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Foreword 

This project represents the efforts of a PHD study at Griffith University, Australia. The 

research focuses on building performance evaluations of higher education buildings. 

Inspiration for this project came from Australian and more globally campus sustainability 

initiatives and the need to better advocate and implement campus sustainability actions. The 

lack of building benchmark systems and systematic performance evaluation is the main 

impediment for the practice of green initiatives on campuses.   



ABSTRACT                                                                                                                                                            ii 

 

Abstract 

Universities play a significant role in creating a sustainable future, and green campus 

buildings can make a valuable contribution to the spread of sustainability education. Due to 

the variety and complexity of uses, performance evaluation of campus buildings has become 

a challenge. Using campus buildings as case studies, this thesis aims to understand the 

patterns of use, and to benchmark the performance of higher education buildings including 

several factors such as energy use, occupant satisfaction and thermal comfort. The campus 

building benchmarks and performance evaluation provide a guideline for university 

authorities to promote sustainability principles and enhance efficiency by evaluating building 

performances, determining feasible green initiative techniques, and forecasting future 

building performances. 

Based on a thesis by paper, this research has developed quantitative and qualitative 

approaches. Specifically, the methodology included a set of post-occupancy evaluations of 

buildings in use, based on case studies from Queensland universities including Griffith 

University, the University of Queensland, and Bond University. The study addresses three 

areas of building environmental performance assessment criteria: energy use (Chapter 2), 

occupant satisfaction (Chapter 3), and thermal comfort (Chapter 4) in higher education 

buildings. 

In Chapter 2, an energy benchmark system was developed for each campus building type in 

terms of both discipline and activity. A set of energy benchmark tables was developed to 

provide a guideline for university authorities and promote energy efficiency by evaluating 

building energy use and determining feasible energy saving techniques.  

In Chapter 3, green campus buildings are compared with non-green counterparts, and some 

areas of strength and weakness in the design and operation of green building strategies are 

identified. The research showed that occupant satisfaction is not necessarily higher in green 

buildings than that of non-green structures when comparing all building parameters. The 

study revealed the weaknesses of green buildings to be noise, ventilation, and artificial 

lighting.  

Chapter 4 focuses on promoting mixed-mode ventilation to enhance both energy performance 

and occupant satisfaction in campus buildings. Mixed-mode ventilation is a system that uses 

a combination of natural and artificial ventilation. Thermal comfort models for three types of 
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mixed-mode buildings were developed in order to promote the use of mixed-mode systems in 

higher education buildings.  

Finally, a set of frameworks and policy implications in terms of investment decision making, 

facility management, operational quality control, and planning and design are proposed 

(Chapter 5) to improve the effectiveness of green building initiatives at higher education 

buildings. This study sheds light on performance evaluation of campus buildings, which 

could be used as a reference for the design, construction and operation of sustainable campus 

buildings. 
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Glossary 

ADAPTIVE THERMAL COMFORT MODEL: A thermal comfort model that predicts 

occupants' thermal expectations and preferences based on contextual factors, such as having 

access to environmental controls, and past thermal history.  

AIR CONDITIONING: Air conditioning (AC) is the process of removing heat and moisture 

from the interior of an occupied space, to improve the comfort of occupants.  

AIR CHANGE RATE: The number of volumes of the space that are air renewed every hour 

(unit: ACH).  

AIR TEMPERATURE: The temperature of ambient air calculated in degree Celsius 

(unit: °C) in this work.   

AIR VELOCITY OR SPEED: The distance air travels per unit of time (m/s). 

ASHRAE: American Society of Heating, Refrigerating and Air-Conditioning Engineers or 

ASHRAE is a global professional association originated from America that has a focus on 

heating, ventilation, air-conditioning and refrigeration systems design and construction. 

AUTOMATED MIXED-MODE: A type of changeover mixed-mode ventilation that the 

operation of natural and artificial ventilations is controlled by a BMS and doesn’t allow 

building users to manually switch the ventilation system between natural and artificial 

ventilations.  

BENCHMARKING: The development of a system, which predicts the level of efficiency and 

the performance of buildings, based on a sample of similar reference buildings. 

BUILDING BULK RATIO: The ratio of UFA divided by GFA.  

BUILDING ENERGY LOAD: The total energy consumption of a building for operation and 

maintenance.   

BUILDING ENVELOPE: The elements of a building that enclose conditioned spaces 

through which thermal energy may be transferred to or from the exterior. 

CHANGE-OVER: A type of mixed-mode ventilation that has both operable windows and 

artificial cooling systems in one place, and the system allows switching between the two 

modes of ventilation operations.  

CLOTHING INSULATION: The thermal insulation provided by clothing (unit: clo). 
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COMFORT RANGE: The range of climatic conditions within which people feel comfortable 

(°C).  

COMFORT TEMPERATURE: The temperature that one feels comfortable (unit: °C), but 

this may vary greatly between individuals, depending on factors such as activity level, 

clothing, and humidity.  

CONTROL: A device or devices that regulates heat flow between the building and the 

exterior. 

COOLING ENERGY: The amount of energy (unit: kWh) used in a building for cooling to 

provide a comfortable indoor environment for its users. 

COOLING SEASON: The period(s) during the year when the outside temperature and 

humidity conditions require that the living spaces must be naturally or mechanically cooled to 

be comfortable.  

CORRECTED ORDINARY LEAST SQUARE: A statistical analysis model with a slightly 

different approach from OLS, which involves shifting the line towards the best performing 

company. 

DEGREE DAY: A unit of heat measurement equal to 1o C variation below a standard 

temperature, usually 18o C in the average temperature of one day.  

DRY BULB TEMPERATURE: The temperature of air measured by a thermometer freely 

exposed to the air, but shielded from radiation and moisture. DBT is the temperature that is 

usually thought of as air temperature, and it is the true thermodynamic temperature (unit: °C). 

ENERGY CONSUMPTION: The total energy used in the building for operation and 

maintenance (unit: kWh).  

ENERGY EFFICIENCY: It is a goal or a capacity to minimise the amount of energy required 

to provide products and services.  

ENERGY USE INTENSITY: Energy consumption of buildings divided by gross floor area of 

the building (unit: kWh/m2/year).  
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FLOOR AREA: Floor area indicates the area contained within the building measured to the 

external face of the external walls. 

FREE RUNNING MODE: A building is under free running mode when a building uses no 

mechanical cooling or heating to provide comfortable indoor environments for its users.  

GLOBE TEMPERATURE: Black globe temperature is a measure of how hot it feels to the 

human body, considering the temperature and the relative humidity (unit: °C). Black globe 

temperature is used for indoor spaces and is not affected by solar radiation and sun angle.  

GREEN BUILDING: A green Building incorporates principles of sustainable development – 

meeting the needs of the present without compromising the future.  

GRIFFITHS’ MODEL: A model that expresses the relationship of air temperature and 

thermal responses to the neutral temperature.  

GROSS FLOOR AREA: Total floor area of the building containing non-functional intended 

spaces including lobbies, enclosed machinery rooms on the roof, stairs and lifts, mechanical 

and electrical services, lifts, columns, toilet areas (other than in domestic property), ducts, 

and risers. 

HEATING ENERGY: The amount of energy used in a building for heating to provide a 

comfortable indoor environment for its users.  

HEATING SEASON: The period(s) during the year when the outside temperature and 

humidity conditions require that the living spaces must be mechanically heated to be 

comfortable. 

HVAC: Heating, ventilation, and air conditioning (HVAC) is the technology of indoor and 

vehicular environmental comfort.  

INDOOR ENVIRONMENTAL QUALITY: Indoor environmental quality also known as IEQ 

is a general indicator of the quality of conditions inside buildings, and typically includes 

temperature humidity, air velocity, lighting, noise, etc.  

MANUAL MIXED-MODE: A type of changeover mixed-mode ventilation that occupants 

can manually switch the ventilation system between natural and artificial ventilations.  

MEAN RADIANT TEMPERATURE: Mean radiant temperature is the mean of the surface 

temperatures of the indoor spaces weighted by their area (unit: °C). 
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METABOLISM RATE: Metabolic rate is calorie burn rates or the amount of energy used per 

unit of time by a person with the measurement unit of met.  

MIXED-MODE BUILDING: A building with mixed-mode ventilation.  

MIXED-MODE VENTILATION: A ventilation system that integrates air-conditioning with 

natural ventilation whenever it is desirable and feasible, to maximise comfort.  

MIXED-USE BUILDING: A building which is used for a variety of functions such as 

teaching, research, office works, and administrative works.  

NATURAL VENTILATION: the process of supplying air to and removing air from an 

indoor space without using mechanical systems.  

NEUTRAL TEMPERATURE: The temperature (unit: °C) where one feels neither cool nor 

warm.  

OPERATIVE TEMPERATURE: Also known as, dry resultant temperature (unit: °C); a 

uniform temperature of an imaginary black enclosure in which an occupant would exchange 

the same amount of heat by radiation plus convection as in the actual non-uniform 

environment.  

ORDINARY LEAST SQUARE: A statistical analysis model of linear least square method for 

estimating the unknown parameters in a linear regression model.  

POST-OCCUPANCY EVALUATION: Post-occupancy evaluation or POE is a structured 

and systematic analysis of the performance of a building during operation. POE is the process 

of obtaining feedback from a building in use.  

PREDICTED MEAN VOTE: Predicted mean vote or PMV is a steady-state thermal comfort 

model that is based on the principles of heat balance and experimental data collected in a 

controlled climate chamber under steady state conditions. 

PREVAILING MEAN OUTDOOR AIR TEMPERATURE: The temperature (unit: °C) 

calculated based on the arithmetic average of the mean daily outdoor temperatures over 1 or 

up to 30 sequential days prior to the day.  

RELATIVE HUMIDITY: The amount of water vapour (unit: %) present in air expressed as a 

percentage of the amount needed for saturation at the same temperature. 

https://en.wikipedia.org/wiki/Steady_state


GLOSSARY  xxi 

 

SEMI-MANUAL MIXED-MODE: A type of changeover mixed-mode ventilation that BMS 

controls the operation of natural and artificial ventilations, but where occupants can also 

manually switch the ventilation system between natural and artificial ventilation. 

SHOULDER SEASON: The period(s) during the year when the outside temperature and 

humidity conditions require no natural or mechanical heating and cooling to be comfortable. 

STANDARD DEVIATION: A quantity expressing by how much the members of a group 

differ from the mean value for the group. 

STEADY STATE THERMAL COMFORT MODEL: Also known as PMV model; a steady-

state thermal comfort model that is based on the principles of heat balance and experimental 

data collected in a controlled climate chamber under steady state conditions. 

STOCHASTIC FRONTIER ANALYSIS: A statistical analysis model of economic modelling 

with a starting point in the stochastic production frontier models.   

SUSTAINABILITY: The avoidance of the depletion of natural resources in order to maintain 

ecological balance.  

THERMAL COMFORT: The condition of mind where one expresses satisfaction with the 

thermal environment, and is assessed by subjective evaluations. 

THERMAL SENSATION VOTE: Thermal sensation votes (TSV) represent thermal 

sensation responses from real-time surveys regarding indoor environmental qualities.  

Top: Operative temperature or Top (unit: °C) is a simplified measure of human thermal 

comfort resulted from air temperature, mean radiant temperature and air speed. 

USABLE FLOOR AREA: Usable floor area (USA) is the total floor area of a building minus 

spaces taken up by lobbies, enclosed machinery rooms on the roof, stairs and lifts, 

mechanical and electrical services, lifts, columns, toilet areas (other than in domestic 

property), ducts, and risers.  

WINDOW-TO-WALL RATIO: The measure of the percentage area determined by dividing 

the building's total glazed area by its exterior envelope wall area. 

  

https://en.wikipedia.org/wiki/Steady_state
https://en.wikipedia.org/wiki/Contentment


ACRONYMS  xxii 

 

Acronyms 

AC   Air conditioning 

TSV   Thermal sensation vote 

Ta                 Air temperature 

Va                Air velocity 

BBR  Building bulk ratio 

BD  Building design  

BREEAM 
Building Research Establishment Environmental Assessment 

Method 

BUS Building Use Studies 

CBE  Centre for Built Environment 

CLNC  Clinic 

clo         Clothing insulation 

COM  Computer laboratory 

COLS  Corrected ordinary least square 

Rho Effect size 

EC  Energy consumption 

EUI  Energy use intensity 

FM Facilities management 

Tg                Globe temperature 

G            Griffiths’ constant 

GFA  Gross floor area 

HVAC  Heating, ventilation and cooling 

HVAC   Heating, ventilation, and air conditioning 

IAQ Indoor air quality 

IEQ        Indoor environmental quality 

LAB  Laboratory 
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LEED Leadership in Energy and Environmental Design 

LCTR  Lecture and seminar rooms 

MRT         Mean radiant temperature 

M Mean radiant temperature 

MM        Mixed-mode building 

NV         Natural ventilation 

LIB  Open stack library 

Top               Operative temperature 

OLS  Ordinary least square 

Tpma(out)    Prevailing mean outdoor air temperature 

RH         Relative humidity 

RTL  Retail 

SD         Standard deviation 

SFA  Stochastic frontier analysis 

STD  Studio 

UFA  Usable floor area 
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Chapter 1. Introduction 

1.1 Background 

1.1.1 The role of higher education in sustainable development 

Sustainability transformation begins with the recognition of global sustainability issues that is 

most importantly an acknowledgement of environmental values, ideas, perspectives, and 

knowledge (Orr, 2004). Higher education offers a learning ground for our current and future 

cities. Through research activities, universities possess a great potential for solving global 

challenges and providing evidence-based and innovative solutions (Cole, 2003). Education is 

not only learning from books, but also learning from observing good examples of how to do 

things. A fundamental transformative shift in thinking, values, and action by all of society’s 

leaders and professionals as well as the general population is necessary to guarantee a 

sustainable future for our societies (Cortese, 2003).  

Historically, universities have played a significant role in transforming societies and social 

changes through their high profile leadership role in the educational transformation of society 

(Brennan, King, & Lebeau, 2004). For instance, when New York University built its campus 

for the first time in City Downtown in an era when universities only served the elite in a place 

far from the city centre provided education for the first time to everybody regardless of their 

socio-economic background, and significantly contributed to the cultural transformation of 

American education (New York University, 2018). In the same way, Pennsylvania State 

University acted as a leader in the transformation of American education by enhancing higher 

education accessibility to everyone by establishing a series of undergraduate branch 

campuses, primarily to meet the needs of students who were location-bound during the Great 

Economic Depression in the 1930s (S. Johnson & Hiatt, 2018).   

These two examples show the significant influence of higher education on our societies, 

demonstrating the great opportunity to increase public awareness and sustainability education 

through promoting sustainability in higher education. Accelerating global sustainability 

transformation would only be possible if a large group of people become educated and 

committed to sustainability priorities and actions. Education for sustainability development 

promotes a change in people’s thinking and working towards a sustainable future (United 

Nations Educational Scientific and Cultural Organization, 2018).  
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1.1.2 Green campus building as a sustainability incubator  

A change in mindset through a sustained, long-term effort seems necessary to achieve a 

sustainable future. One way to this mindset transformation is using green higher education 

buildings as sustainability showcases to provide examples of experimenting to solve 

sustainability issues. Buildings provide the physical space and facilities for campus activities, 

and are an important part of a university campus, while being responsible for 30% of global 

greenhouse gas emissions and 40% of total energy use worldwide (D. Hsu, Meng, Han, & 

Suh, 2017). The contribution of the building industry also accounts for one-sixth of the 

world's freshwater consumption, one-quarter of wood harvesting, and two fifths of material 

and energy resources (Glyphis, 2001). The concept of sustainability and green buildings is a 

recent response to optimising building energy and resource consumption (Balaban & de 

Oliveira, 2017).  

Greening university buildings and promoting the integration of environmental and 

sustainability principles enhance sustainable developments through implementing long-term 

sustainability goals into teaching, research, community engagement, and management of 

university buildings. Green higher education buildings used as testbeds could create 

comprehensive solutions to mitigate the current environmental challenges while providing 

safer and more comfortable environments with optimised use of natural resources. Green 

buildings at universities promote sustainability efforts in communities and support research 

on sustainable development issues.  

1.2 Green building initiatives  

Green building initiatives in higher education aim to encourage higher education institutions 

to teach sustainable development concepts, contribute to research on sustainable development 

issues, create green buildings as sustainability showcases, and support sustainability efforts in 

communities. Following the current trend of sustainability education, many universities are 

moving towards making commitments by integrating sustainability into their existing and 

new buildings (Zhao & Zou, 2018). Green buildings on university campuses employ a wide 

range of frameworks addressing greenhouse gas emissions, energy, water, biodiversity, 

waste, transport during procurement, planning, and development stages. Examples from 

higher education green buildings from the United States (US), the United Kingdom (UK), 
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and Australia are included in this section, showing the great transformative potential for 

universities.  

1.2.1 Engineering & Computer Science building, Florida Atlantic University, Boca Raton, 

US 

The School of Engineering and Computer Science (ECS) in Florida Atlantic University in 

Boca Raton is committed to sustainability by being at the forefront of energy conservation 

and environmental leadership (see Figure 1.1). Designed by Leo A Daly, the ECS building is 

the first higher education building in Florida to achieve LEED (Leadership in Energy and 

Environmental Design) Platinum level standards. The building accommodates research 

laboratories for electrical and computer engineering programmes, as well as distance learning 

lecture halls, dining areas, a convenience store, outdoor classrooms, and open study areas. 

The building utilises an interactive display unit in the entrance showing real time 

temperatures, water flow, and energy use (LAD, 2011). 

 

Figure 1.1. Engineering and Computer Science (ECS) in Florida Atlantic University in Boca Raton, Florida, US © LAD 

(2011) 

The ECS building utilises several green building initiatives such as chilled beam technology, 

photovoltaic systems, data centre heat recovery, and the use of local material to achieve a 

high standard in energy and water efficiency, as well as carbon emission reductions. To 

reduce heating loads, geothermal wells are used to reheat the fresh air from outside before it 

enters indoor spaces, with the heat from groundwater that has a stable temperature of 25 

degrees all year round. Heat exchangers recover the heat from the data centre in the building 

to reduce building heating demands. The design of the building allows 90% of indoor spaces 

to be naturally lit. Solar shadings control heat gains and glare through windows. Solar hot 

https://fauf.fau.edu/wordpress/?p=2438
https://fauf.fau.edu/wordpress/?p=2438
https://fauf.fau.edu/wordpress/?p=2438
https://fauf.fau.edu/wordpress/?p=2438
https://fauf.fau.edu/wordpress/?p=2438
https://fauf.fau.edu/wordpress/?p=2438
https://fauf.fau.edu/wordpress/?p=2438
https://fauf.fau.edu/wordpress/?p=2438
https://fauf.fau.edu/wordpress/?p=2438
https://fauf.fau.edu/wordpress/?p=2438
https://fauf.fau.edu/wordpress/?p=2438
https://fauf.fau.edu/wordpress/?p=2438
https://fauf.fau.edu/wordpress/?p=2438
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water technology has been used in the building to supply hot water and minimise building 

energy demands.  Other green building initiatives include high-efficiency restroom fixtures 

and occupant sensors, utilizing Florida native and adaptive vegetation to restore natural plant 

and animal habitat, and the use of educational signage about LEED strategies and systems 

used in the building. Some basic information about the building design and construction is 

presented in Table 1.1. 

Table 1.1. Florida Atlantic University Engineering and Computer Science project information summary (LAD, 2011).  

Project Name  Florida Atlantic University Engineering and Computer Science, Florida, 

US  

Project completion  2011 

Floor area  8900 m2 

Project budget  $43 million 

Location Boca Raton, Florida, US 

Climate Subtropical 

Context Urban 

Architect  Leo A Daly 

Structural and M&E Consultant  OMN & J, Inc. and Affiliated Engineers SE, Inc. 

Building type Office and educational 

Project Manager James A. Cummings 

Style High-tech modern 

Tenants  Computer science, electrical and computer engineering 

Client University of Florida 

Number of occupants - 

Number of storeys 5 

Innovative ventilation system Geothermal 

Air conditioning Chilled beam system 

 

1.2.2 Jessop West, Sheffield, UK 

Jessop West is a university office building in the UK. The University of Sheffield launched a 

competition for an eco-friendly building. Sauerbruch Hutton won the competition to design a 

master plan for the site to present a model of sustainability and environmentally friendly 

features. In the later stages of the project, RMJM architects developed the design for the 

Jessop West building to accommodate the Department of History, the School of English, and 

the School of Modern Languages and Linguistics.  

https://www.archdaily.com/search/projects/country/united-states
https://www.archdaily.com/office/leo-a-daly
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Figure 1.2.  Jessop West’s double skin façade, University of Sheffield, UK, adapted from Khoshbakht, Gou, Dupre, and 

Altan (2017).  

The Jessop West building considers aesthetics through practical and cost-effective solutions. 

Jessop West is a fully naturally ventilated building with no air-conditioning or mechanical 

ventilation. Because Sheffield has a temperate climate with cold winters and mild summers, 

the building had been insulated using the highest technology at the time of its construction to 

minimise the heat lost through the building envelope (Khoshbakht et al., 2017). The building 

is featured with the west-facing coloured glass cladding double skin façade (Figure 1.2) and 

the shaft box window is fully naturally ventilated (Lovel, 2013). The outside air enters the 

cavity through an acoustic labyrinth at the bottom and enters office rooms through operable 

double-glazing windows to the side of the cavity. The shaft box cavities are glazed with 

coloured glass and siphons the stale air at the roof level using solar chimney effects. More 

features about this building are published in a study by Khoshbakht et al. (2017). The façade 

was prefabricated by the subcontractor, Schneider, in Germany and brought to Sheffield. The 

building obtained Silver Standard at the Green Impact Award Ceremony in 2011 and 

possesses many green building features on the campus. Some basic information about the 

building design and construction is presented in Table 1.2.  
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Table 1.2. Jessop West project information summary, adapted from Khoshbakht et al. (2017).  

