

effects of IEQ factors on building occupants, and researchers have been studying this area 

since 2010 [86-88].  

 

Figure 13. Thematic evolution map of IEQMI field 

Another noteworthy new keyword after 2016 is 'occupant behaviour', which indicates the 

increasing research interest in the effect of occupants' behaviours on IEQ [89-91]. For 

example, topics like the impact of occupant behaviour on ventilation [92], window-

opening [93] and lights [89] were evaluated in the last studied period. Also, in this period, 

'energy' was derived from the 'building information modelling' theme, and many scholars 

have conducted more holistic investigations of building energy use [3, 94-96]. Due to the 

high instability of the IEQMI field, it is predictable that the mentioned research topic will 

continually develop in the future. 
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2.4 Discussion  

The keywords included in the title and abstract of each publication reflect the main 

contents of the research article. Holistic analysis of the keywords can reveal the IEQMI 

field's research trends. The keyword analysis in Section 2.3.2 has identified four main 

research themes in IEQMI field. These categories are a) thermal comfort and energy 

efficiency, b) occupant perception and satisfaction, c) IAQ and health issues, d) methods 

and procedures. In this section, we will further discuss the scopes and representative 

research articles in these four research themes. 

2.4.1 Thermal Comfort and Energy Efficiency 

Many studies tried to investigate and uncover the relationships between various indoor 

�W�K�H�U�P�D�O�� �H�Q�Y�L�U�R�Q�P�H�Q�W�V���� �R�F�F�X�S�D�Q�W�V�¶�� �W�K�H�U�P�D�O�� �F�R�P�I�R�U�W�� �D�Q�G�� �E�X�L�O�G�L�Q�J�� �H�Q�H�U�J�\�� �H�I�I�L�F�L�H�Q�F�\����

Earlier thermal comfort studies in office buildings mostly adopted the PMV-PPD model 

for comfort evaluation. After the inclusion of the adaptive thermal comfort model in the 

ASHRAE 55 [97], comfort studies based on the adaptive model have significantly 

increased [98]. 

According to Carlucci et al. [99], the applicability of the adaptive thermal comfort model 

in hybrid buildings with mixed-mode ventilation is still under discussion. Kim et al. [100] 

investigated the impact of different operation modes (natural ventilation and mixed-mode 

�Y�H�Q�W�L�O�D�W�L�R�Q���� �R�Q�� �L�Q�G�R�R�U�� �W�K�H�U�P�D�O�� �H�Q�Y�L�U�R�Q�P�H�Q�W�� �D�Q�G�� �R�F�F�X�S�D�Q�W�V�¶�� �F�R�P�I�R�U�W�� The outcomes 

demonstrated that the ventilation mode significantly influenced occupants' thermal 

comfort. The mixed-mode building's occupants showed more tolerance for the indoor 

thermal conditions during natural ventilation mode compared to the air-conditioning 

mode. It was stated that "Participants more actively thermoregulated their clothing 

�L�Q�V�X�O�D�W�L�R�Q���W�K�D�Q���S�U�H�G�L�F�W�H�G���E�\���W�K�H���$�6�+�5�$�(�� �6�W�D�Q�G�D�U�G�������•�V���G�\�Q�D�P�L�F���F�O�R�W�K�L�Q�J���P�R�G�H�O��. The 

finding of this research supports the adoption of the adaptive thermal comfort model in 

mixed-mode buildings. 

Energy efficiency and sustainable design have been popular research topics for many 

years. The green building initiative (design, material, standards, etc.) is one of the 

research clusters in this research theme. Green buildings' energy efficiency and indoor 

environment have been widely examined in many countries [70, 101, 102]. Chokor et al. 

[103] evaluated LEED-certified buildings by collecting electricity data for cooling and 
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heating with IEQ satisfaction (furniture, thermal comfort, space, layout, water efficiency, 

acoustic quality, IAQ, cleanliness, lighting level and facility maintenance). The results 

demonstrated that LEED-certified buildings had less energy consumption than their 

conventional counterparts in the region and provided more occupant satisfaction than 

their US counterparts.  

2.4.2 Occupant Perception and Satisfaction 

Numerous studies have examined how indoor environmental quality factors affect 

people's perception and satisfaction. There is substantial research on the effects of 

different environmental factors on humans, including IAQ [25], visual [31], thermal [22, 

23], and acoustic comfort [33, 104]. 

Occupant perceptions are a function of different physiological parameters that change 

with the ambient environment. Sun et al. [105] conducted human subject experiments in 

a controlled climate chamber. They measured human perception, heart rate, diastolic 

blood pressure, systolic blood pressure, and skin temperatures at the forehead and wrist 

in different combinations of illuminance, sound level and temperature to find the 

relationship between physiological parameters and environmental factors. The outcomes 

demonstrated that physiological parameters correlated with occupants' comfort votes. 

To determine the combined acoustic, thermal, and illumination effects on human 

perception and performance, Wu et al. [106] collected and reviewed literature published 

between 2000 and 2020. By comparing the relationships between different IEQ factors 

and occupants' perception, it was revealed that human perception of a particular IEQ 

factor may be affected by other IEQ factors, e.g., thermal comfort may be affected by the 

sound level [106]. 

2.4.3 Indoor Air Quality  and Health Issues 

This category includes topics related to the IAQ and health symptoms resulting from 

indoor pollutants and lack of proper ventilation in buildings. Researchers tried to improve 

the IEQ by enhancing IAQ and finding the relationship between air pollutants and 

�R�F�F�X�S�D�Q�W�V�¶���D�F�F�H�S�W�D�Q�F�H���R�I���L�Q�G�R�R�U���D�L�U���T�X�D�O�L�W�\�� 

While different IEQ assessment methods have been introduced, these IEQ indexes did 

not incorporate the health impacts exerted by the indoor environments. Eye dryness [107, 

108], lethargy [10, 109], dry throat [110-112], headache [113, 114], nausea [115, 116], 
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skin dryness [117, 118], blocked nose [112, 119, 120], and chest tightness [109, 121] 

were common symptoms caused by insufficient ventilation and poor air quality. Some 

health symptoms are not related to a specific indoor environment parameter. For example, 

symptoms like headache and lethargy may result from many indoor environmental quality 

factors, and there can be interactions between these factors [110]. Consequently, it is 

difficult to determine which IEQ factor has a dominating effect in causing a specific 

health symptom. 

An IEQ model developed based on Weber/Fechner's law and the predicted mean vote 

(PMV) was validated by a survey conducted in 91 office buildings in Guangzhou, China 

[110]. PM10 was found as the parameter having the most significant impact on causing 

skin dryness, nausea, and headache symptoms. An adverse thermal environment was 

significantly associated with chest tightness, dry throat, and eye dryness. High CO2 

concentration was correlated with chest tightness and dry throat as well. On the other 

hand, HCHO had the most significant impact on eye dryness. Also, noise could have a 

negligible effect on chest tightness and dry throat, but a considerable impact on skin 

dryness, nausea, and headache [110]. 

Stress level is another potential health issue associated with an unfavourable indoor 

environment. According to Rawati et al. [122], the occupant's stress level will be lowered 

when they have connection with nature. Personality archetypes can potentially 

significantly mediate their stress levels and indoor environment acceptance. Individuals 

with extroverted personality are more prone to be stressed by inadequate IEQ. Also, they 

are more sensitive to environmental parameters under stressful situations than introverted 

individuals [123]. 

2.4.4 Methods and Procedures 

This research theme focuses on establishing summative IEQ indexes or models to 

�E�H�Q�F�K�P�D�U�N�� �D�Q�G�� �H�Y�D�O�X�D�W�H�� �E�X�L�O�G�L�Q�J�V�¶���R�Y�H�U�D�O�O�� �,�(�4�� �S�H�U�I�R�U�P�D�Q�F�H���� �$�Q�� �,�(�4�� �P�R�G�H�O�� �F�D�Q�� �E�H��

developed using either objective measurements of IEQ parameter values and/or 

subjective surveys of �R�F�F�X�S�D�Q�W�V�¶�� �S�H�U�F�H�S�W�L�R�Q�� �D�Q�G�� �V�D�W�L�V�I�D�F�W�L�R�Q�� �R�I�� �,�(�4���� �6�W�D�W�L�V�W�L�F�V����

complicated calculation procedures, and extensive data collection are usually adopted 

when developing an objective IEQ model. By comparison, a subjective IEQ model mostly 

relies on building experts' or occupants' input via questionnaires/ interviews to determine 

criteria weights of different IEQ factors. 
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Linear regression is the most widely used weighting technique. IEQ weighting studies 

were first carried out by Mui and Chen using linear regression [43]. Using CO2 

concentration, sound pressure level, and operative temperature, the developed model 

calculated the IEQ dissatisfaction ratio. In 2008 and 2009, Cao et al. monitored indoor 

environment in public buildings in Shanghai and Beijing [46]. They measured different 

IEQ factors (e.g., mean radiant temperature, air speed, relative humidity, indoor 

temperature, sound pressure levels, illumination, and CO2 concentration). Moreover, they 

collected occupants' satisfaction responses with each IEQ factor. Using the least-squares 

method, Cao et al. [46] determined the relationship between individual IEQ factor and 

occupant satisfaction. Then, occupants' overall satisfaction and satisfaction with 

individual IEQ factor was determined using multivariate linear regression. 

Ncube and Riffat [124] presented an IEQ evaluation model for mechanically ventilated 

buildings in the United Kingdom. They adopted surveys and measurements for 

developing the IEQ model. The authors emphasised that the model correctly predicted 

�W�K�H���R�Y�H�U�D�O�O���R�F�F�X�S�D�Q�W�V�¶���V�D�W�L�V�I�D�F�W�L�Rn (R2 = 0.94) (Table 7). 

Heinzerling et al. [8] evaluated IEQ models developed for office buildings and suggested 

new assessment classes and weighting schemes for IEQ factors based on 52,980 occupant 

satisfaction survey results. Xu et al. [125] investigated the effects of available building 

space, visual comfort, and thermal comfort on overall indoor satisfaction, reporting that 

�R�F�F�X�S�D�Q�W�V�
�� �V�D�W�L�V�I�D�F�W�L�R�Q���Z�L�W�K�� �W�K�H�� �V�S�D�F�H�� �K�D�G�� �D�� �V�L�J�Q�L�I�L�F�D�Q�W���L�P�S�D�F�W�� �R�Q�� �R�F�F�X�S�D�Q�W�V�¶�� �R�Y�H�U�D�O�O��

satisfaction. 

Many previous studies used non-linear regression analysis. The most common methods 

include arithmetic mean, geometric mean and logistic regression (Table 7). In an 

empirical study conducted on 293 office occupants, Wong et al. [44] proposed an 

empirical model for estimating the overall IEQ acceptance (Table 7) by a logistic 

regression including four IEQ factors (IAQ, acoustic comfort, visual comfort, and thermal 

comfort). Using the IEQ model, Wong et al. [44] benchmarked air-conditioned offices in 

Hong Kong according to the predicted overall IEQ acceptance. Tang et al. [48] also 

established a non-linear IEQ model (Table 7). A 14% reduction in residual standard error 

proved that the geometric mean model could predict more accurately than the linear 

regression one. 
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Table 7. IEQ models and indexes in literature 

Study Method R2 IEQ Prediction model 

[43] 
Linear 

regression 
- IEQ = 0.28 × AC + 0.09 × IAQ + 0.42 × TC 

[46] 
Linear 

regression 
0.46 IEQ = 0.224×AC + 0.118×IAQ + 0.316×TC + 0.171×VC +0.075 

[8] 
Linear 

regression 
- IEQ = 0.39×AC + 0.2×IAQ + 0.12×TC + 0.29×VC 

[124] 
Linear 

regression 
0.94 IEQ = 0.18×AC + 0.36×IAQ + 0.3×TC + 0.16×VC 

[48] 

Linear 

regression 
0.911 IEQ = 0.529×AC - 0.136×IAQ + 0.463×TC + 0.423×VC - 2.384 

Linear 

regression 
0.908 IEQ = 0.525×AC + 0.438×TC + 0.401×VC - 3.106 

Arithmetic 

mean model 
0.893  ������ 
L 
F�u�ä�t�z�t 
E�s�ä�u�z�s
H�:�6�%
E�8�%
E�#�%�; �u�¤  

Geometric 

mean model 
- ������ 
L 
F�t�ä�x�w�x
E�s�ä�u�r�x
H�¾�6�%
H�8�%
H�#�%�/  

[125] 
Linear 

regression 
0.89 IEQ = 0.063 × TC + 0.126 × VC + 0.736 × space 

[45] 
Linear 

regression 
0.63 

IEQ = 0.15 × AC + 0.07 × IAQ + 0.20 × VC + 0.27 × space +0.12 

× cleanliness and maintenance + 0.07 × colours and texture + 0.12 

× Furnishing  

[126] 
Linear 

regression 
- 

IEQ = + 0.49 × CO2 + 0.12 × Temperature + 0.19 × PM2.5 + 0.12 × 

air movement + 0.11 × Humidity 

[44] 
Logistic 

regression 
- ������ 
L �s
F�s �:�s
E�‡�š�’�@
F�s�w�ä�r 
E�x�ä�r�{ 
H���� 
E�v�ä�z�z
H������ 
E

�u�ä�y
H���� 
E�v�ä�y�v
H����
�A�;
W  

AC: Acoustic comfort, TC: Thermal comfort, VC: Visual comfort 

2.5 Conclusion  

The scientometric analysis carried out in this study evaluated the publication trend, 

influential countries, institutions, research outlets, publications and researchers, along 

with the main research topics and their evolution in the IEQMI field. There has been a 

steady increase in the number of IEQMI publications in the past two decades, with the 

number of publications after 2019 accounting for more than half of all publications in this 

field. This indicates that IEQ issues have been gaining more attention in recent years.  
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Sixty out of 193 countries and territories in the world have been engaged with IEQMI 

research. The USA (108) and China (77) have made the largest contributions to this field, 

judged by the number of published papers. Influential institutions include Hong Kong 

Polytechnic University, Technical University of Denmark, the University of California 

Berkeley, and so on. Building and Environment and Energy and Buildings are the top two 

research outlets in this field.  

There are four core research themes in the IEQMI field, energy efficiency, occupant 

perception, IAQ and health issues, as well as methods and procedures. The high-

frequency keywords (see Figure 5) demonstrate that while the most frequent and 

important keywords in the IEQMI topic were 'IEQ', 'thermal comfort', and 'productivity', 

the interest of scholars has been recently altered to 'energy consumption', 'efficiency 

optimisation' and 'sustainable retrofitting' (Figure 6). The number of keywords has been 

continually rising in the three research stages. Most IEQMI research topics have been 

inherited by later research stages. New research topics emerged in stages 2 and 3, 

indicating a continuous evolution of the field. 

This scientometric literature review may provide a reference for more investigations of 

deeper modelling and prediction among the multiple IEQ factors and overall occupants' 

comfort. This study has been a scientometric review of past published papers in the 

IEQMI field, and further studies providing a more critical review of the methods used for 

developing IEQ models are needed.  
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Commercial Building Indoor Environmental Quality Models: A 

Critical Review 

Abstract:  Indoor environmental quality (IEQ) models merge various influencing IEQ 

factors into a single overall indicator. The outcome of the IEQ model is usually a 

numerical rating or score that provides an evaluative summary of the IEQ performance. 

Many publications have developed IEQ models from their field measurement and/or 

satisfaction survey results, however with distinct measurement protocols, IEQ weighting 

schemes and analytical methods. This paper presents a comprehensive review of 25 

studies focusing on developing IEQ evaluation models in commercial buildings. Two IEQ 

measurement approaches (objective and subjective measurement), and three types of IEQ 

models�² subjective-objective models, objective models and subjective models�² are first 

differentiated. Five commonly used analytical methods (linear regression, non-linear 

regression, analytical hierarchy process, ensemble averaging method, and updated IEQ 

acceptance model) are discussed. The interaction effects between IEQ factors and relative 

contribution of them to the overall IEQ satisfaction are also assessed. Twenty-five studies 

are then mapped by data collection method, analytical method and number of survey 

responses. Five key criteria for developing quality IEQ models�² number of IEQ factors 

included, spatial and temporal variability in physical measurement, analytical methods 

for model development, and the number of responses if subjective surveys are carried 

out�² are proposed and discussed. A simple ranking and scoring system is propounded for 

evaluating the quality of the IEQ models developed in the reviewed studies. Results show 

that two studies achieved a total score equal to or higher than 80% of the total score, and 

16 studies achieved a minimum of 60% of the total score. This tool can help researchers 

quickly assess the accuracy and reliability of IEQ models developed from diverse 

methods and make an informed decision. 

Keywords: Indoor environmental quality; analytical models; thermal comfort; indoor air 

quality; occupant satisfaction
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3.1 Introduction  

Approximately 90% of human life is spent indoors [127]. Indoor environmental quality 

(IEQ) relates to building performance from the perspective of its occupants and includes 

their perception of thermal comfort, acoustics, lighting, and indoor air quality (IAQ), 

among other things [10]. Previous studies demonstrate that for any enterprise, the 

�S�H�U�V�R�Q�Q�H�O���F�R�V�W�V���D�U�H���R�U�G�H�U�V���R�I���P�D�J�Q�L�W�X�G�H���K�L�J�K�H�U���W�K�D�Q���W�K�H���E�X�L�O�G�L�Q�J�V�¶���R�S�H�U�D�W�L�R�Q�D�O���F�R�V�W�V���D�Q�G��

improving IEQ can reduce the number of absenteeism and complaints, and elevate 

workplace productivity [128, 129]. Although the relationship between IEQ and 

productivity remain contentious [130], it is agreed that more satisfied workforce in a good 

indoor environment generally brings better outcomes for the organisations [131, 132].  

Given that IEQ has different components (e.g., thermal comfort, IAQ, lighting and 

�D�F�R�X�V�W�L�F���F�R�P�I�R�U�W�������D�� �V�X�P�P�D�W�L�Y�H���L�Q�G�L�F�D�W�R�U���L�V���Q�H�H�G�H�G�� �W�R�� �U�H�S�U�H�V�H�Q�W���W�K�H���E�X�L�O�G�L�Q�J�V�¶���R�Y�H�U�D�O�O��

indoor environment condition merging all influencing IEQ factors. This is usually a 

numerical rating or score that provides a gauging numerical summary of the individual 

IEQ factor performance data [8]�����,�Q���W�K�L�V���S�D�S�H�U�����W�K�H���V�X�P�P�D�W�L�Y�H���L�Q�G�L�F�D�W�R�U���L�V���Q�D�P�H�G���D�V���³�,�(�4��

�P�R�G�H�O�V�´���� �D�O�W�K�R�X�J�K�� �G�L�I�I�H�U�H�Q�W�� �W�H�U�P�V�� �K�D�Y�H�� �E�H�H�Q�� �X�V�H�G�� �E�\�� �W�K�H�� �O�L�W�H�U�D�W�X�U�H�� �W�R�� �I�X�O�I�L�O�� �W�K�H��

same/similar function, e.g., IEQ rating system, IEQ index, and IEQ score.  

The IEQ performance data used to generate the IEQ models can come from two major 

sources [124]: objective measurements (e.g., room temperature, relative humidity, CO2, 

illuminance, noise level, etc.) and subjective surveys (satisfaction questions regarding 

noise, lighting, thermal comfort, etc.). IEQ models combine the collected data of objective 

measurements and/or subjective surveys and summarise them into a rating, which can 

then be used for comparison and benchmarking purposes, such as in green building rating 

schemes and international building standards. The accuracy and validity of such IEQ 

models, therefore, depends on the measurement devices, measurement protocols, 

methods used to weight IEQ factors and develop the quantitative relationship.  

In a comprehensive review, Heinzerling et al. [8] thoroughly discussed the methods and 

tools used for subjective and objective measurement, highlighted the lack of common 

IEQ measurement protocols and consideration of interaction effects between IEQ factors 

in the IEQ models, and also proposed new assessment class and IEQ weighting schemes. 

Almost ten years passed since their review. There are recent studies that have explored 

new research topics, such as the inclusion of interaction effects in IEQ models [48], 
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updated IEQ acceptance model [47], and justification of IEQ models [133]. In addition, 

there is a lack of a simple and quick tool for future researchers to check the quality of the 

IEQ models developed based on diverse methods, even though Heinzerling et al. [8] have 

mentioned some important features that quality IEQ models should possess. Therefore, 

the current systematic review study aims to fill the above gaps by 1) identify, 

synthesising, and summarising new and important research topics in IEQ modelling, 2) 

identify key criteria for developing quality IEQ models, and 3) provide a simple ranking 

and scoring tool to assess the quality of the IEQ models. 

This research is structured in five sections. Section 3.2 presents the methodology for the current 

systematic literature review. Section 3.3 summarises various research topics and methods for IEQ 

modelling. Section 3.4 then discusses the IEQ model evaluation criteria and propounded a simple 

tool to assess IEQ model quality. Finally, conclusions are presented in Section 3.5. 

3.2 Methodology 

The systematic quantitative literature review method allows a reliable assessment of a 

specific research topic and to identify the research gap for future research. In this study, 

the preferred reporting items for systematic reviews and meta-analyses (PRISMA) 

technique was applied to organise the literature for the review process [134]. PRISMA is 

a four-step systematic data collection process (identification, screening, eligibility, and 

records inclusion). Similar studies have adopted this approach for their review process 

and content analysis [38, 135]. Figure 14 explains the four-step process via the PRISMA 

approach. 

3.2.1 Identification  

The related records in this phase were selected by including only peer-reviewed journals 

and conference publications. An unrestricted search was initially performed on Scopus 

and Web of Science, which are well-known as the most reliable database engines for 

academic research to find relevant publications in the field of building IEQ modelling. 

The relevant keywords were obtained based on an investigation of publications and the 

�D�X�W�K�R�U�V�¶���N�Q�R�Z�O�H�G�J�H�� 
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Figure 14. Systematic literature review process 

The data structure in these search engines includes publication types, authorships, journal 

or conference titles, keywords, abstracts, institutions, and references. Keywords were 

input in Scopus search engine using the TITLE-ABS-�.�(�<�� �D�V�� �I�R�O�O�R�Z�V���� ���³�L�Q�G�R�R�U��

en�Y�L�U�R�Q�P�H�Q�W�D�O���T�X�D�O�L�W�\�´���2�5�� �,�(�4���� �$�1�'�� ���P�R�G�H�O�
���2�5�� �L�Q�G�H�[�
���2�5�� �Z�H�L�J�K�W�L�Q�J�������%�\�� �D�G�G�L�Q�J��

�³�
�´���D�W���W�K�H���H�Q�G���R�I���H�D�F�K���Z�R�U�G�����U�H�O�D�W�H�G���Z�R�U�G�V�����O�L�N�H���P�R�G�H�O�O�L�Q�J���R�U���L�Q�G�H�[�L�Q�J�����Z�R�X�O�G���E�H���L�Q�F�O�X�G�H�G��

in the search results. The initial search resulted in 233 publications in Scopus and 822 

publications in Web of science databases. Therefore, 1,055 papers were retrieved from an 

unrestricted search.  
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3.2.2 Screening 

The publications collected in the previous stage were filtered using the following 

inclusion/exclusion criteria. 

1. Only publications in the past two decades (2001-2021) were included to examine 

the recent development of IEQ models. 

2. Subject area was limited to engineering, computer science, social sciences, 

environmental science, energy, and decision making. Fields like medicine and 

business were not relevant to the study and were excluded.  

3. Papers not in English were removed.  

4. Sources of publication was restricted to conference and journal articles. 

Also, 82 duplicate papers were removed. Therefore, 466 articles remained for the 

eligibility phase. 

3.2.3 Eligibility  

Among 466 articles, the ones that simultaneously meet the following three criteria were 

retained in this study. 

1. Representation of IEQ model, index or weighting systems  

2. Inclusion of occupant surveys and/or physical measurement  

3. Evaluation and comparison of impact of various IEQ factors and not only focusing 

on a single factor.  

Finally, after passing the eligibility test, 25 articles were selected for inclusion in the study 

to be further studied. 

3.2.4 Thematic Analysis 

Twenty-five selected publications were further investigated to gain knowledge about IEQ 

modelling. These studies have adopted different research methods, including controlled 

laboratory experiments, field monitoring in spaces and buildings, and occupant surveys, 

among other things. Thematic analysis was adopted to identify, analyse, and construct 

themes and topics discussed in these papers. The following section will present the 

following main topics: IEQ measurement approaches, type of IEQ models, analytical 

methods, IEQ model justification, and the interaction between and relative importance of 

IEQ models.  
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3.3 Results 

The present study mainly focused on the studies published after Heinzerling et al. [8], 

however a few older papers were also included to investigate the research trends. The 

main information covered in these 25 studies are presented in Table 8. Nine IEQ factors 

were evaluated in the extracted studies. Thermal comfort, visual comfort, acoustic 

comfort, and IAQ were four main factors included in most studies. Also, there were five 

perceptual factors (privacy, furnishing, personal control, cleanliness and available space) 

which were considered in only a few studies. All publications considered thermal 

comfort, while one paper did not include IAQ [125]; another research excluded visual 

comfort [126]. Surprisingly, two studies did not include acoustic comfort when 

generating their IEQ models [125, 126], albeit previous studies highlighted the crucial 

role of acoustic comfort in achieving IEQ satisfaction [136]. Privacy, furnishing, personal 

control, cleanliness and maintenance, and available space were factors commonly 

considered in IEQ models built on satisfaction surveys. Nine publications considered 

these perceptual��factors in IEQ models. While most papers collected first-hand data in 

their studies [43, 44, 46, 48, 74, 77, 124-126, 137-142], some publications developed IEQ 

models based on data extracted from previous studies [8, 45, 47, 79, 133, 143, 144]. Also, 

there are a few papers which combined the first-hand and secondary data to develop an 

IEQ model [145-147]. Section 3.3.1 to Section 3.3.53.3.5 evaluate and compare 25 

extracted publications from different aspects. 

3.3.1 IEQ Measurement Approaches  

3.3.1.1  Objective Measurement 

Using calibrated and accurate measuring devices is essential for developing IEQ models. 

In recent decades, many instruments and tools have been used for IEQ measurement. 

Adoption of specific tools and methods is heavily dependent on the research aims of the 

study. Carrying out objective IEQ measurement is usually labour and cost intensive. For 

instance, based on the research goals, a representative time and location(s) must be 

selected for IEQ monitoring; test instruments must be calibrated; and experts should 

spend time installing the measuring devices, collecting data, and removing instruments 

afterwards.  
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�$�O�W�K�R�X�J�K�� �D�O�O�� �W�K�H�� �U�H�Y�L�H�Z�H�G�� �V�W�X�G�L�H�V�� �S�U�H�V�H�Q�W�H�G�� �W�K�H�L�U�� �U�H�V�H�D�U�F�K�� �P�H�W�K�R�G�� �D�V�� �D�Q�� �µ�,�(�4��

�H�[�S�H�U�L�P�H�Q�W�¶���� �W�K�H�U�H�� �L�V�� �Q�R�� �V�W�D�Q�G�D�U�G�� �G�D�W�D�� �F�R�O�O�H�F�W�L�R�Q�� �S�U�R�F�H�G�X�U�H�� �W�R�� �J�D�W�K�H�U�� �D�Q�� �L�O�O�X�V�W�U�D�W�L�Y�H��

sample. A wide range of spatial and temporal resolutions have been used in IEQ 

monitoring studies (see Table 9). Apart from that, there are other things to consider when 

determining the sensor locations, such as the occupancy conditions, exposure of sensors 

to direct sunlight/ air path/ personal CO2 bubbles, and potential safety hazards when 

cables are in use. Currently, there is no standard objective IEQ parameters measurement 

protocol that can be followed by researchers.  

3.3.1.2 Subjective Measurement 

Occupant satisfaction, well-being, and productivity surveys constitute the easiest and 

most affordable method of IEQ evaluation in buildings [148]. Although many standards 

dictate what an acceptable indoor environment is and how to measure it, occupant 

satisfaction is of utmost importance among building managers. Most of IEQ surveys in 

extracted papers were in written form; however, online surveys are becoming increasingly 

popular in recent years. However, Galatioto et al. [149] stated that surveys administered 

in the written form generally have a higher response rate (80%) in comparison with online 

questionnaires (30%). 

The difficulty of finding a representative period, interpreting the results, and selecting the 

right questions to ask are other issues concerning surveys [8]. The answers that 

respondents offer in a survey are greatly affected by the phrasing of the questions. The 

inappropriately composed survey questions may cause biased or mistaken results. Some 

additional factors (e.g., ethnicity, physiological states, and socio-economic states) are not 

usually considered in surveys.
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Table 8. Published research related to IEQ models in commercial buildings 
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1 [142] 2002 12 - �6 �6 �6 �6 - - - - - �6 - �6 - 
2 [133] 2005 4655  - �6 �6 �6 �6 - - - - - - �6 - �6 
3 [43] 2005 422  Winter and summer �6 �6 �6 �6 - - - - - �6 - �6 �6 
4 [44] 2008 293  One-off survey �6 �6 �6 �6 - - - - - �6 - - �6 
5 [146] 2009 422 - �6 �6 �6 �6 - - - - - �6 �6 �6 �6 
6 [143] 2009 - One-off survey �6 �6 �6 �6 - - - - - - �6 - �6 
7 [46] 2012 500  Different seasons �6 �6 �6 �6 - - - - - �6 - �6 �6 
8 [45] 2012 43021 One-off survey �6 �6 �6 �6 �6 �6 �6 �6 �6 - �6 - �6 
9 [145] 2012 - 1 year �6 �6 �6 �6 - - - - - �6 �6 �6 - 
10 [124] 2012 70 2 days �6 �6 �6 �6 - - �6 - - �6 - �6 �6 
11 [8] 2013 52980 - �6 �6 �6 �6 - - - - - - �6 - �6 
12 [74] 2015 1000 8 months �6 �6 �6 �6 �6 �6 �6 �6 �6 �6 - �6 �6 
13 [79] 2017 - - �6 �6 �6 �6 - - - - - - �6 - �6 
14 [147] 2018 1050 Different seasons �6 �6 �6 �6 �6 - �6 �6 �6 �6 �6 �6 �6 
15 [47] 2018 730 One-off survey �6 �6 �6 �6 - - - - - - �6 - �6 
16 [125] 2018 496 2 months �6 - �6 - - - - - �6 �6 - �6 �6 
17 [137] 2020 367 2 weeks �6 �6 �6 �6 �6 - �6 - �6 �6 - �6 �6 
18 [48] 2020  248 2 months �6 �6 �6 �6 - - - - - �6 - �6 �6 
19 [77] 2020 572 1 year �6 �6 �6 �6 - - - - - �6 - �6 �6 
20 [138] 2020 300 One-off survey �6 �6 �6 �6 �6 �6 �6 �6 �6 �6 - - �6 
21 [139] 2020 43 1 month �6 �6 �6 �6 - - - - �6 �6 - �6 �6 
22 [144] 2020 - - �6 �6 �6 �6 - - - - - - �6 - �6 
23 [140] 2021 666 One-off survey �6 �6 �6 �6 �6 �6 �6 �6 �6 �6 - - �6 
24 [141] 2021 126 1 day �6 �6 �6 �6 - - - - - �6 - �6 �6 
25 [126] 2021 234 1 day �6 �6 - - - - - - - �6 - �6 �6 

Total 25 24 24 23 6 4 7 5 8 18 10 15 23 
TC: thermal comfort; IAQ: indoor air quality; VC: visual comfort; AC: acoustic comfort 
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Table 9. Summary of temporal and spatial resolutions of objective measurement in 

previous studies 

 
Temporal/ 
Spatial 
resolutions 

Thermal Comfort IAQ Visual Comfort Acoustic 
Comfort 

[125] 
Temporal 

Continuous measurement in summer and winter  
Automatic recording of Thermal and visual parameters at one-minute intervals 
Manual measurement of a weighted sound level and CO2 concentration every five minutes 

Spatial Installing fixed sensors in the vicinity of the 32 occupants  

[126] 

Temporal One-off measurement for two minutes - - 

Spatial Installing mobile sensors within a distance of 1.5m 
�W�R���V�X�U�Y�H�\�H�G���S�D�U�W�L�F�L�S�D�Q�W�V�¶���Z�R�U�N�V�W�D�W�L�R�Q�V�� 

- - 

[139] 

Temporal Continuous measurement for more than a month in summer and winter  
Automatic recording at 10-minute intervals 

Spatial 
Placement of IEQ monitors and sensors in representative open office zones at 0.75 m above 
the floor 

[48] 
Temporal Continuous measurement for more than a month 

Spatial Three fixed locations Three fixed locations Eight fixed locations Two fixed 
locations 

[145] 

Temporal  Daily measurements with constant intervals of 15 min for a whole year based on work hours  

Spatial Selecting measurement points in the middle of two offices with the area of 11m2 and 40m2 

3.3.2 Type of IEQ Models 

The main goal of IEQ models is to evaluate indoor environmental quality conditions 

based on standard benchmarks or occupant satisfaction. Many weighting models have 

combined satisfaction scores for IEQ sub-factors to arrive at an inclusive IEQ satisfaction 

score [8]. Most of the studies developed the IEQ model by linear or non-linear regression 

analysis. IAQ, thermal comfort, visual comfort and acoustic comfort are the most 

commonly included sub-factors in IEQ modelling studies. By multiplying each IEQ sub-

factor score (FSi) with its weight (Wi), the IEQmodel can be calculated as Equation 3.1. 

�+�'�3�à�â�×�Ø�ß
L 
Í �9�Ü�(�5�Ü

�á

�Ü�@�5

 (3.1) 

The IEQ models fall into three categories: subjective�±objective models, objective models, 

and subjective models, as shown in Table 10. Two former categories were introduced by 

Heinzerling et al. [8], while some recent research adopted the third category. Three IEQ 

model categories are briefly compared and discussed below.  
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3.3.2.1 Subjective�±objective Models 

These models are utilised in studies attempting to find correlation between subjective and 

objective IEQ measures and provide equations that predict occupant satisfaction for each 

IEQ category, e.g., thermal environment, IAQ. The IEQ models that consider both 

objective measurement and subjective survey were initiated by Mui et al. [43]. They 

developed the first IEQ logger to expedite the continuous monitoring and adopted a linear 

regression model for determining the dissatisfaction rate with IEQ based on the rate of 

dissatisfaction with thermal comfort, IAQ, aural comfort, and visual comfort. Based on 

the initial regression, the impact of visual comfort was discovered to be irrelevant to total 

satisfaction, while thermal comfort had the greatest impact. 

Table 10. Comparison of three types of IEQ models in the literature  [8]

Phase Subjective-Objective 
models 

Objective models Subjective models 

Data Type Objective measurement and 
satisfaction surveys 

Objective measurement Satisfaction 
surveys  

IEQ model 
development 

Regression between objective 
data and subjective surveys to 
predict occupant satisfaction 
for a specific IEQ factor 

Compare measurement to 
fixed set of standard values, 
and determine classification 

Regression 
between overall 
IEQ satisfaction 
and satisfaction 
towards each IEQ 
factor 

 
Combine sub-indexes into an 
overall IEQ score 

Determine time spent in 
each assessment 
classification to calculate an 
index for an IEQ factor 

 

  
Combine sub-indexes into 
an overall IEQ score 

 

Evaluation Comparison of IEQ index 
with fixed standard ranges  

Compare IEQ index with 
fixed standard ranges  

Comparison of 
IEQ index in 
different building 
types 

 Comparison of IEQ index in 
different building types 

  

The overall IEQ satisfaction can also be stated as a function of various IEQ parameters, 

such as indoor temperature, air speed, relative humidity, CO2 concentration, PM2.5 

concentration [46, 124]. Such overall IEQ model result is then compared to a fixed range 

of standard IEQ parameter values. Cao et al. [46] used a two step-method for their IEQ 

model development (Equation 3.2).  
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�+�'�3
L �?�4 
E�?�5 
H�5�Í�¼
E�?�6 
H�5�Â�º�Ê
E�?�7 
H�5�Ï�Ö
E�?�8 
H�5�º�¼  (3.2) 

Using 500 satisfaction survey responses, Cao et al. determined the coefficients (C0-C4) in 

multivariate linear equation. In the second step, they calculated the relationship between 

each IEQ factor satisfaction and its corresponding physical parameter (operative 

temperature �P�â , CO2 concentration �%�¼�È�. , sound pressure level �.�º��and illumination 

intensity �' ) to establish the IEQ model (Equation 3.3). 

�+�'�3
L �r�ä�r�y�w
E�r�ä�u�s�x
H�:
F�r�ä�r�r�x�u�P�â�6 
F �r�ä�t�z�y�P�â 
F�t�ä�{�u�v�;


E�����r�ä�s�s�z
H
k
F�r�ä�r�r�r�t�%�¼�È�. 
E�r�ä�t�v�v
o


E�r�ä�s�y�s
H�:
F�w
H�s�r�?�; �' �6 
E�r�ä�r�r�s�s�' 
F �r�ä�s�r�x�;


E�r�ä�t�t�v
H�:
F�r�ä�r�t�u�.�º 
F�s�ä�u�z�t�; 

(3.3) 

3.3.2.2 Objective Models 

Some studies built their IEQ models based on objective measurements and compared 

collected data with a fixed set of standard values that reveals what assessment 

classification the measurement fell within. The length of time spent in each assessment 

classification can then be determined and used to calculate a single index for each IEQ 

factor [145]. These sub-indexes are then integrated into an overall IEQ score through the 

weighting process. While such studies may include satisfaction surveys, the collected 

subjective surveys are not involved in IEQ model development. Marino et al. [145] 

adopted the criteria specified by EN 15217 standard and defined four IEQ quality 

categories (high level of expectation, normal level of expectation, acceptable and not 

acceptable). They defined a matrix representing time fraction [F] in each IEQ quality 

category (Equation 3.4). The number of rows and columns signifies the number of 

monitored IEQ parameters and number of IEQ quality categories, respectively.  