Project Name  Jessop West, Sheffield, UK  

Project completion  2009  

Floor area  5,880 m2 

Project budget  £21.2 m 

Location Sheffield, UK 

Climate Temperate 

Context Urban 

Architect  Sauerbuch Hutton and RMJM  

Structural and M&E Consultant  Arup 

Building type Office and educational 

Project Manager Turner and Townsend 

Style High-tech modern 

Tenants  Arts and Humanities Department 

Client University of Sheffield 

Number of occupants 400 staff 

Number of storeys 6 

Innovative ventilation system Double skin façade and operable windows 

Air conditioning None 

 

1.2.3 Tyree Energy Technologies building, Sydney, Australia 

In Australia particularly, many institutional buildings are now being built with state-of-the-art 

green building features and renewable energy generation technologies to promote the 

international commitment to sustainability transformation. One example of an Australian 

green higher education building is the Tyree Energy Technologies (TET) building at the 

University of New South Wales in Sydney, amid a subtropical climate (see Figure 1.3).  

 

Figure 1.3.  The TET building, University of New South Wales, Sydney, Australia © DCA Facade (2016). 
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TET is home to the Australian Energy Research Institute (AERI) at the University of New 

South Wales in Australia. The $81.6 million project was designed to accommodate teaching 

and research facilities for solar photovoltaic technologies, sustainable clean fuels, smart grids, 

energy storage, energy economics, and policy analysis (Group of Eight Australia, 2017). The 

five-storey building with 15,000 square meters of space was completed on January 2012 

(Santangelo, 2017). The facility incorporates administrative spaces, teaching and learning 

spaces (11%), research areas and laboratories (19%), engineering display spaces, and a café 

(TEMC, 2013). The building was given a 6-Star Green rating by the Green Building Council 

of Australia. It was the fourth in Australia and the first in New South Wales to obtain a 6-Star 

Green certification. Some basic information about the building design and construction is 

presented in Table 1.3.  

Table 1.3. The TET building project information summary (Group of Eight Australia, 2017). 

Project Name  Tyree Energy Technologies Building, Sydney, Australia  

Project completion  2012  

Floor area  15,000 m2 

Project budget  $81.6 million 

Location Sydney, Australia 

Climate Subtropical 

Context Urban 

Architect  Francis-Jones Morehen Thorp 

Structural Consultant  TTW 

Building type Office and educational 

Project Manager Capital Insight 

Style High-tech modern 

Tenants  The Faculty of Engineering 

Client University of New South Wales 

Number of occupants 359 staff 

Number of storeys 5 

Innovative ventilation system Central atrium, motion and CO2 sensors 

Air conditioning Chilled water 

 

Rainwater is collected from the roof and treated before being used in toilets, irrigation and 

cooling towers. The building also uses water efficient fixtures to minimise water use. Non-

potable treated bore water and rainwater are used in the cooling tower of the tri-generation 

system. To minimise the artificial lighting in the building, photoelectric and motion sensors are 

used in the lighting design system. Double glazed windows also minimise the heat and 

conditioned air lost through the glazing areas. In order to optimise solar heat gain from the east 

http://www.aeri.unsw.edu.au/
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façade and decrease the cooling loads, the windows on this side have a heat reflective layer on 

the glass. The design of TET used a large inclined roof as a canopy to create deep shading. 

The roof of the building is a living laboratory for testing photovoltaic cells as well as solar 

energy collection for the production of electricity for the building. Photovoltaic arrays consist 

of 1,100 square meters of solar panels at different tilt angels. The system has a capacity of 150 

kWp electricity production. The electricity is exported to the university’s high voltage network. 

By creating a visual connection between floors, the central atrium and open plan office layouts 

enhance a sense of collaboration between different floors and research groups.  

From the combustion of natural gas, the tri-generation system generates electricity and heat. 

The waste heat from the combustion process is used for heating and cooling the water in the 

heating and cooling system. The chilled water is also exported to the campus electricity 

network. Two concrete tunnels of 90 metres long, 1.2 metres wide and 3 metres high, located 

in the south and the north of the building, are used as a thermal labyrinth for underground 

passive heating and cooling of water.   

The building has a mixed mode ventilation system where HVAC (heating, ventilation and 

cooling) is controlled according to the zones of disclosed spaces. Based on the mode of 

occupancy, HVAC is controlled by temperature set-points. In TET, there is a very tight 

comfort temperature range from 22 to 23o C during occupied hours and shoulder times from 7 

am to 10 pm. Building management service (BMS) controls the opening of the vertical 

windows in the atrium for night purge if outside conditions are suitable for natural 

ventilation. Buildings with laboratory facilities are particularly more energy intensive with 

extended indoor environmental quality controls and 24/7 HVAC operation requirements. 

During unoccupied hours, the control system allows an additional two degrees beyond the 

comfort temperature range from 20 to 25 oC. 

The three campus green buildings across the US, UK and Australia further showed the higher 

education sector’s willingness to make a significant impact on reginal and national 

sustainability transformation by investments in green buildings. The examples also 

demonstrate that universities strive to leverage the great benefits from green buildings, such 

as addressing climate change, expanding economic benefits and growth, and creating 

sustainable and thriving communities.  
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1.3 Problem statement 

The primary purpose of a building is to provide shelter from adverse external climatic 

conditions (Bougdah & Sharples, 2009). However, expectations of buildings have increased 

considerably in recent years, and conditions which were tolerated in the past might be 

considered unacceptable nowadays (Leaman, 2003). The role of building performance 

assessors is to evaluate whether building user and owner goals and expectations are achieved. 

In reality, buildings do not always perform as intended by designers and engineers (Bordass, 

Cohen, Standeven, & Leaman, 2001). Almost every building has deficiencies to some extent, 

and chronic problems persist (Leaman & Bordass, 2001).  

Poor communication between building designers and performance assessors often results in 

unfavourable living and working environments (Bordass & Leaman, 2005). Post-occupancy 

evaluation (POE) is a process for evaluating a building’s performance after it has been 

occupied and used for some time (Preiser, 2001). Given the lack of POE studies, problems in 

buildings never have a chance to be solved. Early POE studies focused on government social 

housing schemes, yet POE only began to be used in commercial and office buildings in the 

mid-1980s (Federal Facilities Council, 2002). Green buildings as high-performance structures 

are environmentally responsible and resource efficient buildings that aim to create functional, 

productive and comfortable spaces for their occupants (O’Mara & Bates, 2012). Building 

performance efficiency is a subset of POE studies that are often called building evaluations 

(Leaman, Stevenson, & Bordass, 2010). POE studies have been designed and used to fill the 

gap between predicted and actual building performances (Menezes, Cripps, Bouchlaghem, & 

Buswell, 2012).  

The knowledge acquired from building performance assessments in higher education 

buildings through POE studies can be used to produce more accurate building performance 

models and contribute to high-performance buildings. There are no frameworks or guidelines 

for building performance evaluations for higher education buildings. Many green building 

strategies have been implemented in campus buildings, but less is known about the 

effectiveness of the green initiatives; furthermore, performance evaluation tools are non-

existent. One reason behind the minimal progress in understanding campus building 

performances is due to the complexity of these building types. Campus buildings are often 

multi-structured and complex organisations with numerous decision-making styles, operation 

hours, and priorities (L. Sharp, 2002).  
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There is no single point of control to program, implement and observe building 

performances, particularly in campus buildings. Facility management has often been limited 

to observations on the real performance of university buildings, and only relies on sensors 

and computer programs. Accordingly, there are often poorly understood problems in such 

buildings. Another challenge for improving building performances in higher education is 

their extensive growth in the proliferation of new technologies with different energy demands 

and associated complexities. These complexities result in the most concentrated and 

indecipherable challenges in developing towards environmental sustainability on university 

campuses. 

1.4 Framework of building performances: energy, occupant satisfaction, and 

thermal comfort 

Buildings need maintenance, water and energy to operate and provide satisfactory indoor 

environments for users and business owners (see Figure 1.4). While owners expect their 

buildings to be sustainable, accessible, adaptable, energy efficient, and cost-effective; and to 

support their business lines by enhancing worker productivity, and increasing profits, users 

expect buildings to be functional, comfortable, safe, not to impair their health, and to increase 

productivity (Federal Facilities Council, 2002). Low maintenance, water and energy use, and 

high satisfaction are key to achieving a high standard of building performance. 

 

Figure 1.4. Building operations and performance expectations by users and business owners.  
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The performance evaluation of buildings comprises a long checklist of factors that evaluate 

different aspects of building performances. However, the selection and development of a 

personalised checklist are recommended based on organisational priorities. Since 

organisations have different functional requirements, a generic building performance 

evaluation checklist may not be relevant to every organisation. Building evaluation checklists 

are developed based on continuing discussions with staff or based on a generic performance 

assessment for the identification of significant challenges in buildings. These activities 

significantly help in developing a relevant checklist for building evaluation assessment.  

Energy and user satisfaction indicate the two fundamental elements of building performance 

assessments (Tam, Almeida, & Le, 2018). At the fundamental level, buildings as machines 

need the energy to provide a satisfactory indoor environment for occupants. Focusing 

on energy efficiency and user satisfaction in buildings by harmonising several architectural, 

construction and building services specifications offer a significant key for holistic 

sustainable design practice. Only a satisfied user will not intervene with the designed energy 

efficiency concepts or indoor climate controls. Occupant dissatisfaction with indoor 

environments results in multiple system interventions causing behaviours which may result in 

energy wastage or sometimes damages to building components (Mitterer, Kunzel, Herkel, & 

Holm, 2012). Building performance assessment in this study focuses on minimising energy 

use while increasing occupant satisfaction in buildings. Thermal comfort models are also 

paramount to enhance both energy efficiency and occupant satisfaction in buildings (Figure 

1.5). Accordingly, this thesis focuses on three attributes, energy use, occupant satisfaction 

and thermal comfort, which contribute to enhancing building performance qualities in higher 

education buildings.  

 

Figure 1.5. Building operation diagram and study scope.  
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1.4.1 Energy  

Buildings are responsible for more than one-third of global energy use and greenhouse gas 

emissions (Intergovernmental Panel on Climate Change, 2015). At the same time, energy and 

maintenance costs account for a large proportion of an organisation’s operating costs. The 

high level of energy use in buildings resulting in high operation costs indicates the 

importance of and potential for energy and carbon reduction initiatives that many 

organisations including universities, are willing to undertake. Commitment to sustainability 

transformation has prompted universities to focus policy initiatives on energy efficiency in 

campus buildings. In Australia, information disclosure and transparency have been the 

mainstream approach as a market-driven policy tool to increase environmental sustainability 

(Global Real Estate Transparency Index, 2018). Energy data disclosure seems to be a first 

step towards effectively evaluating and enhancing energy efficiency in buildings 

(Kontokosta, 2013). With the required transparency of building energy data, building owners 

and organisational institutions are required to assess their energy efficiency based on 

benchmark laws.  

Energy benchmarking is the process of evaluating building energy performance relative to 

peers (Papadopoulos & Kontokosta, 2019). Energy benchmarks are building energy 

performance tools to assess and enhance the performance of buildings (J. Liu et al., 2017). 

Campuses consist of a large number of building types with different operations, functions and 

occupancy densities with varying energy demands (Bonnet, Devel, Faucher, & Roturier, 

2002). Collectively, the variety of energy consumption characteristics makes benchmarking a 

complex matter for higher education buildings. Energy benchmarks for commercial offices, 

hotels, and other building types have been developed in the past, but energy benchmarks for 

higher education buildings are non-existent.  

Campuses are small-scale cities, and consumption and environmental impact are tremendous; 

this encourages universities to follow energy and environmental initiatives since the benefits 

are also likely to be substantial. For instance, behavioural intervention at a medium-sized US 

university suggested potential annual average savings of 1,327,003 kWh of energy and 

577,044 kg CO2 (Pollard, 2016). Not every campus has the same savings potential, yet it is 

evident that the scale of energy savings can be significant. Improving energy efficiency by 

developing an energy benchmarking system is an essential green initiative for campuses. A 

rational and reliable benchmarking system provides sufficient information for a detailed 
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energy assessment in higher education buildings, promoting efficient use of energy. Another 

advantage of energy benchmark is that it places pressure on universities to revise their energy 

use and pursue mitigation strategies. Energy benchmarking also promotes competition among 

universities and energy use information as a marketing tool. The importance of energy 

benchmarking as the first step towards increasing energy efficiency in higher education 

buildings underpins the significance of the investigation in Chapter 2. The research gap in 

energy benchmarking for higher education buildings initiates examining energy use 

characteristics and benchmarking for campus buildings.  

1.4.2 Occupant satisfaction  

It seems evident that when investing in green buildings, employee satisfaction and experience 

are as important as the call to reduce the negative impact of buildings on the environment 

supported by Khoshbakht, Gou, Lu, Xie, and Zhang (2018). While green building practices 

have been brought into the mainstream, occupants have become passive recipients of indoor 

conditions (Z.  Brown & Cole, 2008). Assessments of how green buildings affect occupants 

are seldom undertaken. Quantifiable criteria such as energy and indoor environmental quality 

measurements are indirect measurements of how buildings affect their users (Abbaszadeh, 

Zagreus, Lehrer, & Huizenga, 2006). POE studies of occupant satisfaction to obtain feedback 

from building occupants on their satisfaction with indoor environmental conditions provide a 

systematic evaluation of building performance evaluation from occupant perspectives (Bunn 

& Marjanovic-Halburd, 2017). Previous studies have shown a positive correlation between 

occupant satisfaction with the working environment and employee work productivity (Veitch, 

Charles, Farley, & Newsham, 2007). Occupant satisfaction with the working environment is 

particularly crucial for institutional organisations and universities to retain talented and 

skilled workforces (Van Dick et al., 2004).  

Recently, many universities as part of sustainability commitments are obtaining green 

certifications for their new buildings not only to increase energy efficiency but also increase 

occupant satisfaction and productivity. Buildings are being certified as green buildings in 

many universities around the world, such as by LEED (Leadership in Energy and 

Environment Design) in the US, BREEAM (Building Research Establishment Environmental 

Assessment Method) in the UK, Green Star in Australia, Green Mark in Singapore, CASBEE 

(Comprehensive Assessment System for Building Environmental Efficiency) in Japan, and 

GBL in China (Green Building Label). Occupant satisfaction in buildings is assessed 
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considering a combination of parameters including thermal, visual, acoustics, air quality, 

privacy, space, storage, furniture, needs, cleanliness, productivity, health, and environmental 

controls (Altomonte & Schiavon, 2013; Geng, Ji, Lin, & Zhu, 2017). However, higher 

occupant satisfaction in green buildings is not fully supported by previous studies 

(Khoshbakht et al., 2018; Thatcher & Milner, 2016).  

The significance of occupant satisfaction in higher education buildings and the growing 

popularity of obtaining green certifications for higher education buildings reinforce the 

importance of occupant perspectives in evaluating the overall performance of green 

buildings. This causes one to question whether green higher education buildings are more 

satisfactory than their non-green counterparts and forms the research gap for the 

investigation in Chapter 3. Answering this research question would further help to inform the 

commercial and institutional sectors on investing in green buildings to improve employee 

satisfaction.   

1.4.3 Thermal comfort  

To provide thermal comfort, air conditioning (AC) systems are widely used in buildings, 

particularly in climates that need more cooling than heating, such as subtropical Australia. 

Nevertheless, AC systems significantly contribute to increasing building energy loads. As an 

alternative, the use of natural ventilation (NV) provides an opportunity not only to reduce 

building energy loads but also offers thermal comfort and satisfaction for occupants. 

However, the benefits of NV are not limited to energy efficiency and thermal comfort. NV 

systems are also physiologically beneficial by preventing the sense of enclosure of a sealed 

AC box for building users (Jones & West, 2001).  

Accordingly, the use of NV in buildings is gaining popularity in new green buildings. 

Nonetheless, in climates such as subtropical, a combination of NV and AC systems are 

recommended to provide comfort throughout the whole year even when outdoor conditions 

are unsuitable for NV. With this concern, a combination of NV and AC systems or so called 

mixed-mode (MM) ventilation technologies are being utilised in buildings. For example, 

when the outdoor air temperature is warmer or more humid than indoors, NV systems would 

not be efficient for cooling the building or effectively ventilating indoor spaces (Brager, 

2006). MM as a green initiative provides an opportunity not only to reduce energy 

consumption of buildings but also improve occupant satisfaction (Daaboul, Ghali, & 

Ghaddar, 2018). Many studies have highlighted the advantages of using MM systems in 
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buildings, yet the application of MM systems in buildings brings about several impediments. 

Some of these impediments are the complexity of asset management and the lack of optimum 

automation control systems.  

Another challenge to the design of MM ventilation in buildings is the lack of thermal comfort 

models for MM buildings. Based on the definition by the ASHRAE standard, thermal 

comfort is a condition of mind which expresses satisfaction with the thermal environment and 

is assessed by subjective evaluation (ASHRAE, 2010). Thermal comfort models define the 

optimum temperature range to avoid overcooling and overheating of buildings, while 

providing conditions whereby occupants are thermally comfortable. Thermal comfort models 

are important for the reduction of building energy use and increase occupant satisfaction.    

Thermal comfort models for AC buildings were introduced by Fanger (Fanger, 1970), who 

showed a steady correlation between occupant comfort and the immediate indoor 

environmental conditions. Fanger’s steady state model of thermal comfort was only 

applicable in AC buildings. In a study by de Dear and Brager (1998), a thermal comfort 

model for NV buildings was developed, which was called the adaptive thermal comfort 

model. When the building is NV, occupants tend to tolerate a wider range of temperature than 

those recommended by Fanger (de Dear & Brager, 2002). In adaptive thermal comfort 

models, occupant thermal comfort is calculated based on outdoor conditions.  

However, due to the nature of MM systems which utilise a combination of NV and AC, there 

has been controversy over thermal comfort models (Deuble & de Dear, 2012). No standards 

for thermal comfort models have been developed for MM buildings particularly those with 

different changeover control strategies such as automated or manual (de Dear & Brager, 

2002; Fanger, 1970; Nicol, Humphreys, & Roaf, 2012).  

Due to the lack of thermal comfort models, MM ventilation is particularly underutilised, 

especially in subtropical climates. In order to promote MM in higher education buildings, the 

study aims to develop thermal comfort models for MM buildings with different control 

strategies. The importance of MM systems in further improving energy efficiency and 

occupant satisfaction in higher education buildings reinforces the significance of developing 

thermal comfort models for MM buildings. This initiates the investigation in Chapter 4, 

focusing on developing a thermal comfort model in mixed-mode buildings with different 

changeover control strategies.   
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1.5 Aims and research questions 

This thesis helps to close the loop by focusing on higher education building performances and 

explores initiatives to improve building performance efficiencies. It also aims to highlight the 

current state of research into higher education building initiatives by addressing knowledge 

gaps, using Australian higher education buildings. The results of the thesis provide useful 

insight into building performance evaluation at higher education campuses and more 

specifically, how building performances could be improved in terms of energy, occupant 

satisfaction and thermal comfort.  

The literature review in Section 1.3 revealed three research gaps in building performance 

assessments at higher education campuses. Based on the literature review (Section 1.3.1), 

energy benchmarks for higher education buildings need to be developed as a step towards 

increasing energy efficiency at campuses. Developing energy benchmarks for higher 

education buildings is addressed in Chapter 2 and answers Question 1:  

What are the energy use characteristics and benchmarks for higher education buildings?  

From the literature review (Section 1.4.1), it was clear that the effectiveness of green 

certifications in providing a high level of satisfaction in comparison is still uncertain. This is 

addressed in Chapter 3 and answers Question 2:  

Are green buildings more satisfactory in campuses?  

Literature review (Section 1.4.1) also revealed that mixed-mode ventilation is a new green 

campus initiative that has the potential for both increasing energy efficiency in buildings but 

also results in higher occupant satisfaction. However, mixed-mode ventilation was 

underutilised in higher education buildings due to the lack of thermal comfort models. This 

research addresses this research gap and develops thermal comfort models for mixed-mode 

buildings. Consequently, the thesis discusses this in Chapter 4 and answers Question 3:  

What are the most appropriate thermal comfort models for mixed-mode buildings?  

The final chapter, Chapter 5, provides general discussion and policy implications regarding 

the results and findings of this thesis. It provides recommendations for future implementation 

of green higher education initiatives and the facility management of campus buildings. 
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1.6 Thesis structure 

The structure of this thesis consists of a general introduction (Chapter 1) followed by three 

published papers (Chapters 2, 3 and 4) as the main body of results and discussions of the 

study, and a general conclusion (Chapter 5) published as a conference proceeding. The thesis 

structure is in accordance with Griffith University guidelines and policy regarding a thesis in 

the form of published and unpublished papers (Appendix 1). As a consequence of the 

structure, there are some repetitions, including the introductions and methods of the articles.  

1.7 Published papers included in the thesis 

Chapter 2: Khoshbakht, M., Gou, Z., Dupre, K., (2018) Energy use characteristics and 

benchmarking for higher education buildings, Energy and Buildings 164(2018), 61-76. 

Chapter 3: Khoshbakht, M., Gou, Z., Xie, X., He, B. J., Darko, A., (2018). Green Building 

Occupant Satisfaction: Evidence from the Australian Higher Education Sector, Sustainability 

10(8), 1-21. 

Chapter 4: Khoshbakht, M., Gou, Z., Zhang, F., A pilot study of thermal comfort in 

subtropical mixed-mode higher education office buildings with different changeover control 

strategies, Energy and Buildings 196(2019), 194-205.  

Chapter 5: Khoshbakht, M., Gou, Z., Dupre, K., (2019) Campus green buildings: Policy 
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Chapter 2. Paper One: Energy use characteristics and benchmarking for 

higher education buildings. 

 

The introduction chapter provided a synthesis of the evaluation of green initiative in higher 

education buildings. It included a review of three performance evaluation factors affecting 

higher education building performances: energy use, occupant satisfaction, and thermal 

comfort. This chapter investigated the energy use characteristics in different types of higher 

education buildings in terms of function and disciplines. It specifically examined energy 

benchmarks for higher education buildings that could be used for energy assessment of new 

and existing buildings.   

Chapter 2 has been published in the Journal of Energy and Buildings (Impact Factor 4.457 in 

2017) and has been formatted to that journal style. The citation is as follows:  

Khoshbakht, M., Gou, Z., & Dupre, K., (2018) Energy use characteristics and 

benchmarking for higher education buildings, Energy and Buildings 164(2018), 61-

76. (doi: 10.1016/j.enbuild.2018.01.001) 

The co-authors of this manuscript are my thesis supervisors, Dr Zhonghua Gou and Assoc. 

Prof. Karine Dupre. Maryam Khoshbakht’s contribution to the manuscript involved: initial 

concept and experimental design, data collection and analysis, and writing and submission of 

the manuscript.  

  

  

https://www.researchgate.net/publication/322466897_Energy_use_characteristics_and_benchmarking_for_higher_education_buildings?_sg=HY9NZHngAHS4EB1gd_VSh7eglvVb870r-hdBR7gIi5i1EzmlKP0D8_CmIavMyAYprYkp3NLhXoonB2oU6EOzm1mYSX3jGQNkSjJDBHBl.1JUgpyxGPmWFi_0qoKhcjQoDbEfr5BJC8mEyJmANGAzgNXeI0vywn9Bg1i5jYB7tDUEyW1KvawCKCCnWdMxU3g
https://www.researchgate.net/publication/322466897_Energy_use_characteristics_and_benchmarking_for_higher_education_buildings?_sg=HY9NZHngAHS4EB1gd_VSh7eglvVb870r-hdBR7gIi5i1EzmlKP0D8_CmIavMyAYprYkp3NLhXoonB2oU6EOzm1mYSX3jGQNkSjJDBHBl.1JUgpyxGPmWFi_0qoKhcjQoDbEfr5BJC8mEyJmANGAzgNXeI0vywn9Bg1i5jYB7tDUEyW1KvawCKCCnWdMxU3g
https://doi.org/10.1016/j.enbuild.2018.01.001


CHAPTER 2. ENERGY USE  25 

 

 

  



CHAPTER 2. ENERGY USE  26 

 

2.1 Abstract  

Higher education buildings serve complex functions by providing spaces for various 

activities and disciplines. This study aims to understand energy use characteristics of 

different types of buildings in higher education campuses and to establish an energy 

benchmark system. The data was collected from 80 university campus buildings in Australia. 

Energy consumption (EC) and energy use intensity (EUI) as well as related space types and 

occupancy conditions were analysed. Based on a comparative study of several statistical 

methods, the stochastic frontier analysis (SFA) method was selected as the most appropriate 

benchmarking technique for this research. The benchmark values for various activities and 

disciplines were determined using the SFA statistical technique. Regarding activities, 

buildings that were used mostly for research had the highest benchmark EUI value at 216 

kWh/m2/year and buildings for academic offices had the lowest benchmark value at 137 

kWh/m2/year. When considering disciplines, buildings for Science had the highest benchmark 

EUI value at 164 kWh/m2/year and buildings for Health had the lowest benchmark value at 

136 kWh/m2/year. The energy benchmarks developed for each building type can guide 

university authorities to promote energy efficiency by evaluating energy use, determining 

feasible energy saving techniques, and forecasting future planning development.    

Nomenclature:  

EC  Energy consumption 

EUI  Energy use intensity 

GFA  Gross floor area 

OLS  Ordinary least square 

COLS  Corrected ordinary least square 

SFA  Stochastic frontier analysis 

BBR  Building bulk ratio 

HVAC Heating, ventilation and cooling 

LAB  Laboratory 

COM  Computer laboratory 
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LIB  Open stack library 

STD  Studio 

CLNC  Clinic 

LCTR  Lecture and seminar rooms 

RTL  Retail 

Keywords: energy efficiency; university buildings; higher education; energy use benchmark; 

building types 

2.2 Introduction 

There is an international agenda to accelerate the sustainable transformation of the built 

environment due to rising public awareness regarding the impacts of the built environment on 

global environmental issues. Recently, there has been a growing interest in sustainability 

declarations in higher education institutions, as universities play a key role in creating a 

sustainable future (Wright, 2002). The scale of investment in green and well-designed 

campus buildings creates unprecedented openings for sustainable transformations. 

Sustainably designed or green higher education buildings can make a strong contribution to 

the spread of sustainability education (Cortese, 2003). Acting as models for communities, 

universities are innovators through research activities in sustainability transformations 

(Wright & Wilton, 2012). Investment in green buildings and sustainability programs helps 

universities to promote public relations and increase market share by contributing to campus 

reputation (Florida Solar Energy Center, 2008). The importance of campus green building 

investment indicates that the environmental performance of universities is directly linked to 

governmental grant allocation as it helps governments to reach emission reduction goals 

(Altan, Douglas, & Kim, 2014). As a result of the factors mentioned above, campus 

sustainability has become a concern for university policymakers and planners (Alshuwaikhat 

& Abubakar, 2008).  

The first step towards campus sustainable transformations is minimizing resource and energy 

consumption in new and existing buildings (de Dear & Brager, 2001; Omer, 2008). Energy 

management of buildings in Australia, which has the highest greenhouse gas emissions per 

capita among the developed countries in the world, is a challenge (The Austalian 

Collaboration, 2017). Australian university promotion and action plans supported by the 
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United Nations Environment Programme (2014) for green buildings can be divided into three 

main strategies: energy conservation in the form of revised policies and interventions; energy 

efficiency through maintenance and management, and renewable energy as an alternative 

solution (Dave, Gou, Prasad, & Li, 2014). This research aims to target the first strategy by 

introducing a benchmark system to promote energy efficiency through revised policies and 

interventions. Energy efficient structures refer to buildings that provide the same amount of 

services and outputs with less energy when compared to similar buildings (W. Chung, Hui, & 

Lam, 2006). Energy benchmarking is the development of a system which predicts the energy 

performance of buildings based on a sample of similar reference buildings (W. Chung, 2011). 

Several factors should be considered in an energy efficiency evaluation, including (1) random 

factors and unusual climate conditions; (2) physical characteristics such as age and number of 

floors; (3) building management incentives such as heating, ventilation and cooling (HVAC) 

scheduling; and (4) differences in how building occupants utilize devices such as indoor 

environmental controls, and plug loads (W. Chung, 2011).  

However, energy efficiency evaluation is different from energy benchmarking. A benchmark 

is a value of a performance metric, which indicates a point of reference and a threshold to 

evaluate building performance. A metric is a unit of measurement for services, facilities or 

components (EPA, 2008). Energy benchmarking aims to identify indicators of energy 

assessments and contributes to the improvement of building energy performance. Energy 

benchmark systems are normally presented in the form of a benchmark table of energy 

consumption normalized by floor area and outdoor temperature (W. Chung et al., 2006). For 

the purpose of energy efficiency, benchmarks are used to forecast demand, stimulate the 

adoption of new technologies, and promote energy efficiency. 

2.3 Background 

Earlier studies have investigated explanatory factors in building energy consumption and 

endeavoured to find a relationship between energy consumption, and environmental and non-

environmental factors. One study found a significant positive correlation between building 

energy consumption and building age, while outdoor climate showed insignificant influence 

on energy use (Sekki, Airaksinen, & Saari, 2015). In contrast, another study (Jafary, Wright, 

Shephard, Gomez, & Nair, 2016) implied that energy consumption correlates highly with 

outdoor temperatures. A series of energy management techniques, such as turning heating 

systems on and off, and administering an occupancy schedule for heating systems were 
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applied in a university building, and 40% reduction in energy loads were reported (Mata, 

López, & Cuchí, 2009). Another study (M. H. Chung & Rhee, 2014) found a potential 6%–

30% in energy savings when some energy saving measures were applied, such as changing 

indoor temperatures, occupant behaviours, and building envelope properties. Using 

simulation methods, one study (Chow, Ganji, Hackett, Parkin, & Fetters, 2003) showed that 

there was a 20% to 40% energy saving potential with reasonable paybacks when energy 

efficient technologies and equipment were applied.  

Past research has shown that energy loads, particularly electricity consumption in residential 

buildings, can be correlated with occupant related activities (Morley & Hazas, 2011; 

Sonderegger, 1978). Some research has focused on the influence of occupant intervention in 

reducing energy consumption in commercial and institutional buildings by implementing 

individual controls and occupancy sensors of indoor environmental conditions, and reported 

considerable energy savings (Azar & Menassa, 2013; Erickson, Carreira-Perpiñán, & Cerpa, 

2011; Leephakpreeda, Thitipatanapong, Grittiyachot, & Yungchareon, 2001). However, the 

influence of occupant behaviour on energy consumption in commercial and educational 

buildings has been an enduring challenge as most buildings of these types are managed by 

BMS (building management system) and occupants have no or limited controls of indoor 

environmental conditions (Chen & Ahn, 2014; Gul & Patidar, 2015). This contradiction has 

been further exemplified in a study of a university building managed by BMS which found 

no relationships between occupancy patterns and energy loads (Gul & Patidar, 2015). 

Finding a relationship between energy consumption and occupant behaviour is a challenge 

because of the stochastic nature of human actions, and the complexity of characterising 

behaviour (Chen & Ahn, 2014; Gul & Patidar, 2015). This is why simulation studies often 

suffer from a lack of accuracy in occupancy patterns, and result in discrepancies between 

measured and simulated energy consumption data (Lü, Lu, Kibert, & Viljanen, 2015). Thus, 

occupancy forecasting models based on physical-statistical approaches have been developed 

in a few studies to predict occupancy patterns to be used in simulation studies, and to 

improve energy forecast accuracies (Chang & Hong, 2013; Erickson et al., 2011; Lü et al., 

2015). One study developed a stochastic behaviour model for users moving in and out of 

cubicle offices (Chang & Hong, 2013). Some studies found alternative solutions to formulate 

occupant behaviour and investigate relationships between behaviour patterns and energy 

consumption in buildings. One study found a positive correlation between Wi-Fi network 

connection and building energy consumption (Chen & Ahn, 2014), and demonstrated that 
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Wi-Fi connection was a useful indicator of occupancy patterns in buildings. Another study 

examined plug load data as an indicator for occupancy patterns to find relationships between 

equipment loads and cooling energy consumption (Yang, Santamouris, Lee, & Deb, 2016).  

Previous studies have emphasized the importance of activity-based benchmarks and 

highlighted the importance of assessing building environment as an energy use determinant 

(Hawkins, Hong, Raslan, Mumovic, & Hanna, 2012). To understand occupancy activity, 

occupancy densities could be another important energy demand determinant. The number of 

visitors, in addition to permanent residents, should be determined to study occupancy patterns 

as one study showed visitors accounted for 92% of the building occupants (Gul & Patidar, 

2015). Another study showed that the number of visitors in a building in one hour was equal 

to the maximum capacity of the building (Davis & Nutter, 2010).  

In order to systematically search for literature published in energy benchmarking for 

education buildings, a systematic quantitative literature review was conducted (Pickering & 

Byrne, 2014; Roy, Byrne, & Pickering, 2012). Scholarly electronic databases were searched 

to find original research papers published on the topic, “building energy consumption and 

benchmarks in educational buildings”. The searched databases included: Scopus, Science 

Direct, ProQuest, Web of Knowledge, and Google Scholar. Databases were searched between 

June 2017 and November 2017. Keywords used for the search included: “energy”, 

“benchmarks”, ‟educational buildings”. Table 2.1 lists some key references and their research 

findings. 

Earlier energy studies have used three different energy models of white-box (physics-based), 

black-box (data-driven) and grey-box (a combination of white-box and black-box) to evaluate 

energy efficiency in educational buildings (Yang et al., 2016). White-box models present 

physics-based evaluations, including simulation studies, while black-box models are based on 

data and statistical techniques of using reference buildings as an evaluation tool, such as 

regression or neural networks (Coakley, Raftery, & Keane, 2014). Grey-box techniques are a 

combination of white-box and black-box models (Estrada-Flores, Merts, De Ketelaere, & 

Lammertyn, 2006). Table 2.1 presents some related key studies in educational buildings 

using white-box, black-box and grey-box techniques.    
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Table 2.1. Literature review table of energy consumption studies in educational buildings. 

Reference 

 

Method  

(Approach) 

 

Country  

(Climate) 

Sample 

 

Avg. EUI  

(kWh/m2/year) 

Findings 

T. Sharp 

(1998) 

Black-box  

(COLS) 

USA   

(Temperate) 

Schools - Beyond floor area, the most predictive variables were 

the number of workers, number of personal computers, 

owner-occupancy, operating hours, and the presence of 

an economizer or chiller. 

T. W. Kim, 

Lee, and 

Hong (2012) 

Black-box 

(EUI) 

South Korea  

(Temperate) 

10 schools 289 Monthly energy consumption of the elementary schools 

in South Korea is highest in Dec and lowest in Jan and 

August. Annual energy use continues to increase due to 

replacement of cooling/heating systems by electric 

systems, the installation of electric IT equipment, and 

the changes in the outdoor temperature.  

Hernandez, 

Burke, and 

Lewis (2008) 

Grey-box  

(EUI & 

physics-based 

calculation) 

Ireland  

(Temperate) 

88 schools 

(measured) 

&  

500 schools 

(calculated) 

31 measured 

53 calculated 

Two methods of energy benchmarking using calculated 

rating and a measured rating were proposed. 

Chow et al. 

(2003) 

White-box 

(Simulation) 

USA  

(Temperate) 

12 schools 1590 The results show a 20-40% energy saving potential with 

reasonable paybacks, using the available energy 

efficient technologies. 

Butala and 

Novak (1999) 

Black-box 

(EUI) 

Slovenia   

(Temperate) 

24 schools 112 Three key energy saving measures were identified as 

building envelopes, heating devices and systems, and 

management measures. 

Santamouris, 

Balaras, 

Dascalaki, 

Argiriou, and 

Gaglia (1994) 

Black-box  

(EUI) 

Greece  

(Mediterranean) 

238 schools 93 avg. In Greece, school buildings were identified as the least 

energy consuming building type as they do not utilised 

cooling systems and operate for nine months a year.  

Dimoudi 

(2013) 

Black-box 

(EUI) 

Greece 

(Mediterranean) 

77 schools 84 avg. 

41 benchmark 

Measures to reduce heating energy were identified as 

the most effective tool to both reduce energy 

consumption and improve thermal comfort conditions 

in Greece. 

Desideri and 

Proietti 

(2002) 

Black-box 

(EUI) 

Italy   

(Mediterranean) 

29 schools - 38% and 46% savings were reported in thermal energy 

and electricity consumption, respectively when energy 

efficiency measures were applied.   

Monts and 

Blissett 

(1982) 

Black-box 

(OLS) 

USA  

(Subtropical) 

342 

universities 

- A model incorporating climate, occupancy patterns, 

HVAC design, and building type explains 42% of the 

EUI variance in a sample.  

Federspiel, 

Zhang, and 

Arens (2002) 

Grey-box 

(COLS, EUI 

& simulation) 

USA  

(Subtropical) 

19 

universities 

- The model-based benchmarking method was more 

accurate when a combination of laboratory and non-

laboratory buildings was analysed. 

Wang (2016) Black-box  

(OLS) 

Taiwan 

(Subtropical & 

tropical) 

51 

universities 

23 schools 

79 universities 

26 high schools 

17 elementary 

schools 

Universities use 3-4.9 times more energy than schools. 
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Sekki et al. 

(2015) 

White-box 

(OLS) 

Finland 

(Temperate) 

80 day-

cares 

74 schools 

13 

universities 

251 day-cares 

214 schools 

229 universities 

Good positive correlation between building age and 

energy use was found. Climate was not a good indicator 

for energy consumption 

M. H. Chung 

and Rhee 

(2014) 

White-box 

(physics-

based 

calculation) 

South Korea  

(Temperate) 

11 

universities 

223 A potential 6%–30% energy savings was found through 

changing indoor temperatures, occupant behaviour, and 

building envelop properties.   

Jafary et al. 

(2016) 

White-box 

(EUI) 

USA 

(Subtropical) 

4 

universities 

- Energy consumption correlates highly with outdoor 

temperature. 

Yang et al. 

(2016) 

Grey-box  

(OLS & 

simulation) 

China 

(Subtropical) 

3 

universities 

- This study presents an investigation and discussion on a 

newly developed methodology for institutional building 

cooling load consumption modelling and simulation, 

considering occupancy patterns based on plug loads and 

HVAC loads 

Using black-box methods of statistical techniques, the typical energy consumptions in school 

buildings were reported as 289 kWh/m2 (T. W. Kim et al., 2012) in South Korea, 112 

kWh/m2 (Butala & Novak, 1999) in Slovenia, and 93 kWh/m2 (Santamouris et al., 1994) and 

84 kWh/m2 (Dimoudi, 2013) in Greece. Using statistical techniques, a benchmark value of 41 

kWh/m2 for energy use was determined for schools in northern Greece (Dimoudi, 2013). In 

another black-box study in Greece (Santamouris et al., 2007), a mean energy consumption of 

68 kWh/m2 and a benchmark value of 42 kWh/m2 was reported using fuzzy clustering 

techniques. T. Sharp (1998) studied benchmarking for schools in the United States and found 

that apart from floor area, the most influencing variables for energy intensity were the 

number of workers and personal computers, owner-occupancy, operating hours, and the 

presence of an economizer or chiller. Using black-box methods, a regression model 

incorporating climate, occupancy patterns, HVAC design, and building type was developed 

by Desideri and Proietti (2002), which studied energy saving potentials in 29 school buildings 

in Italy, and reported a potential of 38% and 46% savings in thermal energy and electricity 

consumption, respectively. Monts and Blissett (1982) found 42% variance in EUI (energy use 

intensity) in a sample of Texas school and university buildings. Black-box methods have also 

been used to evaluate energy efficiency in 23 school and 51 university buildings in Taiwan, 

and typical energy consumption was reported as 16 kWh/m2, 26 kWh/m2 and 79 kWh/m2 in 

elementary schools, high schools, and university buildings, respectively (Wang, 2016). In 

another comparative study (Sekki et al., 2015), the median energy consumption was reported 

as 251 kWh/m2, 214 kWh/m2 and 229 kWh/m2 in day-cares, schools, and university 

buildings, respectively.  
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A number of studies used white-box and grey-box methods to evaluate energy performance 

of buildings. Using white-box techniques, one study reported a median energy consumption 

of 223 kWh/m2 analysing 11 university buildings in South Korea. Another study used 

simulations as a white-box methodology and reported a high benchmark value of 1590 

kWh/m2 for school buildings in the United States. Using a grey-box technique, one study 

combined measured data of plug loads with simulation techniques to analyse energy 

efficiency in university buildings in China (Yang et al., 2016). Another study in Ireland used 

a mixture of measured and simulated energy consumption, and reported a benchmark value of 

31 kWh/m2 through measured data, and 53 kWh/m2 through simulations (Hernandez et al., 

2008). Using a combination of simulation techniques and statistical methods, Federspiel et al. 

(2002) studied laboratory buildings, and found that benchmarking models were more accurate 

when a combination of laboratory and non-laboratory buildings was included in the sample 

data.  

Regarding laboratories, a benchmark system based on idealized models of equipment and 

system performance was developed using simulation techniques in a study by Federspiel et 

al. (2002), which identified HVAC and plug loads as one of the most important factors in 

high energy consumption in laboratory buildings. By introducing four different 

benchmarking strategies for laboratories, Sartor, Piette, Tschudi, and Fok (2000) indicated 

that laboratory buildings could consume four to 100 times more energy than other campus 

buildings. One study emphasized the significance of energy benchmarking for laboratories, 

and listed some key normalizing parameters for laboratories, including gross area, lab area, 

weather, lab type, lab use, occupancy schedule, required ventilation rates, and equipment load 

(EPA, 2008). Another study, by categorizing laboratories into different classes of science, 

applied science, intervention, and analysis, indicated that laboratories on average use four to 

five times more energy than non-laboratories in a comparison of campus buildings (Mills et 

al., 1996). In another study in the United States, energy consumption in laboratories 

constituted three times more than non-laboratory buildings (Huizenga, Liere, Bauman, & 

Arens, 1996).     

The analysis of energy consumption comparison between university and school buildings 

showed that campus buildings used far more energy than schools because of longer operation 

periods and higher equipment loads compared with schools (Wang, 2016). To keep 

consistency in energy use patterns and energy loads, in this study we focused on energy 
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consumption in university buildings using statistical methods of real energy data. After 

normalization of energy data by degree days and gross floor area, the influence of several 

factors, such as building function and academic discipline on energy consumption was 

studied. To overcome the main uncertainties regarding occupancy patterns and intensities, the 

influence of building function and academic discipline on energy consumption was studied. 

Due to the complexity of model-based benchmarks, energy benchmarking based on 

normalized ranking has been utilized in several earlier studies (Xuchao, Priyadarsini, & Eang, 

2010). Thus, this research uses four different approaches of statistical techniques to define 

energy efficiency and develop a benchmarking system based on normalized ranking. 

This research aims to develop an energy assessment and benchmarking system for university 

buildings in Australia. Australia has eight climatic zones, based on classifications defined by 

the Building Codes of Australia (2017). However, many major cities, such as Brisbane, 

Sydney, Adelaide and the Gold Coast, which accommodates universities and higher 

education facility, are located in subtropical regions. As a result, subtropical climate was 

selected as a focus for this study to develop an energy benchmark for subtropical climate in 

Australia. This paper aims to conduct a systematic energy characteristic and benchmarking 

study using a set of comprehensive statistical methods for higher education building types. 

The objective of this paper is to offer a first step towards achieving energy efficiency in 

university campus buildings by evaluating the performance of existing buildings.  