�>�(�?
L��
^

�(�5�á�M �(�5�á�M�M �(�5�á�M�M�M�(�5�á�M�Z

�(�6�á�M �(�6�á�M�M �(�6�á�M�M�M�(�6�á�M�Z
�å �å �å �å

�(�l �á�M �(�l �á�M�M�(�l �á�M�M�M�(�l �á�M�Z


b (3.4) 

Marino et al. [145] put together the relative weights of IEQ factors introduced by 

Bluyssen et al. [150], and structured Relative Weight Vector {w} of monitored IEQ 

parameters (Equation 3.5) 
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 (3.5) 

Then, Time Fraction Weighted Mean Vector 
[�B�§
_ was calculated by multiplying the 

transpose of time fraction matrix by relative weight (Equation 3.6).  


[�B�§
_
L���>�(�?�Í �<�S�=
L��

�Õ
�Ö
�Ô

�Ö
�Ó�B�§�Â

�B�§�Â�Â

�B�§�Â�Â�Â

�B�§�Â�Ï�Ù
�Ö
�Ø

�Ö
�×

 (3.6) 

Finally, a unique IEQ index was developed based on the Time Fraction Weighted Mean 

Vector. 

�+�'�3
L �s�r�r�B�§�Â
E�y�r�B�§�Â�Â
E�u�w�B�§�Â�Â�Â (3.7) 

Such methods are only based on objective measurement values, the assessment class 

informed by related international standards, and time spent in each assessment class.  

3.3.2.3 Subjective Models 

�,�Q�� �V�W�X�G�L�H�V���W�K�D�W���X�W�L�O�L�V�H���V�X�E�M�H�F�W�L�Y�H���H�Y�D�O�X�D�W�L�R�Q���P�R�G�H�O�V�����S�D�U�W�L�F�L�S�D�Q�W�V�¶���R�S�L�Q�L�R�Q�V���W�R�Z�D�U�G�V���,�(�4��

would be investigated by online or in-person surveys. Then, using different regression 

methods, the relationship between each IEQ factor and overall IEQ satisfaction can be 

predicted. Cheung et al. [140] and Kim and de Dear [45] developed these subjective 

models in their studies.  

Cheung et al. [140] built an IEQ survey with 18 satisfaction questions on a 7-point Likert 

�V�F�D�O�H���� �7�K�H�\�� �F�R�O�O�H�F�W�H�G�� �������� �L�Q�G�L�Y�L�G�X�D�O�� �R�I�I�L�F�H�� �R�F�F�X�S�D�Q�W�V�¶�� �U�H�V�S�R�Q�V�H�V�� �D�Q�G�� �F�D�O�F�X�O�D�W�H�G��

dissatisfaction rate and satisfaction rate for each IEQ factor based on Equations 3.8 and 

3.9. 

�&�E�O�O�=�P�E�O�B�=�?�P�E�K�J���N�=�P�A


L
�:�R�A�N�U���@�E�O�O�=�P�E�O�B�E�A�@
E�@�E�O�O�=�P�E�O�B�E�A�@
E�O�K�I�A�S�D�=�P���@�E�O�O�=�P�E�O�B�E�A�@�;

�6�K�P�=�H���N�A�O�L�K�J�O�A�O
 

(3.8) 

�5�=�P�E�O�B�=�?�P�E�K�J���N�=�P�A 


L
�:�R�A�N�U���5�=�P�E�O�B�E�A�@
E�5�=�P�E�O�B�E�A�@
E�O�K�I�A�S�D�=�P���5�=�P�E�O�B�E�A�@�;

�6�K�P�=�H���N�A�O�L�K�J�O�A�O
 

(3.9) 
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Then, they used linear regression method to find the relationship between total occupant 

satisfaction/dissatisfaction rate and occupant satisfaction with 18 IEQ factors. Akaike 

information criterion was employed to exclude less important factors. The final IEQ 

model (Equation 3.10�����F�R�Q�W�D�L�Q�V���R�F�F�X�S�D�Q�W�V�¶���V�D�W�L�V�I�D�F�W�L�R�Q���V�F�R�U�H�V�����G�H�Q�R�W�H�G���E�\��S) with 9 IEQ 

factors. 

�+�'�3
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H�5�¼�ß�Ø�Ô�á�ß�Ü�á�Ø�æ�æ
E�r�ä�s�w
H�5�Ç�â�Ü�æ�Ø
E�r�ä�s�u
H�5�¿�è�å�á�Ü�æ�Û�Ü�á�Ú


E�r�ä�s�s
H�5�¾�ß�Ø�Ö�ç�å�Ü�Ö���ß�Ü�Ú�Û�ç
E�r�ä�s�r
H�5�Ì�ç�Ü�Ù�Ù�á�Ø�æ�æ


E�r�ä�s�r
H�5�Á�è�à�Ü�×�Ü�ç�ì
E�r�ä�r�{ 
H�5�É�Ø�å�æ�â�á�Ô�ß���Ö�â�á�ç�å�â�ß


E�r�ä�r�z
H�5�Ï�Ü�Ø�ê�æ���Ù�å�â�à���ê�Ü�á�×�â�ê
E�r�ä�r�y
H�5�½�å�Ø�æ�æ���Ö�â�×�Ø 

(3.10) 

Number of buildings and survey respondents may have influence on the accuracy of such 

analysis, and it needs a large database. Researchers used different analytical methods to 

generate IEQ models. In the next section, different methods are discussed. 

3.3.3  Analytical Methods 

As mentioned, IEQ models can be developed based on objective measurements and/or 

subjective surveys [151]. A purely objective IEQ model is typified by statistical models, 

complicated calculation procedure, and an intensive data collection [152]. In comparison, 

a complete subjective IEQ modelling method depends on criteria weights informed 

directly by occupants or experts via interviews or questionnaires. Figure 15 illustrates the 

distribution of analytical methods among the extracted studies.  

3.3.3.1 Linear Regression Analysis 

The most well-developed weighting approach is linear regression. Most of the studied 

papers in this research used linear regression analysis to determine IEQ weightings. Mui 

and Chen were the pioneer team who used linear regression in their IEQ weighting studies 

[43]. Their IEQ model predicts the percentage of dissatisfaction towards IEQ from 

operative temperature, CO2 concentration and sound pressure level. 

Humphreys [133] �D�O�V�R���F�R�P�E�L�Q�H�G���R�F�F�X�S�D�Q�W�V�¶���V�D�W�L�V�I�D�F�W�L�R�Q���Z�L�W�K���L�Q�G�L�Y�L�G�X�D�O���,�(�4���I�D�F�W�R�U�V���L�Q�W�R��

a single index. Satisfaction data were collected from 4,655 occupants in 26 offices in five 

European countries. In the combined IEQ index, warmth and air quality were introduced 

as more influential sub-factors of occupant satisfaction than the impact of lighting and 

humidity. He concluded that satisfaction with individual IEQ factors does not guarantee  
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Figure 15. Categorisation of IEQ model weighting methods among reviewed studies 

overall IEQ satisfaction. Likewise, dissatisfaction with individual IEQ factors does not 

preclude overall IEQ satisfaction. 

Cao et al. [46] conducted IEQ monitoring in public buildings in Beijing and Shanghai in 

2008 and 2009. Their research included measurements of IEQ factors, e.g., indoor 

temperature, mean radiant temperature, relative humidity, air speed, CO2 concentration, 

�L�O�O�X�P�L�Q�D�W�L�R�Q�����D�Q�G�� �Z�H�L�J�K�W�H�G�� �V�R�X�Q�G�� �S�U�H�V�V�X�U�H�� �O�H�Y�H�O�V���� �$�O�V�R���� �W�K�H�\�� �L�Q�Y�H�V�W�L�J�D�W�H�G���R�F�F�X�S�D�Q�W�V�¶��

satisfaction with each IEQ factor. The relation between each IEQ parameter values and 

occupant satisfaction with this IEQ parameter was determined by using the least squares 

method. Then, weighting factors were discovered by using multivariate linear regression 

�R�I���R�F�F�X�S�D�Q�W�V�¶���V�D�W�L�V�I�D�F�W�L�R�Q���Z�L�W�K���H�D�F�K���,�(�4���I�D�F�W�R�U���D�Q�G���W�K�H���R�Y�H�U�D�O�O���,�(�4���V�D�W�L�V�I�D�F�W�L�R�Q�� 

Ncube and Riffat [124] introduced a rapid IEQ assessment model for air-conditioned 

offices in the UK. They included building design, measurements, and surveys for model 

development. The authors highlighted that represented model properly calculated the 

behaviour of the dependent variable (R2 = 0.94). Although a comparison with a previously 

conducted analytic hierarchy process (AHP) analysis by Chiang et al. [153] is presented 

�,�(�4���P�R�G�H�O 

�:�H�L�J�K�W�L�Q�J���P�H�W�K�R�G�V 

�,�(�4���L�Q�G�H�[ Satisfaction 
prediction 

N
on

-li
ne

ar
 

re
gr

es
si

on
 

Li
ne

ar
 r

eg
re

ss
io

n 

A
H

P
 

P
re

vi
ou

s 
st

ud
ie

s 

N
on

-li
ne

ar
 

re
gr

es
si

on
 

Li
ne

ar
 r

eg
re

ss
io

n 

P
re

vi
ou

s 
st

ud
ie

s 



 
 

81 

as model validation, the fundamental differences����between the case studies (an office 

building and a senior citizen care centre) were neglected. Moreover, the measurement 

method was not consistent during research. For instance, the data collection time step 

varied between the two studied buildings, and measurements were taken in the heating 

season in one building, and in the cooling season in the other building. 

Heinzerling et al. [8] explored subjective and objective office building IEQ models and 

discussed the correlations. Also, they correlated the satisfaction data of 52,980 surveys in 

Frontczak et al. [51] and developed a weighting scheme for office building IEQ 

benchmarking. Xu et al. [125] introduced space factor into IEQ modelling studies. They 

evaluated the effects of building space, thermal comfort, and visual comfort on overall 

IEQ satisfaction. Their results revealed that when temperature, building space, and 

illumination match the IEQ �G�H�V�L�J�Q���V�W�D�Q�G�D�U�G�V�����D�Q���R�F�F�X�S�D�Q�W�¶�V���V�D�W�L�V�I�D�F�W�L�R�Q���Z�L�W�K���W�K�H���E�X�L�O�G�L�Q�J��

space (followed by illumination and thermal comfort) has the most considerable impact 

on overall IEQ satisfaction. Table 11 shows the developed linear regression models in 

extracted papers. 

3.3.3.2 Non-linear Regression Analysis 

Non-linear regression analysis was used in many previous studies. Common methods 

include logistic regression, arithmetic mean, and geometric mean models (Table 11). 

Multivariate regression in IEQ models was initiated by Hong Kong Polytechnic 

University researchers [52]���� �,�(�4�� �V�D�W�L�V�I�D�F�W�L�R�Q�� �Z�D�V�� �U�H�J�U�H�V�V�H�G�� �D�J�D�L�Q�V�W�� �R�F�F�X�S�D�Q�W�V�¶��

satisfaction with specific IEQ factors. Lai et al. [52] used a two-step method to correlate 

IEQ satisfaction with physical measurements. In the first step, the relationship between 

each objective IEQ parameters and satisfaction with individual IEQ factors was 

calculated, and in the second step, a non-linear regression was conducted to determine 

the relationship between individual satisfaction and overall IEQ satisfaction. Thermal and 

acoustic comfort were found to be the most influential factors, whereas IAQ was deemed 

as the least significant. 
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Table 11. Summary of IEQ models in reviewed papers 

Study Method R2 IEQ Prediction model 

[141] Multivariate 
linear regression 

0.92 IEQ = 0.285×TC+0.35×IAQ+0.170×VC+0.195×AC 

[43] Multivariate 
linear regression 

- IEQ = 0.42 × TC + 0.09 × IAQ + 0.28 × AC 

[46] Multivariate 
linear regression 

0.46 IEQ = 0.316×TC+0.118×IAQ+0.171×VC+0.224×AC+0.075 

[8] Multivariate 
linear regression 

- IEQ = 0.12×TC+0.2×IAQ+0.29×VC+0.39×AC 

[124] Multivariate 
linear regression 

0.94 IEQ = 0.3×TC+0.36×IAQ+0.16×VC+0.18×AC 

[48] Multivariate 
linear regression 

0.911 IEQ = -2.384+0.463×TC+0.423×VC+0.529×AC-0.136×IAQ 

Multivariate 
linear regression 

0.908 IEQ = -3.106+0.438×TC+0.401×VC+0.525×AC 

Arithmetic mean 
model 

0.893 ������ 
L 
F�u�ä�t�z�t 
E�s�ä�u�z�s
H�:�6�%
E�8�%
E�#�%�; �u�¤  

Geometric mean 
model 

-  

������ 
L 
F�t�ä�x�w�x
E�s�ä�u�r�x
H�¾�6�%
H�8�%
H�#�%�/  

[125] Multivariate 
linear regression 

0.89 IEQ = 0.736 × space + 0.063 × TC + 0.126 × VC 

[45] Multivariate 
linear regression 

0.63 IEQ = 0.07 × IAQ + 0.20 × VC + 0.15 × AC + 0.12 × 
cleanliness and maintenance + 0.27 × space + 0.12 × 
Furnishing + 0.07 × colours and texture 

[126] Multivariate 
linear regression 

- IEQ = 0.12 × Temperature + 0.11 × Humidity + 0.12 × air 
movement + 0.49 × CO2 + 0.19 × PM2.5 

[44] Multivariate 
logistic regression 

- ������

L �s

F�s �:�s
E�‡�š�’�:
F�s�w�ä�r 
E�x�ä�r�{ 
H���� 
E�v�ä�z�z
H������ 
E�u�ä�y
H���� 
E�v�ä�y�v
H���� �;�;�¤  

[144] Average IEQ 
scores in green 
building rating 
schemes and 
published papers  

- 7 green building rating certificates 
IEQ = 0.27 × TC + 0.34 × IAQ + 0.22 × VC + 0.17 × AC 

- 9 publications 
IEQ = 0.28 × TC + 0.25 × IAQ + 0.21 × VC + 0.26 × AC 

Based on the evaluations of 293 office occupants, Wong et al. [44] introduced an 

empirical model to estimate the overall IEQ acceptance (Table 11). It was calculated by 

a multivariate logistic regression model containing four main IEQ factors. Their relative 

significance, ranked from most to least important, was indoor thermal comfort, IAQ, 

noise level, and visual comfort. Also, the authors used this model to benchmark air-

conditioning offices in Hong Kong based on the predicted overall IEQ acceptance. Mui 

et al. [146] used the IEQ acceptance procedure in Wong et al. [44] to benchmark offices 
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in a five-star rating scheme. Developed model used an adaptive thermal comfort approach 

�I�R�U�� �Y�D�U�L�R�X�V�� �R�F�F�X�S�D�Q�W�V�¶���P�H�W�D�E�R�O�L�F���U�D�W�H�V�� �L�Q�� �D�� �F�R�Q�Y�H�Q�W�L�R�Q�D�O���R�I�I�L�F�H���H�Q�Y�L�U�R�Q�P�H�Q�W�����,�Q�� �R�W�K�H�U��

�Z�R�U�G�V�����R�F�F�X�S�D�Q�W�V�¶���F�O�R�W�K�L�Q�J���W�\�S�H���Z�R�X�O�G���E�H���D�G�D�S�W�H�G���I�R�U���W�K�H���S�H�U�F�H�L�Y�H�G���W�K�H�U�P�D�O���F�R�Q�G�L�W�Lon. 

Tang et al. [48] introduced a non-linear IEQ model based on the geometric mean of the 

individual IEQ factor satisfaction scores (Table 11). The geometric mean will always be 

lower than the arithmetic mean except when all factors have equal values. Only in that 

case will the former equate to the latter. Results demonstrated that the geometric mean 

model had higher prediction accuracy than the linear regression model, evidenced by a 

14% reduction of residual standard error.  

Other IEQ weighting studies found in this research employed the non-linear method 

proposed by Lai et al. [52] to evaluate overall IEQ satisfaction. Fassio et al. [154] used 

the equations proposed in Wong et al. [44] to calculate individual IEQ satisfaction. 

However, the insufficient participants in the research led to inconsistent results, and it 

was mentioned that at least 300 occupants are required to obtain optimal statistical 

reliability [154]. 

3.3.3.3 Ensemble Averaging Method 

Wei et al. [144] compared the average weightings of the four main IEQ factors (VC, IAQ, 

AC, and VC) in seven green building rating certificates (LEED, KLIMA, BREEAM, 

DGNB, LiderA, ITACA, and NABERS) with those proposed in nine research papers 

published between 2002 and 2018 that have derived an overall IEQ rating (Table 11). 

The results indicate that while the importance of thermal and visual comfort in both 

groups is almost the same, green building standards assigned a relatively higher weighting 

to IAQ in comparison with published papers. 

3.3.3.4  Analytic Hierarchy Process (AHP) 

Expert panels and analytical calculation constitute another procedure that determines the 

influence of different IEQ factors. AHP is a technique to create a suitable weighting 

system by prioritising and allocating relative weightings for the evaluation based on a 

�J�U�R�X�S���R�I���H�[�S�H�U�W�V�¶���S�H�U�F�H�S�W�L�R�Q�V�����7�K�L�V���P�H�W�K�R�G���K�D�V���E�H�H�Q���X�W�L�O�L�V�H�G���I�R�U���G�L�I�I�H�U�H�Q�W���S�X�U�S�R�V�H�V�����V�X�F�K��

as determination of building refurbishment priorities [155], building sustainability 

assessment [156], and green building certificate selection [157]. 
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In Chiang and Lai [142], twelve experts (including five architects, three professional 

engineers, and four university professors) were consulted to develop a comprehensive 

IEQ index . It was believed that a combined effect accumulated from each category of 

�S�K�\�V�L�F�D�O���H�Q�Y�L�U�R�Q�P�H�Q�W�D�O���L�P�S�D�F�W���R�Q���R�F�F�X�S�D�Q�W�V�¶���K�H�D�O�W�K���D�Q�G���Z�H�O�O-being. Therefore, the IEQ 

index was designed based on the summation of the evaluated score of the physical 

environment, multiplied by their weighting.  

Online surveys of building experts (engineers, architects, and planners) in the UK and 

�&�K�L�Q�D���F�D�S�W�X�U�H�G���W�K�H�L�U���R�S�L�Q�L�R�Q�V���R�Q���J�U�H�H�Q���E�X�L�O�G�L�Q�J�V�¶���L�Q�G�R�R�U���H�Q�Y�L�U�R�Q�P�H�Q�W���D�Q�G���V�X�V�W�D�L�Q�D�E�L�O�L�W�\��

[158]. All the expert groups in the UK believed that the most important IEQ factor should 

be thermal comfort, and the IAQ had also been emphasised by all expert groups [158]. In 

contrast, in China, engineers considered all the IEQ factors to be equally important, while 

experts with planning and design backgrounds agreed that IAQ had the highest 

importance [158]. 

Miao and Ding [159] invited 60 experts in the construction industry to evaluate the 

importance of acoustics, luminosity, thermal comfort, and IAQ in public buildings. Then, 

�W�K�H���$�+�3���P�H�W�K�R�G���Z�D�V���H�P�S�O�R�\�H�G���W�R���G�H�W�H�U�P�L�Q�H���W�K�H���Z�H�L�J�K�W�V�����%�D�V�H�G���R�Q���W�K�H���H�[�S�H�U�W�V�¶���R�S�L�Q�L�R�Q�V����

thermal comfort and IAQ accounted for the highest importance in total IEQ satisfaction. 

3.3.3.5  Updated IEQ Acceptance Model 

One of the limitations of previously proposed IEQ models was the lack of flexibility to 

include additional IEQ parameters, e.g., privacy, cleaning and maintenance, vibration, 

movement and technology [47]. Also, the existing multivariate logistic regression models 

are not promising to predict occupant responses and acceptance, especially in poor IEQ 

conditions [160]. Hence, Wong et al. [47] proposed an open IEQ probabilistic acceptance 

model, which used frequency distribution functions of occupant's responses towards IEQ. 

They examined the acceptance of singular IEQ parameters and developed a model to 

predict the overall IEQ acceptance from the individual IEQ acceptance. Comparison 

between the performance of updated IEQ acceptance model with existing IEQ regression 

models [44, 52, 161] resulted in statistically similar prediction of overall IEQ acceptance 

rates. Tsang et al. [162] developed a Bayesian IEQ acceptance model based on the method 

proposed by Wong et al. [47]. They formulated the overall IEQ acceptance using separate 

binary responses of IEQ factors. It was determined that by updated IEQ acceptance 

model, the prediction accuracy can be acceptable even with a small quantity of field data.  
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Updated IEQ acceptance model can provide easier model updating based on the 

frequency distributions used. Also, this method is more robust in demonstrating 

�R�F�F�X�S�D�Q�W�V�¶���S�V�\�F�K�R�O�R�J�L�F�D�O���S�H�U�F�H�S�W�L�R�Q���W�R�Z�D�U�G�V���W�K�H���L�Q�G�R�R�U���H�Q�Y�L�U�R�Q�P�H�Q�W��[47]. The updated 

IEQ acceptance model is flexible to various types and ranges of IEQ factors as well as 

new IEQ parameters. 

3.3.4 IEQ Models Justification 

Extracted papers used different methods to justify the reliability of their IEQ models. 

Some researchers compared the IEQ models with occupant satisfaction surveys and a few 

compared their results with national or international standards.  

�7�K�H���V�L�P�S�O�H�V�W���Z�D�\���W�R���G�H�W�H�U�P�L�Q�H���D�Q���R�F�F�X�S�D�Q�W�¶�V���V�D�W�L�V�I�D�F�W�L�R�Q���Z�L�W�K���D�Q���L�Q�G�R�R�U���H�Q�Y�L�U�R�Q�P�H�Q�W���L�V��

to ask them about their perception and satisfaction. Such studies are usually called post 

occupancy evaluation, and many researchers have conducted different surveys and 

presented their models to estimate IEQ. The key problem with such studies is the time 

dependency of surveys. A survey is conducted over a few days in a year (in the best case, 

a maximum of three different times of the year), and the whole model is developed from 

data collected in this limited survey period. For instance, due to a total dependency on 

occupant surveys, the linear model developed by Humphreys [133] failed to rank the 

�L�Q�G�R�R�U���H�Q�Y�L�U�R�Q�P�H�Q�W�V���R�I���W�K�H���E�X�L�O�G�L�Q�J�V���L�Q���W�K�H���F�R�U�U�H�F�W���R�U�G�H�U�����D�V���G�H�I�L�Q�H�G���E�\���W�K�H���R�F�F�X�S�D�Q�W�V�¶��

�R�Y�H�U�D�O�O���D�V�V�H�V�V�P�H�Q�W�V�����8�&�� �%�H�U�N�H�O�H�\�¶�V���&�H�Q�W�U�H���I�R�U���W�K�H���%�X�L�O�W���(�Q�Y�L�U�R�Q�P�H�Q�W���V�X�U�Y�H�\���G�D�W�D�E�D�V�H����

which contains a large number of completed questionnaires (52,980 responses), was used 

in Heinzerling et al. [8]�����$�O�W�K�R�X�J�K���R�F�F�X�S�D�Q�W�V�¶���V�D�W�L�V�I�D�F�W�L�R�Q���Z�D�V���U�H�J�U�H�V�V�H�G���D�J�D�L�Q�V�W���R�Y�H�U�D�O�O��

workplace satisfaction, the absence of sufficient discussion and information on the 

accuracy and interpretability of proposed weighting was evident. Wong et al. [47] 

believed that the existing IEQ logistic regression model was not capable of predicting 

�R�F�F�X�S�D�Q�W�V�¶���D�F�F�H�S�W�D�Q�F�H���D�Q�G���W�K�H�U�H�I�R�U�H���S�U�R�S�R�V�H�G���D���Q�R�Y�H�O���R�S�H�Q���,�(�4�� �D�F�F�H�S�W�D�Q�F�H���P�R�G�H�O���W�K�D�W��

�D�V�V�H�V�V�H�V���,�(�4�� �E�D�V�H�G�� �R�Q�� �R�F�F�X�S�D�Q�W�V�¶���U�H�V�S�R�Q�V�H�� �I�U�H�T�X�H�Q�F�\���G�L�V�W�U�L�E�X�W�L�R�Q���R�I�� �,�(�4�� �S�D�U�D�P�H�W�H�U�V����

However, this IEQ acceptance models are completely dependent on user perception and 

satisfaction surveys over a limited period. Including objective measurement in the IEQ 

models may result in a better understanding of the IEQ condition in buildings. 

Among the extracted papers, six compared their results with IEQ standards [8, 124, 126, 

138, 145, 146]. The standards used in these papers are presented in Table 12. EN-15251 

is an international standard that includes all main IEQ factors (Thermal comfort, IAQ, 
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visual comfort and acoustic comfort) [20, 163, 164]. This standard requires complicated 

IEQ data to calculate an overall IEQ indicator. EN-15251 and EN-16798-1 standards can 

be used for categorising buildings based on their energy consumption, ventilation, air 

quality, acoustics, and lighting [79]. 

Ncube et al. [124] introduced the assessment of IEQ performance with temporal 

variability as one of the key features of their evaluation method. They believed that the 

period of time a building falls into an assessment category is a more solid indicator of the 

comfort. An hourly criterion was employed to analyse the percentage of time that the 

criterion for specific category was met, and the result of this approach was compared with 

EN15251. Finally, two building ratings were developed accordingly. 

Table 12. Standards used for IEQ model justification in the reviewed papers 

Mujan et al. [141] implemented the EN 16798-1 category scheme and transformed it into 

ALDREN-TAIL Index. The main aim of this introduced index was to evaluate IEQ in the 

period of renovating existing buildings [141]. They used multivariate regression between 

overall satisfaction of indoor environment and main IEQ factors to determine each IEQ 

�I�D�F�W�R�U�¶�V�� �U�H�O�D�W�L�Y�H�� �Z�H�L�J�K�W�L�Q�J�V���� �7�K�H�Q���� �,�(�4�� �L�Q�G�H�[�H�V�� �Z�H�U�H�� �G�H�Y�H�O�R�S�H�G�� �X�V�L�Q�J�� �(�1�� ����������-1 

standard to evaluate buildings performance during renovation [141].  

3.3.5 The Interaction between and Relative Importance of IEQ Factors 

As Heinzerling et al. [8] pointed out, few IEQ modelling studies tested the interaction 

effects between IEQ factors, nor included them in their IEQ models. Tang et al. [48] was 

the only extracted paper that has considered the interaction effects in their IEQ model. 

They found that both sound pressure level and illuminance had an impact on acoustic 

Establishment  Thermal comfort IAQ Visual Comfort Acoustic Comfort 

United States ASHRAE 55 ASHRAE 62-1   

Europe 
ISO 7730   ISO 3382 

EN 15251 EN 15251 EN 15251 EN 15251 

 EN 16798-1 EN 16798-1 EN 16798-1 EN 16798-1 

China GB/T 50785 GB/T 18883 GB 50034 GB 50118 

Singapore  Singapore 554 Singapore 531  
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satisfaction; similarly, both the predicted mean vote and sound pressure level had an 

impact on perceived IAQ. 

Apart from the interaction effects, Tang et al. [48] also reported that the impact of a 

specific IEQ factor on overall satisfaction fluctuated with its level relative to other IEQ 

factors. In other words, an environmental factor had a dominant influence on overall IEQ 

satisfaction when it had lower satisfaction compared with other factors. To ensure a good 

indoor environment, all aspects should consequently score highly enough. Being perfect 

in one or two IEQ aspects while neglecting other aspects can still lead to overall IEQ 

dissatisfaction.  

Collecting surveys from 500 building occupants and physical measurements, Cao et al. 

[46] determined the occupant satisfaction with individual IEQ factors as a function of the 

related measured parameters. They used least-square multivariate linear regression to 

create a model for predicting overall IEQ satisfaction. Cao et al. [46] mentioned some 

limitations of the developed model. The model accuracy can only be guaranteed in 

roughly comfortable environments. Dissatisfaction with one extremely poor IEQ factor 

(e.g., being too cold or too noisy) will override satisfaction with other quality 

environmental parameters to reach a low overall IEQ satisfaction score, albeit the 

calculated results from their model predicted that occupants should be satisfied. This 

finding echoes Tang et al. [48] that (dis)satisfaction with the worst performing IEQ factor 

will dominate the overall IEQ (dis)satisfaction. 

Table 13 demonstrates the �U�D�Q�N�L�Q�J�� �R�I�� �,�(�4�� �I�D�F�W�R�U�V�¶�� �U�H�O�D�W�L�Y�H���L�P�S�R�U�W�D�Q�F�H���G�H�U�L�Y�H�G�� �I�U�R�P��

studies using both objective measurement and subjective surveys, and studies which only 

�U�H�O�L�H�G���R�Q���R�F�F�X�S�D�Q�W�V�¶���V�X�U�Y�H�\�V�����7�K�H���F�R�Q�V�L�V�W�H�Q�F�\���L�Q���W�K�H���U�D�Q�N�L�Q�J���Z�K�H�Q���E�R�W�K���P�H�D�V�X�U�H�P�H�Q�W���D�Q�G��

surveys were included is evident in Ncube and Riffat [124] and Mujan et al. [141]. In 

both studies, IAQ was the most crucial factor and visual comfort had the least effect. On 

�W�K�H���F�R�Q�W�U�D�U�\�����W�K�H�U�H���Z�D�V���D���Q�R�W�D�E�O�H���L�Q�F�R�Q�V�L�V�W�H�Q�F�\���L�Q���,�(�4�� �I�D�F�W�R�U�V�¶���U�H�O�D�W�L�Y�H���L�P�S�R�U�W�D�Q�F�H���I�U�R�P��

studies relying only on occupant surveys [45, 138, 140]. Tekce et al. [138] mentioned that 

the most and least influential factors in IEQ models were visual comfort and IAQ, 

respectively. However, Cheung et al. [140] obtained opposite results. They introduced 

IAQ as the most important IEQ factor and visual comfort as the least important in their 

developed IEQ model. According to Tang et al. [48] and Cao et al. [46], this inconsistency 
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in IEQ factor importance derived from subjective surveys may result from different 

�³�Z�R�U�V�W���S�H�U�I�R�U�P�L�Q�J�´���,�(�4���I�D�F�W�R�U�V���L�Q���W�K�H�V�H���V�W�X�G�L�H�V���� 

Table 13. �5�D�Q�N�L�Q�J���R�I���,�(�4���I�D�F�W�R�U�V�¶���L�P�S�R�U�W�D�Q�F�H���L�Q���V�W�X�G�L�H�V���X�V�L�Q�J���V�X�E�M�H�F�W�L�Y�H���V�X�U�Y�H�\�V���R�Q�O�\��

and studies employing both subjective and objective measurements  

Study Year 
Subjective 
surveys 

Objective 
measurement 

Rank 

IAQ 
Thermal 
comfort 

Acoustic 
comfort 

Visual 
comfort 

[124] 2012 �6 �6 1 2 3 4 

[141] 2021 �6 �6 1 2 3 4 

[45] 2012 �6 - 3 4 1 2 

[138] 2020 �6 - 4 3 2 1 

[140] 2021 �6 - 1 3 2 4 

1 denotes most important, and 4 denotes least important 

3.4 Discussion 

3.4.1 IEQ Model Evaluation Criteria  

Twenty-five reviewed studies are categorised based on the data collection sources (survey 

or measurement), analytical method (regression, average, AHP, or descriptive analysis) 

and number of survey participants in extracted papers, shown in Figure 16. The number 

of publications in each category is also presented in parentheses. Among 25 reviewed 

papers, nine papers relied only on subjective surveys. While eight research studies 

distributed satisfactions surveys among building occupants [8, 44, 45, 47, 133, 138, 140, 

143], one study surveyed building experts instead [142]. Also, 13 studies combined IEQ 

measurement results with survey results [43, 46, 48, 74, 77, 124-126, 137, 139, 141, 146, 

147]. While most researchers collected between 100 and 1,000 survey responses (13 

papers) [43, 44, 46-48, 77, 125, 126, 137, 138, 140, 141, 146], three studies had responses 

less than 100 [124, 139, 142], and five previous papers gathered more than 1,000 surveys 

to establish an IEQ model [8, 45, 74, 133, 147]. Fassio et al. [154] claimed that smaller 

sample size in a POE study could cause unreliable results and hence proposed at least 300 

satisfaction survey responses to achieve an optimal statistical reliability [154].  
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Figure 16. Categorisation of 25 studies on IEQ models by data collection method, 

analytical method, and number of survey responses 

In evaluating the quality of the IEQ models, we believe that the number of IEQ factors 

included in the scoring system is crucial. As a minimum, it is not acceptable to develop 

an IEQ model neglecting one or more of the four main IEQ factors�² thermal comfort, 

visual comfort, acoustic comfort, and IAQ [125, 126]. As discussed in Section 3.3.5, the 

�Z�R�U�V�W���S�H�U�I�R�U�P�L�Q�J���,�(�4���I�D�F�W�R�U���X�V�X�D�O�O�\���G�R�P�L�Q�D�W�H�V���R�F�F�X�S�D�Q�W�V�¶���R�Y�H�U�D�O�O���,�(�4���V�D�W�L�V�I�D�F�W�L�R�Q�����,�(�4��

evaluation concentrating on some aspects of the indoor environment while ignoring other 

important aspects may incur higher risks of overall IEQ dissatisfaction and greater threats 

�W�R�� �R�F�F�X�S�D�Q�W�V�¶���K�H�D�O�W�K�����F�R�P�I�R�U�W�����D�Q�G�� �S�U�R�G�X�F�W�L�Y�L�W�\�����$�P�R�Q�J�� �W�K�H�� ������ �V�W�X�G�L�H�V���D�V�V�H�V�V�H�G���L�Q�� �W�K�H��

literature review, seven papers considered more than four IEQ factors [45, 74, 124, 137, 

138, 140, 147], one investigated three factors [125] and another one included only two 

IEQ factors to determine the overall IEQ performance [126] (Figure 17).  

Spatial variability of the measurement is another important criterion in developing quality 

IEQ models. In 16 studies that have carried out objective measurements, nine studies 

included at least two buildings for measurement sampling when developing IEQ models 

[43, 46, 74, 77, 124, 137, 141, 146, 147], and seven papers only carried out measurements 



 
 

90 

in a limited space (room, floor or building) in their studies [48, 79, 125, 126, 139, 144, 

145]. 

Similar to spatial variability of measurement, a third criterion is the temporal variability 

of measurement. Comparing the data collection period in 16 papers that have carried out 

physical measurements, nine studies measured the indoor environment for less than a 

month [48, 124-126, 137, 139, 141, 143], and seven measured the indoor environment for 

a whole year or in different seasons [43, 46, 74, 125, 139, 145, 147]. Obviously, 

developing an IEQ model based on a limited measurement period may lead to unreliable 

results.  

 

Figure 17. Categorisation of 25 studies in relation to key criteriathat determine the 

accuracy and reliability of IEQ models 

A final criterion is the analytical method adopted to develop IEQ models. Regression 

analysis was the most favourable method for IEQ modelling and occupant satisfaction 

prediction among the 25 studies. In fact, eight papers reported a good determination 

coefficient (R2 > 0.7) [8, 44, 48, 124, 125, 139-141] and nine others either reported an R2 

< 0.7 or did not report it [43, 45-47, 126, 133, 137, 143, 146]. In addition, four studies 

used a simple arithmetic average procedure to develop IEQ models [79, 138, 144, 145] 

or presented descriptive results only. Using simple analytical methods may cause 

inaccurate and unreliable IEQ models.  
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Type of IEQ models (subjective, objective and subjective-objective models) may 

potentially affect the accuracy and reliability of IEQ models as well, as has been discussed 

in Section 3.3.5. However, more research studies are needed in each type before a robust 

conclusion can be made regarding the model accuracy and reliability.  

3.4.2 A Simple Ranking and Scoring Method 

Based on above discussion, the IEQ models developed in 25 reviewed studies are assessed 

against five evaluation criteria that affect the quality of the IEQ models. The first aspect 

is the number of included IEQ factors (PIIF). Temporal diversity (PTD) and spatial 

diversity (PSD) are aspects pertaining to the physical data collection. The next aspect is 

the analytical method (PAM) used for developing IEQ models. The last evaluation aspect, 

which was not mentioned before, is the number of questionnaire responses (PSR) if 

subjective measurement was employed. The total points representing the overall quality 

of the developed IEQ model (PTotal) is calculated using Equation 3.11. 

�2�Í�â�ç�Ô�ß
L �2�Â�Â�¿
E�2�Í�½
E�2�Ì�½
E�2�º�Æ 
E�2�Ì�Ë (3.11) 

A simple ranking and scoring method is developed for evaluating the overall quality of 

established IEQ models in 25 studies. Table 14 introduces how four aspects 

(�2�Â�Â�¿�á���2�Í�½�á���2�Ì�½�á���2�º�Æ) are evaluated using three classes of ranking and scoring system (C-

1 point, B-2 points, A-3 points). 

Table 14. A simple ranking and scoring method for evaluating IEQ models 

 C (1 point) B (2 points) A (3 points) 

Number of included IEQ 
factors PIIF 

Less than four  Four More than four 

Measurement temporal 
diversity PTD 

No measurement Single period (a day to 
a month) 

A year / different seasons 

Measurement spatial  
Diversity PSD 

No measurement 
Single room/floor/ 
building 

Multiple buildings 

Analytical method PAM 
Average analysis 
or descriptive 
results 

Linear regression 

Advanced analysis (non-

linear regression, model 

updating, etc) 

Using logarithmic scaling, Equation 3.12 normalises the number of survey responses 

compared to the maximum number of surveys (MNS) in a publication among 25 extracted 

papers (52,980 responses) and calculates the related score for each study. Also, PSR is 
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considered equal to zero for studies without survey responses and 1 for equal to one for 

studies with more responses than MNS.  