A major problem for studying university energy uses is occupancy pattern, which involves 

various activities and disciplines. Each discipline has distinctive characteristics in terms of 

occupancy and activities. In our research, the four major discipline categories of Business, 

Health, Science, and Art, Education and Law (AEL) were studied. Another focus of this study 

is campus activities such as teaching, learning, academic office work, research, and 

administration. Each of these activities requires specific indoor environmental conditions 

with different occupancy and energy use intensity. Each activity demands different 

occupancy and operation hours, which in turn influences HVAC and equipment loads. The 

study would help to identify a pattern of energy consumption across campus activities and 

disciplines.  
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2.4 Method  

2.4.1 Griffith University  

This research uses Griffith University as a case study. Griffith University accommodates a 

wide range of disciplines. Its campuses include spaces such as laboratories for different 

disciplines, teaching spaces, offices, seminar rooms, and communal spaces. This provides an 

opportunity to have a diverse dataset of buildings, and to develop a benchmarking model for 

the subtropical climates in Australia. Griffith University has five campuses, located on the 

Gold Coast and in Brisbane, two major cities in Southeast Queensland in Australia (See 

Figure 2.1). According to Koppen’s climate classification, Brisbane and the Gold Coast share 

a humid subtropical climate with hot and humid summers, and moderately dry warm winters 

(Cary, Lindenmayer, & Dovers, 2003). Due to warm ocean currents, there is relatively small 

seasonal temperature variability in both cities. The average temperatures for Brisbane are 

below 30.3 °C in summer and above 10.2 °C in winter; the average temperatures for the Gold 

Coast are below 28.7 °C in summer and above 12.0 °C in winter (Bureau of Meteorology, 

2017). Average relative humidity ranges from 43% to 59% for Brisbane and 55% to 70% for 

the Gold Coast (Bureau of Meteorology, 2017).  

 

Figure 2.1. Location of the Gold Coast and Brisbane in Australia ©Google. 

Griffith University has 185 buildings across five campuses. These buildings are divided into 

groups representing major building functions such as academic offices, teaching, research, 

administration, library, residential, retail, water chilling buildings, and recreational. The 

categories defined here are adopted and slightly modified from the Higher Education Funding 

Council for England initiatives (HEFCE, 2017). Residential, retail and recreational buildings 

https://en.wikipedia.org/wiki/Humid_subtropical_climate
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were excluded from the dataset due to their unrepresentativeness of university building types. 

For this study, the energy data for these buildings were provided by building energy 

managers. Electricity is the main energy type used in these buildings and data are monitored 

and published by smart meters. Since December 2014, energy data at Griffith University have 

been collected by smart meters and published online by PI Vision software, where it is 

monitored and controlled by facility managers for energy management and maintenance 

purposes. The data of monthly and annual energy consumption (kWh) of individual buildings 

during the years 2015 and 2016 were collected. Several buildings with missing or inaccurate 

information were excluded from the study. In total, 80 buildings were selected for the 

statistical benchmarking representing university buildings in the subtropical climate of 

Queensland in Australia. The sample consisted of 50 academic office buildings, 11 

administration offices, 8 teaching buildings, 6 research buildings, and 5 libraries. 

A summary of the selected university building types with their characteristics, such as major 

space function, local indoor environmental controls, annual and daily operating periods, and 

individual occupancy patterns, is presented in Table 2.2. Campus buildings accommodate a 

differing proportion of spaces for different activities. For example, a building may have 70% 

of space used for teaching and 30% for laboratories, while another building may have 40% of 

usable floor area occupied for administration offices and 60% for teaching rooms. Since there 

is no sub-metering for individual rooms or activities, we categorised buildings into six classes 

based on the major activity. The criterion was that more than 40% of the usable floor area of 

a building should be dedicated to that activity. For instance, a building that had more than 

40% spaces for laboratories was classified as a research building. Buildings with multiple 

activities occupying almost equal proportions were classified as mixed-use buildings.  
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Table 2.2. Case study representative space types and their characteristics. 

University space 

type 

Major space function Local indoor 

environmental 

controls 

Annual 

operating period 

Daily 

operating 

period 

Individuals’ 

occupancy 

duration 

Occupation 

intensity 

Academic office Cellular offices 

Open-plan offices 

Meeting rooms 

 

Moderate  

  

All year 9 - 17:30 Variable *mid- 

to long-term 

*low-density 

Teaching Lecture theatres 

Halls 

Seminar rooms 

Tutorial rooms 

Classrooms 

High  Semester time 9 - 17 * Short-term high-density 

Research Laboratories 

Workshops 

Computer terminals 

High  All year 24 hours Variable 

 

low-density 

Administration Administration offices Moderate  All year 8:30 - 17 Long-term moderate-

density 

Library Resource centres 

Reading rooms 

Meeting rooms 

Bookshelves/open stack 

Library 

Limited  All year 8 - 19 Variable short to 

long-term 

low-density 

* Short-term is under 2 hours; mid-term is between 2 and 5 hours; and long-term is above 5 hours 

* Low-density is 30 or fewer occupants in every 1000 square feet. High-density is more than 30 occupants in every 1000 

square feet (EPA, 2000).   

Descriptive statistics of the studied buildings regarding building gross floor area (GFA), 

building age, occupant numbers, and operational hours across the selected campus activities 

are summarised in Table 2.3. The average GFA of buildings was the highest for libraries, 

indicating that library buildings were the largest buildings on the campuses. The average 

GFA of libraries was almost four times more than academic office buildings. The average age 

of buildings among different building types ranged from 16 to 27 years. The oldest building 

(86 years) was a teaching building, and the youngest was a mixed-use building (3 years). The 

rationale for counting occupant numbers was as follows: full time staff and students counted 

for one, and part time students counted for half. As discussed previously, each university 

building accommodates various spaces and activities. According to our classifications for 

activity types, for example an academic office building is comprised of mainly offices, but 

may also include research laboratories, teaching spaces and administration offices. As a 

result, in listing operation hours, we considered individual spaces rather than the whole 

building.     
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Table 2.3. Descriptive statistics regarding gross floor area, building bulk ratio, and age of the 80 university buildings. 

 

 

GFA (gross floor area) 

m2 

Building age 

Year 

Occupant number 

People count 

Operating hours 

Hours count 

Building type Avg. Max Min Std. Avg. Max Min Std. Avg. Max Min Std. Avg. Max Min Std. 

Academic offices 1967 4576 292 1337 21 43 10 11 247 503 46 118 12.8 24 8 2.8 

Administration 2211 5698 130 1766 27 45 10 11 181 375 20 106 10.6 24 8 5.7 

Library 9228 18264 5893 5141 16.2 21 4 7 447 1314 20 505 12.2 15 8 3.8 

Research 

Teaching 

General 

3527 7811 112 2269 19 43 4 14 191 323 37 106 16 24 8 6.3 

2912 7272 311 2587 20 86 54 11 230 823 9 273 8 9.5 8 3.4 

5604 30436 908 5353 21 48 3 12 165 506 8 133 10.6 24 8 4.6 

The terms used in Tables 2.2 and 2.3 refer to building types. Academic offices represent 

spaces such as cellular and open plan offices for staff and research students, seminar rooms, 

tutorial rooms, classrooms, and meeting rooms. This building type requires moderate indoor 

environmental controls. Operation of academic office spaces is all year round with normal 

daily operation time from 9 am to 5:30 pm. Occupancy duration varies greatly, from mid to 

long term, and low-density occupancy. Teaching represents spaces such as lecture theatres 

and halls. As teaching spaces are highly densely occupied spaces, they require high indoor 

environmental controls. The annual operation period is limited to semester periods with 

operation time between 9 am to 5 pm. Individual occupancy patterns are short term. Research 

represents spaces such as dry and wet laboratories, laboratory preparation, cold rooms, 

workshops, and computer terminals. They require high indoor environmental controls and 

accommodate spaces with high cooling loads. Due to health and safety factors, high air 

change rates, approximately four times more than normal office environments, are utilised in 

laboratories. The operation of research spaces continues during the semester breaks on a 

twenty-four hour and seven-day basis all year round. The occupation density varies with 

experimental needs. Administration represents spaces such as offices for administrative jobs. 

The indoor environmental controls are moderate with all year operation periods. Daily 

operation hours are from 8:30 am to 5 pm in most administration office types. The individual 

occupancy duration is long term with moderate-density similar to commercial office 

buildings. Library represents spaces such as resource centres, reading rooms, quiet study 

rooms, group meeting rooms, and library bookshelves or open stacking. The indoor 

environmental controls are limited as this building type is a low-density space with variable 

occupancy duration from short to long-term. The annual operating period is all year from 8 

am to 7 pm on normal working days.  
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Energy demands and reductions also vary according to different academic disciplines. Using 

normalized ranking benchmarks, one study of 98 university buildings showed that Natural 

Science and Technology disciplines accounted for the largest energy consumption on campus 

(X. Zhou, Yan, Zhu, & Cai, 2013). The reason for the difference in energy use in different 

disciplines may be explained by the difference in learning methodologies. The Science 

discipline places emphasis on experimental learning by having major activities occurring in 

laboratories and workshops. Business, and AEL on the other hand place emphasis on 

theoretical learning, and most activities are undertaken in teaching and learning spaces. The 

Health discipline has an equal distribution of emphasis on both theoretical and experimental 

approaches. In recognition of this discipline-based variation, disciplinary splits of energy 

consumption behaviour and energy demands were studied in this paper. Similar to the 

categorisation of activities, buildings were categorised into groups based on major disciplines 

with space occupation of more than 40% usable floor area in the whole building. Buildings 

shared by several disciplines occupying almost equal proportions were classified as General. 

Based on all the nomenclature in this study, the five groups of buildings were Business, 

Health, Science, and AEL, and General.  

Academic offices, research, and administration buildings accommodate laboratory spaces for 

different disciplines. The HVAC systems for laboratory buildings operate for twenty-four 

hours a day and seven days a week, yet for offices and teaching spaces, occupancy sensors 

trigger the systems. Ventilation systems in all buildings are variable air volume (VAV) with 

chillers for the cooling season and electrical heaters for the heating season. Air handling units 

distribute the conditioned air through overhead vents in most buildings. There is a variation 

in terms of equipment loads in different buildings. Laboratories accommodate equipment 

with higher plug loads and for longer hours than other space types such as offices or lecture 

theatres. Windows are not operable in most spaces except in a few rooms. Since there are 

individual controls or thermostats for switching off ventilation systems in some individual 

rooms when windows are open, building management has a clear rule of discouraging 

occupants to open windows. This causes interruptions with the central management system, 

wastage of energy, and possible formation of condensation. The indoor comfort temperature 

range is set to 23.0 oC in winter and 24.5 oC in summer. There is an adjustable air mixer in air 

handling units, which mixes outside air with recycled air from indoors to balance CO2 levels 

in rooms. Electrical heaters are located in duct works and are used when needed in the 

heating season.         
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2.4.2 Benchmarking method 

The benchmarking process based on statistical regression is composed of four steps: (1) the 

selection of variables; (2) data normalization; (3) multiple linear regression analysis; and (4) 

benchmarking. 

2.4.2.1 Selection of variables 

Benchmarking is independent of the infrastructure of buildings, including HVAC system 

efficiency, envelope thermal properties, and equipment loads (Sahai & Brown, 2014). 

Accordingly, the aim of this project was to analyse the energy performance of buildings with 

specific service provisions, regardless of individual subsystems such as building thermal 

envelope, window to wall ratio, or HVAC system efficiencies. Hence, energy is considered as 

a function of the quantity of services provided. In other words, this paper seeks to identify 

optimal energy use for given university building services. The following section provides a 

more extensive explanation of the selected variables for the regression analysis process and 

for developing a formula for energy benchmarking based on independent variables.      

The HVAC requirements, operation hours, and equipment loads in buildings vary greatly 

depending on space types and activities. As an indicator of energy loads, space types as 

another important variable was considered in the regression analysis. Climate also greatly 

influences the energy consumption of buildings. Since the data were collected from the same 

period (January 2015 to December 2016), normalization was performed to adjust the effect of 

climate on cooling and heating loads. This is explained more extensively in the following 

section.     

The energy used in university buildings, like any other buildings, is influenced by building 

services provided in the facility. The energy used for providing services such as artificial 

lighting, electricity supply for equipment, and HVAC varies depending on the efficiency of 

the systems and loads. A framework for representing ontology and relationships between the 

dependent variable (energy use) and independent variables selected for this study is 

illustrated in Figure 2.2.  
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Figure 2.2. Ontology representing the energy performance of a university building, adapted from Pickering and Byrne 

(2014).  

2.4.2.2 Data normalization 

By assuming a linear relationship between climate (degree days) and energy use, climate 

normalization is adapted to account for annual climatic fluctuation (Sailor & Muñoz, 1997). 

As suggested by some researchers (Haas, 1997), adjustments are applied by multiplying the 

energy data by climate correction factors. In this paper, climate correction factors are defined 

as average degree days in a ten-year period divided by degree days of an observation year 

(BizEE Software Limited, 2017). Degree days, as a sum of cooling and heating degree days, 

calculate how much the outside temperature is lower or higher than a specific base 

temperature, which is 18 oC for the Australian context (Guan, 2009). Energy consumption 

was also normalised by floor area to identify individual building energy use intensity, also 

known as the energy utilization index (EUI), which is a simple and easily understandable 

method for energy efficiency evaluation. 

2.4.2.3 Multiple linear regression analysis 

Statistical analysis was performed with IBM SPSS Statistics Package 22.  The multiple linear 

regression model was validated with a data-splitting method by randomly splitting samples 

into two parts: two thirds consisting of 53 datasets, and the remaining one third of 27 
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datasets. Model validation and the data-split method was adopted from Picard and Berk 

(1990). Multicollinearity between variables was investigated. 

2.4.2.3 Benchmarking techniques  

After the regression analysis, benchmarking was performed using four different 

benchmarking methods, OLS, COLS, SFA, and DEA, in order to reduce benchmarking 

limitations. The following section provides an overview of each method.  

2.4.2.3.1 Ordinary least square (OLS)  

OLS is a linear regression model that determines the efficiency line by minimizing the sum of 

squares of errors (distance of data points from the line also to be known as residuals). Based 

on sample information, OLS represents average practices. OLS applies regression analysis 

principles to determine the relationships between the variables and predict the energy 

intensity of buildings based on a simple linear regression model (Oh & Hildreth, 2016). In 

this method, average energy efficiency level can also be estimated with the help of the 

regression line. Buildings with energy intensity higher than the average line are considered 

energy inefficient, and buildings under the regression line are considered efficient. Residuals 

as the difference between the observed energy use and the predicted energy use can be used 

as a measure of efficiency and to establish distributional benchmarking tables. This method 

was introduced by T. Sharp (1996), and was later used as a basis for developing the Energy 

Star modelling (Borgstein & Lamberts, 2014). The typical OLS regression model is 

formulated (W. S. Lee, 2010) as: 

Y = a + b1x1 + b2x2 +…+ bkxk;                          (2.1)  

where Y is the dependent variable; a is the intercept; b1,b2, ... bk are the regression 

coefficients; x1,x2, ... xk are the significant independent variables. An example which used the 

OLS method in estimating the impact of cost inputs was research by Banaeian, Omid, and 

Ahmadi (2011), which performed an energy and economic analysis of greenhouse strawberry 

productions.  

2.4.2.3.2 Corrected ordinary least squares (COLS) 

A more advanced version of the OLS method, initiated by Winsten (1957), is COLS, which is 

performed in two stages. At the first stage, the regression line is determined using the OLS 
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method, in which some of the residuals are negative and some positive. At the second stage, 

the regression line is shifted downward so that all the residuals become positive. This means 

that the most energy efficient observation is considered as the efficient standard and the rest 

of the observations as inefficient. Instead of considering the mean value for defining efficient 

EUI, the COLS method uses the lowest EUI to calculate the residuals and efficiency. The 

COLS estimates the frontier line based on the single best practice. The downfall, however, is 

that the results are highly dependent on the performance of the most efficient building in the 

database, and allow no recognition of stochastic errors (W. Chung, 2011). COLS shares some 

similarities with the DEA method, as both methods assume residuals are due to inefficiencies. 

This is further developed in Section 3.1.5. Again, similarly to DEA, COLS ranks all 

efficiencies on a 0 to 1 scale, with 1 being the most efficient building. A review paper by 

Banker, Gadh, and Gorr (1993) comparing COLS and DEA methods indicated that COLS 

performs better with sample sizes of 50 or over.   

2.4.2.3.3 Stochastic frontier analysis (SFA)  

The SFA model is a parametric frontier method which uses regression analysis and a 

mathematical formula to form the frontier line, assuming the existence of a parametric 

function between production inputs and outputs (Cullinane, Wang, Song, & Ji, 2006). This 

method is claimed to control a range of economic and other influencing factors, and to 

measure energy efficiency. The method was initiated by Aigner, Lovell, and Schmidt (1977) 

and Meeusen and van Den Broeck (1977) independently, in 1977. Being a stochastic 

approach, SFA acknowledges the possibility of statistical noise or random errors such as 

measurement flaws. In fact, SFA assumes that errors or residuals consist of two parts: 

statistical noise and systematic inefficiencies (Fenn, Vencappa, Diacon, Klumpes, & O’Brien, 

2008). In other words, the COLS method assumes that all the residuals are due to 

inefficiencies, while SFA separates random errors from inefficiencies. This potentially leads 

to a more accurate estimation of efficiency when errors are discriminated because the 

distance between the data points is closer to the efficiency line in SFA in comparison with the 

COLS method (Cullinane et al., 2006). The regression functional form is an econometric 

technique which uses regression analysis to estimate the energy efficiency of buildings 

(Jacobs, 2001). Some interesting examples of using SFA for energy benchmarking include 

works by Filippini and Hunt (2011), Buck and Young (2007), and Boyd (2008). A SFA 
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model can be formulated as Equation (2.2) where the Uk is systematic efficiency, which must 

be positive, whereas the Vk is statistical noise of the kth sample building.  

yk =  f (x1k, x2k, ... , xMk, Uk, Vk)            (Cullinane et al., 2006)                    (2.2) 

 

The functional form f aims to generalize the likelihood functions of stochastic frontier 

estimation, and stochastic errors have been addressed in numerous studies (Greene, 1980; 

Jondrow, Lovell, Materov, & Schmidt, 1982; Stevenson, 1980). One of the most common 

methods for specifying functional forms and distribution of inefficiencies using SFA  is 

extensively described by P. Zhou, Ang, and Zhou (2012). One of the advantages of SFA is 

that, unlike OLS and COLS, it reduces reliance on the performance of a single efficient 

building. However, one of the biggest drawbacks of the method is that if there are no 

measurement errors, some of the residuals, which are here due to systematic inefficiencies, 

will be wrongly regarded as statistical errors (Jamasb & Pollitt, 2003).  

2.4.2.3.4 Data envelopment analysis (DEA) 

DEA is a non-parametric approach which classifies buildings into different classes and then 

compares the energy performance based on the best performing building in each class 

(Kavousian & Rajagopal, 2013). The DEA method was built upon the work of Farrell (1957), 

who developed a mathematical programming model to determine the relative efficiency of 

comparable entities. Regression models determine energy efficiency by comparing buildings 

with the average trend over the entire population, while DEA models compare buildings with 

the best performing buildings in each class. The main advantage of DEA is that it is not based 

on any assumptions regarding the correlations between inputs and outputs (Seiford & Thrall, 

1990). The DEA method uses measured data to determine the frontier line, so it is data-driven 

frontier analysis (P. Zhou, Ang, & Poh, 2008). The DEA efficiency measure is used to rank 

decision making units (DMUs), or buildings in this context (Mehrabian, Alirezaee, & 

Jahanshahloo, 1999).  In this model, for each building a measure of input factors is dedicated 

in order to transform multiple input factors such as usable floor area, occupant population, 

and equipment efficiency into a single indicator. Efficiency scores are calculated by the 

Equation (2.3): 

 

Efficiency = weighted sum of outputs / weighted sum of inputs           (W. Chung, 2011) (2.3) 
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In the DEA method, models could be input oriented, which minimizes input for a given 

output, or output oriented, which maximizes output for given input factors (Giannakis, 

Jamasb, & Pollitt, 2005). The efficiency scores in the input oriented method is a value 

between 0 and 1, while in the output oriented method, the value ranges between 1 and 

infinity, with 1 being the frontier factor in both methods (Omid, Ghojabeige, Delshad, & 

Ahmadi, 2011). The most common DEA models can be classified into two categories of 

constant returns to scale, also known as CRS (da Silva, Marins, Tamura, & Dias, 2017), and 

variable returns to scale, known as VRS (Lu & Wang, 2017). The CRS method was 

pioneered by Charnes, Cooper, and Rhodes (1978) in 1978, whereas VRS was developed by 

Banker, Charnes, and Cooper (1984) in 1984.  

Each benchmarking method mentioned above has its advantages and disadvantages. The 

reason for using the four different benchmarking methods was to limit biases because 

benchmarking is relatively a subjective method which is used for defining efficiency. Based 

on the benchmarking technique, the energy efficient buildings are defined in different ways. 

A building which is efficient in the DEA method, for example, may not be energy efficient if 

the SFA techniques are applied. The main weakness of OLS and COLS is that they reflect a 

combination of relative efficiency. In particular, OLS calculated the fitted average to estimate 

efficiency, while ignoring the theoretical notion of energy efficiency (W. Chung, 2011). 

COLS is a frontier version of OLS by shifting the efficiency line so that all buildings are 

efficient (T. Sharp, 1996). This makes the efficiency line depend on the performance of a 

single building. SFA differentiates random errors from relative inefficiencies, and unlike the 

other frontier method of COLS, estimates the efficiency model with consideration of possible 

random errors (Jamasb & Pollitt, 2003). DEA envelopes the buildings with the outermost 

energy efficient buildings and determines frontiers using the most efficient practices 

(Irastorza, 2003). The disadvantage of DEA is that some outlier buildings may fall on the 

enveloping line and be considered as efficient practices (W. Chung, 2011).  

2.5 Results and analysis 

First, energy characteristics and statistical differences between different academic activities 

were examined, followed by a correlation analysis. Second, energy characteristics and 

statistical analyses between different disciplines were explored along with a correlation 

analysis. Then, a regression model was developed on the prediction of EC and EUI to explore 
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various building characteristics. Finally, the benchmarking process using the different 

statistical methods was conducted.  

2.5.1 Energy characteristics across different academic activities 

The difference in energy use between different types of campus buildings can be seen in 

Table 2.4. Libraries and research buildings on average consumed more energy than other 

types of buildings on campus, with the mean value almost four times more than academic 

office buildings. In addition, the variation in energy use per activity was significant, as shown 

by the standard deviation. Mixed-use buildings had the largest standard deviation. However, 

the average EUI values were higher in research buildings. The standard deviation showing 

the variation in energy intensity in buildings was also higher in research buildings. The 

second most energy intensive activity was teaching. The analysis of the main statistical 

features of the EC and EUI values showed that the distribution of the energy use patterns was 

dissimilar among various building types (Figure 2.3).  

Table 2.4. Average energy consumption (EC) and energy use intensity (EUI) during the two-year period 2015 to 2016. 

Function (number*) Energy consumption (EC)  

(kWh/year) 

Energy use intensity (EUI) (kWh/m2/year)  

Avg. Max Min Std. Avg. Max Min Std. 

Academic offices (11) 255,096 1,198,074 29,564 330,738 121 267 43 76 

Administration (15) 327,690 1,379,355 13119 367,538 135 272 40 68 

Library (5) 1,162,088 1,912,679 459,286 536,301 148 84 50 233 

Research (10) 1,146,690 2,246,659 13,605 604,963 379 908 121 243 

Teaching (10) 430,861 1,047,344 14,845 389,996 161 408 34 125 

Mixed (29) 827,095 5,095,378 36,651 968,047 141 387 18 71 

* Number of buildings in parentheses.  
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Figure 2.3. Average EC and EUI for the different building types. 

In order to statistically test the effects of academic activity types on energy intensity, a more 

detailed analysis of energy intensity investigating monthly usage was carried out. A 

comparison of monthly EUI, building types, university teaching days, and outdoor degree 

days is illustrated in Figure 2.4. The annual Griffith University semester breaks are one 

month during July in winter, and two months starting from the middle of December until 

towards the end of February in summer. While most teaching activities are suspended during 

breaks, many research students and staff remain at laboratories, during these periods. In 

addition, HVAC systems are continuously supplied in laboratories even during non-occupied 

intervals, due to safety and maintenance reasons. Laboratory equipment is also used during 

university semester break. This increases the energy intensity in research buildings, even 

during semester breaks.   

However, most other activities cease during semester breaks. The plot of degree days shows 

that January and February had the highest cooling degree days; however, since these two 

months had few teaching days, energy consumption did not peak during these two months. 

Similarly, in July, heating degree days were at a peak, and since this period was campus 

winter break, energy loads did not peak during this month. EUI in spaces accommodating 

teaching and administration activities did not directly follow the outdoor climate loads. 

Nonetheless, research buildings had a closer correlation with outdoor climate conditions, as 

many research activities continue during holiday periods. However, even for research 

buildings, the monthly energy loads did not peak at the time of the outdoor climatic peaks 
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since none of the research buildings were fully dedicated to research spaces. Most research 

buildings also had office and other space types. The EUI peaked in October, when both 

cooling loads and teaching days were relatively high.    

 

Figure 2.4. Monthly EUI of all building types and average degree days in 2016. 

A Pearson correlation analysis was conducted to determine the correlations between energy 

use and building types (see Table 2.5). The EC strongly correlated with teaching and 

research, which means that most energy on campus was consumed for teaching and research 

activities. This is a result of both the size of these building types and energy intensity. 

However, EUI only strongly correlated with the research building type, demonstrating the 

high HVAC and equipment loads in this building type.    

Table 2.5. Correlation analysis of different building types of EC and EUI. 

  Teaching Academic 

offices 

Research Administration Libraries 

EC Pearson correlation 0.558 0.097 0.657 0.155 0.252 

Sig. 0.000 0.196 0.000 0.085 0.012 

EUI Pearson correlation -0.130 0.072 0.291 -0.054 0.004 

Sig. 0.126 0.263 0.004 0.317 0.485 

 

2.5.2 Energy characteristics across disciplines 

The distribution of energy use between different disciplines can be seen in Table 2.6. The 

Business buildings consumed more energy than other disciplines, with the average for 

Business almost three times more than the average for Health. In addition, the table shows the 
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standard deviation for each discipline. The largest variation belonged to general buildings, 

which accommodated spaces for general services for the campus buildings. EUI had the 

highest value in the Science discipline, indicating that the Science group was the most energy 

intensive among the disciplines. The maximum energy intensive building in the whole dataset 

also belonged to the Science group. The standard deviation of EUI was also the highest for 

the Science group.  

Table 2.6. Average energy consumption (EC) and energy use intensity (EUI) during the two-year period 2015 to 2016. 

Discipline (number*) Energy consumption (EC)  

(kWh/year) 

Energy use intensity (EUI) (kWh/m2/year)  

Avg. Max Min Std. Avg. Max Min Std. 

AEL (21) 593863 2132816 13119 595674 145 408 18 93 

Business (5) 906662 2135455 125051 824880 185 334 98 92 

Health (7) 253470 698633 14845 249110 121 267 43 78 

Science (14) 502723 1615159 13605 512601 210 908 43 234 

Mixed (8) 751151 1334741 35319 423875 162 227 94 48 

General (25) 858683 5095378 72667 1033691 181 551 46 137 

The correlation analysis between the various disciplines and their EC as well as EUI was 

studied. As shown in Table 2.7, no significant correlations were found when comparing 

energy use among the disciplines. However, only the Business school attained a positive 

correlation with EC, indicating that EC was slightly higher in the Business discipline. The 

Business school, along with Science, also obtained a positive correlation with EUI, 

suggesting that energy intensity was also slightly higher in these two schools. This may be 

because Science had more laboratories and Business had more lecture theatres than other 

disciplines, which accounts for high energy intensity spaces on campus. Nonetheless, the p-

value or the significance of the correlations was low and regressing the EC and EUI with 

disciplines was not significant.                                                                               

Table 2.7. Correlation analysis of various disciplines with EC and EUI. 

  AEL Business Health Science 

EC Pearson correlation -0.011 0.128 -0.146 -0.116 

p-value 0.460 0.129 0.099 0.153 

EUI Pearson correlation -0.112 0.025 -0.097 0.049 

p-value 0.162 0.414 0.197 0.332 
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2.5.3 Regression analysis  

A detailed regression analysis of specific spaces such as Laboratory (LAB), computer room 

(COM), open stack library (LIB), studio (STD), clinic (CLNC), lecture rooms (LCTR), retail 

(RTL), GFA and AGE was performed. LAB, COM, LIB, CLNC, RTL and GFA attained a 

strong positive regression with EC, suggesting that EC increased concomitantly with the size 

of these space types. In particular, laboratory floor area and GFA had a higher positive 

regression with EC. Therefore, the increase in size of laboratories and building floor areas 

translated into increased energy loads. The correlation analysis of EUI and various factors 

revealed that the EUI only regressed with laboratory floor area (see Table 2.8). This means 

that the energy intensity was not attributed to COM, LIB, STD, CLNC, LCTR, RTL, GFA, 

and AGE. The interesting observation was that EUI did not regress particularly with age, 

dispelling the idea that older buildings are more energy intensive. The stepwise regression 

model for EC and EUI is presented in Table 2.9. The stepwise regression only included 

variables with p-value less than 0.05 to develop a regression equation model. The P-value is 

the probability of the condition that results have happened by chance. As indicated in Table 

2.8, the regression model developed for EC prediction had a relatively high adjusted R-

squared of 0.821 with the overall p-value of 0.000. This proved that the model developed for 

the EC prediction was significant. 

Table 2.8.  Correlation analysis of various factors in energy use intensity (EUI) in university buildings. 

  LAB COM LIB STD CLNC LCTR RTL GFA AGE Sig. R-squared 

EC  B 440.12 374.12 376.92 36.70 476.40 -8.09 529.54 63.82 -2009.05 0.000 0.82 

Sig. 0.000 0.027 0.002 0.746 0.013 0.933 0.003 0.000 0.556   

EUI  B 0.076 0.006 0.061 -0.028 -0.012 -0.031 0.076 -0.008 -2.004 0.103 0.180 

Sig. 0.004 0.926 0.178 0.527 0.864 0.407 0.258 0.159 0.141   
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Table 2.9. Stepwise multiple regression analysis of total energy consumption (EC) and energy use intensity (EUI). 

Priority of independence  Unstandardized  

coefficients 

t-value p-value 

Dependent variable: EC  

LAB 436.793 7.44 0.000 

COM 

STC 

CLNC 

RTL 

GFA 

constant 

397.501 

379.396 

480.719 

531.098 

64.625 

47090.23 

2.58 

3.60 

2.66 

3.21 

4.63 

0.82 

0.012 

0.001 

0.010 

0.002 

0.000 

0.416 

Model: Total annual energy consumption (kWh/year)  

R2 = 0.821 

Adjusted R2 = 0.806 

F-value = 55.88 

p-value = 0.000 

Dependent variable: EUI 

Lab 

constant 

0.048 

150.494 

2.49 

9.00 

0.015 

0.000 

Model: Total annual energy consumption (kWh/year)  

R2 = 0.073 

Adjusted R2 = 0.061 

F-value = 6.18 

p-value = 0.015 

The adjusted R-squared was quite low for the regression model developed for EUI with the 

value of 0.061. However, the F-value, which was the ratio of the model mean square to the 

error mean square, revealed that the equation was a valid predictive model. F-value shows 

whether a regression model has statistically significant predictive capability. When the F-

value is high (6.18 in this model), the null hypothesis is rejected, and this proves that the 

model has a strong predictive capability.  

2.5.4 Benchmarking 

Based on the regression model, this section presents the procedure to develop benchmarks for 

university buildings using the four statistical methods in 3.2.4. A scatter plot of predicted and 

observed EUI was generated to illustrate the data spread based on the normal regression 

analysis (OLS), discussed in the previous section (Figure 2.5). The grey line’s equation is Y = 

X, meaning that if a data point falls on this line, the predicted EUI is equal to the observed 

EUI. Based on the OLS method, the data points above the grey line represent the efficient 
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buildings, while the dots below the grey line represent inefficient buildings. The COLS 

method has the equation equal to OLS, plus an intercept in a way that no data-point is above 

the efficiency line (Figure 2.5). All other buildings under the orange line are regarded as 

inefficient in the COLS method. The frontier method of DEA purports to estimate the 

efficiency line by the best practice in the data sample. The efficiency line in DEA is defined 

by buildings which have maximum predicted EUI for minimum observed EUI. The yellow 

line in Figure 2.5 represents the DEA benchmarking line by joining the boundary points of 

the most efficient buildings defined by DEA. In the DEA method, the most efficient buildings 

are regarded as efficient decision-making units and the rest of the practices are accounted as 

inefficient units. The SFA efficiency line is defined similarly to the COLS method. It uses the 

OLS regression line, yet it allows an estimation for random errors and reduces the reliance on 

the performance of a single building. The SFA efficiency line is presented by the blue line in 

Figure 2.5.   

 

Figure 2.5. Scatter plot of the predicted and observed EUI and graphical illustration of benchmarking with various methods. 

The efficiency scores were determined by measuring how far each utility is below the 

efficiency line in each method. The efficiency score of 1 assumes that the practice is efficient. 

With the OLS method, 60% of the buildings in the database are energy efficient, while in 

other methods a smaller proportion of the buildings is considered efficient (Table 2.10). With 

the COLS method, only one building with EUI of 121 (kWh/m2/year) was scored as efficient, 
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and the rest of the buildings were inefficient compared to the performance of this single 

building. Determining the efficiency of the whole dataset based on the performance of a 

single building is one of the main weaknesses of this method. While still being a frontier 

method, SFA uses a larger population of building performances for efficiency approximation. 

In the SFA method, 7% of the buildings were marked as efficient. The minimum EUI for the 

efficient buildings was 43 (kWh/m2/year), whereas the average EUI among the efficient 

buildings was 153 (kWh/m2/year). DEA is another frontier method and uses more than one 

building performance to define the efficiency line. However, some of the most energy 

intensive or very low energy intensive buildings, which may not represent the typical 

university building energy performance, were considered to define the efficiency line. For 

example, with the DEA method, one of the buildings with EUI of 908 kWh/m2/year was 

scored as efficient, while the predicted EUI was almost a third of the observed EUI.  This 

means when using the DEA regression equation, this building was far below the efficiency 

line. As a result, the SFA model seemed to be the most accurate frontier method to determine 

building efficiencies and define benchmarking for university building types, due to the large 

variation in the activities and consequently energy intensity.  

Table 2.10. Benchmarking using various statistical methods comparing the efficiency of the buildings in the database and 

average predicted and observed EUI for the efficient buildings. 

Method Database efficiency 

percentage 

Min EUI among  

efficient buildings 

Avg. EUI 

among  

efficient buildings 

OLS 60% 18 109 

COLS 1% 121 121 

SFA 7% 43 153 

DEA- input -VRS 6% 18 332 

Based on the multiple regression models and the SFA benchmarking method, energy 

benchmarking was developed for different building types (Table 2.11). As expected, research 

buildings were the most energy intensive, and the benchmarked EUI was computed as 216 

kWh/m2/year. The rest of the building types had closer benchmarked EUI values compared to 

the value for research buildings. Libraries and mixed-use buildings had a value of 145 

kWh/m2/year. Teaching buildings were fourth with a benchmarked EUI score of 149 

kWh/m2/year, followed by administration buildings with a value of 140 kWh/m2/year. The 

least energy intensive building type was academic office buildings, with a benchmarked 

value of 137 kWh/m2/year. A graphical illustration of benchmark EUI values for different 

building types is presented in Figure 2.6. 
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Table 2.11. Benchmarking EUI values for different building types in terms of activities. 

Building Type Avg. 

observed 

EUI (kWh/m2/year) 

Avg. 

predicted  

EUI (kWh/m2/year) 

Benchmarked  

EUI (kWh/m2/year) 

Academic offices 121 142 137 

Administration 134 148 140 

Library 148 160 145 

Research 379 279 216 

Teaching 145 149 149 

Mixed 148 171 142 

 

 

Figure 2.6. Boxplot illustration of benchmarked EUI values for different building types. 

Based on the same SFA method, energy benchmarking was also developed for different 

disciplines (Table 2.12). The benchmarking values for the different disciplines were not as 

diverse as they were for the different activities. Science was the most energy intensive 

discipline and the benchmarked EUI was computed as 164 kWh/m2/year. Business was the 

second most energy intensive discipline, with a value of 156 kWh/m2/year. The next was 

AEL, with a benchmark value of 143 kWh/m2/year. The least energy intensive discipline was 

Health, with a benchmark value of 121 kWh/m2/year. An illustration of benchmark EUIs for 

different disciplines is presented in Figure 2.7.  
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Table 2.12. Benchmarking EUI values for different building types in terms of disciplines. 

Discipline Avg. 

observed 

EUI (kWh/m2/year) 

Avg. 

predicted  

EUI (kWh/m2/year) 

Benchmarked  

EUI (kWh/m2/year) 

AEL 145 137 143 

Business 185 219 156 

Health 121 145 136 

Science 210 171 164 

General 181 192 155 

Mixed  162 174 149 

 

Figure 2.7. Boxplot illustration of benchmarked EUI values for different building types. 

2.5.5 Comparison with international energy benchmarks 

This section provides a comparison study of the average energy consumption (the most 

simple and common benchmarking indicator) of campus buildings in subtropical climates 

across the world, including the US, South Korea, China, Japan, and Australia. The average 

energy consumption of campus buildings in this study was 170 kWh/m2/year, which was 

higher than the average energy use in Taiwan campus buildings, with a value of 79 

kWh/m2/year (Table 2.13). Yale University showed the highest energy consumption across 

campus buildings in a subtropical climate, with an average value of 739 kWh/m2/year. 

Cornell University had comparatively lower energy consumption in the US, with an average 

value of 265 kWh/m2/year when compared to Yale University. Japanese universities had the 

second highest energy intensive campus buildings in comparison with other countries, with 

values of 472 kWh/m2/year, 465 kWh/m2/year, and 582 kWh/m2/year for Osaka University, 
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Keio University, and Kyoto University, respectively. Studies in South Korea (223 

kWh/m2/year) and China (204 kWh/m2/year) showed that average energy consumptions are 

higher in those countries than Australia. Within Australia, this study showed that average 

energy consumption of campus buildings at Griffith University (170 kWh/m2/year) was 

slightly lower than that at the University of Sydney with an average value of 201 

kWh/m2/year. 

Table 2.13. Average energy consumption of campus buildings across various countries.  

 Average EUI 

(kWh/m2/year) 

Campus Climate Data 

years 

Date Reference  

USA 739 Yale University Humid 

subtropical 

4  2010-2013 Ma, Lu, and Weng (2015) 

265 Cornell 

University 

Humid 

subtropical 

2  2012-2013 Ma et al. (2015) 

South Korea 223 A university in 

Seoul 

Humid 

subtropical 

1 2012 M. H. Chung and Rhee (2014) 

China 204 Eight universities 

in Changchun 

Humid 

continental 

1  2012 Lo (2013) 

Taiwan 79 51 universities in 

Taiwan 

Humid 

subtropical 

1 2015 Wang (2016) 

Japan 465 Keio University Humid 

subtropical 

3  2010-2012 Ma et al. (2015) 

472 Osaka University Humid 

subtropical 

3  2010,  

2012-2013 

Ma et al. (2015) 

582 Kyoto University Humid 

subtropical 

4  2010-2013 Ma et al. (2015) 

Australia 201 Sydney 

University 

Humid 

subtropical 

5  2009-2014 Obrart (2016) 

170 Griffith 

University 

Humid 

subtropical 

2 2015-2016 This study 

 

2.5.6 Comparison with national energy benchmarks 

A number of green rating tools and schemes have been developed to promote energy 

efficiency in Australian commercial buildings. The two noteworthy rating systems for 

commercial buildings in Australia are NABERS and TEFMA. NABERS (National Australian 

Built Environment Rating System) measures the environmental performance of buildings in 

terms of energy efficiency, water usage, waste management, and indoor environment quality, 

and their environmental impact (NABERS, 2017). NABERS energy assessment in 

commercial buildings considers gross floor area, the number of computers (as a measure of 

occupancy), the hours of operation (as a measure of level of occupancy), climate, and energy 



CHAPTER 2. ENERGY USE  57 

 

use. In the commercial building sector, NABERS performance evaluation includes buildings 

such as offices, hotels, shopping centres, and data centres. NABERS energy assessment using 

either NABERS prescriptive assessment, or energy modelling based on the Building Code of 

Australia (Section J, Energy Efficiency, and Section JV3, methodology) is not valid for the 

comparison of energy use in different campus building types in terms of disciplines and 

activities.  

TEFMA (Tertiary Education Facilities Managers Association) is a comprehensive source of 

information for the Group of Eight Universities (G08) in Australia including costs and energy 

use (TEFMA, 2017). The problem with the TEFMA energy benchmark is the aggregation of 

campus data, which is not suitable for energy comparison studies.  

As mentioned above, the NABERS energy tool is designed for commercial, and not for 

campus buildings due to the great diversity in energy use. Accordingly, a comparison study 

of national benchmarks is performed with TEFMA and Australian national energy baselines 

published by the Department of Climate Change and Energy Efficiency.  

Analysing the G08 campuses, TEFMA divides university buildings into two groups of 

general purpose with an average energy consumption of 167 kWh/m2/year, and service and 

equipment intensive with an average energy consumption of 611 kWh/m2/year (Obrart, 2016). 

The national energy baseline for Australian campus buildings published by the Department of 

Climate Change and Energy Efficiency, indicates an average energy consumption of 242 

kWh/m2/year for campus buildings all across Australia (Department of the Environment and 

Energy, 2012). Our study provides a more detailed benchmarking for different building types 

by indicating 379 for research buildings, and a value from 121 to 148 for buildings such as 

academic offices and libraries. This comparison analysis also shows that our benchmark 

values are much lower than TEFMA and Australian national energy consumption. As shown 

in Table 2.14, the resolution of building functionality in campus buildings is relatively poor 

across TEFMA and Australian national baselines. Therefore, it is important to enhance the 

functionality distinction between campus building types to be able to provide an accurate 

benchmarking system for campus buildings.  
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Table 2.14. Energy comparison study with national benchmarks and energy rating tools. 

Building types TEFMA (Obrart, 2016) 

(kWh/m2/year) 

National baseline (Department 

of the Environment and Energy, 

2012) 

(kWh/m2/year) 

This study 

(kWh/m2/year) 

Academic offices  

 

172 

 

 

242 

121 

Administration 134 

Library 148 

Teaching 145 

Research 555 379 

 

2.6 Discussion 

This study used the energy data for campus buildings to develop benchmark energy targets 

for various university building types. Due to the complexity, benchmarking for universities 

had never been thoroughly studied. The study showed that energy use and energy intensity 

was different among various disciplines. This emphasizes the psychological influence that 

Sorrell (2015) and Brosch, Sander, and Patel (2016) have indicated, where disciplines are 

different in terms of being either neglectful or optimistic about their potential to reduce 

energy demands.  

This research used statistical techniques to identify a reliable energy predicting equation for 

EC and EUI. Each individual campus building accommodates a variety of spaces with 

different energy loads (HVAC, equipment etc.). Due to the lack of sub-metering for different 

spaces, and in order to find correlations between space activities and energy loads, we 

divided buildings into groups based on proportional floor area. For example, buildings with 

more than 40% of laboratories are considered as laboratory buildings, while a building with 

10% laboratory space was not considered as a laboratory building. This categorization 

reduces the significance of correlation studies, yet this limitation was inevitable due to a lack 

of energy consumption sub-metering for individual functional areas (Obrart, 2016).    

The highest amount of energy on campus was consumed in libraries due to the size of these 

buildings. The standard deviation of EC for mixed use and research buildings was the 

highest, suggesting that the total energy use for these building types differ. The energy use 

intensity was the highest in research and teaching buildings. Academic office buildings had 

the lowest average EC and EUI values, and this could be associated with both the size and the 

nature of occupant indoor activities.  
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The regression analysis revealed that EC regressed with building size and type, and EUI only 

regressed with building type, particularly with laboratory floor area. Based on the regression 

model for EUI, energy benchmarking using various popular statistical methods of OLS, 

COLS, SFA, and DEA was performed. The application of the OLS method in energy 

benchmarking involves the estimation of average energy consumption using regression 

analysis. Being an averaging method, the OLS method estimates the efficiency line based on 

average energy use. The main weakness of the OLS method is that all residuals are 

considered as relative efficiency levels, ignoring unexplained factors and data errors. In the 

study, with the application of the OLS benchmarking technique, 60% of the entire building 

population was efficient. However, the 60% efficiency of the dataset seems unexpectedly 

high as only two buildings in the dataset are rated as highly energy efficient and have green 

building certifications. The COLS technique is an extension of the OLS method that shifts  

the regression line upwards in a way that the regression line envelopes all buildings (W. 