�2�Ì�Ë 
L 
^

�r���������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������/�0�5 
L �r

�u
H
�Ž�‘�‰�:�J�Q�I�>�A�N���K�B���O�Q�N�R�A�U���N�A�O�L�K�J�@�=�J�P�O�;

�Ž�‘�‰�:���/�0�5�;
�������������r 
O�/�0�5 
Q�w�t�á�{�z�r

�s���������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������w�t�á�{�z�r
O�/�0�5

 (3.12) 

Figure 18 illustrates the total points (PTotal) of IEQ models in 25 reviewed studies. Two 

studies (Park et al., 2018; Kim and de Dear, 2012) achieved a total point no less than 12 

(80% of the total score), and 16 studies had a total point above 10 (60% of total score). 

As illustrated in Figure 18, the study by Park et al. [147] received the highest rank. This 

study included physical measurement in 64 office buildings during heating, cooling and 

swing seasons and collected 1,601 survey responses. Collection of wide-ranging data 

from both objective and subjective measurements in multiple buildings and multiple 

seasons provides a comprehensive eval�X�D�W�L�R�Q���R�I�� �W�K�H�� �E�X�L�O�G�L�Q�J�V�¶���,�(�4�� �S�H�U�I�R�U�P�D�Q�F�H���D�Q�G��

therefore the developed IEQ models should be more accurate and reliable. This study can 

be used as an exemplary case for future studies on IEQ model development. 

3.5 Conclusion 

IEQ models combine different IEQ factors into an individual overall indicator. 

Comparing previously developed IEQ models was a challenge due to diverse 

measurement protocols, IEQ weighting schemes and analytical methods, which illustrates 

the importance of IEQ assessment benchmarking. This paper comprehensively reviews 

25 published studies aiming to develop IEQ evaluation models in commercial buildings. 

Main results are summarised below: 

After �+�H�L�Q�]�H�U�O�L�Q�J�¶�V���U�H�Y�L�H�Z��[8], the open IEQ acceptance model [47] emerged as a new 

analytical method to develop IEQ models that enable the inclusion of additional IEQ 

parameters, model updating with the frequency distribution data, and improved prediction 

�R�I���R�F�F�X�S�D�Q�W�V�¶���S�V�\�F�K�R�O�R�J�L�F�D�O���S�H�U�F�H�S�W�L�R�Q�V�� 

The interaction effects between IEQ factors and relative contribution of them to the 

overall IEQ satisfaction were also investigated in recent studies. The worst performing 

�,�(�4�� �I�D�F�W�R�U�V�� �Z�L�O�O�� �X�V�X�D�O�O�\�� �G�R�P�L�Q�D�W�H�� �R�F�F�X�S�D�Q�W�V�¶�� �R�Y�H�U�D�O�O�� �,�(�4�� �V�D�W�L�V�I�D�F�W�L�R�Q�����,�(�4�� �I�D�F�W�R�U�V�¶��

relative contribution developed from both objective measurements and subjective surveys 

display greater consistency than that developed from subjective surveys only. 
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Figure 18. Ranking of IEQ models developed in extracted studies 

The interaction effects between IEQ factors and relative contribution of them to the 

overall IEQ satisfaction were also investigated in recent studies. The worst performing 

�,�(�4�� �I�D�F�W�R�U�V�� �Z�L�O�O�� �X�V�X�D�O�O�\�� �G�R�P�L�Q�D�W�H�� �R�F�F�X�S�D�Q�W�V�¶�� �R�Y�H�U�D�O�O�� �,�(�4�� �V�D�W�L�V�I�D�F�W�L�R�Q�����,�(�4�� �I�D�F�W�R�U�V�¶��

relative contribution developed from both objective measurements and subjective surveys 

display greater consistency than that developed from subjective surveys only. 

Based on the review of extracted 25 research papers, five key criteria for developing 

quality IEQ models�² number of IEQ factors included, spatial and temporal variability in 

physical measurement, analytical methods for model development, and the number of 

responses if subjective surveys are carried out�² are proposed and discussed.  

A simple ranking and scoring tool is developed for evaluating the quality of the IEQ 

models proposed in the reviewed studies. Results show that two studies achieved a total 

score no less than 80% of the total score, and 16 studies achieved a minimum of 60% of 

the total score. While inclusion of extra IEQ factors, extended measurement and more 
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complicated analysis can demand extra time, labour, measurement devices, etc., 

neglecting these aspects can lead to loss of accuracy and reliability. This simple tool can 

help researchers quickly evaluate IEQ models developed from different methods. 
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CHAPTER 4  

Research Design and Methods 

4.1 Introduction  

A research design serves as a blueprint for conducting research, encompassing aspects of 

investigation from foundational assumptions to methods for collecting and analysing 

data. As stated by Creswell [165], the research design process is structured around three 

key components: the identification of theoretical worldviews, the selection of inquiry 

strategies and the choice of research methods. This chapter starts by providing an 

overview of the research design and presenting the research methods aligned with the 

RQs. Next, it details the specific research methods employed during each phase. The 

chapter concludes by summarising how the research design was able to effectively fulfil 

the research objectives and address the RQs. 

4.2 Research Design 

A research design that will yield reliable data, substantial evidence, and rational analysis 

is required to shape knowledge in the energy-IEQ discipline. The research framework is 

deemed crucial because it provides a template that guides the researcher during the 

process of data collection, analysis, and interpretation to address the research questions. 

Moreover, the selection of an appropriate research design can assist in avoiding the 

collection of evidence that does not pertain to the research questions [166]. 

A baseline understanding of the current state of Australian offices was established 

through an assessment of NABERS-certified office buildings. Concurrently, the existing 

government regulations and legislation governing office buildings were evaluated to gain 

insights into their effects on IEQ and energy efficiency. As the research progressed 

further, engagement with Australian building experts was facilitated to collect qualitative 

insights into how different IEQ parameters affect occupant satisfaction and energy use in 

office spaces. Due to the participatory nature of this work, an ethics approval has been 

obtained from Griffith University Human Research Ethics Committee with a reference 

number GU Ref. No. 2021/150. In the final phase, empirical evidence gathered in office 

environments was compared to the perspectives of building experts regarding the impact 
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of IEQ on occupant satisfaction and energy efficiency. Therefore, long-term energy and 

IEQ data collection of three office buildings was accompanied by occupant satisfaction 

surveys (Griffith university ethics approval: GU Ref No. 2021/146).  The objective was 

to uncover insights and provide actionable recommendations that would contribute to 

positive changes in policy and practice. Figure 19 illustrates the overall research design. 

4.3 Phase I: Literature Review 

In Phase I, two reviews (scientometric review and systematic quantitative literature 

review) were conducted to answer two RQs respectively. These were RQ1: what are the 

primary research themes in the IEQ-modelling field? and RQ2: what are the key criteria 

for developing quality IEQ models? 

4.3.1 Identification of Knowledge Gaps and Research Trends 

A scientometric review relies on the statistical analysis and interpretation of the 

relationships among scientific papers on a particular topic. Such statistical indexes can 

reveal emerging trends and research patterns [167]. We initiated the identification process 

by searching for articles and papers in English-language journals and proceedings in the 

largest scholarly database (Web of Science), applying the following TITLE-ABS-KEY: 

���,�(�4�� �2�5���µ�L�Q�G�R�R�U���H�Q�Y�L�U�R�Q�P�H�Q�W�D�O���T�X�D�O�L�W�\�¶�����$�1D (weighting OR index* OR model*) and 

published on or before 13 July 2020. The search results were narrowed down to include 

particular subject areas (engineering, environmental science, energy and decision-

making), years of publication (2000�±2020) and source types (peer-reviewed journal and 

conference papers). This search yielded 456 studies for the scientometric review. 

Applying VOSviewer text-mining software [42] and creating bibliometric maps in 

Chapter 2 revealed four core research themes in the IEQ-modelling field. These are 

energy efficiency, occupant perception, IAQ and health issues, and modelling procedures. 

Further, an assessment of frequently used keywords revealed that the interest of scholars 

�K�D�V���U�H�F�H�Q�W�O�\���W�X�U�Q�H�G���W�R���µ�H�Q�H�U�J�\���F�R�Q�V�X�P�S�W�L�R�Q�¶�����µ�H�I�I�L�F�L�H�Q�F�\���R�S�W�L�P�L�V�D�W�L�R�Q�¶���D�Q�G���µ�V�X�V�W�D�L�Q�D�E�O�H��

�U�H�W�U�R�I�L�W�W�L�Q�J�¶�����7�K�H���I�L�Q�G�L�Q�J�V���I�U�R�P���&�K�D�S�W�H�U�������U�H�Y�H�D�O�H�G���W�K�D�W���W�K�H���W�H�F�K�Q�L�T�X�H�V���X�V�H�G���I�R�U���,�(�4���G�D�W�D��

collection and the associated modelling procedures can have a notable influence on the 

IEQ indexes previously established. This absence of a credible evaluation method for IEQ 

modelling studies prompted a more in-depth review in Chapter 3. 
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4.3.2 Review of IEQ Modelling Studies 

The systematic quantitative literature review approach [168] and the Preferred Reporting 

Items for Systematic Reviews and Meta-Analyses (PRISMA) [169] procedure were 

selected to quantitatively analyse a wide range of studies. The four-phase assessment 

approach (identification, screening, eligibility checking and inclusion) outlined by 

PRISMA was used for selection studies. This search yielded 25 studies for the critical 

�U�H�Y�L�H�Z���� �7�K�H�� �V�W�X�G�L�H�V�¶�� �,�(�4�� �P�H�D�V�X�U�H�P�H�Q�W�� �D�S�S�U�R�D�F�K�H�V���� �W�\�S�H�V�� �R�I�� �,�(�4�� �P�R�G�H�O�V���� �D�Q�D�O�\�W�L�F�D�O��

methods, IEQ model justifications and interactions between IEQ factors were critically 

evaluated in Chapter 3.  

The review highlighted a gap in research, noting the absence of studies examining IEQ 

�L�Q���$�X�V�W�U�D�O�L�D�Q���E�X�L�O�G�L�Q�J�V�����,�Q�W�H�U�H�V�W�L�Q�J�O�\�����R�Q�O�\���R�Q�H���V�W�X�G�\���I�U�R�P���7�D�L�Z�D�Q���K�D�G���J�D�W�K�H�U�H�G���H�[�S�H�U�W�V�¶��

viewpoints regarding IEQ factors. Drawing from the insights of Phase 1, this study set its 

objectives: to assess NABERS-certified office buildings in Australia (Chapter 5), to 

understand the perspectives of Australian building stakeholders (Chapter 6) and explore 

current practices in Australian offices (Chapter 7) to obtain a comprehensive overview of 

the relationship between IEQ, occupant satisfaction and energy use in office buildings. 

As a result of Chapter 3, the most influential IEQ factors were selected, survey and 

measurement campaigns for this study were developed, and the method for analysing the 

collected data was decided for Chapters 5-7. 
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Figure 19. Research design flowchart 
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4.4 Phase II: Policy and Legislation Assessment  

This phase involved a numerical analysis of energy use and IEQ performance in 

NABERS-certified office buildings. The descriptive research in this phase addressed 

RQ3: What is the current status of Australian office building energy use and indoor 

environment policies?  

The Phase II results prove that there is a linear relationship between NABERS ratings�²

specifically Energy and indoor environment (IE)�² and energy use in offices. 

Additionally, the biased CBD rule tends to motivate building managers to focus primarily 

on energy efficiency. The investigation found that in some buildings, achieving high 

NABERS energy ratings meant compromising IEQ and the occupants�¶ wellbeing, 

satisfaction and health. The results of Chapter 5 demonstrated the need to understand 

building stakeho�O�G�H�U�V�¶�� �Y�L�H�Z�V�� �R�Q�� �K�R�Z�� �,�(�4�� �I�D�F�W�R�U�V�� �D�I�I�H�F�W�� �H�Q�H�U�J�\�� �X�V�H�� �D�Q�G�� �R�F�F�X�S�D�Q�W��

satisfaction in Phase III. 

4.5 Phase III: Evaluation of �(�[�S�H�U�W�V�¶ Perspectives  

The measures used in this phase addressed RQ4: How do Australian building experts 

perceive the influence of IEQ factors and parameters on occupant satisfaction and energy 

efficiency in office buildings? 

4.5.1 Survey Design and Distribution  

The opinions of architects, building engineers and building assessors, as representatives 

of stakeholders involved in office building design, construction and operation, were 

sought in Phase III. A survey was designed based on the review of IEQ-modelling 

publications (Phase I) and the understanding of the current biased policy (Phase II). The 

survey development was inspired by the application of the multiple-criteria decision-

making (MCDM) method in green building studies [170]. Ethics approval was obtained 

from the Griffith University Human Research Ethics Committee (reference number GU 

Ref. 2021/150). 

Before the main survey, a pilot study was undertaken with a small group of experts to 

validate the technical configuration and confirm that the survey questions were clear and 

easy for respondents to understand. These rigorous steps were taken to ensure that the 
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survey questions were comprehensible, pertinent and appropriate. The main survey took 

place from March to April 2021. 

4.5.2 Data Collection and Analysis  

Potential participants were contacted using their business email addresses and invited to 

complete the survey, which was titled �µIndoor Environment Quality (IEQ) Impact on 

Satisfaction and Energy Consumption in Office Buildings�¶. Respondents were asked to 

indicate their level of expertise in each IEQ factor by choosing �µexpert�¶, �µcomprehensive 

knowledge�¶, �µlimited�¶ or �µnone�¶. Only experts who selected either �µexpert�¶ or 

�µcomprehensive knowledge�¶ for at least two IEQ factors were considered to have an 

adequate level of expertise. After excluding incomplete responses and respondents with 

insufficient expertise, the study analysed the responses of 30 building experts:10 

architects, 10 engineers and 10 building assessors. 

As part of a decision analysis process, MCDM calculates preferences based on attributes 

defined using multiple criteria. Choosing the best option when comparing alternatives can 

be difficult due to subjective human judgements and decisions. To address this issue, 

Saaty developed the analytic hierarchy process (AHP) method, which combines pairwise 

comparison scores with expert viewpoints [171]. To mitigate subjective judgements 

during comparisons, fuzzy sets and AHP were combined in FAHP [172]. The present 

study employed FAHP to eliminate the indeterminacy and vagueness in the data. 

The survey data about the effects �R�I�� �,�(�4�� �I�D�F�W�R�U�V���D�Q�G�� �S�D�U�D�P�H�W�H�U�V���R�Q�� �R�I�I�L�F�H���R�F�F�X�S�D�Q�W�V�¶��

satisfaction and energy consumption were analysed using FAHP. The results revealed a 

consensus among all expert groups, indicating that Thermal comfort is the IEQ factor 

with the most significant impact on energy consumption in office spaces. However, there 

was notable disagreement regarding the IEQ factor with the greatest influence on 

occupant satisfaction. Consequently, �3�K�D�V�H�� �,�9�� �Z�D�V�� �G�H�V�L�J�Q�H�G�� �W�R�� �F�R�P�S�D�U�H�� �W�K�H�� �H�[�S�H�U�W�V�¶��

viewpoints with the actual practices observed in Australian office buildings.   

4.6 Phase IV: Empirical Investigation 

Although extensive research has been conducted to investigate different aspects of the 

indoor environment in office buildings, the underlying influence of IEQ factors on 

occupant satisfaction and energy consumption has been overlooked. This research phase 
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addressed RQ5: how closely do �$�X�V�W�U�D�O�L�D�Q���E�X�L�O�G�L�Q�J���H�[�S�H�U�W�V�¶���Y�L�H�Z�S�R�L�Q�Ws correspond to 

current practice in subtropical climates? 

4.6.1 Investigating the IEQ-Satisfaction Relationship 

The first part of Phase IV focused on the relationships between IEQ factors and occupant 

satisfaction. The comparison of occupant responses and onsite IEQ measurements 

provided an all-inclusive post-occupancy evaluation of the indoor environment. A survey 

was developed based on the review in Phase I. It consisted of questions about basic 

information, satisfaction with IEQ parameters, and overall satisfaction with office indoor 

environment. 

Although correlation analysis in previous studies [8] provides a broad understanding of 

rough linear associations between variables, it largely fails to elucidate non-linear 

relationships. Therefore, utilising Kano's model [173], which has been extensively 

applied to elucidate the impact of service/product attributes on customer satisfaction, the 

influence of IEQ parameters on occupant satisfaction was determined. We applied 

multiple regression with dummy variables to evaluate the survey responses [173]. As a 

�U�H�V�X�O�W���� �W�K�H�� �,�(�4�� �S�D�U�D�P�H�W�H�U�V�� �Z�H�U�H�� �F�O�D�V�V�L�I�L�H�G�� �L�Q�W�R�� �µ�E�D�V�L�F�� �I�D�F�W�R�U�V�¶���� �µ�E�R�Q�X�V�� �I�D�F�W�R�U�V�¶�� �D�Q�G��

�µ�S�H�U�I�R�U�P�D�Q�F�H���I�D�F�W�R�U�V�¶��   

4.6.2 IEQ-Energy Assessment 

Modifying the IEQ parameters allows a building management system (BMS) to make 

adjustments aimed at optimising energy consumption [174]. The second part of Phase IV 

was structured to assess the alignment between real-world practices and the surveyed 

�H�[�S�H�U�W�V�¶���S�H�U�V�S�H�F�W�L�Y�H�V��regarding the effects of IEQ factors on energy consumption in office 

buildings. Data on the indoor environment was collected by monitoring three office 

buildings in South-East Queensland. Simultaneously, long-term onsite measurements and 

BMS data were gathered. Quantitative data were consistently measured throughout 

occupancy periods in winter, summer and transitional seasons. On the supposition that all 

IEQ parameters are related to energy consumption in office buildings, a linear regression 

was developed to assess the parameters that were most predictive of that energy 

consumption. 

Based on the outcomes of Phase II, Phase IV evaluated a number of buildings certified 

by NABERS IE; the results highlighted the importance of policy change in relevant 
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Australian legislation. Phase IV also further compared the Phase III results regarding 

�$�X�V�W�U�D�O�L�D�Q���H�[�S�H�U�W�V�¶���S�H�U�F�H�S�W�L�R�Q��of the effects of IEQ factors and parameters on occupant 

satisfaction and energy use in office buildings. The purpose of this endeavour was to 

identify domains where modifying the perspectives of building specialists engaged in 

building design and retrofit initiatives could yield significant benefits. Details of the 

development of the �.�D�Q�R�¶�V���P�R�G�H�O���D�Q�G��the multivariate regression are provided in Chapter 

7 and Appendix C. 

4.7 Chapter Summary 

This chapter detailed the research design, phases, approaches and methods employed to 

address each RQ listed in Chapter 1. First, an overall research framework that outlined 

the activities, outputs and publications was provided. 

Next, the method to evaluate the current Australian policy regarding office building was 

introduced. After that, the procedure of collecting and analysing �E�X�L�O�G�L�Q�J�� �H�[�S�H�U�W�V�¶��

perceptions regarding the impact of IEQ factors on energy use and occupant satisfaction 

in offices was presented. Later, techniques used for long-term data collection on energy 

use and indoor environment, together with the design, distribution and collection of an 

occupant survey was elaborated. Also, the rationale for implementing �.�D�Q�R�¶�V���P�R�G�H�O���D�Q�G��

multivariate regression analysis were briefly explained. 

Finally, this chapter outlined the potential benefit of this research outcomes to modify the 

relevant Australian legislation and assist Australian building experts in their future design 

and retrofit projects. Chapters 2, 3, 5, 6 and 7 provide additional elaboration on the 

research methods employed in each phase. 
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Unravelling the Relationship Between Energy and Indoor 

Environmental Quality in Australian Office Buildings  

 

Abstract:  Green building studies generally focus on singular performance aspects (e.g., 

energy, waste, water, indoor environment) with few tackling the relationships between 

each other, especially the relationship between indoor environmental quality (IEQ) and 

energy consumption. This study aims to explore the relationship between IEQ 

performance and energy consumption in National Australian Built Environment Rating 

System (NABERS) certified buildings. A verified climate normalisation factor was 

localised to standardise energy use intensity in buildings from different climate zones of 

Australia. The normalised energy use intensity was calculated for all office buildings and 

correlated with their NABERS Energy and IE rating scores. Multivariate linear regression 

results reveal that one unit increase in NABERS Energy rating score and IE score can 

reduce normalised energy use intensity (NEUI) by 21.98 kWh/m2 and 9.88 kWh/m2 per 

annum, respectively. Also, this study develops a comprehensive index normalising IEQ 

and NEUI factors for office buildings and provide an evidence-based benchmark to 

evaluate them. Buildings with excellent NABERS Energy and IE ratings (scores equal 

to/higher than 5) have been classified as high-performance NABERS buildings (HNBs) 

and the rest as low-performance NABERS buildings (LNBs). A comparison between 49 

HNBs and 48 LNBs demonstrates that, on average, HNBs can deliver 12.6% better indoor 

environment quality with 35.9% less energy consumption than LNBs. In contrast, many 

LNBs either use excessive energy to provide a sufficient IEQ, or sacrifice IEQ to reduce 

energy costs and/or achieve a higher NABERS Energy rating. 

Keywords: Energy consumption; office buildings; NABERS; indoor environment 

quality; energy-IEQ index
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5.1 Introduction  

5.1.1 Evaluation of Building Energy and IEQ Performance  

Energy consumption in buildings is growing steeply, and the resulting air pollution is a 

global problem [175]. While the main purpose of a building is to guarantee a safe, 

convenient and healthy space for occupants, many buildings with high energy 

consumption inadequately service their occupants [5, 176]. A significant number of 

studies have explored illnesses caused by buildings providing inadequate air temperature, 

light, humidity, and so on [116, 177-179]. The notion of indoor environmental quality 

���,�(�4�����K�D�V���G�H�Y�H�O�R�S�H�G���L�Q���U�H�F�H�Q�W���G�H�F�D�G�H�V���D�Q�G���U�H�S�U�H�V�H�Q�W�V���D���E�X�L�O�G�L�Q�J�¶�V���T�X�D�O�L�W�\���F�R�Q�F�H�U�Q�L�Q�J���W�K�H��

wellbeing, comfort, and productivity of its occupants [19]. Improving IEQ can enhance 

�R�F�F�X�S�D�Q�W�V�¶���Z�R�U�N���S�H�U�I�R�U�P�D�Q�F�H���D�Q�G���J�H�Q�H�U�D�W�H���S�U�R�G�X�F�W�L�Y�L�W�\���E�H�Q�H�I�L�W�V���I�R�U���R�U�J�D�Q�L�V�D�W�L�R�Q�V��[180, 

181]. IEQ is usually evaluated based on four main environmental categories: (1) thermal 

comfort; (2) indoor air quality (IAQ); (3) lighting; and (4) acoustics. 

Recognised international standards such as those imposed by the American Society of 

Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE), International 

Organization for Standardization (ISO) and European Standards (EN) determine proper 

indoor environmental conditions based on the occupants' needs [182]. Among these 

various bodies, the European Committee for Standardization (CEN) and ISO have 

attempted to combine all factors into a single set of standards. Although they successfully 

addressed thermal comfort and IAQ requirements, they have not established 

comprehensive requirements for lighting or acoustics [183]. The focus of such standards 

is mainly on specifying minimum requirements for specific IEQ factors. There is a lack 

of guidelines to cross-link energy and IEQ performance, and some papers have mentioned 

this gap and the importance of research in this field [102, 184]. 

5.1.2 Comparing Energy Usage and IEQ Performance for Green and Non-Green 

Buildings 

The Green building (GB) concept was introduced as a potential solution to overcome high 

energy consumption and low efficiency in buildings. Recently, the impact of GB on 

occupant satisfaction and health has become an area of interest for scholars [74, 137, 139, 

141, 185]. In addition, GB design, construction and operation are intended to reduce 

natural resource consumption and ecological impact [186]. Several voluntary assessment 
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tools have been established to contribute to GB developments. The commonly used GB 

assessment tools are LEED (United States) [187], GBEL (China) [188], BREEAM 

(United Kingdom) [189], Green Star (Australia) [190], KGBCC (South Korea) [191], 

CASBEE (Japan) [192], GBI (Malaysia) [193] and Green Mark (Singapore) [194]. 

By identifying certified GB projects through rating systems around the world, scholars 

�K�D�Y�H�� �L�Q�Y�H�V�W�L�J�D�W�H�G���W�K�H���L�P�S�D�F�W���R�I�� �J�U�H�H�Q���F�H�U�W�L�I�L�F�D�W�L�R�Q�V���R�Q�� �E�X�L�O�G�L�Q�J�V�¶���H�Q�H�U�J�\�� �X�V�H�� �L�Q�W�H�Q�V�L�W�\��

(EUI) and/or IEQ. The studies presented in Table 15 �H�Y�D�O�X�D�W�H�G���*�%�V�¶�� �S�H�U�I�R�U�P�D�Q�F�H���D�Q�G��

compared with Non-green Buildings (NGBs) and other green ratings.  

As it is presented in Table 15, energy-focused GB publications have reported that most 

GBs have excelled in energy performance compared to national standards [195-197]; 

however, by evaluating 31 GBs, Lin et al.  expressed that the energy consumption of GBs 

is sometimes higher than the national standard limits [198]. 

Literature comparing EUI in GBs and NGBs is inconsistent. Although the expectation is 

that GBs would generally consume less energy than their counterparts�² and some studies 

do reveal slightly higher energy performance in GBs [199]�² many studies have found no 

consistent superiority in GBs [196, 200]. Moreover, Scofield and Doane [201] stated that 

although LEED-certified buildings use up to 10% less site energy than conventional 

buildings, their source energy consumption is comparatively higher than non-LEED 

certified buildings.  

The literature is bifurcated regarding the impact of green certification levels on EUI in 

GBs. Although Lin et al. [198] argued that there is no correlation between the two, other 

papers demonstrated a direct relationship between certification level and EUI [202, 203]. 

There are some reasons behind these diverse results. The lack of a commonly agreed 

definition or evaluation method of green buildings is the main reason for different result. 

Most GB rating schemes have different categories for assessment, e.g., energy, indoor 

environment quality, water, materials, waste, etc. However, the weighting of these 

categories might be distinct in different rating schemes. At BREEAM, LEED, and Green 

Star, energy is more important than the IEQ. While in some European rating systems, 

e.g., DGNB (Germany), Miljöbyggnad (Norway), and HQE (France), the IEQ is more 

decisive than the energy consumption [204]. 
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 Table 15. �&�R�P�S�D�U�L�V�R�Q���R�I���H�Y�D�O�X�D�W�H�G���*�%�V�¶���S�H�U�I�R�U�P�D�Q�F�H���Z�L�W�K���V�W�D�Q�G�D�U�G�V�����1�*�%�V���D�Q�G���R�W�K�H�U���J�U�H�H�Q���U�D�W�L�Q�J�V�� 

Paper Rating 
tool 

Buildings 
evaluated 

Building 
performance 

Comparison with Findings 

[197] GBI 2 GBs Energy, IEQ 
Occupant 
satisfaction 

 Malaysian standard 
(MS1525:2014)  

Office buildings showed 41-53% energy savings from the standard threshold. 20% of 
GB occupants were dissatisfied with VC. 

[196] GBI 1 GB and 1 
NGB 

Energy Malaysian standard 
(MS1525:2007) and 
NGB 

Although both GBs and conventional buildings consume less energy than the national 
standard, the conventional building outperforms GB. 

[205] Green 
Star  

5 GBs and 9 
NGBs 

IEQ NGBs Although overall TC and IAQ in Air-conditioned GBs achieved considerably higher 
satisfaction in comparison to NGBs, there was no major difference in overall TC and 
IAQ satisfaction scores in mix-mode office buildings. 

[199] Green 
Star  

1 GB and 1 
NGB 

Energy and 
Occupant 
satisfaction 

NGB EUI of GB was 2% less than NGB. GBs have higher occupant satisfaction compared to 
the average condition buildings. 

[183] Green 
Star  

3 GBs and 1 
NGB 

IEQ and 
Occupant 
satisfaction 

NGB GBs possess significantly higher IAQ satisfaction than the NGBs. There is a significant 
improvement in self-report productivity and physical wellbeing in GBs. 

[184] LEED 5 GBs and 5 
NGBs 

IEQ LEED/ASHRAE 55 
(2017) and 
LEED/ASHRAE 62.1 
(2019) and NGBs 

While occupant satisfaction with IAQ, TC, and VC was greater in the NGBs, GBs 
perform better in AC. 

[206] LEED 93 GBs IEQ and 
Occupant 
satisfaction 

Rating class Achieving a specific IEQ credit did not practically affect occupant satisfaction.  

[207] LEED 2 GBs and 1 
NGB 

IEQ NGB There was no significant difference in the overall IEQ satisfaction among GBs and 
NGB. 

[208] LEED 
and 
GBEL 

9 (5 GBEL 
and 4 LEED) 
GBs and 5 
NGBs 

IEQ and 
Occupant 
satisfaction 

NGBs GB occupants are more forgiving of the indoor environment. The satisfaction scores 
spread widely for the GBs.  

[209] LEED 
and 
GBEL 

2 GBs and 1 
NGB 

IEQ NGB While GBs performed better on the comfort and satisfaction with the TC and IAQ in 
the summer, they poorly functioned in winter.  
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Paper Rating 
tool 

Buildings 
evaluated 

Building 
performance 

Comparison with Findings 

[210] GBEL 20 GBs Energy and 
IEQ 

�&�K�L�Q�D�¶�V���Q�D�W�L�R�Q�D�O��
Standards (GB/T 
18883-2002, GB 
50034-2013, 
GB/T51161-2016) and 
NGB 

High-EUI buildings have a better compliance rate of the TC compared to the low-EUI 
buildings. Although both groups met local standards, no significant difference was 
found between the two groups regarding IAQ and VC. 

[195] GBEL 1 GB Energy, IEQ 
and Occupant 
satisfaction 

�&�K�L�Q�D�¶�V���Q�D�W�L�R�Q�D�O��
Standard (GB/T50378-
2014) 

EUI in GB was lower than the national standard. IAQ and VC were consistent with the 
design goals, however, GB could not provide TC in comparison with the standard. The 
satisfaction ratio of TC, IAQ, and VC is 94.1%, 90.5%, and 82.5%, respectively. 

[211] GBEL  12132 
responses 
from GBs and 
13633 from 
NGBs 

IEQ and 
Occupant 
satisfaction 

NGBs, Other rating 
schemes 

The green rating tool has a statistically small impact on occupant satisfaction. The 
differences between GBs and NGBs in providing occupant satisfaction in the three-star 
certification are more pronounced than LEED and NREEAM certifications.  

�@�������> GBEL 1 GB IEQ and 
Occupant 
satisfaction 

�&�K�L�Q�D�¶�V���Q�D�W�L�R�Q�D�O��
Standard (GB50189-
2005) 

The occupant survey revealed there was a high level of satisfaction with TC, IAQ and 
overall comfort and perceived health and productivity. 

[198] GBEL  31 GBs and 
481 NGBs 

Energy and 
Occupant 
satisfaction 

�&�K�L�Q�D�¶�V���Q�D�W�L�R�Q�D�O��
Standard (GB/T 50378-
2014), NGBs and 
Other rating schemes 

EUI of Chinese GBs is almost 1/3 of US LEED-certified buildings. Average EUI of 
GBs are close to suggested values by the national standard, however, in some zones, 
the EUI of GBs are higher than the limit. A higher occupant satisfaction level of TC 
and IAQ was observed in GBs compared with NGBs. 

[213] GBEL 1 GB IEQ and 
Occupant 
satisfaction 

�&�K�L�Q�D�¶�V���Q�D�W�L�R�Q�D�O��
Standard (GB50189-
2005) 

12% and 20% dissatisfaction were reported with summer and winter temperatures, 
respectively. 

[74] GBEL 10 GBs and 2 
NGBs 

IEQ and 
Occupant 
satisfaction 

�&�K�L�Q�D�¶�V���Q�D�W�L�R�Q�D�O��
Standard (GB50189-
2005) and NGBs 

The survey shows that the GBs in China have significantly greater satisfaction level 
than NGBs. The actual performance of green buildings achieves the design goal (The 
Green Building Evaluating Standard)in terms of TC, IAQ, VC and AC. 
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Another reason could be the gap between the buildings that were designed green, but not 

constructed or managed to perform green. Desmarais et al. evaluate some problem in 

construction and operation of green buildings [214]. They mentioned being green does 

not rely severely on looks or high-tech gadgets, or the total points achieved by a specific 

assessment system. Instead, an integrated and inclusive method is needed with the 

�D�F�F�X�U�D�W�H�O�\�� �G�H�V�L�J�Q�H�G�� �V�\�V�W�H�P�V�� �I�R�U�� �E�X�L�O�G�L�Q�J�¶�V�� �J�O�R�E�Dl context. This includes employing 

building science to assess and find beneficial solutions [214].  

As proposed by Geng et al. [210], the level of control of the thermal environment can be 

one possible reason for high EUI in GBs. They observed that in type B buildings in China 

(public buildings with central air conditioning and mechanical ventilation operating 

throughout the year), the control systems are not fully capable of controlling the thermal 

environment as they are supposed to be. Consequent overheating or overcooling may lead 

to high energy consumption. 

Also, the inconsistency may result partly from insufficient consideration of climatic 

differences in which buildings are located. The climatic condition has usually a 

considerable impact on energy consumption in office buildings. While buildings in some 

cities can use natural ventilation throughout a year, buildings in other locations need 

mechanical systems to provide a suitable working environment. While the comparison of 

building energy consumption across different geographical locations could be beneficial, 

it is impossible to make any meaningful comparison without weather normalisation [202, 

215]. Also, it is important to apply the weather normalisation factor to climate-sensitive 

energy use only, e.g., building energy dedicated for cooling, heating and ventilation [210, 

216]. 

Geng et al. introduced an energy normalisation method to eliminate the impact of outdoor 

weather on building energy consumption and compared 20 green buildings located in 6 

different cities in China (Equations 5.1 and 5.2) [210].  

�' �á 
L �' �Ô�Ö
H�0�( (5.1) 

�0�( 
L���9�Û�ä
�*�&�&�5�<�á�Õ�Ô�æ�Ø

�*�&�&�5�<�á�Ô�Ö

E�9�Ö�ä

�%�&�&�6�:�á�Õ�Ô�æ�Ø

�%�&�&�6�:�á�Ô�Ö
 (5.2) 

En and Eac in Equation 5.1 represent normalised energy and actual delivered energy 

consumption, respectively. Energy Normalisation factor is signified by NF. HDD18,base 
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and CDD18,base are heating degree days and cooling degree days of the base city. Also, 

HDD18,ac and CDD18,ac denote actual heating degree days and cooling degree days of the 

studied city, respectively. While this method is a practical approach to minimise climatic 

influences on energy consumption in buildings, the weighting factors for heating and 

cooling (Wh and Wc ) were constant numbers (3/7 and 4/7) for all cities, even though the 

cooling and heating demand may vary from different climates.  

Focusing on each IEQ aspect presents interesting results (Table 15). Most scholars have 

found that GBs provide better thermal conditions than NGBs [102, 195, 198, 210, 212, 

213, 217], though some researchers have stated that there is no significant difference [184, 

209, 218]. For example, [205, 212] �H�[�S�O�D�L�Q�H�G���W�K�D�W���*�%�V�¶���S�H�U�I�R�U�P�D�Q�F�H���L�Q���D�L�U-conditioned 

mode was ideal, while mixed-mode ventilation was unsatisfactory. The majority of GBs 

had better IAQ than national standards and conventional buildings [102, 137, 183, 195, 

198, 212, 213, 217], although some studies conflicted with this claim [184, 209, 218]. 

Furthermore, a few studies have mentioned that GBs provide a better lighting 

environment [195, 217], but other scholars have maintained that the visual comfort of 

certified buildings is not significantly better [137, 197, 209] and is sometimes even worse 

than NGBs [184, 212]. Conflicting results have also been presented on acoustic comfort 

[102, 137, 184, 209, 212]. Notably, while the physical measurements of [217] supported 

that the acoustic environment of conventional buildings is better than GBs, the 

satisfaction survey results were in favour of certified buildings.  

�7�K�R�X�J�K�� �W�K�H�� �U�H�V�X�O�W�V�� �R�I�� �S�U�H�Y�L�R�X�V�� �V�W�X�G�L�H�V�� �K�D�Y�H�� �E�H�H�Q�� �L�Q�F�R�Q�V�L�V�W�H�Q�W�� �U�H�J�D�U�G�L�Q�J�� �*�%�V�¶��

performance after occupancy, the contribution of previous research comparing the green 

rating types [198, 211, 212], classes [198, 206, 210, 218] and assessments with national 

standards [137, 184, 195-197, 217, 219] and conventional buildings [102, 182, 183, 199, 

205, 208, 209] is extremely valuable in promoting GBs and their evaluation.  

5.1.3 Building Energy-IEQ Index  

Building energy consumption and IEQ are both critical factors for evaluating building 

performance. Ideally, a unified energy-IEQ index would help building managers assess 

the current building condition continuously and to plan possible operational, maintenance 

and retrofit programs.  

Being inspired by the Built Environment Efficiency (BEE) index introduced by CASBEE 

[192], Geng et al. [210] introduced the Environmental Energy Efficiency (EEE) index, 
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which evaluates the ratio between normalised IEQ performance and building energy. The 

detailed calculation procedure is presented in Equations 5.3 to 5.5. 

�'�'�' 
L
�0�K�N�I�=�H�E�V�A�@���+�'�3���2�A�N�B�K�N�I�=�J�?�A
�0�K�N�I�=�H�E�V�A�@���$�Q�E�H�@�E�J�C���'�J�A�N�C�U

 (5.3) 
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(5.4) 

�0�K�N�I�=�H�E�V�A�@���$�Q�E�H�@�E�J�C���'�J�A�N�C�U
L
�&�A�H�E�R�A�N�A�@���'�J�A�N�C�U

�'�J�A�N�C�U���?�K�J�O�P�N�=�E�J�P���R�=�H�Q�A
 (5.5) 

In Equation 5.4, IEQi,ob denotes the physical performance of IEQ factor i. IEQi,sub denotes 

the subjective acceptance of IEQ factor i �D�Q�G���L�W���L�V���G�H�W�H�U�P�L�Q�H�G���X�V�L�Q�J���R�F�F�X�S�D�Q�W���V�X�U�Y�H�\�V�����.i 

�V�L�J�Q�L�I�L�H�V�� �W�K�H�� �Z�H�L�J�K�W�� �R�I�� �H�D�F�K�� �,�(�4�� �I�D�F�W�R�U���� ��i represents the weight of the objective 

performance in the IEQ factor and [210] considered it equal to 0.5 for all IEQ factors. 

While this method gives a comprehensive evaluation of indoor environment, It is more 

time consuming and the result is dependent on the number of occupant responds.   

To normalise the building energy consumption in Equation 5.5, the delivered energy is 

divided by an energy constraint value which is reliant on the building category in China. 

it was selected as 85 kWh/m2 and 110 kWh/m2 for type A and B in hot summer cold 

winter zone of China.  

5.1.4 National Australian Built Environment Rating System (NABERS) 

As an initiative of the Council of Australian Governments (COAG), the Commercial 

Building Disclosure (CBD) program requires the building's NABERS Energy star rating 

to be included in any advertising material for the sale, lease or sublease of commercial 

office space of 1,000 m2 or more [220], intending to improve the energy efficiency of 

Australia's large office buildings and to ensure an informed market. In contrast, other 

aspects of building performance, such as indoor environmental quality (IEQ), is less 

concerned by the government, despite a wealth of research demonstrating significant 

correlations between IEQ and occupant health, comfort and productivity (e.g., Newsham 

et al. [221]; Al horr et al. [19]; Wang et al. [222]). 
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The NABERS ratings (ranging from 1�±6 stars) evaluate energy, water, waste, and indoor 

environment [223]. By considering both building performance and user preferences, 

NABERS provides a comprehensive environmental assessment [224]. NABERS has 

three different rating scopes to reflect the split of responsibilities of different stakeholders: 

base building (building owners and managers), whole building (building owners, 

managers and tenants) and tenancy (tenants). 

The NABERS Energy tool benchmarks the energy usage performance of buildings in 

Australia. Based on the Investment Property Database, best-performance office buildings 

have a greater return on investment compared to conventional lower quality buildings 

[225]. As a certification tool, NABERS Energy is calibrated considering various 

operational correction factors such as climate, service hours and net lettable floor, all of 

which are considered in base building schemes [226].  

The NABERS IE scheme measures indoor environmental conditions in office buildings. 

NABERS IE considers five key indoor environmental factors (thermal services, indoor 

air quality, acoustic comfort, lighting and office layout). Factors are evaluated separately 

to identify areas that need improvement, and their weighting in the total score is based on 

their impact on occupants [227]. 

NABERS IE rating combines on-�V�L�W�H���P�H�D�V�X�U�H�P�H�Q�W�����T�X�D�Q�W�L�W�D�W�L�Y�H�����D�V���Z�H�O�O���D�V���R�F�F�X�S�D�Q�W�V�¶��

satisfaction surveys (qualitative). The NABERS IE satisfaction surveys quantify 

�R�F�F�X�S�D�Q�W�V�¶���V�D�W�L�V�I�D�F�W�L�R�Q���O�H�Y�H�O�V���Z�L�W�K���P�D�Q�\���D�V�S�H�F�W�V���R�I���W�K�H���L�Q�G�R�R�U���H�Q�Y�L�U�R�Q�P�H�Q�W�����'�H�S�H�Q�G�L�Q�J��

on the specific rating scope, NABERS IE requires different types of data and their 

weighting is different, shown in  

Table 16 [3]. The final score received for each IEQ factor represents the ranking of that 

specific building compared with the NABERS IE benchmark [227].  

 Base building Tenancy Whole building 

 Data Weighting Data Weighting Data Weighting 

Thermal services M 40% - - M, S 30% 

Indoor air quality M 40% M, S 40% M, S 30% 

Acoustic comfort M 20% M, S 25% M, S 15% 

Lighting - - M, S 25% M, S 15% 

Office layout - - S 10% S 10% 

(M denotes on-site measurement; S represents Occupant survey.) 
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5.1.5 Aims of the Current Research 

The gaps which have been found by conducting literature review are: 

�x The absence of an appropriate energy normalisation method for Australian 

buildings to compare energy consumption across different climate zones; 

�x  The lack of investigation on the relationship between energy consumption in 

buildings and the NABERS IE certificate [202, 210, 211]; 

�x The need for a more comprehensive Building Energy Efficiency Certificate 

(BEEC) incorporating both energy and indoor environmental quality in Australia's 

Commercial Building Disclosure (CBD) program. 

Table 16. Data required for NABERS IE rating for different rating scopes  [3]  

The above-mentioned gaps evident in the existing literature inspired the current study, 

which focuses on the following three core objectives:  

1) Adapt Geng et al. (2020)'s method to Australian context for normalising energy 

use intensity in NABERS buildings located in different climatic zones; 2) Explore the 

statistical correlations between normalised EUI, IEQ score, NABERS IE rating stars, 

and NABERS Energy rating stars; 3) Develop an Energy and Indoor Environment 

Index to benchmark the energy and IEQ performance of Australian office buildings 

certified by NABERS Energy and IE. 

This paper is arranged into five sections. Section 5.2 details the materials and methods in 

this research, Section 5.3 outlines the results of the analysis, Section 5.4 discusses the 

findings and compares them with the results of previous studies, and Section 5.5 provides 

the main conclusions and future research directions. 

 Base building Tenancy Whole building 

 Data Weighting Data Weighting Data Weighting 

Thermal services M 40% - - M, S 30% 

Indoor air quality M 40% M, S 40% M, S 30% 

Acoustic comfort M 20% M, S 25% M, S 15% 

Lighting - - M, S 25% M, S 15% 

Office layout - - S 10% S 10% 

(M denotes on-site measurement; S represents Occupant survey.) 
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5.2 Materials and Methods 

5.2.1 Building Data Source 

The database used in this research is publicly available on NABERS website, which is 

updated continuously throughout the year and offers information about buildings which 

have valid NABERS certification [223]. Information in the dataset includes building 

geographical information (latitude, longitude, premise number, street name, city and 

state), NABERS rating type (energy, water, IEQ or waste), rating scope (base building, 

tenancy, or whole building), Energy rating information (energy rating score, annual 

energy consumption, CO2 emission, energy use intensity), IEQ rating information (IEQ 

rating score, thermal comfort score, air quality score, acoustic comfort score, lighting 

score, office layout score), water rating information and waste rating information. In this 

study, only NABERS Energy and IE ratings are of interest, and solely building with base 

buildings certificate are selected for analysis due to their large sample sizes in the 

database.  

As presented in Table 16, thermal comfort, IAQ and acoustic comfort represent 40%, 

40% and 20% of the total base building IEQ score (IEQS), respectively. Based on the 

NABERS online database (accessed October 2020), 1,089 and 112 buildings were 

certified by NABERS Energy and NABERS IE, respectively [223]. In addition, annual 

energy consumption (MWh) and EUI (MWh/m2) of certified buildings are presented as 

energy performance indicators. Given that most certified buildings are in the six capital 

cities of Australia, namely, Adelaide, Brisbane, Canberra, Melbourne, Perth and Sydney, 

only buildings in these 6 cities have been selected for further analysis.  

5.2.2 Energy Normalisation Method 

The evaluated office buildings were constructed in different years, have variate HVAC 

systems and are located in six different cities. A significant part of total building energy 

consumption is related to HVAC systems. A typical HVAC system in a mechanically 

ventilated building is responsible for nearly 40% of total building energy consumption 

and 70% of base building energy consumption [228, 229]. Therefore, it is imperative to 

carry out the normalisation of HVAC energy use in buildings across different Australian 

cities. To accurately compare energy use in these buildings, we tried to eliminate the 
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�L�P�S�D�F�W�� �R�I�� �E�X�L�O�G�L�Q�J�V�¶�� �J�H�R�J�U�D�S�K�L�F�D�O�� �O�R�F�D�W�L�R�Q�� �D�Q�G���F�O�L�P�D�W�H�V�� �R�Q�� �E�X�L�O�G�L�Q�J�V�¶�� �H�Q�H�U�J�\��

consumption as much as possible.  

Based on the Köppen-Geiger climate classification, Australia has 15 different climate 

divisions [230]. While the northern part of the continent has a tropical savanna climate, 

the southern part is generally warm and oceanic. The western side of Australia has a hot, 

semi-arid and Mediterranean climate, and the eastern side is mostly humid with a 

subtropical climate [231]. 

According to the Bureau of Meteorology of Australia, the comfort level values are 

considered as 18 �BC and 24 �BC for heating and cooling, respectively [232]. The 30-year 

average HDD and CDD of major Australian cities were adopted as a baseline value for 

the weather normalisation process. Therefore, climate normalisation factor (NF) was 

localised to standardise energy use intensity in buildings from different climate zones of 

Australia. 

�0�( 
L���9�Û�ä
�*�&�&�5�<�á�Õ�Ô�æ�Ø

�*�&�&�5�<�á�Ô�Ö

E�9�Ö�ä

�%�&�&�6�8�á�Õ�Ô�æ�Ø

�%�&�&�6�8�á�Ô�Ö
 (5.6) 

There are two differences between Equation 5.2 and Equation 5.6. First, the CDD setpoint 

is changed to 24 �BC according to the Bureau of Meteorology of Australia [232]. Second, 

the constant weighting for cooling and heating purposes (Wh=3/7 and Wc=4/7) for cities 

investigated by [210] is modified based on climatic condition of each Australian city. For 

this purpose, an actual office building in Australia was simulated in each of 6 cities and 

weights (Wh and Wc) were determined by ratio of months heating and cooling is needed 

in each city. The simulation was conducted using SketchUp and TRNSYS software 

(Figure 20). The simulated building has four floors, with a total floor area of 2717.2 m2 

and useful office area of 2177.9 m2 (Figure 21).  

The details of simulated office building are presented in Table 17. The 30-year average 

CDD and HDD values of the Australian cities were obtained from the Bureau of 

Meteorology of Australia website and are presented in  
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Table 18. HVAC systems are responsible for roughly 70% of the base energy 

consumption in office buildings (Department of the Environment and Energy, 2013). 

Therefore, �(�Q�H�U�J�\���Q�R�U�P�D�O�L�V�L�Q�J���I�D�F�W�R�U�����������F�D�Q���E�H���F�D�O�F�X�O�D�W�H�G���X�V�L�Q�J��Equation 5.7. 

 

 

Figure 20. South-western view of the simulated office building model 
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Table 17. Key information of the simulated building 

Gross floor area  2717.2 m2 
Useful area  2177.9 m2 
Building height 21 m 
Occupancy schedule 7:30 am �± 6 pm (Monday to Friday) 
Occupancy rate 1 person per 25m2 

HVAC system Reverse cycle air-cooled systems and air 
handling units 

Cooling setpoint 23.9 	vC 
Heating setpoint 21.0 	vC 
Equipment load 16.1 W/m2 
Lighting load 12 W/m2 
External walls (R-Value)  Brick + Airspace + Brick (0.55 m2.K/W) 
External roof (R-Value) Finish +light concrete + Plaster (0.5 

m2.K/W) 
Windows (U-Value) double-glazed (1.37 W /m2.K) 
Window to wall ratio 0.4 
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Table 18. Climate characteristics and weather normalisation factor in studied cities 

[233] 

City, state Dominant load  Climate HDD CDD NF �ß 
Canberra, ACT Heating load Cold 1,984 58 1.42 1.29 
Adelaide, SA Mixed load Mixed 918 185 0.75 0.82 
Melbourne, VIC Heating load Cold 1,206 67 1.38 1.27 
Perth, WA Mixed load Hot 663 192 0.70 0.79 
Brisbane, QLD Cooling load Hot/humid 269 136 0.90 0.93 
Sydney, NSW Mixed load Mixed 503 94 1.35 1.24 
Heating load = Annual conditioning load >67% heating  

Cooling load = Annual conditioning load >67% cooling  

Mixed load = Annual heating load 33-66% 

It is noteworthy to mention that relative humidity is another major parameter influencing 

the energy consumption in office buildings located in tropical and subtropical climates. 

Most commercial buildings do not have independent control of humidity in Australia. 

However, even if they have separate control, the energy used for latent cooling is 

unremarkable compared to that for sensible cooling. Based on the simulation result, the 

impact of dehumidification in considered buildings energy consumption is less than 9.5%, 

therefore this influence of relative humidity is neglected, and weather normalisation is 

only based on temperature. The extended explanation of weather normalisation method 

is presented in Appendix A. 

5.2.3 Building Sample Descriptive Statistics 

Nighty-seven office buildings that have both NABERS Energy and IE certifications were 

studied to evaluate the relation between energy consumption and IEQ (Figure 22). While 

the Normalised energy use intensity (NEUI) of mentioned buildings is 98.3 kWh/m2 and 

its distribution is positively skewed, the mean IEQS is 81.1% and its distribution is almost 

normal. The key NEUI and IEQS statistics of different buildings considered in this 

research are presented in Table 19.  
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Figure 21. Floor plan of the simulated office building model 

Table 19. Key statistics of NABERS-rated buildings 

 
Annual NEUI 

(kWh/m2) IEQ score (%) 

Mean 98.3 81.1 
Max 264.6 96.7 
Min 31.2 61.3 
Median 92.7 81.3 
Standard deviation 36.2 9.2 
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Figure 22. Distribution of buildings with both NABERS Energy and IE certifications 

5.2.4 Analytical Techniques 

The correlation between NABERS Energy and NABERS IE with their indicator (Energy 

consumption and IEQS) have been investigated by Gui and Gou [202]. In this study, the 

possible relationship between the NEUI and NABERS IE will be investigated. Also, in 

the promising relation between IEQS and NABERS Energy rating would be evaluated in 

this stage.   

The analysis of variance (ANOVA) and Kruskal-Wallis tests investigate the significance 

of the differences between variables. Where the normal distribution of samples is a 

preliminary assumption for ANOVA, the Kruskal-Wallis test still functions even when 

data is not distributed normally [234]. The statistical analysis of ANOVA and the 

Kruskal-Wallis test were performed to determine whether there was a significant 

difference in NEUI and IEQS values for the various NABERS levels.  

Since a sufficiently large sample in a statistical test usually demonstrates a significant 

difference result (i.e. p ���� �������������� �³�(�I�I�H�F�W�� �V�L�]�H�´�� �V�K�R�X�O�G�� �E�H�� �F�D�O�F�X�O�D�W�H�G�� �D�V�� �D��secondary 

assessment. Effect size (��2) is referred as standardised measures of effect to the raw 

difference between groups [235]. Based on [236], effect sizes could be categorised as 
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small (��2�•0.2), medium (��2�•0.5), and large (��2�•0.8). Therefore, the effect size of NABERS 

IE on NEUI and NABERS Energy on IEQS was calculated.  

In this section, linear regression models were analysed to evaluate the variation of NEUI 

with NABERS IE levels and the dependency of IEQS to NABERS Energy rating. The 

level of NABERS certification (Energy and IE) served as the independent variable in the 

regression models, while NEUI and IEQS served as the dependent variables. The 

regression model is presented in Equation 5.8.  

�; 
L �Ù�T
E�Ú
E�Ý (5.8) 

Where Y is the dependent variable (NEUI and IEQS) and x the related NABERS rating 

(Energy and IE). In Equation 5.8�����.���L�V���N�Q�R�Z�Q���D�V���W�K�H���U�H�J�U�H�V�V�L�R�Q���F�R�H�I�I�L�F�L�H�Q�W�����Z�K�L�F�K���P�H�D�Q�V��

the amount of dependency of the dependent variable fluctuation by a single unit increase 

�L�Q���W�K�H���L�Q�G�H�S�H�Q�G�H�Q�W���Y�D�U�L�D�E�O�H�����0�R�U�H�R�Y�H�U�����������R�U���W�K�H���µ�,�Q�W�H�U�F�H�S�W�¶�����L�V���W�K�H���Y�D�O�X�H���R�I���W�K�H���G�H�S�H�Q�G�D�Q�W��

variable when the independent variable is zero, and �0 is standard error (the amount of 

information that the model fails to explain). 

ANOVA and Kruskal-Wallis tests were conducted to investigate the relationship between 

Energy and IEQ. Additionally, effect sizes were calculated to evaluate the impact of 

NABERS IE rating on NEUI (R1) and NABERS Energy rating on IEQS (R2). Then, a 

linear regression was conducted (Figure 23). 

The combined effect of NABERS certificates on NEUI was also explored to investigate 

the effect size of different certificates on NEUI. Firstly, assumptions of linearity, 

normality, and absence of multicollinearity, were examined. Linearity means that the 

predictor variables in the regression have a straight-line relationship with the outcome 

variable. The Variance inflation factor (VIF) method was selected to check the absence 

of multicollinearity. 
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Figure 23. Secondary rating parameters analysis over NABERS certifications 

5.2.5 Development of Energy and Indoor Environment Index (EIEI)  

To benchmark the energy and IEQ performance of office buildings in Australia, we 

introduce a new Energy and Indoor Environment Index (EIEI), which is a ratio between 

the IEQ scores awarded by NABERS IE [227], and the building energy performance 

(Equation 5.9������ �7�K�L�V�� �L�Q�G�H�[���F�D�Q�� �E�H�� �X�V�H�G�� �I�R�U�� �E�R�W�K�� �µ�E�D�V�H�� �E�X�L�O�G�L�Q�J�¶���D�Q�G�� �µ�Z�K�R�O�H�� �E�X�L�O�G�L�Q�J�¶��

�U�D�W�L�Q�J���V�F�R�S�H�V�����7�K�H�� �µ�Z�K�R�O�H���E�X�L�O�G�L�Q�J�¶���U�D�W�L�Q�J���V�F�R�S�H�� �U�H�I�H�U�V���W�R�� �U�D�W�L�Q�J���I�R�U���R�U�J�D�Q�L�V�D�W�L�R�Q�V���W�K�D�W��

both manage and occupy their office space, or in some cases where a single tenant 

occupies the entirety of a building. 

 The EIEI index has two main advantages compared with the previous indexes. Firstly, 

the normalised EUI is considered in the calculation of building energy performance which 

results in more accurate results. Secondly, this index is based on NABERS IE ratings, and 

IEQS can be obtained once the NABERS IE rating is available.  

�'�+�'�+
L
�+�'�3�5

�$�Q�E�H�@�E�J�C���A�J�A�N�C�U���L�A�N�B�K�N�I�=�J�?�A
 (5.9) 

IEQS in Equation 5.10 is the accumulative impact of IEQ factors and it is revealed by 

NABERS database for each NABERS IE certified building [223]. For the calculation of 

IEQS, IEQi,m denotes the physical performance and IEQi,s is the result of subjective 

surveys of IEQ factor i�����$�O�V�R�����.i �D�Q�G����i represent the weight of each IEQ factor and weight 

of the physical measurement in the IEQ factor, respectively. Based on the building rating 

categories, n, �. and �� are presented in Table 20 [223]. 
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Table 20. Coefficients used in IEQS calculation  [223] 

IEQ factor Base building Whole building 
 n=3 n=5 

 �. �� �. �� 
Thermal services 0.4 1 0.3 0.5 
IAQ 0.4 1 0.3 0.5 
Acoustic comfort 0.2 1 0.15 0.5 
Lighting comfort - - 0.15 0.5 
Office layout - - 0.1 1 

 

�7�K�H���E�X�L�O�G�L�Q�J���H�Q�H�U�J�\���S�H�U�I�R�U�P�D�Q�F�H���L�V���F�D�O�F�X�O�D�W�H�G���E�\���W�K�H���E�X�L�O�G�L�Q�J�¶�V���Q�R�U�P�D�O�L�V�H�G���H�Q�H�U�J�\���X�V�H��

intensity divided by the baseline energy consumption in Australian commercial buildings 

[237] (Equation 5.11), in which �� represents the weather normalisation factor, which can 

be obtained from  

 

 

 

Table 18. Also, based on the different building ownership type and rating categories, the 

�µ�H�Q�H�U�J�\���F�R�Q�V�W�U�D�L�Q�W���Y�D�O�X�H�¶ can be selected from Table 21. 

�$�Q�E�H�@�E�J�C���'�J�A�N�C�U���2�A�N�B�K�N�I�=�J�?�A
L
�ß
H�'�7�+

�'�J�A�N�C�U���?�K�J�O�P�N�=�E�J�P���R�=�H�Q�A
 (5.11) 

Table 21. The energy constraint value based on the building ownership and category  

[237] 

Ownership type Category 
Energy constraint 
value (kWh/m2.a) 

Government 
Base building 132.6 
Whole building 204.8 

Private 
Base building 156.5 
Whole building 262.9 
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5.3 Data Analysis and Results 

5.3.1 Relationship between Energy and IEQ (R1 and R2) 

By investigating NABERS certified buildings, it becomes evident that there is a possible 

relationship between the NABERS IE rating and NEUI (Figure 24). The number of 

buildings with NABERS IE certificate is presented at the top of each group. Based on the 

NABERS IE rating category boxplots, it can be deduced that the highest-quality 

NABERS IE buildings consume less energy while providing a better IE for occupants. In 

other words, thermal comfort and IAQ (which are the main criteria to reach a high 

NABERS IE rating) can be provided with low energy requirements.  

 

Figure 24. Normalised EUI comparison of sample buildings 

The results of the ANOVA and Kruskal�±Wallis tests for sample buildings are presented 

in Table 22. The outcome indicates that there is a significant difference (p<0.001) 

between the average normalised EUI of buildings with different levels of NABERS IE 

ratings and this represents a large-�V�L�]�H���H�I�I�H�F�W������2 = 0.51). The NABERS Energy ratings 

do not have significant impact (p=0.195) on the buildings' IEQ scores. 

Table 22. ANOVA and Kruskal-Wallis results for secondary relationships (R1 and R2) 

 Independent variable NABERS IE NABERS Energy 

 Dependent variable NEUI IEQS 
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ANOVA DF 6 8 
 SS 354,430 931 
 MS 5,905 116 
 F value 14.626 1.43 
 P-value <0.001 0.195 
 ��2 0.51 0.11 

Kruskal-
Wallis 

Chi-squared 57.5 9.954 
DF 6 8 
P-value <0.001 0.268 

To evaluate the impact of NABERS IE certificate on NEUI, regression analysis was 

performed. Table 23 demonstrates the estimates of the regression model. It can be seen 

that about 45% of the variance in the NEUI is predictable from the NABERS IE rating. 

A single unit increase in NABERS IE certification can reduce NEUI by 19.79 kWh/m2 

annually (Table 23). 

Table 23. Regression analysis between NABERS IE and NEUI (R1) 

Dependent 

variable 
Independent 

variable 
Estimate Intercept 

Standard 
error R2 Adjusted 

R2 Sig. 
�Ù �Ú �Ý 

NEUI NABERS 
IE 

-19.79 167.55 20.30 0.455 0.449 <0.001 

Therefore, it is rational to evaluate the combined impact of NABERS Energy and IE 

certificates on prediction of energy use in buildings. 

5.3.2  The Combined Impact of National Australian Built Environment Rating 

System (NABERS) Indoor Environment (IE) and Energy on Normalised 

Energy Use Intensity (NEUI)  

Based on the result of previous section and study by Gui and Gou [202], it is evident that 

both NABERS Energy and IE can be used to predict the NEUI in certified buildings. In 

this section, their combined effect on energy use in office buildings was investigated.  

The normal predicted probability analysis showed that the residuals are normally 

distributed and preliminary assumptions of linearity and normality were met. Also, the 

analysis demonstrated the absence of multicollinearity (VIF=1.22) (Table 24). The results 

of multiple linear regression are shown in Table 24. The result indicates that NABERS 

Energy has a more influential contribution to NEUI than NABERS IE. The p-value is less 

than 0.001 and adjusted R2 is 0.920, indicating that 92% of the variance in NEUI can be 



125 
 

explained by the building's NABERS IE and Energy ratings, with the latter having a 

greater impact. Therefore, for the Australian sample analysed, it is evident that a 

building's NEUI can be accurately predicted by its NABERS Energy and IE certifications 

(Equation 5.12). 

�0�'�7�+
L �t�t�z�ä�s�t
F�t�s�ä�{�z
H�0�#�$�'�4�5���'�J�A�N�C�U
F���{�ä�z�z
H�0�#�$�'�4�5���+�' (5.12) 

 

 

Table 24. Multivariate regression analysis between NABERS IE, NABERS Energy and 

NEUI 

Dependent 
variable 

Independent 
variable 

Estimate Intercept 
Standard 

error R2 Adjusted 
R2 Sig. VIF 

�Ù �Ú �Ý 

NEUI 

NABERS 
IE 

-9.88 
228.12 6.847 0.922 0.920 <0.001 1.22 

NABERS 
Energy 

-21.98 

5.3.3 Energy and Indoor Environment Index (EIEI ) in Australian Certified  

Buildings 

To further compare energy and IEQ performance within 97 NABERS buildings with both 

Energy and IE certifications, they were categorised into high-performance NABERS 

buildings (HNBs) and low-performance NABERS buildings (LNBs). The rationale 

behind this separation is based on the NABERS database showing the average Energy 

and IE rating for offices is 4.5 Stars. Therefore, HNBs refers to buildings that have an 

excellent performance in both energy rating (i.e., 5-6 stars) and IE rating (5-6 stars) [223].  

A total of 49 market-leading buildings were considered as HNBs (Figure 25). Another 48 

buildings were deemed as LNBs, which were categorised into three groups. High Energy 

NABERS (N=24) had a high NABERS Energy rating (i.e., 5-6 stars) but a relatively low 

NABERS IE rating (i.e., 3-5 stars). Likewise, 7 high IE NABERS buildings had an 

excellent IE rating but poor energy rating. The rest 17 buildings performed moderately or 

poorly in both energy and indoor environment aspects.  
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As is presented in Table 25, HNBs consume 55.5 kWh/m2 of energy per annum, which is 

35.9% less than the normalised EUI of LNBs, 86.7 kWh/ m2. The standard deviation of 

NEUI in high-performance NABERS buildings and low-performance NABERS 

buildings are 8.9 kWh/m2.a and 23.7 kWh/m2.a, respectively. The lower standard 

deviation of HNBs means that the data are closely clustered around the mean. Also, the 

average IEQS in HNBs is 87.3%, which is 12.6% higher than their counterpart (74.7% 

for LNBs).  

 

Figure 25. The categorisation of NABERS buildings based on Energy and IE 
certifications 

 

Table 25. Key descriptive statistics for sample buildings 

Parameter 
NEUI (kWh/m2.a) IEQS (%) 

HNBs LNBs HNBs LNBs 

Number of buildings 49 48 49 48 
Mean 55.5 86.7 87.3 74.7 
Max 69.7 180.6 96.7 91.7 
Min 35.8 51.7 76.8 61.3 

Median 57.2 78.5 86.1 75.1 
Standard deviation 8.9 23.7 5.4 7.8 

Figure 26 illustrates different levels of energy and IEQ performance in sample buildings. 

The vertical and horizontal axis in Figure 26 represent IEQS (Equation 5.10), and building 

energy performance (Equation 5.11), respectively. Thresholds in this figure are based on 

the method introduced by [210]. Moreover, horizontal thresholds were added to illustrate 
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the importance of indoor environment in buildings. Hence, when a building is located on 

the left side of the graph, it indicates the building consumes a small amount of energy per 

square meter. Also, points which are in the top of Figure 26 represents buildings that 

provide excellent indoor environment. The thresholds divide the graph into 5 distinct 

zones where A and E zones represent the best and worst building performance, 

respectively. Figure 26 demonstrates that most of the HNBs are within Zone A in EIEI, 

meaning that they can provide the best indoor environment with reasonable energy 

consumption. A few LNBs located inside zone A, as well. All HNBs which failed to 

achieve grade A had EIEI value lower than 2. In other words, while they perform well in 

providing indoor environment (IEQS > 80%), they consume excessive energy to provide 

such an environment. The majority of LNBs were within Zone B and C in EIEI, with only 

a few in Zone D. There is just one building in Perth that has a building energy performance 

(Equation 5.11�����R�I���P�R�U�H���W�K�D�Q�������� �7�K�L�V�� �E�X�L�O�G�L�Q�J�¶�V���1�$�%�(�5�6�� �(�Q�H�U�J�\�� �D�Q�G���,�(�� �D�U�H������ �D�Q�G�� ������

respectively. This NABERS building is a good example of a rated building that uses 

excessive energy to provide an adequate indoor environment quality. Scenarios like this 

and issues pertaining to excessive energy consumption to provide indoor environment 

satisfaction are discussed in the following section. 
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Figure 26. Energy and indoor environment index for HNBs and LNBs 

5.4 Discussion 

5.4.1 Comparison with Previous Studies 

The current research evaluates Energy and IEQ in buildings rated by NABERS which is 

not a widely discussed rating scheme in previous studies. This study further advances the 

research by Gui and Gou [202]. The use of energy normalisation factors enables the 

comparison of building energy use between different climate zones and facilitates the 

exploration of more accurate relationships between normalised building energy and 

NABERS certifications. It is found that NABERS IE and NEUI are inversely correlated. 

In contrast, the study does not identify any significant relationship between NABERS 
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Energy and IEQ score. Finally, a strong multivariate correlation is found between NEUI 

and both NABERS IE and Energy certificates, with the latter being a more significant 

contributor; this relationship has not previously been investigated. 

The study also reveals that HNBs consume less energy than LNBs, which was also 

confirmed by [199]. Moreover, the mean IEQS in high-performance NABERS buildings 

is 12.6% higher than that in low-performance NABERS buildings. This resonates with 

the previous finding that buildings with high energy performance can provide a better 

indoor environment than low quality non-green ones [102, 137].  

5.4.2 Implications for Policy and Practice 

Inspired by Geng et al. [210], The Energy and Indoor Environment index was designed 

to comprehensively evaluate building performance. This comprehensive index would 

normalise IEQ and EUI factors for buildings and rank them accordingly. Many low-

performance NABERS buildings needed to consume more electricity than best-practice 

buildings due to a range of factors including poor building design, construction, or 

operational management (see: buildings graded D in Figure 26). On the other hand, due 

to the Commercial Building Disclosure (CBD) program of Australia, sellers and lessors 

of office space of 1,000m2 or more have to obtain a Building Energy Efficiency 

Certificate (BEEC) before the building goes on the market for sale, lease or sublease 

[220]. This biased rule motivates some building managers to focus efforts purely on 

energy efficiency to obtain a high NABERS Energy rating at the expense of indoor 

�H�Q�Y�L�U�R�Q�P�H�Q�W���T�X�D�O�L�W�\���D�Q�G���R�F�F�X�S�D�Q�W�V�¶���K�H�D�O�W�K�����V�D�W�L�V�I�D�F�W�L�R�Q�����D�Q�G���Z�H�O�O�E�H�L�Q�J�����V�H�H�����E�X�L�O�G�L�Q�J�V���L�Q��

the bottom of grade C in Figure 26). This issue is not exclusive to the Australian context, 

but also identified in other countries with other rating systems [124]. Therefore, there is 

a modification needed in BEEC to require office buildings to have both NABERS Energy 

and IE certificates. In this way, building performance can be evaluated in a more 

comprehensive way. 

The analysis not only proves that there is a relationship between NABERS ratings 

(Energy and IE) with NEUI but also confirms a linear relationship between them. 

Importantly, the developed prediction model helps building managers compare their 

delivered energy consumption with the NABERS benchmarks. In this way, facility 

managers would discover if excessive energy were being consumed to provide an 
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adequate indoor environment quality, and they could subsequently adjust the indoor 

conditions to achieve more reasonable levels of energy consumption.  

5.4.3 Study Limitations 

Although NEUI had a negative linear relationship with the NABERS Energy and IE 

certificates, the lack of buildings with both certificates could have biased the results. Most 

building managers preferred to acquire the NABERS Energy certification, and only 97 

buildings had both Energy and IEQ certifications. It is notable that this study only 

�F�R�Q�V�L�G�H�U�H�G�� �1�$�%�(�5�6�� �µ�%�D�V�H�� �E�X�L�O�G�L�Q�J�� �F�H�U�W�L�I�L�F�D�W�H�V�¶���W�R�� �P�D�N�H�� �W�K�H�� �E�X�L�O�G�L�Q�J�V�� �F�R�P�S�D�U�D�E�O�H����

�7�K�H�U�H�� �D�U�H�� �Q�R�W�� �H�Q�R�X�J�K�� �E�X�L�O�G�L�Q�J�V�� �Z�L�W�K�� �1�$�%�(�5�6�� �µ�:�K�R�O�H�� �E�X�L�O�G�L�Q�J�¶�� �D�Q�G�� �µ�7�H�Q�D�Q�F�\�¶��

certificates in the database. This issue resulted in other important IEQ factors (i.e., 

lighting and layout) being neglected, along with occupant satisfaction. These factors 

should be evaluated in future studies when more buildings have the NABERS IE 

certificates. Moreover, future studies should evaluate whether the impacts of energy and 

IEQ on total EUI differ from various climatic conditions. In addition, post-occupancy 

�H�Y�D�O�X�D�W�L�R�Q���R�I�� �E�X�L�O�G�L�Q�J���R�F�F�X�S�D�Q�W�V�¶���V�D�W�L�V�I�D�F�W�L�R�Q���D�Q�G�� �S�K�\�V�L�F�D�O�� �P�H�D�V�X�U�H�P�H�Q�W�V���R�I�� �,�(�4�� �D�Q�G��

energy should be conducted and correlated with the NEUI. 

5.5 Conclusion  

This study has developed a method to normalise energy use intensity in NABERS 

buildings located in different climatic zones in Australia. It also explored the statistical 

correlations between normalised EUI, IEQ score, NABERS IE rating stars, and NABERS 

Energy rating stars. Also, a new benchmarking method was presented to evaluate and 

compare buildings in Australia. 

The major findings of the study can be summarised as follows: 

1. Analysis of sample buildings revealed a moderate correlation between NEUI and 

NABERS IE rating (R2=0.455, p<0.001).  

2. A multivariate regression between NEUI and NABERS certificates (Energy and 

IE) demonstrated that, on average, a one-level rise in the NABERS Energy and IE 

reduced NEUI in Australian office buildings by 21.98 kWh/m2 and 9.88 kWh/m2, 

respectively (R2=0.922, p<0.001). 

3. Moreover, this study compared high-performance NABERS buildings with low-

performance ones. The result revealed that, on average, high-quality buildings can 
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deliver 12.6% better IEQ with 35.9% less energy consumption in comparison with 

low-performance ones.  
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Weighting of Indoor Environment Quality Parameters for Occupant 
Satisfaction and Energy Efficiency  

 

Abstract:  Different building stakeholders involved in the design, construction, and 

operation of buildings may have distinct viewpoints on building sustainable retrofit 

processes. However, this topic has seldom been investigated in previous studies. This 

project aim�V���W�R���L�G�H�Q�W�L�I�\���G�L�I�I�H�U�H�Q�W���E�X�L�O�G�L�Q�J���H�[�S�H�U�W�V�¶���S�H�U�V�S�H�F�W�L�Y�H�V���R�Q���W�K�H���L�P�S�D�F�W���R�I���L�Q�G�R�R�U��

environmental quality (IEQ) factors and underlying parameters for optimising occupant 

satisfaction and energy consumption in office buildings. The study surveys the views of 

30 carefully selected building experts (ten architects, ten building engineers, and ten 

building assessors) within Australia using multiple criteria decision-making method. 

Subsequently, a ranking hierarchy is developed to evaluate IEQ parameters' impact on 

occupant satisfaction and energy consumption. Results show that the building engineers 

and assessors regard thermal comfort as the most critical criterion influencing occupant 

satisfaction, 54.2% and 57.6%, respectively. Alternatively, the architects regard visual 

comfort as the most critical criterion (38.8%). All expert groups have a similar opinion 

on the relative importance of IEQ factors in office energy consumption�² thermal comfort 

is deemed the most important criterion, followed by IAQ. An IEQ Effectiveness index is 

developed to represent the cost-effectiveness of improving a specific IEQ parameter 

�G�X�U�L�Q�J���W�K�H�� �V�X�V�W�D�L�Q�D�E�O�H���U�H�W�U�R�I�L�W���S�U�R�F�H�V�V���I�U�R�P���E�X�L�O�G�L�Q�J���H�[�S�H�U�W�V�¶���S�H�U�V�S�H�F�W�L�Y�H�V�����9�L�V�X�D�O�� �D�Q�G��

acoustic IEQ factors seem to be more cost-efficient aspects to invest in achieving higher 

occupant satisfaction while not significantly demanding more energy input. Results from 

this study can provide guidance and reference for the decision-making process of the 

office building sustainable retrofit. 

Keywords: Indoor environmental quality; Energy consumption; Occupant satisfaction; 

Office buildings; sustainable retrofit; Fuzzy AHP
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6.1 Introduction  

The building sector is one of the biggest energy consumers using 34.1% of total global final 

energy [238]. It is estimated that almost 80% of the buildings in 2050 already exist [239]. 

Retrofitting buildings can avoid excessive energy consumption and improve occupant 

satisfaction [240]. Different retrofitting approaches have been adopted to decrease energy loss 

(e.g. automation and controls [241], night ventilation [242], state-of-the-art materials in façade 

[243]) or reduce dependency on grid energy (e.g. solar systems [244], combined heat and power 

(CHP) systems [245] ground source heat pumps [246]). As a result of combining the present 

best technologies in building design and construction, and accelerating advanced retrofits, 

global world building energy consumption could be reduced by 46% by 2050 in comparison 

with 2005 values [247]. 