Chung, 2011). However, only a single building in this study fell on the orange line which 

represents the COLS regression equation. This means that the energy efficiency line defined 

by the COLS technique is highly dependent on the performance of a single building. This 

reduces the appropriateness and reliability of the COLS method for benchmarking. In our 

dataset, there was an uneven distribution of building size categories and energy intensity. For 

example, there was only a single building with EUI of more than 900 kWh/m2/year, and all 

the other EUI values were less than 600 kWh/m2/year. As a result, in the DEA method which 

develops the efficiency line by enveloping all buildings with linear programming, some 

outliers were considered as efficient due to the lack of comparable buildings. In this case, the 

most energy intensive building with EUI of 908 kWh/m2/year was considered efficient. 

Based on the comparison, the SFA technique seemed the most appropriate method of 

benchmarking due to considering both the average functioning to develop the efficiency line, 

as well as being a frontier method and considering the highest energy efficient buildings as 

assets.  

Laboratories, supplied by intensive HVAC and equipment loads, consumed more energy than 

normal academic office space types. In a study at the University of California, laboratories 

were three times more energy intensive than non-laboratories (Federspiel et al., 2002). 

Another study indicated that laboratories on average consumed four to five times more 

energy than non-laboratory space types (Mills et al., 1996). The high HVAC and equipment 

load in laboratories are mainly due to high air change rate with a 100% outside air supply and 
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air exhausts though fume hoods and local exhaust devices. The high air change rate results in 

high chiller power consumption to run fans and condition such large quantities of air. In this 

study, through the regression analysis and benchmarking process, it was confirmed that the 

energy intensity of university buildings was a function of building types, and particularly 

laboratory floor area. This study showed that laboratory buildings at Griffith University were 

three times more energy intensive than academic offices and administration buildings, and 

two and a half times more energy intensive than libraries, teaching, and mixed-use buildings.  

An extreme variability in energy intensity in campus buildings has been found, particularly in 

laboratories with diverse end-use of energy and occupancy patterns (Department of the 

Environment and Energy, 2012). For example, one laboratory building may be used for a few 

hours, while another research laboratory may have a 24/7 operation schedule. This is because 

of diverse energy intensity and occupancy patterns, which leads to great variation in 

equipment loads.  

The interesting observation was that EUI did not correlate particularly with age. This 

contrasts with some previous studies (Federspiel et al., 2002), which suggests a strong 

correlation between building age and laboratory building energy intensity. University 

semester breaks happen in months with peak cooling and heating loads. The only space type 

that continues operating during these periods is laboratories. Another finding is that energy 

loads in research buildings correlated more with climate parameters compared to other 

building types.  

The ASHRAE Standard 90.1 proposed baseline values in university buildings as 403 

kWh/m2/year for electricity and 733 kWh/m2/year for gas (ASHRAE, 2007). According to 

the proposed model by Labs21 from a research centre in the University of California, a 45% 

reduction of ASHRAE Standard 90.1 is recommended for research buildings in the USA 

(EPA, 2008). The benchmarking model in this research proposed baselines for the Australian 

subtropical climate particularly with reference to Southeast Queensland universities. Based 

on activity types, EUI values ranged from 121 kWh/m2/year in academic office buildings to 

379 kWh/m2/year in research buildings. However, based on the benchmarking technique 

(SFA), the benchmark value for research buildings was 216 kWh/m2/year as the highest 

energy intensive building type, and 137 kWh/m2/year for academic office buildings as the 

lowest energy intensive building. Benchmarking values across various disciplines were the 

highest for Science (164 kWh/m2/year) and the lowest for Health (136 kWh/m2/year). This 
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suggests that Science was the most energy intensive discipline as it accommodated more 

spaces for laboratories with higher HVAC and equipment loads. The other disciplines had 

greater emphasis on theoretical methods, and most activities were undertaken in teaching and 

learning spaces.  

The comparison study of international (US, South Korea, China, Taiwan, Japan and 

Australia) and national (TEFMA and national baselines) campus energy consumption showed 

that the benchmark developed in this study stands within the acceptable range to promote 

energy efficiency in Australian campus buildings.  However, the comparison study showed 

that a high degree of resolution in terms of activity, energy intensity, and occupancy is 

necessary to be able to evaluate energy performance and efficiency based on building types, 

particularly in campus buildings. The higher resolution of details in building characteristics 

and factors results in more accurate energy models for buildings (Department of the 

Environment and Energy, 2012).  

2.7 Conclusion 

A considerable difference was observed in energy use intensity in research buildings 

compared with other building types, such as those for teaching, academic offices, 

administration offices, and libraries. A subtler difference was found in energy intensity 

among disciplines, while energy consumption values regressed with building size, and energy 

intensity regressed with building type, and particularly with laboratory floor area. The 

benchmarking process using various statistical methods was performed. Among the various 

statistical benchmarking techniques utilized in this research, the SFA method was found to be 

the most appropriate for university building type due to large variations in energy intensity 

and the existence of several outliers. Based on the SFA energy benchmarking, 7% of the 

buildings in the dataset were energy efficient. The research building was the most energy 

intensive with observed average EUI values three times more than academic offices and 

administration buildings, and two and a half times more than libraries, teaching, and mixed-

use buildings. The highest energy benchmark values belonged to research buildings (216 

kWh/m2/year), and the lowest energy benchmark values belonged to academic office 

buildings (137 kWh/m2/year). In terms of disciplines, the benchmark EUI value was the 

highest for Science with 164 kWh/m2/year, and the lowest for Health with 136 kWh/m2/year. 

These values provided a matrix of benchmark values which are suitable for use in 

policymaking and energy performance assessment techniques in campus buildings.  



CHAPTER 2. ENERGY USE  62 

 

Nonetheless, the major limitation of the benchmarked method utilized in this study was that 

only buildings from a single university were studied. This would result in some inefficient 

buildings being benchmarked as efficient. However, no benchmarking systems for Australian 

university buildings are yet developed, and the method utilized here will be used to adjust this 

presented benchmark by expanding the dataset to other universities in the same climate. 

Energy efficiency leaders and energy policy makers can adopt benchmarked-based energy 

targets as an assessment tool to design and evaluate higher education campus building energy 

efficiency. Energy benchmarks and energy performance targets play a key role in continuing 

university leadership in building energy efficiency and reaching emission reduction goals. 

Similar studies in other climatic locations and with case studies from various universities are 

recommended for future research in order to further validated this study and provide reliable 

energy benchmarking systems for campus buildings across the subtropical climate.   
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Chapter 3. Paper Two: Green building occupant satisfaction: Evidence 

from the Australian higher education sector. 
 

The previous results chapter provided an energy benchmarking system as a first step towards 

energy evaluation of higher education buildings. Following the assessment of green building 

initiatives in higher education campuses, this chapter investigated the effectiveness of green 

certification in achieving high levels of occupant satisfaction.  It specifically compared green 

and non-green higher education buildings to evaluate green certifications as a green campus 

initiative.   
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3.1 Abstract 

Universities spend billions of dollars on green buildings as sustainability commitment. This 

research investigates occupant satisfaction with indoor environmental quality (IEQ), building 

design (BD), and facilities management (FM) in five highly ranked green higher educational 

buildings in the subtropical climate of Australia, in comparison to nine non-green 

counterparts. The results disclose that the green building users were more consistently 

satisfied than the non-green building users with BD&FM, such as design, needs from 

facilities, buildings image, cleaning, the availability of meeting rooms, and storage. On the 

other hand, the study revealed weaknesses of green buildings in IEQ, such as noise, 

ventilation, and artificial lighting. The individual environmental control positively correlated 

with satisfaction in non-green buildings, but did not significantly affect satisfaction with 

green buildings. This study also identified the influences of non-environmental factors on 

occupant satisfaction, such as gender, age, sitting close to a window, hours spent in the 

building and in the workstation, and the number of people sharing office space. The research 

provides evidence and guidance to invest, design and manage green educational facilities. 

Keywords: green building; occupant satisfaction; indoor environment quality; building 

design; facilities management; higher education 

3.2 Introduction 

Green buildings are designed to represent an architecture that is environmentally responsible 

and resource efficient through their whole life cycle (US Energy Information Administration, 

2003). Green rating tools have been initiated to accelerate sustainable transformation towards 

more energy and resource efficient, and healthy and productive buildings (Roderick, 

McEwan, Wheatley, & Alonso, 2009). Nevertheless, the role of green rating tools in 

improving indoor environmental quality and occupant experience in green buildings is 

uncertain (Altomonte, Saadouni, & Schiavon, 2016). A contradictory body of knowledge 

regarding the impact of green buildings on employees and occupant satisfaction has been 

reflected in earlier studies as a result of varying research methods and measures (Thatcher & 

Milner, 2016). Occupant experience and environmental satisfaction in offices are influenced 

by several environmental conditions such as thermal, visual, acoustics and air quality, as well 

as workplace features such as privacy, furniture, needs, cleanliness, and environmental 

controls (Altomonte & Schiavon, 2013; Geng et al., 2017).  
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Most green building occupant satisfaction studies come from the U.S. and U.K., and there are 

emerging studies from Asia, especially China (Y. Liu, Wang, Lin, Hong, & Zhu, 2018). The 

number of green building occupant satisfaction studies from Australia is small. Australia 

launched the Green Star programme in 2003; until December 2017, 1,462 projects had been 

certified. There is an urgent call for examining these certified buildings. To meet this call, the 

research presents an occupant satisfaction study of Green Star buildings in Australia. 

Particularly, this study focuses on the higher education sector. Many universities are 

investing billions of dollars on constructing green buildings showcasing their sustainability 

commitment (Dave et al., 2014). These green buildings are used for science laboratories to 

incubate innovative green technologies; they are also used for offices to facilitate academic 

and research activities. The study aims to provide evidence from users’ experience to 

examine these green education facilities. 

3.3 Literature review 

Many studies can be found on the relationship between green certifications and indoor 

environmental quality (IEQ) by investigating occupant satisfaction with factors such as 

thermal comfort, air quality, lighting, and noise. There are also papers considering other 

parameters in relation to building design and facilities management (BD&FM) such as 

privacy, environmental control, cleanliness, operation and maintenance, design, aesthetics, 

image, needs, ease of interaction with co-workers, furniture, health, and productivity.  

The available survey data from the Center of the Built Environment (CBE) at the University 

of Berkley in California have been used in several studies analysing LEED buildings 

(Abbaszadeh et al., 2006; Altomonte & Schiavon, 2013; Huizenga et al., 2005; Y. S. Lee & 

Kim, 2008), resulting in a large amount of data being used in these papers. In terms of 

thermal comfort satisfaction, most studies detected a higher performance in LEED buildings 

compared to conventional buildings. However, several studies indicated no significant 

difference in the thermal performance of LEED and non-LEED buildings (Altomonte & 

Schiavon, 2013). Indoor air quality (IAQ) was also perceived as being satisfactory in LEED 

buildings when compared with non-green buildings (Abbaszadeh et al., 2006; Huizenga et al., 

2005; Issa, Rankin, Attalla, & Christian, 2011; S. K. Kim, Hwang, Lee, & Corser, 2015; Y. S. 

Lee & Kim, 2008). The lighting and noise performance of LEED buildings showed 

significant inconsistency in the literature. In terms of lighting performance in LEED 

buildings, most papers detected no significant differences (Abbaszadeh et al., 2006; 
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Altomonte & Schiavon, 2013; Huizenga et al., 2005). However, two studies indicated a 

higher satisfaction score (Issa et al., 2011; S. K. Kim et al., 2015) and two papers (Z Brown, 

Cole, Robinson, & Dowlatabadi, 2010; Y. S. Lee & Kim, 2008) reported a lower satisfaction 

score in LEED buildings. As reflected in the literature, LEED buildings are the least 

successful in terms of noise performance as the majority of papers either reported no 

significant differences (Abbaszadeh et al., 2006; Altomonte & Schiavon, 2013; Huizenga et 

al., 2005) or lower satisfaction scores (Z Brown et al., 2010; Issa et al., 2011; Y. S. Lee & 

Kim, 2008) in LEED buildings in comparison with non-LEED buildings. One paper 

(Newsham et al., 2013), however, reported a higher satisfaction score in overall noise 

performance of LEED buildings, and another study (Newsham et al., 2013) indicated that 

noise from HVAC was perceived to be more satisfactory in LEED buildings. Abbaszade et 

al. (2006) emphasized the necessity for improvements in lighting controls and sound privacy 

through the accommodation of innovative strategies in open-plan offices in both LEED and 

non-LEED buildings. In terms of BD&FM, most papers (Z Brown et al., 2010; S. K. Kim et 

al., 2015; Y. S. Lee & Kim, 2008; Newsham et al., 2013) reflected a higher satisfactory 

performance in LEED buildings.  

Studies focused on BREEAM (the most common certification tool in Europe) reflected an 

inconsistent result in analysing various IEQ and BD&FM parameters. In terms of overall 

thermal performance, two studies (Baird, Leaman, & Thompson, 2012; Y. Zhang & Altan, 

2011) reported lower satisfaction scores, while another paper (Altomonte et al., 2016) 

showed satisfaction scores were comparable in BREEAM and non-BREEAM buildings with 

no significant differences. All papers studying IAQ (Altomonte et al., 2016; Leaman & 

Bordass, 2007) reported lower satisfactory results in BREEAM buildings compared to their 

conventional counterparts. Lighting performance in BREEAM buildings, however, was 

slightly better than other IEQ parameters, as two papers (Baird et al., 2012; Y. Zhang & 

Altan, 2011) detected higher and two papers (Altomonte et al., 2016; Leaman & Bordass, 

2007) reported no significant differences in satisfaction in the green and non-green groups. 

No significant differences in the noise performance of BREEAM and non-BREEAM 

buildings were perceived, according to the literature (Altomonte et al., 2016; Baird et al., 

2012; Leaman & Bordass, 2007; Y. Zhang & Altan, 2011). In one study (Leaman & Bordass, 

2007), noise from outside was scored lower in BREEAM buildings than in non-green 

buildings. One study (Altomonte et al., 2016) reported that the satisfaction results in 

BREEAM and non-BREEAM buildings were not significantly different, particularly in 
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regard to sound privacy, ease of interaction with colleagues, cleanliness, and workplace 

satisfaction. The study also reported a lower satisfaction level in visual privacy in BREEAM 

certified buildings compared to conventional buildings (Altomonte et al., 2016). Indoor 

environmental controls in BREEAM buildings scored no significant differences in the two 

compared groups (Baird et al., 2012). In one study (Baird et al., 2012), operation and 

maintenance achieved higher satisfaction in BREEAM buildings when compared to their 

conventional counterparts.  

Some studies have investigated Green Star buildings in Australia, and have particular 

relevance for our study. Some papers reported no significant differences in the performance 

of Green Star buildings compared with conventional buildings, particularly in overall 

perceived thermal comfort (Menadue, Soebarto, & Williamson, 2014; Paul & Taylor, 2008), 

lighting (Paul & Taylor, 2008), ventilation (Paul & Taylor, 2008), and noise performance 

(Paul & Taylor, 2008). In another Australian based study (Leaman, Thomas, & Vandenberg, 

2007), a wide spectrum of Green Star building performances was evident, with some high 

profile green buildings outperforming their conventional counterparts, but some green 

buildings underperformed when compared to conventional buildings. The same study 

(Leaman & Bordass, 2007) reported less satisfactory performances for Green Star buildings 

by showing green buildings underperforming their conventional counterparts in terms of 

thermal comfort satisfaction, and perceived productivity. The study (Leaman et al., 2007) 

also demonstrated that Green Star buildings generally outperformed the conventional 

buildings in terms of perceived health, building image, and addressing occupant needs.  

3.4 Research hypotheses  

The literature review discloses the common satisfaction aspects investigated in previous 

studies, mainly covering indoor environment quality (IEQ), building design (BD), and 

facilities management (FM). The hypothesis of green building outperforming non-green 

building turned out inconsistent, especially on IEQs, while less inconsistent on BD&FM. The 

previous studies discussed many environmental factors (such as environmental controls and 

ventilations) and non-environmental factors (such as gender, age, and occupancy conditions) 

which influenced the occupant satisfaction outcome. For the present study, four hypotheses 

are to be tested: 



CHAPTER 3. OCCUPANT SATISFACTION  79 

 

• Hypothesis 1: Compared to non-green building users, green building users are more 

consistently satisfied with BD&FM; 

• Hypothesis 2: Compared to non-green building users, green building users are less 

consistently satisfied with IEQ;    

• Hypothesis 3: Environmental factors (environmental controls and ventilation types) 

significantly influence occupant satisfaction in green and non-green buildings; 

• Hypothesis 4: Non-environmental factors (age, gender, being close to a window, 

hours spent in the building and at workstations, and number of people sharing office 

space) significantly influence occupant satisfaction in green and non-green buildings. 

3.5 Methodology 

3.5.1 Building selection 

The sample for this study was selected from three major cities in Australia: Brisbane, Sydney, 

and the Gold Coast. Based on Koppen’s climate classification, the climate conditions in these 

three cities are categorised as subtropical, with hot and humid summers, and moderately dry, 

warm winters (Cary et al., 2003). The seasonal temperature variation is relatively small in all 

cities. The average seasonal temperature range is 10°C to 30°C for Brisbane, 13°C  to 23°C 

for Sydney, and 12°C to 29°C for the Gold Coast (Bureau of Meteorology, 2017). Due to 

higher average temperatures in summer, Brisbane and the Gold Coast experience slightly 

warmer summers compared with Sydney. Average relative humidity is estimated as 50% for 

Brisbane, 65% for Sydney, and 60% for the Gold Coast (Bureau of Meteorology, 2017).  

The criteria for selecting buildings were as follows: located in an Australian subtropical 

climate; a higher education building; Green Star-certified if rated as green; accommodating 

office spaces for academic and administrative staff; and finally, occupied for more than 

twelve months. The investigation to find appropriate case studies involved visiting each 

building in order to obtain approvals from building managers. A paper questionnaire survey 

seeking occupant perceptions of a range of parameters was distributed throughout the 

buildings. Survey collections were undertaken one week after distributions. To increase 

participation and ensure a healthy response rate, paper surveys were selected as an alternative 

solution to web-based questionnaires. The aim was to obtain at least a 75% response rate in 

all buildings. The data collection of surveys started in March 2016 and was finalised in 

September 2017.  The survey consisted of a two-page paper questionnaire developed by 

Building Use Studies (BUS) (R. Cohen, Standeven, Bordass, & Leaman, 2001). The BUS 
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methodology survey was considered relevant, having been effectively applied in various 

research works worldwide (Z Brown, Dowlatabadi, & Cole, 2009; Gou, Lau, & Chen, 2012; 

Leaman & Bordass, 2001). The dataset sample in this study reflects 631 responses of five 

Green Star certified, and nine non-green buildings.  

3.5.2 Surveys (BUS Methodology) 

The questionnaire consists of two major sections: background information and satisfaction 

scores. Background information concerns participant basic information regarding age, 

gender, the time they started working in the building, the location of participant offices in 

terms of distance to a window, office layout, and the duration of stay in the building, further 

including duration at desks, and duration behind visual display units. The second part of the 

survey consists of 48 questions requiring scores on a 7-point scale for different building 

parameters. The 7-point scale response has been designed to cover a wide range of occupant 

experiences and satisfaction levels (Baird et al., 2012). A value rate in the bottom three points 

of the 7-point scale is considered to be dissatisfaction; and the top three rates are considered 

to be satisfaction (R. Cohen et al., 2001).   

The 45 occupant satisfaction questions include IEQ parameters, and BD&FM factors (Baird 

et al., 2012) (see Table 3.1). IEQ parameters include questions regarding temperature in 

summer and winter, noise, and lighting.  The BD&FM parameters obtain opinions regarding 

building image, design, space, safety, cleaning, the availability of meeting rooms and storage, 

occupant health, productivity and behaviour, and response to problems. A more detailed 

description and the full text of the BUS surveys are included in Baird and Thompson (2011).  
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Table 3.1. Survey questionnaire structure and format detail. 

Elements Survey satisfaction category Aspects 

IEQ Temperature in summer Thermal comfort, thermal sensation and temperature stability  

Temperature in winter Thermal comfort, thermal sensation and temperature stability  

Air quality Air quality (stillness, dryness, freshness, odours, and overall satisfaction) 

Lighting Amount of light (overall, natural light, artificial light, glare from sky and sun, glare 

from artificial lights)  

Acoustics Noise (overall, noise from colleagues, noise from other people, noise from inside, 

noise from outside, unwanted interruptions) 

BD&FM The building overall Building design, needs, spaces, image, safety, cleaning, availability of meeting 

rooms, suitability of storage arrangements, furniture, space at desk 

Health Change in general health 

Productivity Change in working productivity 

Effect on behaviour Change of behaviours because of building conditions  

Response to problems Requests submitted for maintenance and operation of heating, cooling, ventilation, 

lighting 

 

3.5.3 Dataset descriptions 

Tables 3.2 and 3.3 summarise the sample characteristics of green and conventional building 

sets, respectively. All buildings in both groups are higher education institutional buildings 

and accommodate spaces for academic offices, and other higher education activities, such as 

research and administration. They are equipped with various types of ventilation systems (air-

conditioned, zoned mixed mode ventilation, and changeover mixed mode ventilation) and 

environmental controls (automated and manual).   
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Table 3.2. Summary of the green building set features. 