In Australia, buildings account for 18.4% of the country's greenhouse gas (GHG) emissions, 

adversely affecting the economy, human health, and the environment [248]. A building's 

service life is 30�±70 years, and approximately 80% of its energy consumption occurs while it 

is occupied [249]. It is imperative for all stakeholders involved in the construction industry to 

make buildings efficient throughout their lifetimes and to renovate existing buildings so that 

they are up to date with modern sustainability standards. Sustainable retrofit can effectively 

prolong a building's life expectancy, improve its performance, and prevent obsolescence at an 

early stage [250].  

Different goals can drive the decision to upgrade a building. Most commonly, the goal would 

be to enhance the building's energy efficiency or sustainability. However, a limiting factor of 

�W�K�L�V�� �L�V�� �W�K�H�� �E�X�L�O�G�L�Q�J�¶�V���L�Q�G�R�R�U�� �H�Q�Y�L�U�R�Q�P�H�Q�W���T�X�D�O�L�W�\�� ���,�(�4������ �,�Q�� �F�R�P�P�H�U�F�Lal buildings, building 

service systems (e.g. HVAC systems, lighting systems, and intelligent control systems) are 

used to create a good indoor environment. However, these systems require energy 

consumption. Therefore, building energy consumption and IEQ are frequently seen as 

conflicting interests [6]. In no circumstance should a sustainable retrofit sacrifice the building's 

IEQ. In other cases where the buildings already have poor IEQ, such as overcooling, poor air 

quality, and insufficient daylighting, the first priority of the retrofit should be to improve the 

�E�X�L�O�G�L�Q�J�¶�V���,�(�4���D�O�R�Q�J���Z�L�W�K���R�F�F�X�S�D�Q�W�V�¶���F�R�P�I�R�U�W���D�Q�G���R�Y�H�U�D�O�O���V�D�W�L�V�I�D�F�W�L�R�Q. However, this process, 

ideally, should not induce extra energy costs [251]. The current commercial building 

sustainable retrofit guidelines, e.g., Advanced Energy Retrofit Guides for Office Buildings (US) 
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[252] and Guide to Low Carbon Commercial Buildings-Retrofit (Australia) [253], only focused 

on the energy perspective while neglecting the IEQ and occupant perspective. Previous 

research studies reveal that energy-efficient buildings do not necessarily provide satisfying IEQ 

(e.g., Asere and Blumberga [254]). Therefore, it is imperative to develop a strategic guide to 

help plan and implement sustainable building upgrades aiming for both energy efficiency and 

desirable IEQ.  

�,�(�4���I�D�F�W�R�U�V���D�I�I�H�F�W���W�K�H���E�X�L�O�G�L�Q�J���R�F�F�X�S�D�Q�W�V�¶���V�D�W�L�V�I�D�F�W�L�R�Q�����K�H�D�O�W�K���D�Q�G���Z�H�O�O-being [255]. Four major 

IEQ factors have the most significant impact on occupant satisfaction, namely, thermal 

comfort, IAQ, visual comfort, and acoustic comfort [12]. Each IEQ factor is further affected 

by diverse parameters. For example, previous literature demonstrates that thermal comfort can 

be influenced by various parameters, including air temperature, radiant temperature, relative 

humidity, air velocity, metabolic rate, and clothing insulation. Most IEQ factors and parameters 

have an impact on both occupant satisfaction and building energy use in office buildings 

[14,15], yet to different extents. During the sustainable retrofit, the adopted design strategies 

and technologies will inevitably have energy and IEQ implications. Therefore, it is critical to 

prioritise a limited budget for improving IEQ parameters that are important in achieving 

occupant satisfaction but do not require significantly more energy.   

We adopted a building stakeholder survey to examine the impacts of various IEQ 

�I�D�F�W�R�U�V���S�D�U�D�P�H�W�H�U�V���R�Q�� �E�X�L�O�G�L�Q�J���R�F�F�X�S�D�Q�W�V�¶�� �V�D�W�L�V�I�D�F�W�L�R�Q���D�Q�G�� �H�Q�H�U�J�\�� �F�R�Q�V�X�P�S�W�L�R�Q�� �L�Q�� �R�U�G�H�U�� �W�R��

propound a general guideline on how to prioritise IEQ parameters in a retrofit. Building 

stakeholders are those involved in building design, construction, and operation. They have a 

variety of perspectives and, in some cases, conflicting viewpoints on building sustainable 

retrofitting processes [256]���� �'�L�I�I�H�U�H�Q�W���V�W�D�N�H�K�R�O�G�H�U�V�¶���S�H�U�V�S�H�F�W�L�Y�H�V���R�Q�� �V�X�V�W�D�L�Q�D�E�O�H���U�H�W�U�R�I�L�W���D�U�H��

important to understand, as is how social, economic, environmental, and technical factors have 

combined to influence the decision.  

�,�Q�� �S�U�H�Y�L�R�X�V�� �V�W�X�G�L�H�V���� �Y�D�U�L�R�X�V�� �V�W�D�N�H�K�R�O�G�H�U�V�¶�� �R�S�L�Q�L�R�Q�V�� �R�Q�� �K�R�Z�� �,�(�4�� �I�D�F�W�R�U�V�� �D�I�I�H�F�W�� �R�F�F�X�S�D�Q�W��

satisfaction and energy consumption in offices were seldom studied. To the best of our 

knowledge, there are only two partially relevant research papers in this realm. Miao and Ding 

[159] surveyed 60 building experts in the construction field to study the influence of the indoor 

acoustic, luminous, and thermal environment and air quality in different public buildings on 

�E�X�L�O�G�L�Q�J���R�F�F�X�S�D�Q�W�V�¶���V�D�W�L�V�I�D�F�W�L�R�Q�����7�K�H�Q�����W�K�H�\���L�P�S�O�H�P�H�Q�W�H�G���W�K�H���D�Q�D�O�\�W�L�F���Kierarchy process (AHP) 

method to determine the equivalent weights for the above IEQ factors. Based on the experts' 
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viewpoints, thermal comfort and IAQ had the most significant influence on total satisfaction 

[159]. In the paper published by Chiang and Lai [142], 12 experts (including four university 

professors, three building engineers, and five architects) were surveyed to develop an IEQ 

index (�D���V�X�P�P�D�W�L�Y�H���L�Q�G�L�F�D�W�R�U���W�R���U�H�S�U�H�V�H�Q�W���W�K�H���E�X�L�O�G�L�Q�J�V�¶���R�Y�H�U�D�O�O���L�Q�G�R�R�U���H�Q�Y�L�U�R�Q�P�H�Q�W���F�R�Q�G�L�W�L�R�Q��

merging all influencing IEQ factors [12]). It was found that different IEQ parameters, including 

acoustics, vibrations, illumination, thermal comfort, IAQ, water quality, greens and 

�H�O�H�F�W�U�R�P�D�J�Q�H�W�L�F�� �I�L�H�O�G�V���� �K�D�Y�H�� �D�� �F�R�P�E�L�Q�H�G�� �L�P�S�D�F�W�� �R�Q�� �R�F�F�X�S�D�Q�W�V�¶�� �K�H�D�O�W�K�� �D�Q�G�� �Z�H�O�O-being. 

Therefore, an IEQ index was developed based on the aggregation of the calculated score of 

each IEQ factor multiplied by relevant weighting. In both papers (Miao and Ding [159] and 

Chiang and Lai [142]�������G�L�I�I�H�U�H�Q�W���E�X�L�O�G�L�Q�J���H�[�S�H�U�W�V�¶���Y�L�H�Z�V�� �R�Q�� �W�K�H���L�P�S�R�U�W�D�Q�F�H���R�I�� �G�L�Y�H�U�V�H�� �,�(�4��

factors were not investigated. Also, the underlying parameters that affect each IEQ factor were 

not discussed. 

To fill the research gaps, the present study aims to achieve the following goals: 1) find the 

weighting of IEQ factors and underlying parameters on occupant satisfaction and energy 

efficiency; 2) Compare viewpoints of building stakeholders over these impacts; 3) Develop a 

simple index that can rank the general cost-effectiveness of IEQ parameters in a sustainable 

retrofit. The structure of the present study is as follows: Section 6.2 delivers an overview of 

IEQ factors and parameters from the existing literature. Section 6.3 explains the method used 

for this research. Section 6.4 reports the survey results. Finally, Sections 6.5 and 6.6 present a 

discussion and conclude the main findings. 

6.2 IEQ Factors for Multiple-Criteria Decision-Making (MCDM ) 

Consistent research shows that the workplace environment can influence employee behaviour, 

perception, and productivity [257]. Only focusing on the major IEQ factors may be misleading 

for future design or retrofit projects of office buildings. Hence, there is a need to dig deeper 

and extract parameters influencing each IEQ factor. In this section, IEQ factors are introduced 

briefly, and parameters with a considerable impact on occupant satisfaction are explained.  

6.2.1 Thermal Comfort  

�7�K�H�U�P�D�O�� �F�R�P�I�R�U�W�� �U�H�I�H�U�V�� �W�R�� �W�K�H�� �R�F�F�X�S�D�Q�W�V�¶�� �G�H�J�U�H�H�� �R�I�� �V�D�W�L�V�I�D�F�W�L�R�Q�� �Z�L�W�K�� �W�K�H�� �L�Q�G�R�R�U�� �W�K�H�U�P�D�O��

environment. Maintaining thermal comfort requires balancing the heat produced by 

metabolism with the heat lost by the body. Models were developed to evaluate thermal comfort. 

The predicted mean vote (PMV) was based on heat balance principles and collected data in a 
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stable, climate-controlled environment. Thermal comfort is mainly influenced by six 

parameters, namely air temperature, mean radiant temperature (MRT), relative humidity, air 

speed, metabolic rate and clothing insulation. The two latter parameters are personal variables 

and are generally similar in office buildings [258]. MRT is similar to air temperature in an 

indoor environment with little direct solar radiation, like office buildings. Also, some HVAC 

systems used in office buildings, e.g. underfloor/displacement ventilation systems, may create 

vertical temperature differences in the indoor space. Previous studies generally reported a high 

sensitivity of dissatisfied office occupants to changes in the vertical temperature differences 

between the foot and head level [259] induced by displacement ventilation. Based on the review 

of thermal comfort literature, four parameters are identified as the underlying parameters for 

the thermal comfort criteria, namely, temperature setpoint (TC1) [260], vertical variation of 

temperature (TC2) [259], relative humidity (TC3) [261] and air movement (TC4) [262]. Table 

26 summarises IEQ factors and relevant parameters in office buildings. 

6.2.2 Indoor Air Quality ( IAQ ) 

A highly polluted indoor environment can significantly impair occupant health, so assessing 

occupant health when evaluating indoor environments is crucial [19]. The operation of 

buildings emits significant volumes of pollutants that have the potential to have adverse health 

effects, such as asthma [263], lung cancer [264], and premature death [265]. Typical 

measurable air quality factors in the IEQ literature are CO2, VOCs and PM2.5, which are 

breathable particles that are released from building materials, furniture, food and viruses [137, 

141]. The ventilation systems can facilitate the transmission of airborne infectious diseases. In 

other words, contagious diseases can be transmitted through an indoor environment with poor 

ventilation [266]. 

Yang and Mak [267] identified natural ventilation, air-conditioning, and air freshness as the 

IAQ parameters. A recent publication by  Ruiz-Jimenez et al. [268] found an apparent 

relationship between IAQ and indoor particles emitted by building materials. Therefore, four 

influential IAQ parameters were identified as influencing factors of IEQ, namely, filtration 

(IAQ1) [269], mechanical ventilation (IAQ2) [270], natural ventilation (IAQ3) [271] and low 

emission materials (IAQ4) [268] (Table 26). 
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6.2.3 Visual Comfort  

There are several subjective parameters that contribute to visual comfort; however, light 

intensity is the primary objective measurement. The recommended range for light intensity 

depends on the task, but most office tasks have a recommended range of 300 lx to 500 lx [272]. 

Yet, the ambient illuminance may not reflect the light intensity levels at particular workstations. 

Glare and light reflectance can still cause visual discomfort, even though light intensity in the 

ambient is within the specified ranges.  

Health benefits have been shown to be associated with daylight [29]. As office hours commonly 

overlap with biological daylight hours, daylight exposure affects employees' quality of sleep, 

which affects their mental and physical health [273]. A significant relationship between social 

density, view quality, view type and perceived discomfort has been stated by Aries et al. [274]. 

Yang and Mak [267] believed that the quality of artificial lighting and daylight availability are 

the main visual comfort parameters. Meanwhile, Hamedani et al. [275] proved that reflection 

and glare are major parameters that negatively impact occupants, causing annoyance or pain, 

thereby decreasing occupants' satisfaction and productivity. On the other hand, there is a 

statistically significant correlation between the outside view and the visual comfort of 

occupants [150]. Consequently, four parameters related to visual comfort were identified in the 

present study: daylight availability (VC1) [276], artificial lighting (VC2) [277], reflection and 

glare (VC3) [275], and outside view (VC4) [278] (Table 26). 

6.2.4 Acoustic Comfort 

The noise in a building can cause distractions, stress, and annoyance, resulting in fatigue or 

hearing damage to occupants. It is widely accepted that prolonged or recurrent exposure to 

sound pressure levels at or above 85 dB leads to hearing loss [279]. Additionally, long-term 

exposure to inappropriate noise levels at much lower levels can also affect an individual's 

health. Noise exposure can also have psychological effects, such as stress, but there are also 

detrimental effects on cognitive performance and attention [280]. For the indoor acoustic 

environment, sound pressure level, speech privacy, and speech intelligibility are the most 

influential parameters [281]. 

Yang and Mak [267] expressed that noises can have an external or internal source. Outside 

noise includes vehicles, construction sites, storms and so on. On the other hand, internal noises 

can be divided into three main categories. First, the operation of HVAC systems (air handling 
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units, fan coils, split units, etc.) can cause noise inside office buildings. A second category is 

noise produced by office equipment inside the building (keyboards, printers, and photocopiers). 

The last acoustic disturbance parameter is the overheard speech from neighbouring 

workstations in open-plan offices. The impact of background speech on cognitive tasks is more 

significant than other types of noise [282]. Thus, four parameters are categorised under acoustic 

comfort, namely, outside building noise (AC1) [283]�����E�X�L�O�G�L�Q�J���V�\�V�W�H�P�V�¶���Q�R�L�V�H����AC2) [284], 

office equipment noise (AC3) [285]�����D�Q�G���F�R�O�O�H�D�J�X�H�V�¶���F�K�D�W����AC4) [282] (Table 26). 

6.3 Research Methods 

�7�K�L�V���V�W�X�G�\���D�G�R�S�W�V���D���V�X�U�Y�H�\���W�R���H�[�S�O�R�U�H���E�X�L�O�G�L�Q�J���H�[�S�H�U�W�V�¶���Y�L�H�Z�S�R�L�Q�W�V���R�Q���K�R�Z���������,�(�4���S�D�U�D�P�H�W�H�U�V��

affect occupant satisfaction and energy consumption in Australian office buildings. Neither an 

occupant survey nor IEQ measurements are used in this study for two reasons. First, every 

building may have its unique IEQ issue. Based on a previous study by Tang et al. [286], the 

�P�R�V�W���G�L�V�V�D�W�L�V�I�\�L�Q�J���,�(�4���S�D�U�D�P�H�W�H�U�����H���J�����Q�R�L�V�H�����W�H�P�S�H�U�D�W�X�U�H�����Z�L�O�O���G�R�P�L�Q�D�W�H���E�X�L�O�G�L�Q�J���R�F�F�X�S�D�Q�W�V�¶��

overall satisfaction. Therefore, the contribution of IEQ parameters to occupant satisfaction 

could be easily biased unless a large sample of office buildings is surveyed. Second, the effect 

of IEQ parameters on building energy consumption is difficult to measure, especially for some 

visual and acoustic comfort factors; an occupant survey on this effect is also inappropriate, as 

building occupants do not have the knowledge to make this judgement. Given these two 

reasons, only a building stakeholder survey is carried out in this study.  

6.3.1 Questionnaire Development 

A questionnaire was developed, including four main IEQ factors and sixteen relevant 

parameters. Figure 27 illustrates the structure of multiple hierarchy levels in this study.  

It is imperative to ensure that only experienced experts' opinions are included in the weight 

assignment process. Hence, the created questionnaire is structured into two parts. In part A, 

experts are asked to provide their backgrounds, such as age, gender, education level, and 

working experiences. Then, experts express their views on the prioritisation of IEQ factors and 

relevant parameters in part B.   

Ten respondents participated in a preliminary test to identify any technical error in the overall 

layout of the questionnaire or issues with consistency. Respondents described the questionnaire 

as concise and easy to understand. The Griffith university human research ethics committee 

approved the current research protocol (Reference No. 2021/150). 
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Table 26. Summary of IEQ factors and relevant parameters in office buildings 

Criteria Parameters Description Ref. 

C1 
Thermal 
comfort 

TC1  
Temperature 
setpoint 

Typical office buildings have HVAC systems that 
operate between 21.5°C and 24°C. 

[260] 

TC2  
Vertical variation of 
temperature 

Ventilation systems affect global and local comfort 
levels through temperature gradients between the head 
and foot levels. 

[259] 

TC3  
Relative humidity 

Relative humidity affects the heat loss from the human 
skin, thus affecting thermal sensation. 

[261] 

TC4  
Air movement 

The air velocity affects both convection and 
evaporation losses from the body, thus affecting 
thermal comfort levels.  

[262] 

C2  
IAQ IAQ1  

Air filtration 

Air filtrations reduce unhealthy substances and 
eliminate bacteria and dust to ensure the health of 
indoor personnel. 

[269] 

IAQ2  
Mechanical 
ventilation 

Mechanical ventilation air systems play a vital role by 
injecting fresh air and circulating it to improve 
�R�F�F�X�S�D�Q�W�V�¶���F�R�P�I�R�U�W�� 

[270] 

IAQ3  
Natural ventilation  

The office occupants can control natural air exchange 
with the outside environment and change the indoor 
environment. 

[271] 

IAQ4  
Low emission 
materials 

Construction and building materials are the primary 
sources of volatile organic compounds (VOCs) in 
indoor sources. 

[268] 

C3 
Visual 
comfort 

VC1  
Daylight availability 

The entered daylight into a building from the openings 
creates space illumination, resulting in visual comfort 
improvement. 

[276] 

VC2  
Artificial lighting 

Artificial lighting is used when the daylight conditions 
are not suitable to meet the needs of occupants in 
office buildings. Artificial lighting contributes to the 
circadian rhythm of humans.  

[277, 
287] 

VC3  
Reflection or Glare 

Glare is defined as excessive and uncontrolled 
daylight, excess scene brightness or high luminance 
contrast. 

[275, 
288] 

VC4  
Outside view 

The ability to view outside positively impacts 
occupants, including health, well-being, and attention 
span. 

[278] 

C4 
Acoustic 
comfort 

AC1  
Outside building 
noise 

This parameter represents noise sources from building 
outside, including vehicles and construction sites. 

[283] 

AC2 
B�X�L�O�G�L�Q�J���V�\�V�W�H�P�V�¶��
noise 

The noise generated through the application of HVAC 
systems in office buildings is presented in this 
parameter.  

[284] 

AC3 
Office equipment 
noise 

This parameter embodied noise pollution with the 
source of office equipment inside the building 
(keyboards, printers, photocopy machines). 

[285] 

AC4  
C�R�O�O�H�D�J�X�H�V�¶���F�K�D�W 

Overheard speech from neighbouring workstations is 
open plan offices' most common environmental 
complaint. Background speech interrupts cognitive 
tasks more than other types of noise. 

[282, 
284] 
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Figure 27. Structure of hierarchy levels 

6.3.2 Questionnaire Respondents 

�,�Q�� �W�K�L�V�� �V�W�X�G�\���� �D�U�F�K�L�W�H�F�W�V�����H�Q�J�L�Q�H�H�U�V���� �D�Q�G�� �E�X�L�O�G�L�Q�J�� �D�V�V�H�V�V�R�U�V�¶�� �R�S�L�Q�L�R�Q�V�� �Z�L�O�O�� �E�H�� �V�X�U�Y�H�\�H�G���� �,�Q��

addition to designing buildings based on a client's requirements, architects are responsible for 

the aesthetic appearance of the interior and exterior of the buildings. For instance, the architects 

�P�L�J�K�W���F�R�Q�V�L�G�H�U���L�P�S�U�R�Y�L�Q�J���W�K�H���E�X�L�O�G�L�Q�J�V�¶���G�D�\�O�L�J�K�W�L�Q�J���F�D�S�D�E�L�O�L�W�L�H�V���D�Q�G���G�H�F�U�H�D�V�L�Q�J���W�K�H���Q�H�H�G���I�R�U��

artificial lighting in a sustainable retrofit. Alternatively, building engineers might be interested 

in energy-related retrofits, such as improving thermal comfort or indoor air quality (IAQ). 

Engineers are also responsible for ensuring that the building design complies with all functional 

requirements and relevant building codes. For example, their tasks could involve selecting 

structural materials, specifying structural members, and determining electrical, plumbing, 
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ventilation, heating, cooling and air conditioning (HVAC) systems. A building assessor is a 

�F�H�U�W�L�I�L�H�G�� �S�U�R�I�H�V�V�L�R�Q�D�O�� �W�K�D�W�� �D�V�V�H�V�V�H�V�� �W�K�H�� �E�X�L�O�G�L�Q�J�V�¶�� �R�S�H�U�D�W�L�R�Q�D�O�� �S�H�U�I�R�U�P�D�Q�F�H���� �V�X�F�K�� �D�V�� �W�K�H��

�E�X�L�O�G�L�Q�J�V�¶���H�Q�H�U�J�\���F�R�Q�V�X�P�S�W�L�R�Q���R�U���,�(�4���� �Z�K�L�O�H���W�K�H���E�X�L�O�G�L�Q�J�V���D�U�H���L�Q���X�V�H�����,�Q�� �$�Xstralia, National 

Australian Built Environment Rating System (NABERS) accredited assessors are certified to 

evaluate buildings' operational performance [223].  

The emails containing the link to the survey questions were sent to 75 Australian building 

experts, and 52 experts answered the online survey. The response rate was high (69.3%); 

�K�R�Z�H�Y�H�U�����V�R�P�H���U�H�V�S�R�Q�G�H�Q�W�V���G�L�G�Q�¶�W���D�Q�V�Z�H�U���W�K�H���V�X�U�Y�H�\���F�R�P�S�O�H�W�H�O�\�����5�H�V�S�R�Q�G�H�Q�W�V���Z�Hre asked to 

�G�H�F�O�D�U�H�� �W�K�H�L�U�� �O�H�Y�H�O�� �R�I�� �H�[�S�H�U�W�L�V�H�� �L�Q�� �H�D�F�K�� �,�(�4�� �I�D�F�W�R�U���E�\�� �F�K�R�R�V�L�Q�J�� �R�Q�H�� �R�S�W�L�R�Q�� �I�U�R�P�� �³�H�[�S�H�U�W� �́���

�³�F�R�P�S�U�H�K�H�Q�V�L�Y�H���N�Q�R�Z�O�H�G�J�H�´�����³�O�L�P�L�W�H�G�´�����R�U���³�Q�R�Q�H�´�����2�Q�O�\���H�[�S�H�U�W�V���Z�K�R���V�H�O�H�F�W�H�G���H�L�W�K�H�U���³�H�[�S�H�U�W�´��

�R�U���³�F�R�P�S�U�H�K�H�Q�V�L�Y�H���N�Q�R�Z�O�H�G�J�H�´���I�R�U���D�W���O�H�D�V�W���W�Z�R���,�(�4���I�D�F�W�R�U�V���Z�H�U�H��deemed to have an adequate 

level of expertise. Excluding incomplete or problematic responses and respondents with 

�L�Q�V�X�I�I�L�F�L�H�Q�W�� �H�[�S�H�U�W�L�V�H���� ������ �E�X�L�O�G�L�Q�J�� �H�[�S�H�U�W�V�¶�� �������� �D�U�F�K�L�W�H�F�W�V���� ������ �H�Q�J�L�Q�H�H�U�V���� �D�Q�G�� ������ �E�X�L�O�G�L�Q�J��

assessors) answers were finally used for further analysis. Figure 28 illustrates the participants' 

recruitment procedure, and Table 27 presents the demographic profile of respondents. 

 

Figure 28. Participants recruitment procedure 
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Table 27. �5�H�V�S�R�Q�G�H�Q�W�¶�V���G�H�P�R�J�U�D�S�K�L�F���S�U�R�I�L�O�H 

Demographic Architects 

Engineers 
(Civil, 
Electrical, 
HVAC, 
or BMS) 

Building 
assessors 
(Energy or 
Indoor 
environment) 

Total (%) 

Gender     
Male 6 8 10 24 (80.0%) 
Female 4 2 0 6 (20.0%) 
Age     
Below 30 1 1 0 2 (6.7%) 
31-40 5 2 5 12 (40.0%) 
41-50 3 2 3 8 (26.7%) 
More than 50 1 5 2 8 (26.7%) 
Academic qualifications     
Undergraduate degree 
(including Honours) 

2 2 4 8 (26.7%) 

�3�R�V�W�J�U�D�G�X�D�W�H���G�H�J�U�H�H�����0�D�V�W�H�U�¶�V��
degree or Doctorate) 

8 8 6 22 (73.3%) 

6.3.3 Participants Recruitment Procedure 

Unlike most IEQ questionnaires that are targeted at building occupants, our survey was 

designed for building experts. Building experts are better equipped to respond to the survey 

based on their experiences and knowledge. Therefore, it is expected to collect more consistent 

responses than occupants [133]. Consequently, only building experts or scholars working 

within the IEQ domain in Australia were targeted as participants. The methods for selecting 

experts are as below.   

�x To ensure architects and engineers have a sufficient level of expertise to evaluate IEQ 

factors and parameters, LinkedIn was used to search, screen, and identify potential qualified 

participants. Potential participants' LinkedIn profiles were checked by the researchers, 

specifically their educational backgrounds and (previous and current) affiliations and roles. 

The experts were selected based on several criteria, i.e., relevant educational or project 

experience in the IEQ field and a minimum of five years of working experience in the areas 

of architecture, civil engineering, electrical engineering, HVAC engineering and BMS 

engineering. Qualified participants were contacted via LinkedIn. Potential participants 

received a reminder after a week.  

�x The NABERS website [289] was used to identify and contact building assessors for 

NABERS Energy or NABERS Indoor Environment via their work email addresses. Email 
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invitations were sent out, including a brief description of the research project and an 

invitation to participate in the online survey. Email reminders were also sent to potential 

participants after a week.  

The online survey lasted approximately four months, from March to June 2021. The online 

questionnaires were delivered by SurveyMonkey 

(https://www.surveymonkey.com/r/QXFBLWM). 

6.3.4 Fuzzy Analytic Hierarchy Process (FAHP) Method 

The priority of IEQ factors and parameters over occupant satisfaction and energy consumption 

was converted into weighting systems to demonstrate their priority in computing the IEQ 

measurement model for Australian office buildings.  

As part of a decision analysis process, Multiple criteria decision-making (MCDM) calculates 

preference based on attributes defined as multiple criteria. In case decision-makers have more 

than one evaluating criteria, MCDM offers a method of numerically ranking different solutions 

and selecting the best one. The difficulty of choosing the best choice arises from partial human 

judgments and decisions when comparing alternatives. By combining pairwise comparison 

scores and expert viewpoints, Saaty [171] developed the AHP method. In order to avoid 

subjective judgments during comparisons, Fuzzy sets and AHP were combined [172]. The 

fuzzy sets theory can eliminate the indeterminacy and vagueness of the experts' opinions. As a 

fundamental concept, fuzzy AHP (FAHP) replaces real numbers with fuzzy numbers in a 

traditional AHP method [172]. Over the past few years, FAHP has become a widely used fuzzy 

MCDM method [290]. FAHP method was employed in various industries, including 

automobile [291], airline retail [292], agriculture [293], pharmacy [294], logistics [295], and 

manufacturing [296]�����7�R���W�K�H���D�X�W�K�R�U�V�¶���N�Q�R�Z�O�H�G�J�H�����)�$�+�3���K�D�V���Q�R�W���E�H�H�Q���X�V�H�G���L�Q���W�K�H���,�(�4���U�H�V�H�D�U�F�K��

�D�U�H�D���W�R���H�[�S�O�R�U�H���W�K�H���E�X�L�O�G�L�Q�J���H�[�S�H�U�W�V�¶���Y�L�H�Z�S�R�L�Q�W�V���R�Q���,�(�4���I�D�F�W�R�U�V�� 

FAHP incorporates several techniques, but we adopted Buckley's method [297] in this study to 

obtain the relative importance weights of each criterion. The FAHP method includes the 

following steps. As mentioned in section 6.3.1, experts were required to compare IEQ factors 

based on their impact on occupant satisfaction and energy consumption. Pairwise criteria 

comparison requires experts to select the linguistic term that best reflects the relative 

importance of the two criteria in each pair (Table 28). For example, if the building expert uses 

�W�K�H���V�O�L�G�H�U���W�R���V�H�O�H�F�W���³�V�W�U�R�Q�J�O�\���L�P�S�R�U�W�D�Q�W�´���D�V���D���U�H�V�S�R�Q�V�H���W�R���³�:�K�L�F�K���,�(�4���I�D�F�W�R�U���K�D�V���P�R�U�H���H�I�I�H�F�W���R�Q��

https://www.surveymonkey.com/r/QXFBLWM
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occupant satisfaction? Indoor air quality/acoustic comfort", then the fuzzy triangular scale 

would be (6, 7, 8). Conversely, the scale of fuzzy triangular comparison of acoustic comfort to 

IAQ will be (1/8, 1/7, 1/6). 

Equation 6.1 shows the pairwise contribution matrix. In this equation �@���Ü�Ý
�Þ  represents the 

decision of kth �U�H�V�S�R�Q�G�H�Q�W�V�¶���S�U�H�I�H�U�H�Q�F�H���R�I���Lth criterion over jth criterion, using fuzzy triangular 

numbers.  
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(6.1) 

Table 28. Linguistic labels and the equivalent fuzzy numbers 

Saaty 
ranking 
scale 

Definition 
Fuzzy 
triangular 
number 

1 Equally important (1,1,1) 
3 Weakly important (2,3,4) 
5 Fairly important (4,5,6) 
7 Strongly important (6,7,8) 
9 Absolutely important (9,9,9) 
2 

Intermittent values 
between adjacent scales 

(1,2,3) 
4 (3,4,5) 
6 (5,6,7) 
8 (7,8,9) 

The tilde sign (~) signifies the triangular number. For instance,  �@���6�8
�7  shows the third building 

expert's preference for the second criterion over the fourth criterion. In the case of more than 

one expert in FAHP, the arithmetic average of each expert's preferences is calculated using 

Equation 6.2. 

�@�*�+
ê 
L
�Ã �@���Ü�Ý

�Þ�Æ
�Þ�@�5

�/
 (6.2) 

Therefore, the contribution matrix is updated considering the averaged expert preferences 

(Equation 6.3). 
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The geometric mean of trigonometric fuzzy values of each criterion is obtained using Equation 

6.4.  

�N�*
å
L 
§�Â �@�*�+
ê�á
�Ý�@�5

�Ù
    ,    i � ���������������«����n (6.4) 

In this step, the vector summation of each �N�*
å is calculated and inversed (Equation 6.5). Then, 

the fuzzy triangular number is replaced to change it in increasing order. 

�L
ä
L
�5

�å�-
æ�>�å�.
æ�>�®�>�å�Ù
æ
     (6.5) 

The fuzzy weight of each IEQ factor is calculated (Equation 6.6). 

�S�*
æ
L �N�*
å
H�L
ä
L �:�.�S�Ü�á�/ �S�Ü�á�7�S�Ü�;    (6.6) 

 �S�*
æ is a fuzzy number, and the method presented by Chou and Chang [298] is applied to the 

triangular fuzzy number. 

�9�Ü
L
�Å�ê�Ô�>���Æ�ê�Ô�>���Î �ê�Ô

�7
    (6.7) 

Afterwards, all obtained weighting factors should be normalised. 

�0�9�Ü
L
�Ð�Ô

�Ã �Ð�Ô
�Ù
�Ô�8�-

    (6.8) 

NWi is a normalised non-fuzzy score representing the local priority weight comparable with 

other weights calculated for IEQ factors and parameters. 

The global priority weights are necessary for determining the final rankings of parameters 

within each criterion. The local priority weight of criteria and parameters are required for 

deriving a mathematical index to calculate global priority weights. Using Equation 6.9, the 

global priority weights of each IEQ parameter can be calculated. 

�9�) �ã 
L �0�9�Ö
H�0�9�ã��    (6.9) 
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6.3.5 Consistency Evaluation 

The consistency of the responses must be checked after forming the aggregation matrix. 

Therefore, a consistency test was conducted on all received responses. For example, if thermal 

comfort is weighed as more influential than IAQ, and IAQ is weighed as more influential than 

visual comfort, then if thermal comfort is deemed as more important than visual comfort, the 

judgment is considered consistent. Alternatively, if visual comfort is more influential than 

thermal comfort, the judgement is not consistent. The rate of consistency in decision-makers' 

judgments could be measured by comparing the categories' importance [299]. The procedure 

to calculate the consistency level in the process of decision-making includes determining the 

consistency ratio (CR) based on the Random Index (RI) and the Consistency Index (CI). The 

RI is selected based on the judgement matrix size, according to Saaty [300]. 

�7�K�H���&�,���Y�D�O�X�H���L�V���F�D�O�F�X�O�D�W�H�G���X�V�L�Q�J���W�K�H���0�D�[�L�P�X�P���(�L�J�H�Q���9�D�O�X�H������max) and the number of judgment 

�F�U�L�W�H�U�L�D�����Q�������3�D�L�U�Z�L�V�H���F�R�P�S�D�U�L�V�R�Q���Y�D�O�X�H�V���I�U�R�P���U�H�V�S�R�Q�G�H�Q�W���M�X�G�J�H�P�H�Q�W�V���D�U�H���X�V�H�G���W�R���R�E�W�D�L�Q����max. 

The process includes transposing the experts' response matrix and the priority weights column. 

�1�H�[�W������max is obtained by dividing each Eigen Vector element by the relevant corresponding 

�S�U�L�R�U�L�W�\�� �Y�H�F�W�R�U�� �Z�H�L�J�K�W���� �7�K�H�� �0�D�[�L�P�X�P�� �(�L�J�H�Q�� �9�D�O�X�H�� ����max) is calculated by averaging the 

�F�R�P�S�X�W�H�G�� �(�L�J�H�Q�Y�D�O�X�H�V�� ����������The CR is determined by dividing CI by RI. The extended 

calculation method applied in the present research can be found in Saaty [300].  

�%�K�J�O�E�O�P�A�J�?�U���+�J�@�A�T���:�%�+�; 
L
�� �Ø�Ì�ã �?�á

�á�?�5
     (6.10) 

�%�K�J�O�E�O�P�A�J�?�U���4�=�P�E�K���:�%�4�; 
L
�¼�â�á�æ�Ü�æ�ç�Ø�á�Ö�ì���Â�á�×�Ø�ë���:�¼�Â�;

�Ë�Ô�á�×�â�à���Â�á�×�Ø�ë���:�Ë�Â�;
     (6.11) 

Saaty [301] states that a CR of no more than 0.10 suggests reliable and acceptable evaluations 

within the matrix. On the contrary, CR > 0.10 indicates that the pairwise comparisons are not 

consistent, and the evaluation matrix must be improved. For a matrix size of 4, the RI index is 

0.9 based on Saaty [301].  

6.4 Results 

6.4.1 Expert Consistency Evaluation 

First, building experts compared IEQ factors concerning their impact on occupant satisfaction 

and energy consumption through questionnaires. Afterwards, the influence of IEQ parameters 
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on occupant satisfaction and energy consumption in Australian office buildings was further 

compared. For instance, at Level 2, visual comfort, experts were required to rank the 

parameters of daylight availability, artificial lighting, reflection or glare, and outside view. The 

same method was applied to evaluate the relative importance of parameters underneath other 

IEQ factors. 

All pairwise comparison matrices (PCM) that passed the consistency test are presented in 

Appendix B. Table B.1 lists the number of PCMs that passed consistency checks for each IEQ 

factor and parameter. In the Supplementary Materials, Table B.2 lists the consistency ratio. 

6.4.2 Comparison of Criteria Weights 

FAHP procedure presented in section 6.3.4 was applied to calculate the weights of IEQ factors 

and parameters. The fuzzy scale in Table 28 was employed to compare different weights. The 

local and global weights for IEQ factors and parameters are presented in Appendix B. 

6.4.2.1 The Impact of IEQ Factors on Occupant Satisfaction 

Figure 29 illustrates the calculated importance weights on occupant satisfaction for Level 1 

IEQ factors voted by different building experts. The engineers and building assessors regard 

thermal comfort as the most critical criterion. Alternatively, the architects regard visual comfort 

as the most influential IEQ factor. Engineers have assigned roughly equal weights to IAQ, 

visual comfort and acoustic comfort. The architects have allocated weighting factors from 

highest to lowest to visual comfort (38.8%), thermal comfort (30.4%), IAQ (17.2%) and 

acoustic comfort (13.5%) criteria.  

 

Figure 29. Comparison of the IEQ factors' importance weighting on occupant satisfaction 
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6.4.2.2 The Impact of IEQ Parameters on Occupant Satisfaction 

The comparison of importance ranking of IEQ parameters between different building experts 

is illustrated in Figure 30. Under the sub-criteria of thermal comfort (Figure 30a), three groups 

of experts all believe that temperature control is the most important criterion. Also, relative 

humidity ranked second by all expert groups. The building assessors regard vertical 

temperature variation and air movement as equally important but less influential than 

temperature control and relative humidity.  

Under IAQ (Figure 30b), architects and building assessors deem air filters more important than 

low emission material. Building assessors and architects claim that mechanical ventilation's 

importance on occupant satisfaction overrides other IAQ parameters. Also, the building 

engineers have allocated the highest weighting to natural ventilation (38.7%) and air filtration 

(38.7%), whereas they regard low emission materials as the least important criterion (7.0%). It 

is interesting to observe that engineers see natural ventilation as more important than 

mechanical ventilation in achieving occupant satisfaction, whereas architects and building 

assessors hold the opposite opinion. 

Building experts have distinct opinions regarding the relative importance of each parameter 

under visual comfort (Figure 30c). Architects consider daylight availability as the most critical 

parameter to visual comfort, in contrast to the outside view by engineers. The building 

assessors regard reflection/glare as the most critical parameter. Comparing the importance of 

artificial lighting between three expert groups, building assessors regard it relatively important 

(26.2%), followed by engineers (15.5%) and architects (9.7%). 

Under acoustic comfort (Figure 30�G�������E�X�L�O�G�L�Q�J���D�V�V�H�V�V�R�U�V���W�K�L�Q�N���W�K�D�W���W�K�H���Q�R�L�V�H���I�U�R�P���F�R�O�O�H�D�J�X�H�V�¶��

chat is much more influential (60.5%) than outside noise (16.0%), equipment noise (16.0%), 

and building system noise (7.4%). On the contrary, architects and engineers share more similar 

views on acoustic comfort parameters. They rank the building system noise as the most critical 

parameter (about 41%) to acoustic comfort, followed by the outside noise (35.9% for engineers 

and 23.4% for architects). They also assigned similar weightings to equipment noise and 

�F�R�O�O�H�D�J�X�H�V�¶���F�K�D�W�����U�R�X�J�K�O�\���E�H�W�Z�H�H�Q�����������D�Q�G������������ 
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Figure 30. Comparison of the IEQ parameters' importance weighting on occupant satisfaction 

a) Thermal comfort, b) IAQ, c) Visual comfort, d) Acoustic comfort 

6.4.2.3 The Impact of IEQ Factors on Energy Consumption 

Figure 31 illustrates the comparison of the IEQ factors' importance weighting on office energy 

consumption between architects, engineers and building assessors. All expert groups have a 

similar opinion towards the relative importance of IEQ factors on office energy consumption. 

Thermal comfort ranks as the most important IEQ factor, followed by IAQ, visual comfort and 

acoustic comfort. Architects believe that energy spent to satisfy thermal comfort in office 

buildings accounts for almost 63.4% of the total energy use, while this number is 55.7% for 

engineers and 56.6% for building assessors.  
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Figure 31. Comparison of the IEQ factors' importance weighting on office energy 

consumption 

6.4.2.4 The Impact of IEQ Parameters on Energy Consumption 

Under thermal comfort criteria, all professional groups deem temperature control more 

influential than other parameters on energy consumption (Figure 32a). Architects have 

allocated equal weights to vertical temperature variation and relative humidity importance. 

Also, all building experts think air movement is less influential on energy consumption than 

vertical temperature variation. 

Under IAQ (Figure 32b), architects and engineers regard mechanical ventilation as more 

critical (above 60%) than natural ventilation, air filtration and low emission materials in 

determining office energy use. In comparison, the building assessors have assigned equal 

weights to mechanical ventilation and natural ventilation (39.3%). Unlike assessors, architects 

regard air filtration as more important than natural ventilation. Also, all experts agree that the 

low emission materials have the least influence on energy consumption. 

For visual comfort criteria (Figure 32c), all expert groups except assessors think that artificial 

lighting (above 62%) is much more influential than daylight availability (less than 16%) on 

energy consumption in office buildings. In contrast, assessors have allocated weighting factors 

to daylight availability (47.0%), artificial lighting (37.0%), reflection/glare (8.6%) and outside 

view (7.4%). Reflection/glare (20.2%) has been weighed higher than daylight availability 

(9.0%) by the Architects. However, Engineers believe they have similar impacts on office 

energy consumption (15.3%).  

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Architects Engineers Assessors

Thermal comfort IAQ

Visual comfort Acoustic comfort



152 
 

In acoustic comfort criteria (Figure 32d), the engineers and assessors regard building system 

noise as the most important parameter in deciding energy consumption (above 50%), compared 

�W�R���R�X�W�V�L�G�H���Q�R�L�V�H�����R�I�I�L�F�H���H�T�X�L�S�P�H�Q�W���Q�R�L�V�H���D�Q�G�� �F�R�O�O�H�D�J�X�H�V�¶���F�K�D�W���W�K�D�W���W�D�N�H���Z�H�L�J�K�W�L�Q�J�V���O�H�V�V���W�K�D�Q��

20%. Architects, �K�R�Z�H�Y�H�U�����K�D�Y�H���Y�R�W�H�G���R�I�I�L�F�H���H�T�X�L�S�P�H�Q�W�¶�V���Q�R�L�V�H�������������������D�V���W�K�H���P�R�V�W���L�P�S�R�U�W�D�Q�W��

�S�D�U�D�P�H�W�H�U�����I�R�O�O�R�Z�H�G���E�\���E�X�L�O�G�L�Q�J���V�\�V�W�H�P�V���Q�R�L�V�H���������������������F�R�O�O�H�D�J�X�H�V�¶���F�K�D�W�������������������D�Q�G���R�X�W�V�L�G�H��

noise (13.6%).   

 

Figure 32. Comparison of the IEQ parameters' importance weighting on office energy 

consumption a) Thermal comfort, b) IAQ, c) Visual comfort, d) Acoustic comfort 

6.4.2.5 Weighting Comparison among Building Experts 

Criteria and parameter weighting differences are compared and analysed between three expert 

groups: architects, engineers and assessors. Equation 6.12 calculates the criteria weight 

difference between building professional groups. 
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F�S�Ý�;

�s�ä�r�r�r���•
 (6.12) 

In Equation 6.12 �9
% is the average IEQ factors (or parameter) weight assigned by all 

professional groups and �S�Ý is the criteria (or parameter) weight allocated by a specific 

professional group j. Also in Equation 6.12, n signifies the dimension of PCM, which is equal 

to four in all calculations in this study; hence, 1.000/n is the IEQ factors (parameter) weights 

average for PCM [158].  

According to Si and Marjanovic-Halburd [158], �D���µ�O�D�U�J�H���G�L�I�I�H�U�H�Q�F�H�¶���L�V���F�D�W�H�J�R�U�L�V�H�G���D�V���D���Z�H�L�J�K�W��

�G�L�I�I�H�U�H�Q�F�H���R�Y�H�U�������������Z�K�L�O�H���D�� �µ�V�P�D�O�O���G�L�I�I�H�U�H�Q�F�H�¶���L�V���D�O�O�R�F�D�W�H�G���W�R���Z�H�L�J�K�W���G�L�I�I�H�U�H�Q�F�H���E�H�O�R�Z����������

(Figure 33 to Figure 35). Detailed differences are presented in Appendix B. 

 
    (a)        (b) 
Figure 33. Weighting difference for the architects regarding (a) occupant satisfaction and (b) 

energy consumption ���µ�/�D�U�J�H�¶�����!���������������G�D�U�N���J�U�H�\�������µ�0�H�G�L�X�P�¶�����������±50%) (light grey); 

�µ�6�P�D�O�O�¶���������������������1�R���V�K�D�G�L�Q�J������ 

 
    (a)        (b) 
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Figure 34. Weighting difference for the engineers regarding (a) occupant satisfaction and (b) 

energy consumption ���µ�/�D�U�J�H�¶�����!���������������G�D�U�N���J�U�H�\�������µ�0�H�G�L�X�P�¶�����������±50%) (light grey); 

�µ�6�P�D�O�O�¶���������������������1�R���V�K�D�G�L�Q�J������ 

 

    (a)        (b) 
Figure 35. Weighting difference for the assessors regarding (a) occupant satisfaction and (b) 

energy consumption ���µ�/�D�U�J�H�¶�����!���������������G�D�U�N���J�U�H�\�������µ�0�H�G�L�X�P�¶�����������±50%) (light grey); 

�µ�6�P�D�O�O�¶���������������������1�R���V�K�D�G�L�Q�J������ 

The criteria weighting difference between building experts on occupant satisfaction could be 

summed up as follows:  

������ �2�Q�� �/�H�Y�H�O�� ������ �W�K�H�U�H���L�V���D�� �O�D�U�J�H���G�L�I�I�H�U�H�Q�F�H���E�H�W�Z�H�H�Q�� �H�[�S�H�U�W�V�¶���Y�L�H�Z�V�� �R�Q�� �W�K�H�U�P�D�O���F�R�P�I�R�U�W�
�V��

impact on occupant satisfaction in offices. Engineers and assessors believe thermal comfort 

has the strongest influence, while architects put more emphasis on visual comfort. 

2) There is a small difference in viewpoints regarding the impact of different thermal 

comfort parameters on occupant satisfaction shared by all building experts. 

3) Various opinions are found in parameters relating to the IAQ criterion. Engineers regard 

air filtration as the most important criterion, while architects and assessors are most concerned 

about mechanical ventilation.  

������ �,�Q�� �/�H�Y�H�O�� ������ �W�K�H�U�H�� �Z�D�V�� �D�� �O�D�U�J�H�� �G�L�I�I�H�U�H�Q�F�H�� �D�P�R�Q�J�� �H�[�S�H�U�W�V�¶�� �Y�L�H�Z�S�R�L�Q�W�V�� �W�R�Z�D�U�G�V�� �W�K�H��

parameters underlying the visual comfort criteria. Building assessors consider the 

reflection/glare as much more critical. Engineers and architects, however, consider outside 

view and daylight availability as more important, respectively. 
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�������8�Q�G�H�U���W�K�H���D�F�R�X�V�W�L�F���F�R�P�I�R�U�W�����F�R�O�O�H�D�J�X�H�V�¶���F�K�D�W���G�L�V�S�O�D�\�H�G���O�D�U�J�H���G�L�I�I�H�U�H�Q�F�H�V�����I�R�O�O�R�Z�H�G���E�\��

outside noise and building system noise. Building assessors deem the noise from colleagues 

the most annoying, while architects and engineers think building system noise and outside 

�Q�R�L�V�H���D�U�H���P�R�V�W���G�H�W�U�L�P�H�Q�W�D�O���W�R���R�I�I�L�F�H���R�F�F�X�S�D�Q�W�V�¶���V�D�W�L�V�I�D�F�W�L�R�Q�� 

The criteria weighting difference of building experts regarding energy consumption could be 

summed up as follows:  

1) On Level 1, the weight difference was small, and experts have a similar viewpoint on the 

�L�P�S�D�F�W���R�I���G�L�I�I�H�U�H�Q�W���,�(�4�� �I�D�F�W�R�U�V���R�Q���H�Q�H�U�J�\���F�R�Q�V�X�P�S�W�L�R�Q�����7�K�H���R�Q�O�\���H�[�F�H�S�W�L�R�Q���L�V���W�K�H���D�U�F�K�L�W�H�F�W�V�¶��

opinion, which assigned less weight to IAQ than other experts. 

2) Under thermal comfort criteria in Level 2, the results illustrate that architects have different 

viewpoints towards temperature control. Engineers and building assessors are more concerned 

about the impact of temperature control on total energy consumption than architects. 

3) Results show that expert groups have medium-scaled different viewpoints about mechanical 

ventilation and natural ventilation. The assessor group considers these two parameters equally 

important, whilst engineers and architects regard mechanical ventilation as more critical than 

natural ventilation. 

4) Building professionals have different viewpoints on daylight availability and artificial 

lighting under visual comfort criterion. Building assessors believed daylight availability is the 

most important parameter. In contrast, architects and engineers regard artificial lighting as their 

first priority. 

5) Large variances have been detected in the criteria of Building systems noise and Office 

equipment noise. Engineers are more concerned about noises generated by building systems, 

while Architects are concerned more about office equipment noises.  

6.5 Discussion 

6.5.1 Comparison with Previous Studies 

Considering occupant satisfaction, among four major aspects of thermal comfort, visual 

comfort, IAQ and acoustic comfort, architects deem visual comfort as the most crucial IEQ 

factor, particularly parameters of daylight availability and outside view. Building engineers 
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and assessors, in contrast, are concerned more about thermal comfort. They believed 

temperature control and relative humidity are the parameters with the highest importance in 

office occupants' overall satisfaction.  

The opinions were more similar regarding the energy consumption required for supplying 

suitable IEQ in office buildings. All expert groups believed thermal comfort needs the highest 

energy demand, followed by IAQ. They all agreed that temperature control, vertical 

temperature variation and mechanical ventilation are the IEQ parameters with the most energy 

implications.  

Comparing the result of this study with previous studies, Miao and Ding [159] illustrate that 

Australian building experts believed thermal comfort is the most influential IEQ factor on 

overall satisfaction in office buildings; however, Chinese experts considered IAQ as the most 

critical IEQ factor in office buildings. A similar pattern was seen in a study by Si and 

Marjanovic-Halburd [158]. They invited experts from UK and China to rank the green 

technology alternative for the retrofit decision-making process. In their study, experts from the 

UK allocated higher weights to thermal comfort among IEQ factors, while most Chinese 

building professionals assigned more weights to IAQ. These differences were expected because 

of people's stronger physiological adaptability and resilience to the warm environment in China 

[302]. 

6.5.2 Practical Implications 

The experts' opinions are beneficial in guiding the decision-making process during sustainable 

building retrofit. For this purpose, �+�'�3�Ø�Ù�Ù�Ø�Ö�ç�Ü�é�Ø�á�Ø�æ�æ is introduced here, which represents the 

effectiveness of a specific IEQ parameter in achieving high occupant satisfaction while 

minimising the additional energy expenditure during retrofit (Equation 6.13). �+�'�3�Ø�Ù�Ù�Ø�Ö�ç�Ü�é�Ø�á�Ø�æ�æ�� 

is calculated by subtracting the weight of a specific IEQ parameter in building energy 

consumption from the weight of the same IEQ parameter in achieving occupant satisfaction 

(Figure 36b). The larger the �+�'�3�Ø�Ù�Ù�Ø�Ö�ç�Ü�é�Ø�á�Ø�æ�æ��, the more effective this parameter is in providing 

better indoor environment quality and, consequently, occupant satisfaction while spending less 

on the energy use of the office building. Figure 36a combines the IEQ parameters weight 

ranking of all experts regarding energy consumption (Figure 36a left) and occupant satisfaction 

(10a right).  
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�+�'�3�Ø�Ù�Ù�Ø�Ö�ç�Ü�é�Ø�á�Ø�æ�æ��
L �S�æ�Ô�ç�Ü�æ�Ù�Ô�Ö�ç�Ü�â�á
F �S�Ø�á�Ø�å�Ú�ì���Ö�â�á�æ�è�à�ã�ç�Ü�â�á (6.13) 

The ranking of IEQ parameters based on �+�'�3�Ø�Ù�Ù�Ø�Ö�ç�Ü�é�Ø�á�Ø�æ�æ (Figure 36b) can be used during 

design or retrofit stage of office buildings by developers, architects, building engineers, facility 

managers, and other stakeholders. For instance, outside view (VC4) weighs 6.6% in its 

importance in determining occupant satisfaction but only 0.7% in energy consumption. Hence 

it has the highest ranking among all the IEQ parameters. As shown in Figure 36b, many visual 

comfort and acoustic comfort parameters are rated high among other IEQ parameters, meaning 

that visual and acoustic IEQ parameters could potentially be cost-effective aspects to invest in 

during the building retrofit process. The ranking of IEQ effectiveness index for various IEQ 

parameters in Figure 36b thus recommends a priority list to consider when determining what 

to retrofit based on the cost-�H�I�I�H�F�W�L�Y�H�Q�H�V�V���R�I���W�K�H�V�H���,�(�4�� �S�D�U�D�P�H�W�H�U�V���L�Q���P�D�[�L�P�L�V�L�Q�J���R�F�F�X�S�D�Q�W�V�¶��

satisfaction while minimising additional energy use.   

 

Figure 36. (a) Weight ranking of IEQ parameters from all building experts on energy 

�F�R�Q�V�X�P�S�W�L�R�Q�����O�H�I�W�����D�Q�G���R�F�F�X�S�D�Q�W���V�D�W�L�V�I�D�F�W�L�R�Q�����U�L�J�K�W�������E�����,�(�4���S�D�U�D�P�H�W�H�U�V�¶���Z�H�L�J�K�W���U�D�Q�N�L�Q�J��

based on IEQ effectiveness 

Due to the fact that IEQ factors weighting can directly influence the ranking order of office 

design or retrofit alternatives, it is essential to include expert viewpoints in the selection. As a 

result of our research, we have gained a better understanding of professional perspectives 

(a) (b) 
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concerning IEQ factors' weighting. Although the results are not statistically representative, 

findings provide insight into the relative importance of thermal comfort, visual comfort, IAQ, 

and acoustic comfort criteria and sub-criteria based on experts' backgrounds. The use of 

weights can facilitate informed decision-making processes without project-specific criteria and 

provides a greater understanding of what influences such decision-making in a specific national 

background (Australia). 

6.6 Conclusion 

�7�K�L�V�� �S�D�S�H�U�� �L�Q�Y�H�V�W�L�J�D�W�H�G�� �E�X�L�O�G�L�Q�J�� �S�U�R�I�H�V�V�L�R�Q�D�O�V�¶�� �Y�L�H�Z�V�� �R�Q�� �W�K�H�� �L�P�S�D�F�W�� �R�I�� �,�(�4�� �I�D�F�W�R�U�V�� �D�Q�G��

parameters on occupant satisfaction and energy consumption in office buildings using the fuzzy 

analytic hierarchy process method. The results demonstrate that building engineers and 

assessors believe thermal comfort is the most influential IEQ factor regarding occupant 

satisfaction, 54.2% and 57.6%, respectively. However, architects selected visual comfort as the 

most influential IEQ factor (38.8%). Also, all experts agreed that thermal comfort is the IEQ 

factor consuming the most energy in office buildings, followed by IAQ, visual comfort and 

acoustic comfort. The result can provide a unique insight into the influence of professional 

backgrounds on the design and retrofit of office buildings. The IEQ Effectiveness index is 

introduced as a method to represent the effectiveness of IEQ parameters in achieving high 

occupant satisfaction while minimising extra energy consumption during the retrofit of office 

buildings. Six IEQ parameters with the highest IEQ Effectiveness belong to visual comfort and 

acoustic comfort criteria. In other words, building experts believe that visual and acoustic IEQ 

parameters are more cost-effective aspects to invest in during the sustainable building retrofit 

process in that they both improve occupant satisfaction while do not require much additional 

energy. Using FAHP as the research analysis method has certain inherent limitations. The 

previous study shows that collecting responses through workshops or interviews makes 

participants' judgments more consistent and easier to control. The consistency ratio for some 

survey responses was greater than 0.1, which could cause unreliability in the result. By 

recognising the limitations of the present research design, future studies could compare office 

�R�F�F�X�S�D�Q�W�V�
���Y�L�H�Z�S�R�L�Q�W�V���R�Q���W�K�H���Z�H�L�J�K�W�L�Q�J���R�I���,�(�4�� �I�D�F�W�R�U�V���D�Q�G���S�D�U�D�P�H�W�H�U�V���Z�L�W�K���E�X�L�O�G�L�Q�J���H�[�S�H�U�W�V�¶��

�Y�L�H�Z�S�R�L�Q�W�V�����7�K�L�V���Z�D�\�����Z�H���F�R�X�O�G���I�L�Q�G���W�K�H���G�L�V�F�U�H�S�D�Q�F�L�H�V���E�H�W�Z�H�H�Q���W�K�H���X�V�H�U�V�¶���S�H�U�V�S�H�F�W�L�Y�H�V���D�Q�G���W�K�H��

�G�H�V�L�J�Q�H�U�V�
���H�Q�J�L�Q�H�H�U�V�¶���Serspectives.   
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Indoor Environment Quality Effects on Occupant Satisfaction and Energy 

Consumption: Empirical Evidence from Subtropical Offices 

 

Abstract: This study examines the impact of indoor environment quality (IEQ) on occupant 

�V�D�W�L�V�I�D�F�W�L�R�Q���D�Q�G���H�Q�H�U�J�\���F�R�Q�V�X�P�S�W�L�R�Q���L�Q���$�X�V�W�U�D�O�L�D�¶�V���V�X�E�W�U�R�S�L�F�D�O���R�I�I�L�F�H���E�X�L�O�G�L�Q�J�V�����)�L�U�V�W�����.�D�Q�R�¶�V��

model was applied to 201 office occupants' satisfaction surveys to understand the influence of 

each IEQ parameter on overall occupant satisfaction. Then, a quantitative relationship between 

monitored IEQ parameters and energy consumption in three office buildings was developed 

during summer, winter and transitional months. Using Kano�¶s model, IEQ parameters were 

classified into Basic Factors, Performance Factors, and Bonus Factors based on their impact 

on occupant�V�¶ overall satisfaction. Basic Factor�V�� �L�Q�F�O�X�G�H�� �µ�D�F�R�X�V�W�L�F�� �H�Q�Y�L�U�R�Q�P�H�Q�W�¶�����µ�O�L�J�K�W�L�Q�J��

�H�Q�Y�L�U�R�Q�P�H�Q�W�¶�����µ�O�H�Y�H�O���R�I���S�U�L�Y�D�F�\�¶�����D�Q�G�� �¶�R�I�I�L�F�H���F�O�H�D�Q�O�L�Q�H�V�V�¶�����Z�K�L�F�K were deemed a prerequisite 

for occupant satisfaction. As Performance Factors, �µthermal �H�Q�Y�L�U�R�Q�P�H�Q�W�¶�����µ�L�Q�G�R�R�U���D�L�U���T�X�D�O�L�W�\�¶����

�µ�I�X�U�Q�L�V�K�L�Q�J�¶���� �µ�D�Y�D�L�O�D�E�O�H�� �V�S�D�F�H�¶�� �D�Q�G�� �µ�S�H�U�V�R�Q�D�O�� �F�R�Q�W�U�R�O�¶ had proportional relationships with 

overall satisfaction. The only identified Bonus Factor positively impacting overall occupant 

satisfaction was �µView from the windows�¶. In subtropical climates, the relationship between 

IEQ parameters and energy consumption reveals that artificial lighting is the most energy-

intensive IEQ parameter. The findings also suggest that Australian building experts may have 

over-emphasised the role that achieving thermal comfort plays in the energy consumption of 

office buildings in Australia�¶s temperate climates.  

Keywords: Indoor environmental quality, Energy efficiency, Post occupancy evaluation, Kano 

model, Building retrofit 
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7.1 Introduction  

Buildings account for a significant proportion of global energy consumption [238], and 

retrofitting existing buildings can help reduce energy consumption and improve occupant 

satisfaction [239]. Different building retrofitting methods have been studied to improve 

buildings�¶ energy efficiency (e.g. night ventilation [242], novel façade material [243], green 

roofs [303]) or reduce dependency on grid energy (e.g. photovoltaic systems [304], ground 

sourced heat pumps [246] and combined heat and power systems [245]). In Australia, buildings 

account for 18% of direct carbon emissions[248]. There is increasing pressure to make them 

energy-efficient and achieve modern sustainability standards. The service life of a building is 

between 30 and 70 years, and almost 80% of its energy use occurs during the occupancy period 

[249]. Throughout the construction industry, all stakeholders are responsible for making 

buildings efficient and ensuring that they are built or renovated in accordance with best-practice 

sustainability standards. In fact, a sustainable retrofit can improve buildings�¶ performance, 

extend their life expectancy, and prevent early obsolescence [250]. 

While enhancing a building�¶s energy efficiency and sustainability is the common goal of 

retrofitting, it is important not to compromise indoor environment quality (IEQ) in the process. 

Studies have revealed that energy-efficient buildings may not necessarily provide a satisfying 

IEQ [6, 254]. If the building currently exhibits subpar IEQ conditions, such as poor indoor air 

quality (IAQ), excessive cooling, or insufficient daylighting, the retrofitting efforts should 

prioritise the improvement of the building�¶s IEQ and the enhancement of occupant comfort. 

Therefore, developing a strategy for planning and implementing sustainable building upgrades 

is essential to improve energy efficiency and IEQ. 

7.1.1 IEQ and Occupant Satisfaction 

Measurable IEQ parameters, i.e., thermal comfort, IAQ, visual comfort, and acoustic comfort 

significantly impact occupant satisfaction, health, and well-being [12]. However, non-physical 

IEQ parameters, i.e., privacy, furnishing, office cleanliness, view from windows, available 

space and personal control, received less attention in previous studies [185]. In office buildings, 

most IEQ parameters have an influence on occupant satisfaction and building energy 

consumption, but to varying degrees [251]. Therefore, building design and retrofit should 

prioritise IEQ parameters that are important for occupant satisfaction but do not require 

significantly more energy consumption [305].  
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Results from Cheung et al. [185] suggested that achieving high satisfaction scores for some 

IEQ parameters is more challenging than others. The study by Nkini et al. [306] evaluated the 

occupants�¶ satisfaction rate of two green and fifteen conventional office buildings, aiming to 

investigate the impact of personal control of indoor environments on the occupants�¶ 

satisfaction. Nkini et al. [306] revealed that green building occupants were more satisfied with 

lighting control; however, improved lighting control is not sufficient to significantly enhance 

occupants�¶ overall satisfaction in green office buildings in comparison to conventional 

buildings.  

The method developed by Kano [173] in the marketing field classifies product characteristics 

based on their effect on overall satisfaction. Kano�¶s method has been widely implemented in 

studies relevant to customer satisfaction [307, 308]. For example, many hospitality studies have 

�X�V�H�G�� �.�D�Q�R�¶s model to determine the main attributes that have influenced hotel guests�¶ 

satisfaction [309]. Kano�¶s model has also been applied to the built environment studies to 

evaluate the influences of IEQ parameters on occupant satisfaction in office buildings [45] and 

airport buildings [310]. These studies found that the impact of IEQ parameters on occupants�¶ 

satisfaction and dissatisfaction was not uniform or linear; different IEQ parameters may have 

varying effects on occupant satisfaction. The key information about the IEQ satisfaction studies 

[45, 185, 306] has been summarised in Table 29. 

7.1.2 IEQ and Energy Consumption 

Table 29 also lists the representative studies related to the investigation of IEQ and energy 

consumption. Elharidi et al. [311] investigated energy consumption and IEQ performance in 

59 Egyptian offices and created a calibrated model to assess the influence of coefficients for 

energy use, indoor temperature, and CO2. Lim et al. [197] explored the relationship between 

lighting energy use and glare discomfort, investigating two green-certified office buildings in 

Malaysia. Their findings revealed a discrepancy in using only the daylight factor to rationalise 

the lighting performance of office spaces in tropical climatic conditions. 

Most previous research on this topic has compared the IEQ and/or energy consumption 

between various green buildings or between green buildings and conventional buildings. For 

example, Zhou et al. [195] examined and compared one green-certified office building in China 

with other green buildings. Their results demonstrated no significant differences in temperature 

or visual comfort between their green building and other buildings. Also, it was mentioned that 

the overall occupant satisfaction and concentration of CO2 in their case study building were 
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superior to those of other green building studies. Geng et al. [210] investigated energy use and 

conducted long-term IEQ measurements and occupant satisfaction surveys in 20 green-

certified office buildings in China. Based on their results, green buildings with high energy use 

intensity displayed a significantly better thermal environment than their counterparts. 

However, there was no discernible difference between high-energy and low-energy buildings 

in terms of IAQ or visual comfort.  

Wang and Zheng�¶s study [139] may be the only one to date that has established a quantitative 

relationship between objective IEQ parameters and energy consumption. They investigated a 

green-certified office building in Shanghai, which was located in a climate zone with hot 

summers and cold winters, and correlated daily energy use with monitored IEQ parameters. A 

multivariate linear regression model was constructed to establish a relationship between daily 

energy consumption and daily average IEQ parameters, such as air temperature, relative 

humidity, PM2.5 levels, CO2 concentration, and illuminance. According to their findings, the 

provision of suitable relative humidity and indoor temperature has a greater impact on energy 

consumption in office buildings compared to lighting. Wang and Zheng [139] assert that the 

relationship between IEQ parameters and energy consumption is complex and influenced by 

multiple factors. In addition to other IEQ parameters, the energy consumption of a building 

exhibits a linear relationship with the difference between indoor and outdoor temperatures and 

humidity levels, according to their regression model. This suggests that the relationship in 

question is climate-dependent, and that the model developed for Shanghai may not be 

applicable, for instance, to a subtropical climate in Australia.       

7.1.3 Building P�U�R�I�H�V�V�L�R�Q�D�O�V�¶��Perspectives Regarding IEQ Impact on Occupant 

Satisfaction and Energy Consumption 

The process of retrofitting a building necessitates the involvement of building professionals, 

such as building managers, architects and building engineers, who are tasked with making 

retrofit decisions based on their own assessments of the relative significance of different IEQ 

parameters. A study by Roumi et al. [305] �H�Y�D�O�X�D�W�H�G�� �W�K�H�� �$�X�V�W�U�D�O�L�D�Q�� �E�X�L�O�G�L�Q�J�� �H�[�S�H�U�W�V�¶��

viewpoints on the impact of four major IEQ factors on occupant satisfaction and energy 

consumption in office buildings. The results not only highlight the lack of consensus among 

building professionals (i.e., architects, engineers and building assessors) regarding which IEQ 

factor most profoundly affects occupant satisfaction in office environments, but also 

underscore the belief that thermal comfort ranks as the most energy intensive IEQ factor. Given 
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the divergent opinions of building professionals, empirical evidence on the impact of IEQ on 

occupant satisfaction and energy consumption assumes significance as it provides a reliable 

basis for building professionals to make informed decisions on resource allocation. However, 

there is a dearth of scholarly research pertaining to these subjects. 

7.1.4 Aims and Scope 

To fill the research gap, this project aims to conduct an empirical investigation into how IEQ 

influences the satisfaction of building occupants and the energy consumption of subtropical 

office buildings in Australia. It also seeks to compare the perspectives of building professionals 

on the aforementioned issues with the empirical findings of the field study. Specifically, this 

study aims to:  

1) Explore the influence of IEQ parameters on occupant satisfaction in subtropical office 

buildings using Kano�¶s model;  

2) Investigate the relationship between energy consumption and objective IEQ parameters in 

subtropical office buildings; 

3) Compare the perspectives of Australian building professionals and occupants on the effect 

of IEQ parameters on office energy consumption and occupant satisfaction; and   

��) Evaluate the current Australian policies towards indoor environmental quality in office 

buildings.  
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Table 29. Previous papers studying IEQ, occupant satisfaction and energy efficiency 
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[45] 2012 Australia 
351 
(43021) 

- - - - - - - �6 �6 �6 �6 �6 �6 �6 - �6 - Satisfaction model 

[312] 2013 UK 2 (>33) �6 - - - - - - �6 �6 �6 �6 �6 �6 - �6 �6 �6 Statistical analysis 

[198] 2016 China 512 (NA) �6 �6 �6 - - �6 - �6 �6 �6 �6 �6 �6 �6 - �6 - Statistical analysis 

[311] 2017 Egypt 59 (-) �6 �6 �6 �6 - - - - - - - - - - - - - model calibration 

[197] 2017 Malaysia 2 (184) �6 - - - - �6 - - - �6 - - - - �6 - - Box diagram 

[139] 2020 China 1 (NA) �6 �6 �6 �6 �6 �6 - �6 �6 �6 �6 - - - - - - 
Regression 
analysis 

[210] 2020 China 20 (1756) �6 �6 �6 �6 �6 �6 - �6 �6 �6 - - - - - - - 
Regression 
analysis 

[184] 2020 Jordan 13 (502) - �6 �6 �6 - - - �6 �6 �6 �6 - - - - - - Statistical analysis 

[6] 2021 Australia 97 (-) �6 �6 �6 �6 �6 - �6 - - - - - - - - - - 
Regression 
analysis 

[195] 2021 China 1 (126) �6 �6 �6 �6 - �6 - �6 �6 �6 - - - - - - - Box diagram 

[185] 2021 Singapore 7 (666) - - - - - - - �6 �6 �6 �6 �6 �6 �6 �6 �6 �6 
Regression 
analysis 

[306] 2022 Tanzania 17 (532) - - - - - - - �6 �6 �6 �6 - - - - - �6 Statistical analysis 
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7.2 �.�D�Q�R�¶�V��Model 

Many researchers held the belief that the correlation between IEQ parameters and overall 

occupant satisfaction followed a linear pattern [8, 141, 144]. However, �X�V�L�Q�J�� �.�D�Q�R�¶�V��

model, some studies demonstrate that the relationship between building IEQ performance 

and occupant satisfaction is nonlinear (e.g. [45]). �.�D�Q�R�¶�V���P�R�G�H�O���K�D�V�� �F�O�D�V�V�L�I�L�H�G���S�U�R�G�X�F�W��

attributes into three categories: Basic Factors, Performance Factors, and Bonus Factors.  

a) Basic Factors: These attributes are considered essential prerequisites, representing 

minimum requirements for customers. They typically come to notice when they are 

inadequate or flawed in some manner. While they may not directly contribute to 

satisfaction, their absence or inadequacy can lead to dissatisfaction. As a result, the 

negative impact resulting from under-performance is more significant in magnitude than 

the positive impact from good performance. These Basic Factors must be met to guarantee 

occupant satisfaction. 

b)  Performance Factors: These are attributes that increase customer satisfaction 

proportionally to their investment. If the attributes function properly, the occupants will 

be satisfied; but if they do not, they will be dissatisfied. The relationship between the 

overall satisfaction of occupants and the performance of these factors is therefore linear. 

c) Bonus Factors: When a product performs exceptionally well in certain attributes, they 

have a substantial positive effect on customer satisfaction. However, inadequate 

performance on these attributes does not necessarily lead to dissatisfaction. Thus, good 

performance on Bonus Factors has a greater effect on overall satisfaction than poor 

performance. 

Figure 37 depicts a schematic graph highlighting the distinct relationships between 

overall satisfaction and the mentioned three factors. The effects of Bonus Factors and 

Basic Factors on overall satisfaction are nonlinear and asymmetric (Figure 37). 

Concerning Basic Factors, a performance deficit has a greater effect on overall 

satisfaction than an equivalent performance increase towards the graph�¶s right edge. In 

contrast, with Bonus Factors, exceptional performance results in a significantly greater 

increase in overall satisfaction than when the building performs poorly on that factor. The 

Performance Factor, on the other hand, exhibits a constant, linear correlation between 

performance on that factor and overall satisfaction. 
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Figure 37. �*�U�D�S�K�L�F�D�O���U�H�S�U�H�V�H�Q�W�D�W�L�R�Q���R�I���.�D�Q�R�¶�V���P�R�G�H�O  (adapted from [45]) 

7.3 Research Design and Method 

This study aims to investigate and analyse the cross-links between IEQ, energy 

consumption, and occupant satisfaction levels for three office buildings located in 

�$�X�V�W�U�D�O�L�D�¶�V���V�X�E�W�U�R�S�L�F�D�O���F�O�L�P�D�W�H. The research involves three main stages: planning, data 

collection, and analysis. Figure 38 provides an overview of the research method. 

 

Figure 38. Overview of research method  
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7.3.1 Case Study Buildings 

A field study was conducted in three office buildings located in Brisbane and Gold Coast 

between May 2021 and March 2022. Buildings 1 and 2 are located in Gold Coast, and 

Building 3 is in Brisbane. The basic information about the studied buildings, such as 

building age, floor areas, number of floors, and cooling/heating sources, is collected using 

architectural and mechanical design drawings and presented in Table C.1. The outside 

view and inside view of the case study buildings are shown in Figure 39 and Figure C.1, 

respectively. Based on Köppen climate classification, Brisbane and Gold Coast are 

classified as Cfa class (humid subtropical), having hot summers and mild winters. The 

daily outdoor temperature in Brisbane and Gold Coast changes between 9.5 °C to 29.1 

°C and 12.1 °C to 28.8 °C, respectively [313]. Relative humidity ranges between 45% to 

71% for Brisbane and 55% to 72% for the Gold Coast [313] (see Figure C.1). All case 

study buildings include offices, conference rooms, laboratories, meeting spaces, and 

breakout rooms. IEQ parameters are monitored in office spaces only, including open-plan 

and cellular offices.  

 

(a)     (b)            (c) 

Figure 39. The outside view of case study office buildings, a) Building 1; b) Building 2; 

and c) Building 3  

7.3.2 Data Collection 

Data collected in this study include building energy consumption, physical indoor 

environment parameters, and building occupant satisfaction. Energy consumption data 

come from both on-site measurement and the building management system (BMS). The 

physical IEQ parameters are monitored in the studied offices using a range of instruments. 

A bespoke survey questionnaire (see Appendix C.2���� �L�V�� �X�V�H�G�� �W�R�� �H�[�S�O�R�U�H�� �R�F�F�X�S�D�Q�W�V�¶��

satisfaction with various IEQ parameters. Table 30 provides a summary of the various 

types of data that were collected in the present study, along with their respective sources. 
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Table 30. Types of data collected in the case study office buildings 

No Parameters Unit Data source 

1 Annual energy consumption kWh 
BMS and on-site 
measurement 

2 HVAC system and control strategies - Schematics 
3 Lighting and plug energy consumption kWh BMS sub-metering 
4 Elevators energy consumption kWh BMS sub-metering 
5 Outdoor temperature  °C BMS sub-metering 
6 Outdoor relative humidity % BMS sub-metering 
7 Thermal environment °C and % On-site measurement 
8 IAQ ppm On-site measurement 
9 Acoustic environment dB On-site measurement 
10 Lighting environment Lux On-site measurement 
11 Occupant IEQ satisfaction - On-site survey 

7.3.2.1 Building Operational Data 

Real-time energy consumption data were collected from installing energy meters for 

monitored office spaces, which recorded energy consumption at 1-minute intervals. The 

�E�X�L�O�G�L�Q�J�V�¶���%�0�6���Z�D�V���F�R�Q�Q�H�F�W�H�G���W�R���W�K�H���3�,-Vision platform that continuously monitored the 

lighting and plug energy consumption, elevator energy use, outdoor air temperature and 

relative humidity, listed as items 1 to 6 in Table 30. 