No Certificate Type University Urban 

setting 

Location Built/ 

Reno 

GFA 

(m2) 

Measured 

dates 

Sam

ple 

Size Ventilation 

1 5 Star 

Green 

Design & 

As Built 

Research University 

of 

Queensland 

Urban Brisbane 2014 18,000 2017 53 Large MM* 

2 6 Star 

Green 

Design & 

As Built 

Academic University 

of 

Queensland 

Urban Brisbane 2013 3,865 2017 11 Small MM 

3 6 Star 

Green 

Design & 

As Built 

Academic Bond 

University 

Suburb

an 

Gold 

Coast 

2007  2017 15 Small MM 

4 6 Star 

Green 

Design & 

As Built 

Academic Griffith 

University 

Suburb

an 

Brisbane 2014 7,299 2016 32 Medium AC** 

5 6 Star 

Green 

Design & 

As Built 

Research University 

of New 

South 

Wales 

Urban Sydney 2012 15,000 2014 52 Large AC 

* MM represents mixed mode buildings, which have a changeover combination of natural ventilation and an active cooling system 

**AC represents air conditioning 
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Table 3.3. Summary of the conventional building set features. 

No Type University Setting Location Built/ 

Reno 

GFA 

(m2) 

Measured 

dates 

Sam

ple 

Size Ventilation 

1 Academic Griffith 

University 

Urban Gold Coast 2010 7,266 2017 39 Medium AC** 

2 Academic Griffith 

University 

Urban Gold Coast 2014 7,498 2017 47 Medium AC 

3 Academic Griffith 

University 

Suburban Brisbane 2012 7,815 2017 46 Medium AC 

4 Academic Griffith 

University 

Suburban Brisbane 2011 3,308 2017 25 Small AC 

5 Research Griffith 

University 

Suburban Brisbane 2007 2,327 2017 20 Small AC 

6 Academic Griffith 

University 

Suburban Brisbane 2010 10,322 2017 46 Large MM* 

7 Library Griffith 

University 

Suburban Brisbane 2016 18,227 2017 151 Large AC 

8 Academic Griffith 

University 

Suburban Brisbane 2009 7,507 2017 49 Medium AC 

9 Research Griffith 

University 

Suburban Brisbane 2008 4,469 2017 45 Small AC 

* MM represents mixed mode buildings, which have a changeover combination of natural ventilation and an active cooling system 

**AC represents air conditioning 

 

Both comparison sets have a large variation in terms of building sizes (from 15 to 400 

occupants). To show a consistency in building sizes in the comparison groups, we used 

building size benchmarking suggested by the US Energy Information Administration (2003). 

Based on gross floor area (GFA), buildings in both comparing sets were divided into three 

groups of small, medium and large. Small includes buildings with GFA equal to or lower than 

4645 m2; medium includes buildings with GFA between 4645 m2 and 18,580 m2; and large 

includes buildings with GFA higher than 18,580 m2. As presented in Tables 3.4 and 3.5, both 

building sets include at least one building from each building size group. In terms of urban 

location, both compared groups incorporate buildings in urban and suburban regions. The 

building age of both building groups was compatible as all buildings were either built or 

renovated after 2007. In terms of sample size, we had more buildings in the non-green group 

than the green building set. However, the average number of responses per building was 

compatible in the two compared sets. On average, we gathered 32.6 responses per building in 

the green building set and 52 responses per building in the non-green building set (Table 3.4).   
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Table 3.4. Dataset descriptions of the selected case studies. 

Dataset Green Star Non-Green Star Total Number of responses per building 

(average) 

Number of buildings 5 9 14 32.6 

Number of occupant responses 163 468 631 52 

The distribution of individual occupant responses in the two building sets in terms of 

occupant characteristics, spatial layout, workspace features, and working activities is 

presented in Table 3.5. In both building sets, the majority of users were included in the age 

group of over 30 years old. The number of males and females in green and non-green 

buildings was almost equally distributed. In both building sets, the majority of occupants 

(37% in green and 29% in non-green) indicated occupying a workspace shared with more 

than 8 people. Private offices occupied by only one person were the second most common in 

both groups (32% in green and 28% in non-green). Sharing with one person was the least 

common in both sets (2% in green and 10% in non-green), yet it was much less common in 

green buildings compared to the non-green group. Surprisingly, sitting next to no windows 

was slightly more common in green buildings, whereas, in the non-green set, the distribution 

of occupants sitting next to a window (49%), and not sitting next to a window (51%) was 

almost equal. The majority of participants (79% in green and 81% in non-green) had worked 

in the buildings more than a year in both building groups. In terms of work-related activities, 

the relative majority of respondents self-declared their job type as research in both groups 

(73% in green and 30% in non-green). 

  



CHAPTER 3. OCCUPANT SATISFACTION  85 

 

Table 3.5. The distribution of individual occupant responses in the two building sets in terms of occupant characteristics, 

spatial layout, workspace features, and working activities. 

Non-environmental factors Groups Individual occupant responses     

Green Star 

Number (Percentage) 

Non-Green Star 

Number (Percentage) 

Age Age < 30 57     (34%) 96      (20%) 

Age > 30 106   (65%) 369    (79%) 

Sex Male 95     (59%) 225    (49%) 

Female 66     (41%) 238    (51%) 

Spatial layout Nominated only by 1 52     (32%) 132    (28%) 

Shared office with 1 other 3       (2% ) 45      (10%) 

Shared office with 2-4 others 29     (18%) 78      (17%) 

Shared office with 5-8 others 18     (11%) 73      (16%) 

Shared office with more than 8 61     (37%) 137    (29%) 

Workplace features Sit next to a window 72     (44%) 228    (49%) 

No window nearby 91     (56%) 236    (51%) 

Building occupation Worked in the building less than a year 32     (29%) 90      (19%) 

Worked in the building more than a year 79     (71%) 374    (81%) 

Working activity type Research 114   (73%) 123    (30%) 

Academic 23     (15%) 60      (15%) 

Information services  1       (1%) 107    (26%) 

Administration 10     (6%) 69      (17%) 

Management 9       (6%) 43      (11%) 

 

3.5.4 Statistical technique 

STATA 13.0 software was used to conduct the statistical analysis for this research. The mean 

(M) satisfaction scores for the two compared building sets regarding 45 different indoor 

environmental quality parameters were determined. The theoretical framework utilized in this 

study is adapted from the study by Lin, Liu, Wang, Pei, and Davies (2016). In this research, 

the standardized size of the mean difference (effect size index) between the two building sets 

was calculated using Spearman Rank Correlation (Rho). The effect size is an index for 

calculating the magnitude of effect or association between two or more predictor variables 

(Ferguson, 2009). For the purpose of benchmarking effect sizes, Cohen (J. Cohen, 1992) 

defined an effect size smaller than 0.20 as negligible, equal to 0.20 as small, equal to 0.50 as 

moderate, and equal to or larger than 0.80 as large effect size. For the purpose of correlation 

study, pairwise correlations were conducted to determine correlation coefficient and 

statistical significance. In addition, the statistical significance of mean differences or null 

hypothesis was also calculated. The null-hypothesis examines the significance of statistical 

differences based on the Bonferroni method (Bland & Altman, 1995). The correlation is 
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statistically significant, and the null hypothesis is rejected, if the p-value is less than 5% 

(p<0.05) (Bland & Altman, 1995). 

In order to increase the significance of the results, individual user scores from each building 

were utilised instead of average scores. Accordingly, 631 data-points were considered instead 

of 15, which was the number of buildings in the dataset. This helped to consider the effect of 

other influencing factors such as workstation features or spaces layout in the analysis. In fact, 

using an average score from each building as a statistical unit would artificially increase 

variance and, thus, would reduce correlation coefficients, which would lead to a loss of 

information (Altomonte & Schiavon, 2013). With the method of utilizing individual 

participant responses as a statistical unit for example, a building with only 11 responses 

would not be statistically equal to a building with 151 participants. This paper focuses on user 

satisfaction in green buildings rather than individual green building performances.  

3.6 Results 

3.6.1 IEQ satisfaction 

The first and third quartile of occupant satisfaction with workplace analysed 27 IEQ 

parameters for both Green Star and non-green buildings (see Figure 3.1). Figure 3.1 also 

illustrates the t-test of mean comparison, and effect sizes based on the Spearman method 

(Rho) for each IEQ parameter in the two green and non-green building groups. 
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Figure 3.1. Comparison analysis of IEQ parameters in green and non-green building sets. 

The inferential t-test revealed statistically significant differences between the performance of 

Green Star and conventional buildings in terms of most IEQ parameters, particularly in 

overall thermal comfort (p-value=0.004 in winter; p-value=0.001 in summer), overall air 

satisfaction (p-value=0.000 in winter; p-value=0.000 in summer), and overall noise 

satisfaction (p-value=0.006). Green buildings outperformed conventional buildings in 

thermal (ΔM=0.34 in winter; ΔM= 0.54) and IAQ parameters (ΔM=0.52 in winter; ΔM=0.68 

in summer). In terms of noise, conventional buildings outperformed Green Star buildings 

(ΔM=-0.45). No significant differences in lighting scores (p-value=0.301) were detected in 

the two comparison groups. The IAQ and thermal performance of green buildings scored 

slightly higher in summer (ΔM=0.68 in IAQ; ΔM=0.54 in thermal) than in winter (ΔM=0.52 

in IAQ; ΔM=0.34 in thermal).  

A more detailed analysis of the 27 IEQ parameters showing the mean values, standard 

deviations, the difference in standard errors, the difference in mean values, effect sizes, and 

the statistical significances (p-value) of satisfaction scores in Green Star and conventional 

buildings are presented in Table 3.6. Numbers in bold italics show statistically significant t-

tests with p-values less than 0.05, and substantive effect sizes with values more than 0.20.  
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Table 3.6. Mean satisfaction scores in IEQ parameters. 

IEQ parameters Green Buildings Non-Green 

Buildings 

Diff Std. 

Err. 

ΔM Rho P-value 

M Std. 

dev 

M Std. 

dev 

TWOVER                   (Overall comfort in winter) 5.29 2.64 4.97 2.19 0.153 0.34 0.14 0.004** 

TWHOT                      (Temperature in winter) 4.52 2.18 4.61 1.92 0.109 -0.09 -0.05 0.225 

TWSTABLE               (Temperature stability in     

                                    winter) 

3.95 2.30 4.07 2.19 0.172 -0.12 -0.05 0.150 

AIRWSTIL                 (Air movement in winter) 3.95 2.05 3.45 1.78 0.138 0.50 0.27* 0.001** 

AIRWDRY                 (Air dryness in winter) 3.76 1.85 3.38 1.70 0.122 0.39 0.22* 0.001** 

AIRWFRESH             (Air freshness in winter) 3.43 1.99 4.13 1.96 0.145 -0.71 -0.36* 0.000** 

AIRWODOURL         (Air odours in winter) 3.19 1.85 3.45 1.86 0.153 -0.26 -0.14 0.085 

AIRWOVER               (Air overall in winter) 5.33 2.01 4.81 2.06 0.143 0.52 0.26* 0.000** 

TSOVER                     (Overall comfort in  

                                     summer) 

4.88 1.90 4.34 1.99 0.169 0.54 0.28* 0.001** 

TSHOT                        (Temperature in summer) 3.97 1.54 4.26 1.84 0.143 -0.29 -0.16 0.047** 

TSSTABLE                 (Temperature stability in  

                                     summer) 

3.95 1.91 4.36 2.08 0.172 -0.41 -0.20 0.018** 

AIRSSTIL                   (Air movement in summer) 3.62 1.46 3.43 1.67 0.136 0.20 0.12 0.144 

AIRSDRY                   (Air dryness in summer) 4.09 1.48 4.11 1.83 0.140 -0.02 -0.01 0.904 

AIRSFRESH               (Air freshness in summer) 3.55 1.74 4.36 1.88 0.150 -0.81 -0.44* 0.000** 

AIRSODOURL           (Air odours in summer) 3.13 1.78 3.62 1.84 0.157 -0.48 -0.26* 0.002** 

AIRSOVER                 (Air overall in summer) 4.94 1.87 4.27 1.93 0.159 0.68 0.35* 0.000** 

NSEOVER                   (Noise overall) 4.37 2.07 4.82 2.01 0.162 -0.45 -0.22* 0.006** 

NSECOLL                   (Noise from colleagues) 4.38 1.69 4.33 1.64 0.128 0.05 0.03 0.697 

NSEPEOPLE               (Noise from other people) 4.49 1.74 4.12 1.62 0.130 0.38 0.23* 0.004** 

NSEINSIDE                 (Noise from inside) 4.40 1.78 3.92 1.58 0.132 0.49 0.30* 0.000** 

NSEOUTSIDE             (Noise from outside) 4.02 1.84 3.78 1.65 0.141 0.24 0.14 0.089 

NSEINTERRUPTION (unwanted noise  

                                      interruptions) 

4.10 1.90 4.04 1.91 0.157 0.06 0.03 0.691 

LTOVER                      (Overall lighting) 5.60 1.87 5.46 1.90 0.137 0.14 0.07 0.301 

LTNAT                         (Natural lighting) 4.07 1.69 3.53 1.81 0.150 0.55 0.31* 0.000** 

LTNATNGL                 (Glare from natural  

                                       lighting) 

3.28 1.90 2.96 1.96 0.174 0.32 0.16 0.067 

LTART                         (Artificial lighting) 4.32 1.37 4.65 1.56 0.100 -0.33 -0.22* 0.001** 

LTARTNGL                 (Glare from artificial  

                                      lighting) 

3.36 1.73 3.72 1.78 0.147 -0.36 -0.20 0.015** 

*Rho more than 0.20; **p-value less than 0.05.   

Green buildings achieved significantly higher satisfaction in some IEQ parameters, including 

overall air in summer (Rho=0.35), overall comfort in summer (Rho=0.28), air dryness in 

winter (Rho=0.22), overall air in winter (Rho=0.26), air movement in winter (Rho=0.35), 

natural light (Rho=0.31), and inside noise (Rho=0.30).  
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However, the green building set gained lower satisfaction scores in a number of IEQ 

parameters, such as air freshness in both summer (Rho=-0.44) and winter (Rho=-0.36), air 

odours in summer (Rho=-0.26), artificial lighting (Rho=-0.22), and overall noise (Rho=-

0.22). The maximum differences in the mean values of satisfaction scores belonged to air 

freshness in summer with a negative difference in mean values of -0.81 (the mean score of 

green buildings minus the mean score of conventional buildings), and air overall in summer, 

with a positive difference in mean values of 0.68.  

The inferential tests showed that users of Green Star and non-Green Star buildings had 

similar satisfaction scores, with p-value more than 0.05 in regard to some IEQ factors such as 

temperature in winter (Rho=-0.05 ), temperature stability in winter (Rho=-0.05), air odours 

in winter (Rho=-0.14), air movement in summer (Rho=0.12), air dryness in summer (Rho=-

0.01), noise from colleagues (Rho=0.03), noise from outside (Rho=0.14), unwanted 

interruptions (Rho=0.03), overall lighting (Rho=), and glare from natural lighting 

(Rho=0.16).   

In regard to IEQ parameters, the comparative analysis of satisfaction scores in green and 

conventional buildings detected a significant correlation between Green Star certifications 

and occupant satisfaction with workplace environments.  

3.6.2 BD&FM satisfaction 

The first and third quartile of occupant satisfaction with workplace analysed 18 BD&FM 

parameters for both Green Star and non-Green Star buildings (see Figure 3.2). Figure 3.2 

illustrates the t-test of mean differences and effect sizes for each BD & FM factor in the two 

building sets. 
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Figure 3.2. Comparison analysis of BD&FM parameters in green and non-green building sets. 

The mean satisfaction scores, standard deviations, the difference in standard errors, mean 

differences, effect sizes, and statistical significances of satisfaction scores regarding BD & 

FM parameters are presented in Table 3.7. Figures in bold italics show statistically significant 

t-tests with p-values less than 0.05, and substantive effect sizes with values more than 0.20.  
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Table 3.7. Mean satisfaction scores in BD & FM parameters. 

BD & FM Parameters Green Buildings Non-Green 

Buildings 

Diff Std. 

Err. 

ΔM Rho P-value 

M Std. 

dev 

M Std. 

dev 

DESIGN 5.15 2.49 4.79 1.56 0.139 0.36 0.20 0.000** 

NEEDS 5.13 2.49 4.96 1.48 0.139 0.17 0.09 0.016** 

SPACEBUILD    (Space in the building) 4.80 2.45 4.88 1.48 0.139 -0.07 -0.04 0.631 

IMAGE 6.22 2.59 4.58 1.75 0.142 1.65 0.84* 0.000** 

SAFETY 5.93 2.63 5.85 1.30 0.113 0.08 0.05 0.131 

CLEANING 5.89 2.57 4.34 1.66 0.145 1.55 0.81* 0.000** 

MEETING 5.23 2.52 4.91 1.70 0.145 0.31 0.16 0.003** 

STORAGE 4.82 2.50 4.60 1.74 0.157 0.22 0.11 0.044** 

WORKREQ        (Work requirements) 5.11 2.50 5.30 1.72 0.132 -0.19 -0.10 0.883 

FURNITURE 5.49 2.47 5.33 1.42 0.120 0.16 0.09 0.225 

SPACEDESK     (Space at desks) 4.59 2.26 4.95 2.57 0.212 -0.37 -0.15 0.054 

COMFOVER      (Overall comfort) 5.19 1.60 4.98 1.66 0.128 0.21 0.13 0.107 

PROD                  (Productivity) 5.45 2.12 4.99 2.17 0.161 0.46 0.22 0.004** 

HEALTH   4.57 1.42 3.90 1.41 0.105 0.67 0.47* 0.000** 

RESYN                (Request change in the  

                             building) 

1.67 0.90 1.54 0.61 0.063 0.13 0.20 0.038** 

SPEED                 (Speed of response to  

                              problems) 

4.03 1.90 3.99 2.44 0.360 0.04 0.02 0.918 

EFFECT               (Effect of response to  

                              problems) 

3.89 1.89 3.83 2.39 0.370 0.06 0.03 0.871 

BEHAVIOUR      (Occupant behaviour  

                              change)  

1.53 0.83 1.50 0.74 0.056 0.03 0.03 0.450 

*Rho more than 0.20; **p-value less than 0.05.   

In terms of BD & FM factors, green buildings had significantly higher scores compared with 

non-green buildings, particularly in parameters such as image (Rho=0.84) and cleaning 

(Rho=0.81) with large effect sizes. With medium effect sizes, health (Rho=0.47) and 

productivity (Rho=0.22) scored higher in green buildings than their conventional 

counterparts. The maximum difference in mean satisfaction scores regarding BD & FM 

parameters belonged to image (ΔM=1.65) and cleaning (ΔM=1.55), both with positive values 

in mean differences (the mean score of green buildings minus the mean score of conventional 

buildings).  

These results confirm that the green building users were more significantly satisfied than the 

non-green building users with most BD & FM parameters, such as design, needs from 

facilities, building image, cleaning, the availability of meeting rooms, and storage. Perceived 

productivity and health was also reported as higher in green buildings. Although occupant 

satisfaction was higher in green buildings, there were also more reported requests to fix 
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problems in these buildings. This suggests that expectations and hopes of fixing problems are 

higher in green buildings than conventional buildings. In green buildings, the most common 

complaint was noise, whereas in conventional buildings, more complaints about HVAC 

systems and temperatures were reported.  

3.6.3 The influence of environmental factors  

To study the effect of indoor environmental factors on satisfaction scores, we conducted 

pairwise correlation studies to analyse the influence of individual controls and ventilation 

types.  

3.6.3.1 Individual control 

Although research has shown that personal control could significantly improve thermal 

comfort perceptions (Luo, Cao, et al., 2016), the extent and comparison of the effect of 

personal controls in green and non-green buildings has not been studied. We analysed the 

impact of perceived individual controls on satisfaction scores concerning five parameters 

including heating, cooling, ventilation, lighting and noise. A pairwise correlation analysis 

showing the relationship between the following parameters is presented in Table 3.8: (1) 

heating control and thermal comfort in winter; (2) cooling control and thermal comfort in 

summer; (3) ventilation control and overall air quality satisfaction; (4) lighting control and 

overall lighting satisfaction; and (5) noise control and overall noise satisfaction.   

Perceived controls in all five parameters were only significantly correlated with satisfaction 

scores in non-green buildings. Perceived heating control had a significant correlation (p-

value=0.000) with thermal comfort satisfaction in winter in non-green buildings, while no 

significant correlations were found between perceived heating control and winter thermal 

comfort in the green building group. Cooling control was also strongly correlated with 

summer thermal comfort in the non-green building set (p-value=0.000). Ventilation control 

significantly influenced overall air satisfaction (p-value=0.018) in non-green buildings. 

Perceived control over lighting and noise, in non-green buildings, significantly correlated 

with satisfaction with overall lighting (p-value=0.000) and acoustics (p-value=0.000), 

whereas in green buildings, no significant correlations were detected between perceived 

control and satisfaction.   
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Table 3.8. The influence of perceived control on overall satisfaction scores. 

Perceived personal control – perceived satisfaction Perceived 

control (M) 

Satisfaction (M) Pairwise 

correlation 

p-value 

Heating - thermal comfort in winter Green 2.42 4.96 0.10 0.410 

Non-green 2.51 5.29 0.26 0.000** 

Cooling - thermal comfort in summer Green 2.92 4.88 0.01 0.957 

Non-green 2.56 4.34 0.28 0.000** 

Ventilation - average of overall air in 

winter and summer 

Green 3.03 5.12 0.07 0.579 

Non-green 2.29 4.55 0.11 0.018** 

Lighting - overall light Green 2.78 5.60 0.16 0.184 

Non-green 3.59 5.46 0.17 0.000** 

Noise - overall noise Green 2.27 4.37 0.35 0.003 

Non-green 2.48 4.82 0.24 0.000** 

 

3.6.3.2 Ventilation 

This section reports the results of the influence of ventilation systems on occupant 

satisfaction in 1green and non-green buildings. The difference in mean scores, effect sizes, 

and correlation significances are reported in Table 3.9.  
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Table 3.9. Statistical analysis of ventilation influence on satisfaction scores in green and non-green buildings. 