7.3.2.2 On-site IEQ Measurement Data 

Seven key IEQ parameters (air temperature, relative humidity, PM2.5 concentration, CO2 

concentration, sound pressure level, illumination, and air velocity) were collected 

continuously throughout the monitoring periods spanning three seasons. The duration of 

the winter monitoring campaign was from 27 May to 29 July 2021. The transitional 

season campaign ran from October 5, 2021, to November 19, 2021. The summer 

campaign began on January 14, 2022, and concluded on March 6, 2022. As presented in 

Table 31, three devices were used for IEQ monitoring in each campaign. The air 

temperatures, relative humidity, PM2.5, and CO2 concentrations were measured with a 

Qingping air quality monitor. The sound pressure level was collected using Digitech 

QM1592. Testo 480 was used to collect horizontal illumination and airspeed. In 

accordance with the National Australian Built Environment Rating System (NABERS) 

indoor environment (IE) assessment protocols, IEQ sensors were positioned at a height 

of 0.6 to 1.1 m in representative occupied zones. Table 31 displays the measurement 
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range, resolution, and sampling frequency of various instruments. Figure C.3 illustrates 

the floor plans of case study offices and the location of various IEQ sensors.  

Table 31. Instruments to monitor IEQ parameters 

Instrument IEQ parameter Range Resolution Sampling 
frequency 

Qingping air 
quality 
monitor 

Air temperature -10 - +50 (	vC) 0.1 15 min 

Relative humidity 0 �± 100 (%) 0.1 15 min 

PM2.5 0 �± 999 �����J���P3) 0.1 15 min 

CO2 400 - 9999 (ppm) 1 15 min 

Digitech  
QM1592 

Sound pressure level 30 �± 130 (dB) 0.1 15 min 

Testo 480 
Horizontal Illumination 0 - 100000 (Lux) 1 1 min 

Air  speed 0 - 15 (m/s) 0.1 1 min 

7.3.2.3 Survey on IEQ Satisfaction 

A survey was developed which consists of demographic information, job information, 

and occupant satisfaction with ten IEQ parameters�² thermal environment, IAQ, lighting 

environment, acoustic environment, amount of privacy, furnishing, office cleanliness, 

view from the windows, available space and personal control. These ten IEQ parameters 

are derived from our prior review study [12]. A five-point Likert scale was adopted, 

ranging �E�H�W�Z�H�H�Q�� �³very �G�L�V�V�D�W�L�V�I�L�H�G�´����-�������W�R���³very �V�D�W�L�V�I�L�H�G�´������������ The designed survey 

questionnaire is presented in Appendix C.2.  

7.3.3 Analysis Methods 

7.3.3.1 IEQ-satisfaction Evaluation Using Kano�¶�V Model 

The survey respondents were categorised into three groups for each survey question based 

on the following rules. 

�x Office occupants who expressed satisfaction with an IEQ parameter (participants 

who rated +1 and +2) were classified into the �µsatisfied group�¶. 

�x Participants who showed dissatisfaction with an IEQ parameter (rated their 

satisfaction with -1 and -2) were classified into the �µdissatisfied group�¶. 

�x Survey respondents indicating a neutral stance towards the IEQ parameter 

(participants who rated 0) were allocated to the reference group. 
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This categorisation aims to analyse the variations in overall satisfaction between the three 

groups as described below. 

According to Kano�¶s model, IEQ parameter �. is a Basic Factor if the dissatisfied group 

has significantly lower overall satisfaction with �. than the satisfied group and the 

reference group, while these two groups demonstrated negligible differences in overall 

satisfaction. This is because parameter �. only causes dissatisfaction among occupants. 

Applying the same logic, if the overall satisfaction in the satisfied group with IEQ 

parameter �� is significantly higher than that in the other two groups, and there is a 

negligible difference in overall satisfaction between the other two groups, then parameter 

�� is classified as a Bonus Factor as it is satisfying occupants.  

Lastly, if  the satisfied group on IEQ parameter �� demonstrates a significantly higher 

overall IEQ satisfaction than the reference group, while the dissatisfied group exhibits 

significantly lower satisfaction compared to that of the reference group, then parameter �� 

is categorised as a Performance Factor. In other words, parameter �� brings satisfaction to 

occupants when it performs satisfactorily and dissatisfaction when it performs poorly. 

Consequently, the impact of the IEQ parameter on overall satisfaction is proportional. 

We employed multiple regression with dummy variables to evaluate the survey responses 

based on Kano�¶s model. This type of regression analysis is commonly used for studies 

aiming to identify nonlinear relationships between parameters�¶ performance and overall 

occupant satisfaction [314]. For each questionnaire response, three dummy variables were 

generated using binary coding. Dummy coding is a statistical technique used to represent 

distinct groups in an analysis. The three groups and their dummy codes are presented in 

Table 32. The process was replicated for all 10 IEQ parameters. 

Table 32. Dummy variable codes  

Groups Dummy variable code 

Satisfied group (1,0) 

Dissatisfied group (0,1) 

Reference group (0,0) 

Using this coding scheme, a regression analysis was conducted with �µoverall satisfaction 

with workspace�¶ as the dependent variable and the 10 IEQ parameters represented by 

dummy variables as the independent variables. For each parameter, two coefficients were 
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determined from the regression analysis: one for the �µsatisfied group�¶ to assess how the 

IEQ parameter impacts performance when it is performing well, and another for the 

�µdissatisfied group�¶ to evaluate how the IEQ parameter impacts performance when it is 

performing poorly. 

�5
L �%�4 
E�%�5�á�5�ä�&�5�á�5
E�%�6�á�5�ä�&�6�á�5
E�®
E�%�5�á�5�4�ä�&�5�á�5�4
E�%�6�á�5�4�ä�&�6�á�5�4 (7.1) 

S = overall satisfaction of occupants with the office 

C0 = the average overall satisfaction with the office based on the reference group 

C1,x = regression coefficient for the satisfied group  

C2,x = regression coefficient for the dissatisfied group  

D1,x = set of dummy variables for the satisfied group with IEQ parameter x   

D2,x = set of dummy variables for the dissatisfied  group with IEQ parameter x   

As presented in Equation 7.1, positive coefficients signify that the parameter positively 

influences overall satisfaction, while negative coefficients imply a negative impact on 

overall satisfaction. While C1,x shows the increase in the overall satisfaction linked to 

contentment with an individual IEQ parameter, C2,x signifies the decrease in the overall 

satisfaction related to dissatisfaction with a particular IEQ parameter.  

The magnitude of the IEQ parameter�¶�V effect on overall satisfaction can be determined 

by �F�R�P�S�D�U�L�Q�J���F�R�H�I�I�L�F�L�H�Q�W�V�¶���D�E�V�R�O�X�W�H���Y�D�O�X�H�V. For instance, when the value of C1,x exceeds 

the absolute value of C2,x, it indicates that IEQ parameter x has more impact on overall 

satisfaction when office occupants are satisfied with its performance. Consequently, IEQ 

parameter x is labelled as a Bonus Factor. On the other hand, if the absolute value of C2,y 

surpasses C1,y, then parameter y is categorised as a Basic Factor. Lastly, parameter z is 

classified as a Performance Factor if the two coefficients (C1,z and C2,z) have similar 

absolute values, indicating that both the positive and negative impacts are comparable. 

7.3.3.2 IEQ-energy Assessment with Linear Regression 

The indoor environment of a building, particularly its thermal environment and air 

quality, has a significant impact on the amount of energy required to maintain these 

conditions. During the cooling season (summer), for instance, lowering the indoor 

temperature and relative humidity setpoints would increase the energy consumption of 

the air conditioning systems. Similarly, increasing fresh air supply in summer can lead to 

lower CO2 concentration but higher energy consumption. Wang and Zheng [139] found 
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a linear relationship between the daily energy consumption of a green commercial 

building and the normalised difference between the indoor and outdoor air temperature, 

normalised difference between indoor and outdoor humidity, normalised value of PM2.5, 

normalised CO2 concentration, as well as normalised illuminance. This study modifies 

their regression models by adding the normalised sound pressure level as an independent 

variable and removing PM2.5 due to its similar effect to CO2. Also, this study collected 

IEQ and energy data every 15 minutes, whereas Wang and Zheng [29] collected IEQ and 

energy data on a daily basis. The linear regression model is displayed in Equation 7.2, 

and the dependent and independent variables are displayed in Table 33: 

�'�7�+
L �: �4 
E�=�: �5 
E�>�: �6 
E�?�: �7 
E�@�: �8 
E�A�: �9 (7.2) 

The data normality assumption was verified by examining the histogram and normal 

probability plot in SPSS. Additionally, the developed database demonstrated internal 

consistency or reliability, as revealed by a Cronbach�¶s Alpha value of 0.941. All statistical 

analyses were carried out in SPSS version 27. The threshold of statistical significance in 

this study was set at p < 0.05. 

Table 33. Normalisation method for the dependent and independent variables 

Symbol Parameter Normalisation procedure 

EUI Energy use intensity �'�7�+
L
�'�J�A�N�C�U���?�K�J�O�Q�I�L�P�E�K�J

�B�H�K�K�N���=�N�A�=
 

�: �4 Constant - 

�: �5 
Normalised difference between 
indoor and outdoor air 
temperature 

�: �5�á�Þ 
L
�6�Ü�á�Þ
F�6�â�á�Þ

�/�=�T�:�6�Ü�á�Þ 
F�6�â�á�Þ�;
 

�: �6 
Normalised difference between 
indoor and outdoor relative 
humidity 

�: �6�á�Þ 
L
�4�*�Ü�á�Þ
F�4�*�â�á�Þ

�/�=�T�:�4�*�Ü�á�Þ
F �4�*�â�á�Þ�;
 

�: �7 Normalised CO2 concentration �: �7�á�Þ 
L
�/�E�J�:�%�Ü�á�Þ�;

�%�Ü�á�Þ
 

�: �8 Normalised illuminance �: �8�á�Þ 
L
�.�Ü�á�Þ

�/�=�T�:�.�Ü�á�Þ�;
 

�: �9 
Normalised sound pressure 
level 

�: �9�á�Þ 
L
�/�E�J�:�5�Ü�á�Þ�;

�5�Ü�á�Þ
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7.4 Results 

7.4.1 IEQ and Occupant Satisfaction 

7.4.1.1 �2�F�F�X�S�D�Q�W�V�¶��Satisfaction Responses  

Table 34 provides an overview of respondent characteristics and workspace environment. 

Survey responses were predominantly provided by men, accounting for 64.7% of the 

total. Respondents were primarily within the age range of 21 to 40. Also, 83.6% of 

occupants indicated they spent more than 20 hours per week in the offices. The majority 

of occupants were working in open-plan offices. Additionally, 82.6% of the respondents 

were located within 3 metres of an external window in the offices. 

Table 34. Characteristics of the survey respondents and offices 

Questionnaire items Categories 
 Number of 

responses 
Percentage 

(%) 

Gender 
Male 130 64.7 
Female 69 34.3 
Non-binary 2 1.0 

Age group 

21-30 72 35.8 
31-40 94 46.8 
41-50 25 12.4 
51-60 8 4.0 
61-70 2 1.0 

Work period  

Less than 3 months 11 5.5 
3 months to 1 year 67 33.3 
1 to 5 years 114 56.7 
6 to ten years 6 3.0 
More than 10 years 3 1.5 

Work hours per 
week 

Below 10 hours 10 5.0 
11-20 hours 23 11.4 
21-30 hours 52 25.9 
31-40 hours 75 37.3 
Over 40 hours 41 20.4 

Office layout 
Cellular 71 35.3 
Open plan 130 64.7 

Distance from 
external window 

less than 1 m  67 33.3 
1-2 m  54 26.9 
2-3 m  45 22.4 
3-4 m  23 11.4 
More than 4 m 12 6.0 

Figure 40 illustrates the �R�F�F�X�S�D�Q�W�V�¶�� �V�D�W�L�V�I�D�F�W�L�R�Q�� �U�H�V�S�R�Q�V�H�� �G�L�V�W�U�L�E�X�W�L�R�Q for each IEQ 

parameter. In general, respondents exhibited higher satisfaction levels with �µavailable 
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space�¶ (44.7% satisfied), �µ�D�F�R�X�V�W�L�F���H�Q�Y�L�U�R�Q�P�H�Q�W (38.8% satisfied), and �µIAQ�¶ (36.4% 

satisfied) in their workspaces. Conversely, factors that received the highest dissatisfaction 

rates included �µ�O�L�J�K�W�L�Q�J�� �H�Q�Y�L�U�R�Q�P�H�Q�W�¶ (28.9% dissatisfied), �µfurnishing�¶ (23.9% 

dissatisfied), �D�Q�G���µview from the windows�¶ (23.9% dissatisfied). Also, 32.9% and 20.9% 

�R�I�� �W�K�H�� �R�I�I�L�F�H�� �R�F�F�X�S�D�Q�W�V�� �Z�H�U�H�� �V�D�W�L�V�I�L�H�G�� �D�Q�G�� �G�L�V�V�D�W�L�V�I�L�H�G�� �Z�L�W�K�� �W�K�H�� �µ�R�Y�H�U�D�O�O�� �L�Q�G�R�R�U��

�H�Q�Y�L�U�R�Q�P�H�Q�W���T�X�D�O�L�W�\�¶���R�I���W�K�H�L�U���Z�R�U�N�V�S�D�F�H�����U�H�V�S�H�F�W�L�Y�H�O�\������ 

 

Figure 40. Percentage of Satisfaction with IEQ parameters and overall IEQ 

7.4.1.2 Kano�¶s Model Evaluation 

The multiple regression model accounted for 93% of the variance in overall satisfaction 

(R2 = 0.93), indicating its strong predictive capability for occupants�¶ satisfaction. 

Furthermore, investigating Variance Inflation Factor (VIF) to assess multi-collinearity 

among independent variables revealed low values ranging from 1.56 to 2.58 (below the 

commonly accepted threshold level). Table 35 presents the regression coefficients 

derived from the described method. Two coefficients are provided for each IEQ 

parameter: The first assesses the impact of the IEQ parameter on overall workspace 

satisfaction when it performs satisfactorily, while the second assesses its impact when its 

performance is deemed to be unsatisfactory. A positive coefficient shows that an IEQ 

parameter improves overall occupants�¶ satisfaction scores above the average satisfaction 

scores of the reference group; in contrast, negative coefficients show a reduction in 

overall satisfaction from that of the reference group. When occupants are satisfied with 
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the acoustic environment, for example, the overall satisfaction score increases by 0.152 

compared to the reference group. When occupants are dissatisfied, however, their overall 

satisfaction rating falls by 0.229. Under these conditions, it is evident that the decrease in 

overall satisfaction when the acoustic environment is perceived to be unsatisfactory is 

greater than the increase in overall satisfaction when the acoustic environment is 

perceived to be satisfactory. 

Table 35. Regression coefficients for IEQ parameters 

IEQ parameter 
Regression coefficients 

Satisfaction 
impact (C1) 

Dissatisfaction 
impact (C2) 

Thermal environment 0.191** -0.208** 
IAQ 0.167** -0.102* 
Lighting environment 0.139* -0.209** 
Acoustic environment 0.152** -0.229** 
Privacy 0.121* -0.183** 
Furnishing 0.125* -0.119* 
Office cleanliness 0.137** -0.225** 
View from the windows 0.188** -0.120* 
Available space 0.166** -0.209** 
Personal control 0.136* -0.195** 
Significance level of regression coefficients* p<0.05, **p<0.01 

Based on Table 35, the two IEQ parameters that had the most significant impact on overall 

satisfaction were �µ�Whermal environment�¶ in a positive direction and �µ�D�F�R�X�V�W�L�F��

�H�Q�Y�L�U�R�Q�P�H�Q�W�¶ in a negative direction. Satisfaction with the �µ�Whermal environment�¶ led to 

a considerable increase in the overall satisfaction score, with an increment of 0.191. 

Conversely, dissatisfaction with the �µ�D�F�R�X�V�W�L�F���H�Q�Y�L�U�R�Q�P�H�Q�W�¶ resulted in a notable decrease 

in the overall satisfaction score, with a drop of 0.229.  

To classify IEQ parameters into Basic, Performance, and Bonus Factors based on Kano�¶s 

model, the criterion of 50% difference is used based on Kim and de Dear [45]. If a 

parameter�¶s positive influence on overall satisfaction surpasses the negative impact by 

50%, it is categorised as Bonus Factors. Conversely, if the negative impact outweighs the 

positive by more than 50%, the item falls into the Basic Factor category. Items that do 

not exhibit a 50% bias are classified as Performance Factors. Table 36 displays the 

classification of all 10 IEQ parameters. Four Basic Factors and five Performance Factors 

were identified. Remarkably, �µView from the windows�¶ was the only Bonus Factor 

discovered in this study. 
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Table 36. IEQ parameters categorisation based on Kano�¶s model 

IEQ categorisation IEQ parameters 

Basic Factors Acoustic environment, Lighting environment, Level of privacy 
and Office cleanliness 

Performance 
Factors 

Thermal environment, IAQ, Furnishing, Avail able space and 
Personal control 

Bonus Factors View from the windows 

7.4.2  IEQ and Energy Use 

7.4.2.1 Energy Use in Case Study Buildings 

The primary energy source in the case study buildings is electricity. It is used for lighting, 

HVAC, plug loads, lifts, and equipment. In this study, the method presented by Roumi et 

al. [6] is used to calculate the energy use intensity (EUI). The annual and monthly EUI in 

the case study buildings are demonstrated in Figure 41 and Figure 42, respectively. As 

shown in Figure 41, the energy consumption in all three buildings reduced during the 

COVID period (2020-2022). Figure 42 demonstrates that since the outbreak of COVID-

19 in March 2020, building energy consumption has decreased significantly until August 

of the same year, when the �³back to campus�  ́campaign was launched. Nevertheless, 

because of the adaptation to hybrid working following the pandemic, the energy 

consumption in all buildings remained lower in 2021 and 2022 compared to the levels 

before the pandemic.   

 

Figure 41. Annual EUI in three case study buildings 
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Figure 42. Monthly EUI in three case study buildings 

7.4.2.2 Indoor Environment  

The environmental monitoring data during work hours (9:00 a.m. to 6:00 p.m.) were 

included in the analysis. Figure 43 illustrates the thermal environment of the case study 

office buildings on psychrometric charts during the cooling season (Figure 43a) and 

heating season (Figure 43b). The orange and light blue highlighted parts in the 

psychrometric charts are the thermal comfort region based on ASHRAE standard 55 [97] 

for summer (clo value equal to 0.5) and winter (clo value equal to 1.0), respectively.  From 

the results of long-term thermal monitoring, the indoor air temperature in summer ranges 

from 21.7°C to 25.8°C, while relative humidity ranges from 49.5% to 73.9%. Comparing 

the collected data with ASHRAE-55 standards [97] revealed that overcooling in summer 

is an issue in the studied office buildings, as there were about 55.6% of the occupied hours 

that fell outside of the summer comfort zone. On the other hand, the thermal environment 

in winter was in a better condition. The indoor air temperature in winter changes between 

21.3°C to 25.6°C, while relative humidity ranges from 36.4% to 63.5%. The comparison 

of collected data with ASHRAE-55 [97] reveals that overheating happened in a small 

fraction (about 13.5%) of the heating season.  
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(a) 

 

(b) 

Figure 43. The psychrometric chart displaying the thermal environment in case study 

office buildings in a) summer b) winter in comparison to the ASHRAE 55 comfort 

zones 

While CO2 is typically not considered an air pollutant in most buildings, they are 

frequently measured to assess ventilation effectiveness in buildings [315]. CO2 is 

employed as an indicator of body odour in IAQ verification methods developed by the 

National Construction Code (NCC) of Australia [316]. The highest permissible 

contamination level has been established at 850 ppm of CO2 over an 8-hour timeframe. 

This threshold is based on a 450 ppm increase above the assumed ambient CO2 level of 
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400 ppm [317]. The CO2 concentration in the case study office buildings is presented in 

Figure 44. The mean CO2 concentration in all three buildings is lower than the NCC 

threshold (850 ppm). However, as illustrated in Figure 44, the third quartile of the summer 

boxplot is almost 850 ppm, meaning that the office occupants did not have proper 

ventilation during 25% of the cooling season.  

 

Figure 44. The boxplot of CO2 concentration in the case study buildings 

Figure 45 depicts the boxplot of the illumination level within the office spaces during 

summer, transitional season and winter. The mean illumination level is higher than the 

standard level in Australia in Summer (320 lux) [318]. However, the measurement result 

indicates that 75.8% and 70.8% of the collected lighting data were below 320 lux during 

winter and transition months. Low illumination levels have caused high dissatisfaction 

with the office�V�¶ lighting environment among occupants, as previously illustrated in the 

survey results (Figure 40).   

 

Figure 45. The boxplot of illumination in the case study buildings 
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Based on the AS/NZ 2107 [319], the design sound pressure level range in office buildings 

should be 30-50 dB for office spaces. As illustrated in Figure 46, the measured sound 

pressure level in the summer and transition months was higher than regulated by the 

AS/NZ 2107 standard. The primary reason the sound pressure level was lower in the 

winter could be because the measurement was conducted a few months after the COVID 

outbreak, when office employees were working from home. Consequently, there were 

fewer occupants in offices than during the preceding two periods.   

 

Figure 46. The boxplot of the sound pressure level in the case study buildings 

7.4.2.3 Relationship between Energy Use and IEQ Parameters 

SPSS software was used to perform regression analysis between EUI and normalised IEQ 

parameters, as presented in 7.3.3.2. The regression coefficients and p-value for each 

season are displayed in Table 37. The VIF assessment revealed no multi-collinearity 

among the independent variables (VIF ranging from 1.02 to 2.78, below the accepted 

threshold level of 4). 

Table 37. Relationship between energy use intensity and IEQ parameters 

 Summer  Transition Winter 

�: �4(Constant) 8.80 6.09 5.71 
�: �5(Temperature) 2.80 2.80 5.62 
�: �6(Relative humidity) 1.57 0.78 3.39 
�: �7 (CO2 level) 1.48 3.74 6.08 
�: �8 (Illumination level) 2.90 5.60 11.01 
�: �9 (Sound pressure level) 0.34 1.46 2.41 
R2 0.48 0.54 0.49 
P-value <0.001 <0.001 <0.001 
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7.5 Discussion 

7.5.1 Impacts of IEQ Parameters on Occupant Satisfaction 

By comparing the absolute values of regression coefficients, Figure 47 illustrates the 

relative significance of 10 IEQ parameters on office occupant�V�¶ overall satisfaction. The 

positive section of the y-axis (green solid fill) illustrates the influence on overall occupant 

satisfaction linked to well-performing IEQ parameters. In contrast, the negative section 

(red patterned fill) shows the impact of under-performing IEQ parameters on overall 

occupant satisfaction. There is a notable difference between under-performance and over-

performance on a variety of IEQ parameters and the satisfaction of office occupants.  

 

Figure 47. The impact of IEQ parameters on overall occupant satisfaction 

Kim and de Dear [45] have evaluated the impact of IEQ parameters on occupant 

satisfaction using Kano�¶s model. Comparing the results of this study with those of Kim 

and de Dear [45] reveals both  similarities and discrepancies in the categorisation of IEQ 

parameters. �%�R�W�K���V�W�X�G�L�H�V���L�G�H�Q�W�L�I�L�H�G���µ�$�F�R�X�V�W�L�F���H�Q�Y�L�U�R�Q�P�H�Q�W�¶���D�Q�G�� �µ�2�I�I�L�F�H���F�O�H�D�Q�O�L�Q�H�V�V�¶���D�V��

�%�D�V�L�F�� �)�D�F�W�R�U�V���� �D�V�� �Z�H�O�O�� �D�V�� �µ�,�$�4�¶�� �D�Q�G�� �µ�)�X�U�Q�L�V�K�L�Q�J�¶�� �D�V�� �3�H�U�I�R�U�P�D�Q�F�H�� �I�D�F�W�R�U�V���� �7�K�H�� �P�D�L�Q��

�L�Q�F�R�Q�V�L�V�W�H�Q�F�L�H�V���E�H�W�Z�H�H�Q�� �W�K�H�V�H�� �W�Z�R�� �V�W�X�G�L�H�V�� �U�H�O�D�W�H�V�� �W�R�� �W�K�H�� �F�D�W�H�J�R�U�L�V�D�W�L�R�Q���R�I�� �µ�$�Y�D�L�O�D�E�O�H��

�V�S�D�F�H�¶�����2�X�U���I�L�Q�G�L�Q�J���V�K�R�Z�V���W�K�D�W���µ�$�Y�D�L�O�D�E�O�H���V�S�D�F�H�¶���L�V���D���3�H�U�I�R�U�P�D�Q�F�H���)�D�F�W�R�U���D�Q�G���L�W���F�D�Q���K�D�Y�H��
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�D���S�U�R�S�R�U�W�L�R�Q�D�O���L�Q�I�O�X�H�Q�F�H���R�Q���R�F�F�X�S�D�Q�W�V�¶���R�Y�H�U�D�O�O���V�D�W�L�V�I�D�F�W�L�R�Q���Z�L�W�K���Z�R�U�N�S�O�D�F�H���H�Q�Y�L�U�R�Q�P�H�Q�W����

while Kim and de Dear [45] has classified this IEQ parameter into a Basic Factor. In 

addition, Kim and de Dear duly acknowledged a limitation in their research, wherein they 

did not include the View from the windows, which has been extensively examined in 

prior studies [195, 197]. The result of Kano�¶s model in this study demonstrated that �µ�9iew 

from the window�V�¶�� �L�V���D���%�R�Q�X�V�� �)�D�F�W�R�U���W�K�D�W���F�D�Q�� �L�Q�F�U�H�D�V�H���W�K�H���O�H�Y�H�O���R�I���R�Y�H�U�D�O�O��satisfaction 

among office occupants, while the absence of this factor does not have a critical influence 

�R�Q���W�K�H���R�F�F�X�S�D�Q�W�V�¶���V�D�W�L�V�I�D�F�W�L�R�Q���Z�L�W�K���W�K�H�L�U���Z�R�U�N�S�O�D�F�H�� 

7.5.2 The Relationship between Energy Use and IEQ Parameters 

Based on the result of regression analysis in 7.4.2.3, Equation 7.3 is developed to compare 

the relative influence of each monitored IEQ parameter (�:
à�Ü) on building EUI.  

�:
à�Ü�á�Ý
L
�: �Ü�á�Ý

�Ã �: �Ü�á�Ý
�9
�Ü�@�5

�á�����������������������������������������F
L �O�Q�I�I�A�N�á�P�N�=�J�O�E�P�E�K�J���I�K�J�P�D�O���=�J�@���S�E�J�P�A�N (7.3) 

Figure 48 illustrates the relative influence of each monitored IEQ parameter on building 

EUI across different seasons. The results indicate that adequate illumination is the most 

energy-intensive IEQ parameter in the case study buildings, accounting for an average of 

36.5% of the EUI across seasons. This is followed by the energy required to maintain an 

acceptable air temperature (an average share of 23.3%) and acceptable IAQ (21.2%). As 

shown in Figure 48, the share of energy used to provide a proper indoor air temperature 

was higher in summer (30.9%) than winter (19.7%) and transitional season (19.5%); 

energy spent to provide acceptable relative humidity observed the same trend. However, 

energy used to supply sufficient ventilation, lighting and acoustic comfort for office 

occupants was higher in transition months than in winter or summer.   
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Figure 48. Impact of monitored IEQ parameters on EUI in case study office buildings 

The only previous research that has developed a quantitative relationship between energy 

use and IEQ parameters was conducted by Wang and Zheng [139]. Their case study 

building (known as CHT) was a green-certified office building located in a hot summer 

and cold winter zone in Shanghai, China. According to their findings, indoor relative 

humidity and air temperature have a greater impact on office building energy 

consumption than lighting. There are two possible reasons behind the contrast between 

Wang and Zheng�¶s findings and the results from the present study. Firstly, their climate 

(hot summer and cold winter) necessitates more heating, ventilation, air conditioning, and 

refrigeration (HVAC&R) than the subtropical climate of the present study [6]. �%�U�L�V�E�D�Q�H�¶�V��

annual maximum and minimum temperatures are 25°C and 16°C, respectively. However, 

the maximum and minimum outdoor monthly temperatures in Shanghai are more extreme 

(30°C and 14°C). The average annual relative humidity in Shanghai (i.e., 74%) is much 

higher than in Brisbane (52%) [320]. Secondly, the CHT building was awarded green 

certifications for Design Label and Operation Label in China, which means that the 

artificial lighting in this building must be designed based on the highest standards and 

should consume less energy. In contrast, the three buildings examined in the current study 

consisted of a combination of traditional and contemporary Australian office buildings 

that were built between the years 1991 and 2013. While the artificial lighting in the case 

study buildings is in good condition, its performance is not cutting edge. Consequently, 

differences in climatic conditions and building design standards may have accounted for 

the divergent outcomes of these two studies.   
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7.5.3 Comparison between Building E�[�S�H�U�W�V�¶ and Office Occupants�¶��Viewpoints 

The influence of IEQ parameters on occupant satisfaction investigated in this study is 

compared with the Australian building experts�¶ viewpoints on the same issue, 

investigated in our previous study by Roumi et al. [305], which demonstrated that all 

expert groups (i.e., architects, engineers and building assessors) believed the thermal 

environment has the major impact (30-58%) on occupant satisfaction, while acoustics 

environment is responsible for 13-16% of office occupants�¶�� �V�D�W�L�V�I�D�F�W�L�R�Q����This finding 

exhibited a partial concurrence with the findings of the present study concerning the IEQ 

impact on occupant satisfaction supplied by building occupants. According to Table 35, 

the thermal environment has greater relative importance than the acoustic environment 

when both are deemed satisfactory; however, the acoustic environment has a greater 

effect on overall dissatisfaction than the thermal environment when both are deemed 

unsatisfactory. 

Moreover, Australian building experts believe thermal environment (indoor temperature 

and relative humidity) is responsible for 56-63% of office energy consumption [305]. 

However, the analysis of the present study demonstrates that artificial lighting and 

thermal environment have a comparable influence on the energy consumption in 

conventional office buildings (31-39% and 20-31% of the energy use in different seasons 

is related to lighting and thermal environment, respectively). However, we acknowledge 

that climatic, building-specific, and occupancy-related factors may have contributed to 

the higher weighting of artificial lighting in our case studies. 

7.5.4 Implications for Policy and Limitations of the Study 

Based on NABERS online database [321], as of 1 September 2023, there are 1759 

buildings with a NABERS energy certificate, but only 271 buildings have a NABERS IE 

certificate. This disparity may be attributable to Australian regulatory report 

requirements. As a result of Australia�¶s Commercial Building Disclosure (CBD) program, 

individuals or entities selling or leasing office spaces measuring 1000 m2 or greater are 

obligated to acquire a Building Energy Efficiency Certificate (BEEC) prior to listing the 

building for sale, lease, or sublease [220]. 

As explained by Roumi et al. [6], this policy encourages building managers to concentrate 

solely on enhancing energy efficiency to attain a higher NABERS Energy rating, while 

frequently ignoring the IEQ conditions of the building as well as the health and 
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satisfaction of office occupants. Also, 266 out of 271 NABERS IE certified buildings 

have �D���µ�%ase building�¶ certification, meaning that the only IEQ factors that have been 

evaluated in the rating are Thermal comfort, IAQ and Acoustic comfort [321]. To put it 

into perspective, if we consider the total number of office buildings to be equivalent to 

the number of NABERS energy certified buildings (1759 buildings), less than 0.3% of 

office spaces in Australia have undergone assessment of visual comfort and lighting 

performance. Since lighting environment is a Basic Factor of occupant satisfaction 

(Section 7.4.1.2)  and significantly impacts energy use in office buildings (Section 7.5.2), 

at least in warmer climates of Australia, neglecting such an important factor in Australian 

policies can cause considerable dissatisfaction among office occupants and excessive 

energy use.  

Hence, a revision is necessary for the BEEC regulations to mandate that office buildings 

possess both NABERS Energy and NABERS IE certificates and incorporate visual 

comfort in assessing the IEQ performance. This adjustment would enable a more holistic 

assessment of building performance and ensure less energy waste in office buildings.  

The main limitation of this study is its limited scope and generalizability. This study 

analysed office buildings and their occupants located in subtropical climates. 

Consequently, the results may not be applied to other geographics, climates or building 

functions. Future research may conduct field studies monitoring long-term IEQ and 

energy use in other climatic conditions to gain a more comprehensive understanding. In 

addition, the field research was conducted during the COVID-19 pandemic, which has 

negatively impacted the building occupancy and sample size in this study.  

7.6 Conclusion 

This study investigated the relationship between IEQ, occupant satisfaction and energy 

consumption in office buildings in subtropical climatic conditions. First, Kano�¶s model 

was applied to 201 satisfaction surveys of office occupants to understand the nature of 

the IEQ parameters�¶ influence on overall occupant satisfaction. Then, the relationship 

between IEQ and energy use in office buildings was evaluated by measuring IEQ 

parameters and energy use in three office buildings in summer, winter and transition 

months. Applying Kano�¶s method, IEQ parameters are classified into Basic, Proportional, 

and Bonus Factors based on their impacts on occupant overall satisfaction. Among IEQ 

parameters, Acoustic environment, Lighting environment, Level of privacy and Office 



188 
 

cleanliness were categorised as Basic factors. Their negative influence on overall 

satisfaction surpasses the positive effect. Thus, it is essential to maintain these factors at 

satisfactory levels. Thermal environment, IAQ, Furnishing, Avail able space and Personal 

control were categorised as Proportional Factors. The building�¶s performance in these 

factors correlates linearly with the changes in overall satisfaction. Lastly, the only Bonus 

Factor was View from the windows. While the under-performance of this factor does not 

have a detrimental effect on occupant overall satisfaction, its presence has a major 

positive impact on overall satisfaction. 

Evaluating the relationship between monitored IEQ parameters and energy consumption 

reveals that lighting is the most energy-intensive IEQ factor in subtropical climates. 

Comparing the results of this study with those of our previously published paper reveals 

that Australian building experts overemphasise the impact of thermal comfort on energy 

consumption in office buildings located in Australia�¶s temperate climates. Consequently, 

it is advisable for these experts to re-evaluate their perspectives when engaging in design, 

construction, and retrofitting practices. Moreover, this study highlights the absence of 

essential policies in Australia to mandate the IEQ assessment in office buildings. Less 

than 0.3% of the offices in Australia have undergone visual comfort and lighting 

performance evaluations. Lighting environment, which is categorised as a Basic Factor 

of occupant satisfaction and has a significant impact on energy use in office buildings, 

has long been neglected by Australian policies. This can lead to significant dissatisfaction 

among office occupants and excessive energy use. 
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CHAPTER 8  

Conclusions 

8.1 Research Outcomes 

This research study has examined the cross links between Indoor Environmental Quality 

(IEQ), occupant satisfaction, and energy consumption in office buildings. It has also 

developed a strategic framework to assist in the planning and implementation of 

sustainable building upgrades that prioritise energy efficiency and desirable IEQ. 

Additionally, the study has gained a deeper understanding of Australian policy and 

practises related to office buildings and has proposed practical policy modifications to 

enhance future design and retrofit projects in Australia. 
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Figure 49 provides a comprehensive depiction of the principal discoveries derived from 

this research, along with the pertinent data and methodologies employed. 

Chapter 2 addressed RQ1: What are the primary research themes in the IEQ modelling 

field? We performed a scientometric literature review to identify the knowledge gaps and 

research trends in the field of IEQ modelling and indexing. The use of VOSviewer text-

mining software, coupled with the generation of bibliometric maps, unveiled four central 

research themes within the IEQ modelling domain: energy efficiency, occupant 

perception, IAQ and health considerations, and modelling methodologies. Further, 

analysing frequently occurring keywords highlighted a recent shift in scholarly interest 

�W�R�Z�D�U�G�V���µ�H�Q�H�U�J�\���F�R�Q�V�X�P�S�W�L�R�Q�¶�����µ�H�I�I�L�F�L�H�Q�F�\���R�S�W�L�P�L�V�D�W�L�R�Q�¶���D�Q�G���µ�V�X�V�W�D�L�Q�D�E�O�H���U�H�W�U�R�I�L�W�W�L�Q�J�¶�����$�V��

a result, the core study objective was to investigate the relationship between IEQ, energy 

use and occupant satisfaction in office buildings to improve future designs and retrofitting 

projects. 

A systematic literature review was performed in Chapter 3 to explore the IEQ models 

developed to rank commercial buildings based on their performance. During a critical 

review of 25 extracted papers, influential aspects of IEQ studies (i.e., data collection 

techniques, IEQ model types, analytical methods, justifications for IEQ models, and the 

interactions among IEQ factors) were investigated. As a result, we identified five essential 

criteria for developing high-quality IEQ models: the number of IEQ factors incorporated, 

the presence of spatial and temporal variability in physical measurement, the utilisation 

of analytical methods for model development, and the quantity of responses obtained 

through subjective surveys. A simple scoring tool was developed for evaluating the 

quality of the IEQ modelling studies. The implementation of the scoring tool 

demonstrated that most of the previous studies had neglected long-term measurements 

and relied on limited spatial data collection. 

Chapter 5 addressed RQ3: What is the current status of Australian office building energy 

use and indoor environment policies? This chapter entailed a quantitative analysis of 

NABERS-�F�H�U�W�L�I�L�H�G���R�I�I�L�F�H���E�X�L�O�G�L�Q�J�V�����$�X�V�W�U�D�O�L�D�¶�V���&�%�'���S�U�R�J�U�D�P���R�E�O�L�J�H�V���R�I�I�L�F�H���V�S�D�F�H���V�H�O�O�H�U�V��

and leasers to obtain a BEEC before advertising their buildings for sale, lease or sublease. 

The findings from Phase II revealed a clear linear relationship between NABERS ratings 

(Energy and IE) and energy consumption in office spaces and shed light on how the CBD 

regulations can inadvertently incentivise building managers to prioritise energy efficiency 
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at the expense of other factors. In other words, the findings uncovered examples where 

�D�F�K�L�H�Y�L�Q�J�� �K�L�J�K�H�U�� �1�$�%�(�5�6�� �(�Q�H�U�J�\�� �U�D�W�L�Q�J�V�� �F�R�P�S�U�R�P�L�V�H�G���W�K�H�� �,�(�4�� �D�Q�G�� �W�K�H�� �R�F�F�X�S�D�Q�W�V�¶��

overall satisfaction, wellbeing and health. 

Chapter 6 addressed RQ4: How do Australian building experts perceive the influence of 

IEQ factors and parameters on occupant satisfaction and energy efficiency in office 

buildings? The chapter began with a survey design targeting Australian building experts 

(architects, building engineers and building assessors) regarding the influence of different 

�,�(�4�� �I�D�F�W�R�U�V�� �R�Q�� �R�F�F�X�S�D�Q�W�V�¶�� �V�D�W�L�V�I�D�F�W�L�R�Q�� �D�Q�G�� �H�Q�H�U�J�\�� �F�R�Q�V�X�P�S�W�L�R�Q�� �L�Q�� �R�I�I�L�F�H�� �E�X�L�O�G�L�Q�J�V����

Filtering for building experts with adequate levels of expertise, 30 building �H�[�S�H�U�W�V�¶��

survey responses were evaluated, using the FAHP method to eliminate the indeterminacy 

�D�Q�G�� �Y�D�J�X�H�Q�H�V�V�� �L�Q�� �W�K�H�� �H�[�S�H�U�W�V�¶���R�S�L�Q�L�R�Q�V���� �7�K�H�� �I�L�Q�G�L�Q�J�V�� �U�H�Y�H�D�O�H�G�� �X�Q�D�Q�L�P�R�X�V�� �D�J�U�H�H�P�H�Q�W��

among all expert groups, indicating that TC is the IEQ factor with the most significant 

impact on energy usage in office environments. However, a notable disparity emerged 

concerning the IEQ factor exerting the most prominent influence on occupant satisfaction. 

Another takeaway from this chapter was the definition of a new term (�+�'�3�Ø�Ù�Ù�Ø�Ö�ç�Ü�é�Ø�á�Ø�æ�æ), 

�E�D�V�H�G���R�Q���W�K�H���H�[�S�H�U�W�V�¶���R�S�L�Q�L�R�Q�V�����W�R���J�X�L�G�H���W�K�H���G�H�F�L�V�L�R�Q-making process during sustainable 

building retrofitting. 
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Figure 49. Overview of key research findings, data and methods 
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Chapter 7 focused on performing an empirical investigation of the relationship between 

IEQ, occupant satisfaction and energy consumption in office buildings to address RQ5: 

�+�R�Z���F�O�R�V�H�O�\���G�R���$�X�V�W�U�D�O�L�D�Q���E�X�L�O�G�L�Q�J���H�[�S�H�U�W�V�¶���Y�L�H�Z�S�R�L�Q�W�V���F�R�U�U�H�V�S�R�Q�G���W�R���F�X�U�U�H�Q�W���S�U�D�F�W�L�F�H���L�Q��

subtropical climates, and what should be modified in building legislation? 

The comparison of occupant responses and on-site IEQ measurements provided an all-

inclusive post-occupancy evaluation of the indoor environment. A survey was developed 

�E�D�V�H�G���R�Q���W�K�H���U�H�Y�L�H�Z���L�Q���&�K�D�S�W�H�U���������.�D�Q�R�¶�V���P�R�G�H�O���Z�D�V���H�P�S�O�R�\�H�G���W�R���X�Q�G�H�U�V�W�D�Q�G���W�K�H���Q�D�W�X�U�H��

of �W�K�H�� �,�(�4�� �S�D�U�D�P�H�W�H�U�V�¶���L�P�S�D�F�W�� �R�Q�� �R�F�F�X�S�D�Q�W�� �V�D�W�L�V�I�D�F�W�L�R�Q���D�Q�G�� �F�O�D�V�V�L�I�\���W�K�H�P�� �L�Q�W�R�� �E�D�V�L�F����

bonus and proportional factors. The second part of Chapter 7 was structured to assess the 

�D�J�U�H�H�P�H�Q�W���E�H�W�Z�H�H�Q�� �W�K�H�� �H�[�S�H�U�W�V�¶���S�H�U�V�S�H�F�W�L�Y�H�V���R�Q�� �W�K�H�� �L�P�S�D�F�W�� �R�I�� �,�(�4�� �I�D�F�W�R�U�V���R�Q�� �H�Q�H�U�J�\��

consumption in office buildings and real-world practices. Following the collection of 

long-term on-site measurements and BMS data on energy use and IEQ performance, a 

linear regression was developed to assess the parameters that contribute most to energy 

consumption prediction in offices. Chapter 7 demonstrated that less than 0.3% of office 

spaces in Australia have undergone an assessment of their visual comfort and lighting 

performance. Since the lighting environment is a basic factor of occupant satisfaction and 

significantly impacts energy use in office buildings, at least in warmer climates of 

Australia, neglecting such an important factor in Australian policies can cause 

considerable dissatisfaction among office occupants, as well as excessive energy use. 

8.2 Contributions  of This Study 

�7�K�H�� �D�Q�D�O�\�V�L�V���R�I�� �F�X�U�U�H�Q�W���$�X�V�W�U�D�O�L�D�Q���S�R�O�L�F�L�H�V�� �D�Q�G�� �H�[�S�H�U�W�V�¶�� �S�H�U�V�S�H�F�W�L�Y�H�V���U�H�J�D�U�G�L�Q�J�� �R�I�I�L�F�H��

buildings, in addition to empirical investigations, provided a platform for understanding 

the need for amendments in office building legislation. The outcomes of the present study 

make an essential contribution to the existing knowledge and have implications for both 

policy and practice. This section specifies these contributions and their impacts. 

8.2.1 Practical Contribution  

Significantly, this research has made a pivotal practical contribution by proposing long-

term government policy directions regarding the CBD program of Australia. The CBD 

program is crucial for maintaining transparency in the energy efficiency of office 

buildings. Based on our research findings in Chapter 5, the need for a more encompassing 

approach to building assessments has been highlighted. The proposal regarding policy 
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directions is not solely a theoretical endeavour, but rather a pragmatic framework for 

ensuring the long-term viability of office buildings in Australia. It provides a roadmap 

for policymakers to refine and enhance the existing CBD program, ensuring that they 

�F�R�Q�V�L�G�H�U�� �R�F�F�X�S�D�Q�W�V�¶�� �Z�H�O�O�E�H�L�Q�J and satisfaction in office buildings. This involves 

incorporating comprehensive assessments of energy consumption and IEQ. This 

proposition can guide the development of more balanced and effective policies, 

contributing to reducing energy waste and enhancing occupant comfort and satisfaction 

in office buildings. 

�$�Q�R�W�K�H�U�� �V�X�E�V�W�D�Q�W�L�D�O���S�U�D�F�W�L�F�D�O���F�R�Q�W�U�L�E�X�W�L�R�Q���R�I�� �W�K�L�V���U�H�V�H�D�U�F�K���L�V�� �W�K�H���D�S�S�O�L�F�D�W�L�R�Q���R�I�� �.�D�Q�R�¶�V��

�P�R�G�H�O���W�R���R�I�I�L�F�H���R�F�F�X�S�D�Q�W�V�¶���V�X�U�Y�H�\���U�H�V�S�R�Q�V�H�V�����7�K�H���D�S�S�O�L�F�D�W�L�R�Q���R�I���.�D�Q�R�¶�V���P�R�G�H�O���L�Q���&�K�D�S�W�H�U��

6 was a detailed endeavour to categorise the IEQ factors, providing a structured 

framework to understand their multifaceted impacts on occupant satisfaction. This 

application is crucial for building designers, managers and policymakers, as it allows 

them to prioritise interventions and improvements based on the actual needs and 

prefe�U�H�Q�F�H�V�� �R�I�� �W�K�H�� �R�F�F�X�S�D�Q�W�V���� �8�V�L�Q�J�� �.�D�Q�R�¶�V�� �P�R�G�H�O�� �S�U�R�Y�L�G�H�G�� �L�Q�V�L�J�K�W�V�� �L�Q�W�R�� �W�K�R�V�H�� �,�(�4��

factors that must be considered basic needs, those that can lead to greater satisfaction and 

those that can proportionally influence occupant satisfaction�����%�\���D�G�R�S�W�L�Q�J���.�D�Q�R�¶�V���P�R�G�H�O����

practitioners can ensure that the buildings are designed and managed in a way that 

optimises both occupant satisfaction and building performance. 

The present research has also played a crucial role in bridging the gap between expert 

perspectives and empirical evidence, enabling more informed and effective decisions 

during retrofitting processes. The comparison of the viewpoints of Australian building 

experts and office occupants in Chapter 7 revealed disparities in their perceptions and 

priorities. The provided insights will guide the office retrofitting planners and designers 

to better align with the actual needs and preferences of the occupants. Bridging this gap 

is significant, as it ensures that the retrofitting interventions are not solely based on 

theoretical knowledge or subjective opinions but are grounded in empirical evidence and 

actual occupant experiences. This will contribute to enhancing the overall effectiveness 

and success of retrofitting interventions, ensuring that they address the real issues faced 

by the occupants and le�D�G���W�R���W�D�Q�J�L�E�O�H���L�P�S�U�R�Y�H�P�H�Q�W�V���L�Q���W�K�H���E�X�L�O�G�L�Q�J�V�¶���S�H�U�I�R�U�P�D�Q�F�H. 
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8.2.2 Theoretical Contributions  

One of the theoretical contributions of this study is the development of an Energy and 

Indoor Environment Index (EIEI) to benchmark the energy and IEQ performance of 

Australian office buildings certified by NABERS Energy and IE. EIEI is a ratio between 

the IEQ scores awarded by NABERS, and the building energy performance. This 

innovative index provides a framework for evaluating the relationship between energy 

consumption and IEQ, allowing for a more integrated and holistic approach to building 

assessment. The EIEI index offers two primary benefits in comparison to its predecessors. 

To begin with, the normalised EUI is incorporated into the building energy performance 

calculation, leading to enhanced precision in the outcomes. Furthermore, this index is 

computed using NABERS IE ratings; IEQS can be acquired concurrently with the 

NABERS IE rating. This theoretical contribution can potentially guide future research 

and practice in the field, leading to the advancement of knowledge and the development 

of more effective building strategies. 

An additional theoretical contribution of this study is the comparison and contrast of the 

perspectives of office occupants and Australian building experts. This comparative 

analysis has enriched the existing body of research by providing insights into different 

�V�W�D�N�H�K�R�O�G�H�U�� �J�U�R�X�S�V�¶�� �Y�D�U�\�L�Q�J�� �S�H�U�F�H�S�W�L�R�Q�V�� �D�Q�G�� �S�U�L�R�U�L�W�L�H�V���� �W�K�X�V�� �D�O�O�R�Z�L�Q�J�� �I�R�U�� �D�� �P�R�U�H��

comprehensive understanding of the factors influencing occupant satisfaction and 

building performance. This investigation is crucial for understanding the complexities of 

building design and management. Therefore, results in Chapter 7 can contribute to the 

development of more effective and occupant-centric building strategies, ensuring that the 

buildings are designed and managed to meet the needs and expectations of the occupants. 

A new index was also introduced in this study�² �µ�,�(�4effectiveness�¶�����7�K�L�V��index provides a 

conceptual framework for evaluating the effectiveness of IEQ interventions in 

contributing to the overall building performance and occupant satisfaction. The value of 

�µ�,�(�4effectiveness�¶ signifies the degree to which a particular IEQ parameter contributes to the 

reduction of additional energy consumption during retrofitting while maintaining a high 

level of occupant satisfaction. An increase in the index signifies a greater efficacy of this 

IEQ parameter in enhancing occupant satisfaction and energy efficiency for the office 

building, as a result. �µ�,�(�4effectiveness�¶���L�V���V�L�J�Q�L�I�L�F�D�Q�W���V�L�Q�F�H���L�W���S�U�R�Y�L�G�H�V���D���Q�H�Z���S�H�U�V�S�H�F�W�L�Y�H���R�Q��
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evaluating IEQ interventions, allowing for a more nuanced and comprehensive 

understanding of their impact on building performance and occupant wellbeing. 

8.2.3 Methodological Contributions  

This research has made a substantial methodological contribution by pioneering a novel 

IEQ ranking and scoring method for future researchers to check the quality of the IEQ 

models developed based on diverse methods. This methodological innovation enhances 

the accuracy and reliability of IEQ assessments, contributing to refining research 

methodologies in the field. The technique developed in Chapter 3 offered a structured and 

systematic approach to IEQ assessment, enabling researchers to navigate the complexities 

of IEQ factors with greater ease.  

The research also develops a simulation method to localise a verified climate 

normalisation factor in order to standardise the intensity of energy use in buildings located 

in various climate zones of Australia. The approach in Chapter 5 allows for an accurate 

assessment of energy consumption in office buildings, contributing to the reliability and 

validity of energy studies in the Australian context. This methodological contribution 

allowed for more precise evaluations of energy efficiency interventions in Australian 

office buildings in different climatic conditions. 

The present research represents an early endeavour to use the FAHP method to understand 

�E�X�L�O�G�L�Q�J���H�[�S�H�U�W�V�¶���L�Q�V�L�J�K�W�V�����S�U�R�Y�L�G�L�Q�J���D���Q�R�Y�H�O���P�H�W�K�R�G�R�O�R�J�L�F�D�O���D�S�S�U�R�D�F�K���W�R���H�[�S�O�R�U�H���H�[�S�H�U�W�V�¶��

viewpoints on IEQ factors. By implementing the FAHP method in Chapter 6, a 

comparison was performed between building stakeholders working in different office 

building development stages (i.e., design, construction and performance). This 

methodological contribution can lead to the development of more effective and targeted 

building strategies, contributing to the enhancement of building performance and 

occupant satisfaction. 

Lastly, the technique implemented in Chapter 7 adapts an analytical method to correlate 

energy and IEQ parameters in subtropical office buildings. This methodological 

contribution provides a framework for exploring the relationship between energy 

consumption and IEQ in specific climatic conditions, allowing for more targeted and 

climate-relevant analyses.  
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8.3 Research Limitations and Future Directions 

This research has some limitations. The limitations, along with recommendations for 

future research directions, are as follows: 

�x The present research delved into the complex environment of the Australian context 

and explored the NABERS-rated buildings and the insights of Australian building 

experts. While this approach yielded a rich, detailed understanding of the local 

environment, it simultaneously raised questions about the generalisability of the 

findings to regions that are geographically and climatically diverse. Comparative, 

multinational studies could unveil universal insights into the relationship between 

energy and IEQ parameters. 

�x The study was solely focused on the dynamics within office buildings, potentially 

sidelining the multifaceted nature of other commercial building types. This narrowed 

�S�H�U�V�S�H�F�W�L�Y�H���P�L�J�K�W���F�L�U�F�X�P�V�F�U�L�E�H���W�K�H���U�H�V�H�D�U�F�K�¶�V���E�U�H�D�G�W�K�����F�R�Q�V�W�U�D�L�Q�L�Q�J���L�W�V���U�H�O�H�Y�D�Q�F�H���W�R��

a broader spectrum of building typologies. To broaden the research horizon, 

subsequent studies should diversify the building types under consideration, 

encompassing spaces such as retail, educational institutions and healthcare facilities. 

�x The unprecedented circumstances brought about by the COVID-19 pandemic posed 

substantial challenges to this study�¶s measurement and data collection processes. The 

�S�D�Q�G�H�P�L�F�¶�V�� �L�P�S�D�F�W�� �R�Q�� �E�X�L�O�G�L�Q�J�� �R�F�F�X�S�D�Q�F�\�� �D�Q�G�� �R�S�H�U�D�W�L�R�Q�D�O�� �S�D�W�W�H�U�Q�V�� �P�D�\�� �K�D�Y�H��

introduced unforeseen variables and inconsistencies. To navigate the complexities 

induced by such unprecedented events, future research should develop robust 

methodologies capable of accounting for sudden and significant disruptions. 

8.4 Concluding Remarks 

The chapters of this PhD thesis describe the various research activities. The research goal 

was achieved through the development of analytical relationships between IEQ factors, 

occupant satisfaction and energy use in Australian office buildings. Gaps in the 

knowledge in IEQMI literature were identified, and research questions were developed 

through a scientometric literature review (Chapter 2). This review was followed by a 

systematic review of existing studies in the IEQMI field to identify the best data collection 

and analysis methods for addressing the research questions (Chapter 3). Current 

Australian policies and legislation regarding office buildings were analysed, and a novel 
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energy-�,�(�4�� �L�Q�G�H�[�� �Z�D�V�� �G�H�Y�H�O�R�S�H�G�� ���&�K�D�S�W�H�U�� �������� �7�K�H�� �$�X�V�W�U�D�O�L�D�Q�� �E�X�L�O�G�L�Q�J�� �H�[�S�H�U�W�V�¶��

(architects, building engineers and building assessors) perspectives were collected and 

compared using the FAHP method, and an IEQeffectiveness index was proposed to guide 

future office building retrofitting projects (Chapter 6). Finally, the IEQ parameters were 

classified by conducting an empirical investigation of three office buildings, and the 

influence of each IEQ factor on office energy consumption was determined (Chapter 7). 

�,�Q�� �V�X�P�P�D�U�\�����W�K�L�V���U�H�V�H�D�U�F�K���G�H�P�R�Q�V�W�U�D�W�H�G���W�K�D�W���X�Q�G�H�U�V�W�D�Q�G�L�Q�J���W�K�H���Q�D�W�X�U�H�� �R�I�� �,�(�4�� �I�D�F�W�R�U�V�¶��

influence on overall office occupant satisfaction is complex. Building stakeholders must 

fully understand the difference between basic, bonus and proportional IEQ factors when 

developing new buildings or designing retrofitting projects. Moreover, this study shed 

light on how the CBD regulations can indirectly incentivise building managers to 

prioritise energy efficiency at the cost of compromising the IEQ and the overall 

satisfaction, wellbeing and health of occupants. Hence, a revision is necessary for the 

BEEC regulations to mandate that office buildings possess both NABERS Energy and IE 

certificates and incorporate visual comfort in assessing the IEQ performance. This 

adjustment would enable a more holistic assessment of building performance and ensure 

less energy waste in office buildings. 
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Appendix A 

Chapter 5 Supplementary Information  

A.1 Normalisation Procedure 

The result of building simulation is presented in Table A.1.  

Table A.1. Simulation result and weighting factor for cooling and heating 

City,  
State HDD CDD  

Energy demand for HVAC systems (kWh/m2) Heating 
and 

cooling 
months 

Total 
heating 

and 
cooling 
months 

Weighting of 
Heating and 

cooling  Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Canberra, 
ACT 1,984 58 

Heating 0.0 0.0 0.4 5.1 25.5 51.9 69.7 48.2 12.5 6.1 0.0 0.0 7.0 
12.0 

Wh 0.58 

Cooling 12.6 10.3 6.7 2.0 0.4 0.0 0.0 0.1 0.8 3.7 8.0 9.9 5.0 Wc 0.42 

Adelaide, 
SA 918 185 

Heating 0.0 0.0 0.0 0.1 2.1 7.4 12.2 7.2 1.0 0.0 0.0 0.0 3.0 
11.0 

Wh 0.27 
Cooling 16.5 13.6 12.2 4.9 1.9 0.3 0.1 0.7 1.8 5.6 9.3 11.3 8.0 Wc 0.73 

Melbourne, 
VIC 1,206 67 

Heating 0.0 0.0 0.1 1.4 8.4 24.9 25.9 17.7 5.7 1.5 0.2 0.0 5.0 
12.0 

Wh 0.42 

Cooling 13.2 10.0 8.7 2.8 0.6 0.0 0.0 0.2 0.9 3.8 6.4 9.7 7.0 Wc 0.58 

Perth, WA 663 192 
Heating 0.0 0.0 0.0 0.0 1.0 3.4 8.8 3.6 1.3 0.2 0.0 0.0 3.0 

12.0 
Wh 0.25 

Cooling 19.5 16.6 16.4 8.0 4.3 1.5 0.6 1.1 2.1 6.8 10.6 14.4 9.0 Wc 0.75 

Brisbane, 
QLD 269 136 

Heating 0 0 0 0 0 0.4 1.5 0.5 0.1 0 0 0 0.0 
12.0 

Wh 0.00 

Cooling 19.44 17.17 15.85 11.3 6.09 2.11 3.12 4.47 6.3 10.26 15.94 17.01 12.0 Wc 1.00 

Sydney, 
NSW 

503 94 
Heating 0 0 0 0 0.4 3.6 5.5 3.4 0.2 0 0 0 3.0 

12.0 
Wh 0.25 

Cooling 16.6 16.1 13.9 7.4 3.1 0.8 1 2.2 3.3 7.5 10.9 13.9 9.0 Wc 0.75 

Average 924 122         

        
 Prominent cooling required   
 Prominent cooling required   
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Based on [229], HVAC systems are responsible for roughly 70% of total base energy 

consumption in office buildings. Therefore, �ß can be calculated using following 

equation. 

�ß
L
�:�r�ä�u��
H�P�K�P�=�H���>�=�O�A���A�J�A�N�C�U���?�K�J�O�Q�I�L�P�E�K�J�; 
E�:�r�ä�y��
H���P�K�P�=�H���>�=�O�A���A�J�A�N�C�U���?�K�J�O�Q�I�L�P�E�K�J��
H�0�(�;

�P�K�P�=�H���>�=�O�A���A�J�A�N�C�U���?�K�J�O�Q�I�L�P�E�K�J
 

��������
L �r�ä�u
E�r�ä�y
H�0�( 

Table A.2. Simulation result and weighting factor for cooling and heating 

City, State 
NF (HVAC 

normalisation factor) 

�������7�R�W�D�O���E�D�V�H���H�Q�H�U�J�\��

normalisation factor) 

Canberra, ACT 1.15 1.10 
Adelaide, SA 0.75 0.83 
Melbourne, VIC 1.38 1.27 
Perth, WA 0.82 0.88 
Brisbane, QLD 0.90 0.93 
Sydney, NSW 1.43 1.30 

Dehumidification impact investigation 

Based on ASHRAE Standard 2013b "Thermal Environmental Conditions for Human 

�2�F�F�X�S�D�Q�F�\�´���� �G�H�S�H�Q�G�L�Q�J�� �R�Q�� �W�K�H�� �R�S�H�U�D�W�L�Y�H�� �W�H�P�S�H�U�D�W�X�U�H�����W�K�H�� �P�L�Q�L�P�X�P���D�Q�G�� �P�D�[�L�P�X�P��

acceptable RH in office buildings are 30% and 65%, respectively.  

Below is the monthly average relative humidity for 6 investigated cities. Adelaide and 

Brisbane have the lowest and highest annual relative humidity, respectively.  

In Adelaide (driest city) the relative humidity is always over 30% therefore, 

humidification is not a required process. Humidity is usually a big problem when it is 

together with high temperature. Few Australian office buildings have separate humidity 

control capacity. The vast majority just controls the air temperature, and humidity will 

change because of the cooling and heating processes. In Brisbane (city with highest 

humidity) the peak relative humidity occurs between Apr- June (Winter in Australia 

with temperature below 20°C). The case study office building in Brisbane is simulated 

with dehumidification setpoint of 60% to evaluate the impact of this process (Based on 
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the ASHRAE 90.1-2016 standard, the temperature setpoint for heating and cooling 

season are selected as 21°C and 23.9°C, respectively).  

 

Figure A.1. Average monthly relative humidity in 6 considered cities 

Table A.3. Energy demand for cooling in simulated office building in Brisbane  

 Dehumidification 
(Kwh/m2) 

Total 
(Kwh/m2) 

Share of 
dehumidification (%) 

Jan 3.88 21.28 18.2 
Feb 3.59 19.04 18.8 
Mar 2.42 17.28 14.0 
Apr 1.91 12.36 15.5 
May 0.53 6.51 8.2 
Jun 0.25 2.31 11.0 
Jul 0.31 3.36 9.4 
Aug 0.19 4.63 4.2 
Sep 0.21 6.48 3.2 
Oct 0.2 10.46 2.0 
Nov 3.12 17.68 17.6 
Dec 2.55 18.28 13.9 

Annual 19.17 139.68 13.7 

Based on the simulation result the energy needed for the dehumidification set point of 

60% is 13.7% of total cooling demand (less than 9.5% of total final energy demand in 

building). Therefore, the influence of relative humidity is relatively small, and only 

temperature is considered for weather normalisation.
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Appendix B 

Chapter 6 Supplementary Information  

B.1 Consistency Check 

Table B.1. Numbers of matrices that have passed consistency checking 

Level 
Occupant satisfaction Energy consumption 
All 
experts 

Architects Engineers Building 
assessors 

All 
experts 

Architects Engineers Building 
assessors 

Level 1 (IEQ) 21 8 7 6 22 7 7 8 
Level 2 (Thermal comfort) 22 7 8 7 20 6 6 6 
Level 2 (IAQ) 14 5 4 5 17 6 6 5 
Level 2 (Visual comfort) 16 7 4 5 18 9 4 5 
Level 2(Acoustic comfort) 14 6 4 4 13 6 4 3 

Table B.2 Consistency ratios of matrices used for FAHP analysis  

Level 
Occupant satisfaction Energy consumption 
All 
experts Architects Engineers 

Building 
assessors 

All 
experts Architects Engineers 

Building 
assessors 

Level 1 (IEQ) 0.017 0.022 0.004 0.026 0.032 0.035 0.008 0.074 
Level 2 (Thermal comfort) 0.021 0.022 0.030 0.022 0.017 0.043 0.074 0.004 
Level 2 (IAQ) 0.000 0.043 0.057 0.056 0.036 0.017 0.044 0.006 
Level 2 (Visual comfort) 0.043 0.016 0.081 0.017 0.043 0.086 0.029 0.070 
Level 2(Acoustic comfort) 0.022 0.000 0.043 0.022 0.004 0.022 0.075 0.000 
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B.2 IEQ Criteria Weights 

Table B.3. The default criteria weights over the occupant satisfaction assigned by different expert groups 

Criteria 

Local priority weight  

Sub-criteria 

Local priority weight Global priority weight 

A
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Thermal 
comfort 

0.474 0.304 0.542 0.576 Temperature control 0.551 0.573 0.538 0.541 0.261 0.174 0.292 0.312 

Vertical temperature 
variation 

0.101 0.129 0.09 0.083 0.048 0.039 0.049 0.048 

Relative humidity 0.245 0.197 0.258 0.281 0.116 0.060 0.140 0.162 

Air movement 0.103 0.101 0.114 0.095 0.049 0.031 0.062 0.055 

IAQ 0.161 0.172 0.139 0.172 Air filtration  0.258 0.289 0.387 0.097 0.041 0.050 0.054 0.017 

Mechanical ventilation 0.314 0.382 0.157 0.404 0.051 0.066 0.022 0.069 

Natural ventilation 0.323 0.225 0.387 0.356 0.052 0.039 0.054 0.061 

Low emission materials 0.106 0.104 0.07 0.143 0.017 0.018 0.010 0.025 

Visual 
comfort 

0.216 0.388 0.16 0.101 Daylight availability  0.298 0.552 0.262 0.079 0.064 0.214 0.042 0.008 

Artificial lighting 0.171 0.097 0.155 0.262 0.037 0.038 0.025 0.026 

Reflection or glare 0.227 0.097 0.079 0.504 0.049 0.038 0.013 0.051 

Outside view 0.305 0.254 0.505 0.155 0.066 0.099 0.081 0.016 

Acoustic 
comfort 

0.148 0.135 0.16 0.15 Outside noise 0.251 0.234 0.359 0.16 0.037 0.032 0.057 0.024 

Building systems noise 0.296 0.405 0.408 0.074 0.044 0.055 0.065 0.011 

�2�I�I�L�F�H���H�T�X�L�S�P�H�Q�W�¶�V���Q�R�L�V�H 0.150 0.181 0.108 0.16 0.022 0.024 0.017 0.024 

Colleagues' chat 0.304 0.181 0.125 0.605 0.045 0.024 0.020 0.091 
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Table B.4. The default criteria weights over the energy consumption assigned by different expert groups 

Criteria 

Local priority weight  

Sub-criteria 

Local priority weight Global priority weight 
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Thermal 
comfort 

0.586 0.634 0.557 0.566 Temperature control 0.544 0.479 0.581 0.573 0.319 0.304 0.324 0.324 

Vertical temperature 
variation 

0.185 0.211 0.146 0.197 0.108 0.134 0.081 0.112 

Relative humidity 0.174 0.211 0.209 0.101 0.102 0.134 0.116 0.057 

Air movement 0.097 0.098 0.064 0.129 0.057 0.062 0.036 0.073 

IAQ 0.265 0.213 0.267 0.315 Air filtration  0.197 0.211 0.213 0.166 0.052 0.045 0.057 0.052 

Mechanical ventilation 0.543 0.602 0.634 0.393 0.144 0.128 0.169 0.124 

Natural ventilation 0.196 0.093 0.101 0.393 0.052 0.020 0.027 0.124 

Low emission 
materials 

0.064 0.093 0.052 0.047 0.017 0.020 0.014 0.015 

Visual 
comfort 

0.099 0.101 0.12 0.077 Daylight availability  0.238 0.09 0.153 0.47 0.024 0.009 0.018 0.036 

Artificial lighting 0.542 0.627 0.63 0.37 0.054 0.063 0.076 0.028 

Reflection or glare 0.147 0.202 0.153 0.086 0.015 0.020 0.018 0.007 

Outside view 0.073 0.082 0.064 0.074 0.007 0.008 0.008 0.006 

Acoustic 
comfort 

0.050 0.052 0.056 0.042 Outside noise 0.130 0.136 0.116 0.139 0.007 0.007 0.006 0.006 
Building systems noise 0.502 0.297 0.667 0.542 0.025 0.015 0.037 0.023 

�2�I�I�L�F�H���H�T�X�L�S�P�H�Q�W�¶�V�¶��
noise 

0.230 0.393 0.137 0.16 0.012 0.020 0.008 0.007 

Colleagues' chat 0.138 0.175 0.08 0.16 0.007 0.009 0.004 0.007 
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B.3 IEQ Criteria Categorisation 

Table B.5. Categorisation of IEQ criteria weights difference considering occupant satisfaction in office buildings 

Criteria Sub-criteria 
Criteria weights difference (%) Criteria weights difference (In Levels) 

Architects Engineers Assessors Architects Engineers Assessors 

Level 1 (IEQ) 

Thermal comfort 68.0 27.2 40.8 Large Large Large 
IAQ 4.4 8.8 4.4 Small Small Small 

Visual comfort 68.7 22.5 46.1 Large Medium Large 
Acoustic comfort 5.3 4.7 0.7 Small Small Small 

Level 2 
(Thermal 
comfort) 

Temperature control 8.9 5.1 3.9 Small Small Small 
Vertical temperature 

variation 11.3 4.3 7.1 Small Small Small 
Relative humidity 19.3 5.1 14.3 Small Small Small 

Air movement 0.9 4.3 3.3 Small Small Small 

Level 2 (IAQ) 

Air filtration  12.5 51.7 64.3 Small Large Large 
Mechanical ventilation 27.1 62.9 35.9 Medium Large Small 

Natural ventilation 39.1 25.7 13.3 Medium Medium Small 
Low emission materials 0.7 14.3 14.9 Small Small Small 

Level 2 
(Visual 

comfort) 

Daylight availability  101.7 14.3 87.5 Large Small Large 
Artificial lighting 29.7 6.5 36.3 Medium Small Medium 
Reflection or glare 51.9 59.1 110.9 Large Large Large 

Outside view 20.3 80.1 59.9 Small Large Large 

Level 2 
(Acoustic 
comfort) 

Outside noise 6.8 43.2 36.4 Small Medium Medium 

Building systems noise 43.7 44.9 88.7 Medium Medium Large 
�2�I�I�L�F�H���H�T�X�L�S�P�H�Q�W�¶�V�¶��

noise 12.5 16.7 4.1 Small Small Small 
Colleagues' chat 49.1 71.5 120.5 Medium Large Large 
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Table B.6. Categorisation of IEQ criteria weights difference considering energy consumption in office buildings 

Criteria Sub-criteria 
Criteria weights difference (%) Criteria weights difference (In Levels) 

Architects Engineers Assessors Architects Engineers Assessors 

Level 1 
(IEQ) 

Thermal comfort 19.3 11.5 7.9 Small Small Small 
IAQ 20.8 0.8 20.0 Medium Small Medium 

Visual comfort 0.7 8.3 8.9 Small Small Small 
Acoustic comfort 0.8 2.4 3.2 Small Small Small 

Level 2 
(Thermal 
comfort) 

Temperature control 26.1 14.7 11.5 Medium Small Small 
Vertical temperature 

variation 10.5 15.5 4.9 Small Small Small 
Relative humidity 14.9 14.1 29.1 Small Small Medium 

Air movement 0.4 13.2 12.8 Small Small Small 

Level 2 
(IAQ) 

Air filtration 5.7 6.5 12.3 Small Small Small 
Mechanical ventilation 23.6 36.4 60.0 Medium Medium Large 

Natural ventilation 41.1 37.9 78.9 Medium Medium Large 
Low emission 

materials 11.6 4.8 6.8 Small Small Small 

Level 2 
(Visual 

comfort) 

Daylight availability  59.1 33.9 92.9 Large Medium Large 
Artificial lighting 33.9 35.1 68.9 Medium Medium Large 
Reflection or glare 22.0 2.4 24.4 Medium Small Medium 

Outside view 3.5 3.7 0.3 Small Small Small 

Level 2 
(Acoustic 
comfort) 

Outside noise 2.3 5.7 3.5 Small Small Small 
Building systems noise 82.0 66.0 16.0 Large Large Small 
�2�I�I�L�F�H���H�T�X�L�S�P�H�Q�W�¶�V�¶��

noise 65.2 37.2 28.0 Large Medium Small 
Colleagues' chat 14.7 23.3 8.7 Small Small Small 
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Appendix C 

Chapter 7 Supplementary Informati on 

C.1 Case Study Office Buildings 

Table A.1. Key information about the three case study buildings 

 Building 1 Building 2 Building 3 

Location Gold Coast Gold Coast Brisbane 

Time completed June 2009 June 1991 June 2013 

Building rating - - 6-star Education Design 

by the Green Building 

Council of Australia 

Gross floor area 

(m2) 

7342 4504 7294 

Usable floor area 

(m2) 

4639 2689 3710 

Number of floors 6 4 8 

Number of open-

plan offices 

12 11 11 

Number of cellular 

offices 

48 78 37 

Electricity source Grid Grid Solar PV panels and 

hydrogen fuel cells. 

Cooling source Screw air-

cooled chillers 

Screw air-cooled 

chillers 

Centrifugal water-

cooled chiller and 

chilled water storage 

tank 

Heating source Electric duct Electric duct Electric duct 
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(a)     (b)           (c) 

Figure A.1. The inside view of case study office spaces, a) Building 1; b) Building 2; 
and c) Building 3  

 
(a) 

 
(b) 

Figure A.2. Mean monthly outdoor temperature and relative humidity in (a) Brisbane; 
and (b) Gold Coast 
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Figure A.3. Floor plan of the offices and the location of sensors a) Building 1; b) 

Building 2; and c) Building 3 
 
 

Sound pressure level meter 
Photometer and anemometer 
CO2, PM2.5, air temperature and relative humidity sensors 
 

(c) 

(a) 

(b) 
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C.2 Occupant Survey 
 

  1. How old are you? 

o Less than 20 

o 21-30 

o 31-40 

o 41-50 

o 51-60 

o More than 60 

2. What is your gender? 

o Male 

o Female 

o Non-binary 

3. What is your highest completed qualification? 

o Less than Year 12 or equivalent 

o �<�H�D�U���������R�U���H�T�X�L�Y�D�O�H�Q�W�����+�6�&���/�H�D�Y�L�Q�J�� �F�H�U�W�L�¿�F�D�W�H������ 

o �9�R�F�D�W�L�R�Q�D�O���T�X�D�O�L�¿�F�D�W�L�R�Q���R�U���$�V�V�R�F�L�D�W�H���G�L�S�O�R�P�D������ 

o Undergraduate degree (including with Honours) 

o �3�R�V�W�J�U�D�G�X�D�W�H���G�H�J�U�H�H�����0�D�V�W�H�U�¶�V���G�H�J�U�H�H���R�U���'�R�F�W�R�U�D�W�H�� 

4. How long you have been working in your current office? 

o Less than 3 months 

o 3 months to 1 year 

o 1 - 5 years 

o 6-10 years 

o More than 10 years 

5. What type of job are you responsible for? 

o Administrative 

o Management 

o Professional and research 

o Service management 
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6. How much time do you spend in the office every week? 

o < 10 hours  

o 11-20 

o 21-30 

o 31-40 

o > 40 hours 

 

7. Please indicate your office building, floor number and room number. 

 

8. How close is your workstation to the nearest external window (approximately)? 

o 0�±1m away from windows 

o 1�±2m away from windows  

o 2�±3m away from windows 

o 3�±4m away from windows 

o Over 4m away from window 

9. What type of office layout do you work at? 

o Cellular 

o Open plan 
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Please express your opinion about each IEQ parameter considering your experience last 

week. 

 

10. Overall thermal comfort 

 

11. Overall indoor air quality 

 

 

 

12. Overall lighting environment 

 

13. Overall acoustic environment 

 

14. Amount of privacy 

 

15. Furnishing 

 

16. Office cleanliness 
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17. View from the windows 

 

18. Available space 

 

 

19. Personal control 

 

 

20. Overall indoor environmental quality 

 

 

 21. You reached the end of this survey. Thank you for your time and honest 

responses. Please enter your email address to enter the prize draw: 

 

 