IEQ parameters Ventilation M ΔM Rho p-value 

Green  Non-

green 

   

Winter Thermal TWOVER    (Overall comfort 

in winter)          

AC* 5.55 4.96 0.59 0.37 0.003*** 

MM** 5.12 4.92 0.20 0.12 0.566 

TWHOT       (Temperature in 

winter)  

AC 5.55 4.63 0.92 0.75 0.000*** 

MM 5.12 4.47 0.64 0.45 0.037 

TWSTABLE (Temperature 

stability in winter)   

AC 3.45 4.09 -0.64 -0.36 0.005*** 

MM 4.16 3.89 0.27 0.16 0.472 

Air AIRWSTIL    (Air movement 

in winter) 

AC 3.66 3.45 0.21 0.14 0.264 

MM 4.06 3.38 0.68 0.55 0.014*** 

AIRWDRY    (Air dryness in 

winter) 

AC 3.82 3.35 0.46 0.36 0.005*** 

MM 3.54 3.58 -0.04 -0.03 0.878 

AIRWFRESH (Air freshness 

in winter) 

AC 3.68 4.16 -0.48 -0.32 0.010*** 

MM 3.27 3.84 -0.57 -0.35 0.109 

AIRWODOURL (Air odours 

in winter) 

AC 3.45 3.45 0.00 0.00 0.990 

MM 2.90 3.47 -0.58 -0.38 0.085 

AIRWOVER  (Air overall in 

winter) 

AC 5.42 4.80 0.62 0.41 0.001*** 

MM 5.20 4.84 0.36 0.24 0.271 

Summer Thermal TSOVER   (Overall comfort in 

summer) 

AC 5.25 4.34 0.91 0.52 0.000*** 

MM 4.27 4.33 -0.05 -0.03 0.891 

TSHOT      (Temperature in 

summer) 

AC 4.06 4.31 -0.25 -0.17 0.188 

MM 3.84 3.79 0.05 0.03 0.882 

TSSTABLE (Temperature 

stability in summer) 

AC 3.60 4.36 -0.76 -0.43 0.001*** 

MM 4.62 4.33 0.29 0.16 0.445 

Air AIRSSTIL   (Air movement in 

summer) 

AC 3.57 3.41 0.17 0.12 0.369 

MM 3.64 3.61 0.03 0.02 0.916 

AIRSDRY   (Air dryness in 

summer) 

AC 3.80 4.10 -0.30 -0.21 0.116 

MM 4.59 4.19 0.40 0.30 0.156 

AIRSFRESH (Air freshness in 

summer) 

AC 3.65 4.41 -0.75 -0.49 0.000*** 

MM 3.56 3.98 -0.42 -0.24 0.246 

AIRSODOURL (Air odours in 

summer)  

AC 3.48 3.62 -0.15 -0.09 0.497 

MM 2.92 3.54 -0.62 -0.40 0.057 

AIRSOVER   (Air overall in 

summer) 

AC 5.13 4.30 0.83 0.51 0.000*** 

MM 4.57 3.98 0.59 0.34 0.108 

*AC represents air conditioning; ** MM represents mixed mode buildings which have a changeover combination of natural ventilation and 

an active cooling system; ***p-value less than 0.05.   

In thermal comfort, green buildings outperformed non-green AC buildings, while in MM 

buildings, no differences were detected in the thermal performance of the two comparison 

groups (green and non-green). In AC buildings, satisfaction with overall IAQ achieved higher 

scores in green buildings compared with non-green buildings. Overall IAQ in MM buildings 

achieved comparable scores in green and non-green buildings. In terms of overall IAQ, the 

performance of green buildings in winter was perceived to be more satisfactory than in 
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summer. In winter, indoor air was scored as significantly more humid in AC green buildings, 

and more stable in MM green buildings. In terms of air freshness, no significant differences 

in MM buildings were detected; nevertheless, non-green AC buildings achieved higher air 

freshness scores compared to green AC buildings.  

This analysis showed that ventilation type affected satisfaction scores. The green buildings 

which had AC systems underperformed non-green buildings in terms of air freshness. Overall 

IAQ, and overall thermal comfort, in AC green buildings, scored significantly higher when 

compared with non-green buildings, while no significant differences in overall scores were 

detected in MM buildings.  

3.6.4 The influence of non-environmental factors  

To conduct a deeper analysis of the results, the influence of non-environmental factors such 

as age, gender, being close to a window, hours spent in the building and in the workstation, 

and number of people sharing office space was analysed (Table 3.10). Statistical analysis of 

the mean-comparison test and effect sizes was calculated to explore whether non-

environmental factors significantly affected satisfaction in green and non-green buildings.  

Table 3.10. The influence of non-environmental factors on overall comfort scores in green and non-green buildings. 

Non-environmental factors Type M ΔM Rho P-value 

Green  Non-green  

Age Under 30 4.88 5.00 -0.13 -0.09 0.612 

30 or above 5.35 4.97 0.38 0.28* 0.014** 

Gender Male 5.17 4.97 0.20 0.14 0.256 

Female 5.23 4.99 0.24 0.18 0.212 

Window Next to a window 5.57 5.20 0.37 0.27* 0.051 

Not next to a 

window 

4.88 4.76 0.12 0.09 0.485 

Started working in the 

building 

Less than a year 5.58 5.48 0.10 0.08 0.698 

A year or more 5.40 4.86 0.53 0.39* 0.002** 

Started working in the 

workstation 

Less than a year 5.51 5.43 0.08 0.06 0.749 

A year or more 5.42 4.87 0.55 0.40* 0.002** 

Office occupied by  1 only 5.22 5.16 0.05 0.04 0.825 

2 6.33 5.16 1.17 0.82* 0.177 

3-5 4.72 4.81 -0.08 -0.05 0.805 

6-9 4.44 4.75 -0.31 -0.21* 0.422 

More than 9 5.55 4.95 0.60 0.50* 0.002** 

* Rho more than 0.20; **p-value less than 0.05.   
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The analysis of age groups (under 30, and 30 or above) revealed that for the group aged 

under 30, no statistical difference in satisfaction scores was detected between green and non-

green buildings (Rho=-0.09). However, for the group aged 30 or above, the green building 

group achieved slightly higher satisfaction scores than non-green buildings (Rho=0.28), 

suggesting that participant age might have an influence on satisfaction scores when 

comparing green and non-green buildings. 

The statistical analysis of t-test and the effect size of mean differences showed that gender 

had no significant influence on occupant satisfaction in Green Star and non-Green Star 

buildings. Negligible effect sizes were detected for both gender groups of male (Rho=0.14 

and p-value=0.256) and female (Rho=0.18 and p-value=0.212).  

As participants were divided into two groups of sitting next to a window and not sitting next 

to a window, a small difference in the performance of green and non-green buildings was 

detected among participants in the group of sitting next to a window. A small effect size of 

mean differences between satisfaction scores in green and non-green buildings was observed 

in the group of sitting next to a window (Rho=0.27 and p-value=0.051). This suggests that the 

performance of green and non-green buildings was comparable among participants who sit 

far from a window, whereas green buildings achieved slightly higher scores from participants 

who sit next to a window.  

To investigate the effect of the length of time occupants had been working in their current 

buildings and workstations, participants were grouped into two groups of less than a year, 

and a year or more. Participants who had been working in their buildings for a year or more 

reflected significant differences in satisfaction scores (Rho=0.39 and p-value=0.002) between 

green and non-green buildings, whereas for those who had worked in their current building 

for less than a year, satisfaction scores were comparable in green and non-green buildings 

(Rho=0.08 and p-value=0.698). Similar results were found in regard to time spent at 

workstations, showing that participants who spent less than one year at their workstations 

reflected no significant differences between green and non-green buildings. High statistical 

differences between satisfaction scores in green and non-green buildings were marked by 

participants who spent a year or more in their workstations (Rho=0.40 and p-value=0.002). 

This finding showed that becoming used to changes, and settling down in current workplaces 

affect occupant satisfaction and should be considered as influential factors when comparing 

green and non-green buildings.  
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To explore the effect of office sharing on occupant satisfaction, the five office sharing 

conditions were as follows: (type 1) used only by one person; (type 2) used by two people; 

(type 3) used by three to five people; (type 4) used by six to nine people; and (type 5) used by 

more than nine people. An analysis of satisfaction scores in regard to office sharing with 

colleagues showed that participants in type 5 delivered significantly higher scores in green 

buildings compared to non-green buildings (Rho=0.24 and p-value=0.000). Although the 

effect sizes for type 2, and type 4 were more than 0.20, the p-values showed that the results 

were not statistically significant. The effect size for type 2 was large (Rho=0.82), while p-

value was 0.177. Similarly, for type 4, the effect size was just above 0.20 (Rho=0.21), 

showing a small effect size, but the p-value (0.422) showed the findings were not statistically 

significant. This can be explained by the sample size presented in Table 3.11. The sample 

sizes, particularly in the green building groups for type 2 (sample size=3) and type 4 (sample 

size=18), were small.   

Table 3.11. Occupant responses in the five types of office sharing. 

Type Number of occupant responses 

Green buildings Non-green buildings Total 

1: 1 person 45 132 177 

2: 2 persons 3 45 48 

3: 3-5 persons 25 78 103 

4: 6-9 persons 18 73 91 

5: More than 9 persons 44 137 181 

These findings suggest that office sharing affects occupant experiences of buildings and thus, 

influences satisfaction scores when comparing green and non-green buildings. Due to the 

sample sizing, the comparison of types 2, 3 and 4 showed no statistically significant results. 

For types 1 and 5, sample sizes were comparable, suggesting that green buildings were more 

favourable among participants in type 5, whereas no significant differences between green 

and non-green buildings were reflected by occupants in type 1.    

3.7 Discussion 

This study compared the occupant satisfaction and perceived indoor environmental 

conditions of Green Star higher education office buildings with their conventional 

counterparts regarding several IEQ and BD & FM parameters. The two comparison building 

groups were consistent in terms of building size, year of construction or renovation, climate, 

function, cultural background, urban setting, and data collection period. This study showed 
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that Green Star buildings were more successful in delivering satisfactory workplace 

environments regarding some IEQ and BD & FM parameters, while some weaknesses were 

also detected that showed occupant dissatisfaction with Green Star buildings. 

The results support Hypothesis 1 that on BD & FM, Green Star buildings consistently 

showed a better performance compared with non-green buildings, particularly with overall 

building comfort, building design, needs, building image, cleaning, availability of meeting 

rooms, and storage space. Higher perceived health and productivity were found in Green Star 

buildings. This agrees with findings from previous studies (Z Brown et al., 2010; Gou, Lau, 

& Zhang, 2012; Leaman et al., 2007).  

The results also support Hypothesis 2 that on IEQ satisfaction, green buildings outperforming 

non-green buildings is inconclusive. It was shown that the occupants of Green Star buildings 

were more satisfied with thermal comfort and overall IAQ, a finding that is supported by 

previous studies (Azizi, Wilkinson, & Fassman, 2015; Gou, Lau, & Shen, 2012; S. K. Kim et 

al., 2015; Lin et al., 2016; Ravindu, Rameezdeen, Zuo, Zhou, & Chandratilake, 2015; 

Thatcher & Milner, 2016). Participants reflected slightly higher satisfaction with the winter 

performance of Green Star buildings. In winter, satisfaction scores were higher in Green Star 

buildings with air movement and humidity when compared to non-green buildings, while in 

summer, non-green buildings achieved a higher score in air odours when comparing Green 

Star with non-green buildings. This might be explained by the Australian subtropical climate 

holding more suitable conditions for natural ventilation in winter than in summer due to high 

humidity. Air freshness was also scored significantly lower in Green Star buildings than 

conventional buildings. This could be explained by the lack of fresh air penetration through 

ventilation openings in the Green Star buildings.  

Our study also confirmed lower satisfaction levels with noise in green-rated buildings, a 

finding which is in line with earlier studies (Goins & Moezzi, 2013; S. K. Kim et al., 2015; 

Liang et al., 2014). Although noise interruption and noise from colleagues achieved no 

significant differences in green and non-green buildings, a more detailed analysis of noise 

satisfaction revealed that noise from other people and general inside noise resulted in higher 

satisfaction in Green Star than non-green buildings. In agreement with previous studies (J. 

Kim & de Dear, 2013), the analysis of open comments confirmed that although participants 

in open-plan offices complained about noise interruptions, they favoured the ease of 

interactions with colleagues.  
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Slightly higher satisfaction scores with natural lighting were reported in Green Star buildings. 

However, satisfaction with overall lighting showed no significant differences between green 

and non-green buildings. This finding contradicted earlier studies which showed higher 

(Liang et al., 2014) and lower (Y. S. Lee & Kim, 2008) perceived lighting satisfaction in 

green buildings. Surprisingly, artificial lighting and glare from artificial lighting attained a 

lower score in Green Star buildings, yet the effect size was very small (0.22 and 0.20). Issues 

related to artificial lighting in green buildings were reported in previous research (Baird, 

2010), where too little artificial lighting was perceived in green buildings. This might be 

explained by the fact that more attention is paid to the design of natural lighting in green 

buildings, and artificial lighting designs are overlooked by many green designers.  

In response to Hypothesis 3, the study of the influence of environmental factors on 

satisfaction results showed that the perceived control of IEQ parameters strongly correlated 

with satisfaction scores in non-green buildings, while no significant correlations were 

detected between the two in green buildings. This might be explained by Kano’s theory of 

customer satisfaction. In Kano’s model of product quality attributes (Xu et al., 2009), three 

product types are identified in regard to customer satisfaction: (1) must-be; (2) one-

dimensional; and (3) attractive. Must-be types are those that, if not completely fulfilled, result 

in customer dissatisfaction (Matzler, Hinterhuber, Bailom, & Sauerwein, 1996). In one-

dimensional qualities, customer satisfaction is proportional to the level of fulfilment (Matzler, 

Fuchs, & Schubert, 2004). Attractive qualities are those which if present, result in higher 

satisfaction, but if not present do not result in dissatisfaction (Matzler et al., 1996). The 

finding in our research suggests that IEQ controls are a must-be quality in green buildings, 

and a one-dimensional quality in non-green buildings.   

Ventilation type as an important environmental factor affects occupant satisfaction as the 

study showed that occupant satisfaction was inconsistent in AC and MM buildings when 

comparing green with non-green buildings. In AC buildings, green buildings generally 

showed higher satisfaction scores, particularly in parameters related to thermal comfort and 

IAQ. In MM buildings, satisfaction levels were comparable in green and non-green buildings 

except in air freshness. Ventilation and provision of fresh air was found to be the weakness in 

MM buildings, because air freshness scored lower in MM green buildings compared to non-

green buildings, suggesting a lack of appropriate air circulation and ventilation in MM Green 

Star buildings.  
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To investigate Hypothesis 4, which is about the influence of non-environmental factors on 

occupant satisfaction, the survey data was partitioned into groups based on gender, age, 

sitting next to a window, working history in buildings and in workstations, and office layout. 

In line with findings from previous research (Altomonte et al., 2016), gender did not 

significantly affect satisfaction scores in Green Star and non-green buildings. However, 

earlier research (Altomonte et al., 2016; M. Frontczak et al., 2012; J. Kim & de Dear, 2013) 

detected slightly higher satisfaction scores by male participants, a result which is not in line 

with our findings. In our study, female participants showed slightly higher satisfaction scores 

than male participants, yet the statistical difference was insignificant, a finding which has 

been confirmed by a previous study (Liang et al., 2014). Results related to the influence of 

participant age on satisfaction scores, reflected contradictory findings to previous studies 

(Monika Frontczak & Wargocki, 2011), suggesting that age might affect satisfaction. A 

significantly higher satisfaction score was detected in Green Star buildings in our study 

among participants aged 30 or over, yet for participants under 30, no significant differences 

between green and non-green buildings were noticed. Earlier research has shown that 

occupant expectations and perceived thermal comfort can be shifted by comfortable thermal 

experiences (Luo, de Dear, et al., 2016). It could be inferred that participant age or previous 

thermal comfort experiences affect how green buildings are perceived in workplace 

environments, emphasising psychological aspects.  

In line with earlier research (Schiavon & Altomonte, 2014; Singh, Syal, Grady, & Korkmaz, 

2010), our study showed that the history of working in buildings and at workstations 

influences satisfaction scores by manifesting artificially higher satisfaction scores from 

participants who spent less than a year in their current buildings, and at current workstations. 

This phenomenon is explained by a study by Singh et al. (2010), which suggested that 

perceived satisfaction levels are higher immediately after moving into a green building (also 

known as the honeymoon effect).  

Results related to the consideration of office sharing on occupant satisfaction revealed an 

agreement with earlier studies (Altomonte et al., 2016), that the number of people using the 

office would affect occupant experiences and satisfaction. In our study, no significant 

differences were detected between green and non-green buildings in offices used only by one 

individual, while in offices used by more than 9 people, significantly higher satisfaction 

scores were reflected in Green Star buildings. However, the sample of office sharing types in 
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the study was not consistent and evenly distributed. Future studies are recommended to create 

more consistent sample sizes regarding all office sharing types.  

The studied Green Star buildings seemed to be more successful in meeting user needs and 

achieving higher satisfaction with BD & FM parameters such as overall building comfort, 

building design, needs, buildings image, cleaning, the availability of meeting rooms, storage, 

and occupant health and productivity. Some of the design strategies common to the five 

Green Star buildings could be the central atrium and open plan offices, the use of plants and 

vegetation in the interior design of buildings, and the utilization of biophilic design such as 

the use of natural ventilation and maximising natural lighting in buildings. However, the 

same strategies resulted in some weaknesses in the performance of Green Star buildings, such 

as noise, air freshness, air odours, and artificial lighting. Particularly, open plan office design 

resulted in higher satisfaction in parameters such as building design and building image but 

also resulted in lower satisfaction in noise parameter. Some weaknesses of Green Star rating 

systems could be related to noise and air quality. Improvements in rating buildings related to 

noise and air quality in the Green Star Design guide could help the improvement of building 

performance.   

This paper focused only on subjective evaluations and user perspectives from green building 

performance. An objective evaluation of building performance and its correlation with green 

building certifications was not performed here, and is recommended for future studies. 

Another limitation of the paper is that the operational factors of the studied buildings, such as 

occupancy hours, ventilation operations, and facility managements were not correlated with 

building performance factors. However, it should be considered that the studied buildings 

were consistent in terms of operational factors because all the buildings were higher 

education buildings under the same management systems.  

3.8 Conclusion 

This research compared Green Star buildings with their non-green counterparts by evaluating 

occupant satisfaction and perceived indoor environmental conditions in office workplace 

environments. The study showed that Green Star buildings were generally more satisfactory 

when compared with non-green buildings, particularly in BD & FM parameters such as 

overall building comfort, building design, needs, building image, cleaning, the availability of 

meeting rooms, storage, and occupant health and productivity. However, some weaknesses 
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were detected, particularly in regard to IEQ parameters such as noise, air freshness, air 

odours, and artificial lighting.  

Noise interruptions were particularly higher in open-plan offices; however, occupants in 

open-plan spaces favoured the ease of interactions with colleagues. This suggests that 

innovative acoustic design and noise control in open-plan spaces are needed to enhance the 

acoustic performance of Green Star buildings. Low satisfaction scores with air freshness and 

air odours in summer could be explained by the efficiency of natural ventilation and the lack 

of air circulation in Green Star buildings. A study of fluid dynamics and air circulation in 

buildings at the design stage and green certification process seem appropriate to enhance the 

quality of air in Green Star buildings. Our study indicated that issues related to artificial 

lighting in green buildings have been generally overlooked in the past, as most green 

buildings put greater emphasis on natural lighting design.   

Our research also identified indoor environmental controls as a must-be quality in green 

buildings, and as a one-dimensional quality in non-green buildings based on the definitions of 

Kano’s theory. This suggests that the availability of indoor environmental control positively 

correlates with the level of perceived satisfaction in non-green buildings, but it does not 

necessarily increase perceived satisfaction in green buildings. However, the absence of 

indoor environmental controls would result in perceived dissatisfaction in green buildings. 

The study of occupant satisfaction considering participant background information regarding 

gender, age, sitting next to a window, the history of work in buildings and in workstations, 

and office layout is recommended, because our research has indicated that these non-

environmental factors affect satisfaction in buildings.  
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Chapter 4. Paper Three: A pilot study of thermal comfort in subtropical 

mixed-mode higher education office buildings with different changeover 

control strategies. 

 

The previous chapter investigated the effectiveness of green certification in achieving high 

levels of occupant satisfaction.  It demonstrated that Green Star rated buildings do not 

necessarily outperform non-green buildings, and developed some guidelines for further 

improving the effectiveness of green certifications in providing higher occupant satisfaction. 

This chapter investigated thermal comfort models for higher education buildings with mixed-

mode ventilation as a green building initiative for enhancing both energy efficiency and 

occupant satisfaction in buildings.    

This chapter has been published in the Journal of Energy and Buildings (Impact Factor 4.457 

in 2017) and has been formatted to that journal style. The citation is as follows:  

Chapter 4: Khoshbakht, M., Gou, Z., Zhang, F., A pilot study of thermal comfort in 

subtropical mixed-mode higher education office buildings with different changeover 

control strategies, Energy and Buildings 196(2019), 194-205. (doi: 
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 4.1 Abstract 

Change-over mixed-mode buildings prevent the use of air-conditioners and operable 

windows, thus are energy-efficient. Based on automation levels for mixed-mode control, 

change-over mixed-mode buildings can be classified into three types: automated, semi-

manual, and manual. The objective of this research was to conduct a pilot study on the effects 

of different change-over mixed-mode control strategies on building occupants' thermal 

perception and comfort, as well as develop adaptive comfort models for mixed-mode 

buildings with different change-over control strategies in subtropical climates. Occupants 

from three types of mixed-mode control buildings were surveyed about their real-time 

thermal perception, while indoor environmental conditions were recorded simultaneously for 

a period from summer to winter. Although an overlooked factor in previous studies, this pilot 

study suggests that change-over control strategy may significantly affect thermal perceptions 

in mixed-mode buildings. Occupants who had limited control over thermal environments 

showed less sensitivity to outdoor conditions regardless of operation modes. In buildings 

where users had full control, a clear distinction in thermal sensation was observed when the 

system switched between air conditioning and natural ventilation modes. The adaptive 

thermal comfort model seems to be more suitable and applicable for semi-manually and 

manually controlled mixed-mode buildings rather than for automatically controlled mixed-

mode buildings. 

Nomenclature:  

TSV   Thermal sensation vote 

AC   Air conditioning 

NV        Natural ventilation 

MM       Mixed-mode building 

HVAC  Heating, ventilation, and air conditioning 

IEQ       Indoor environmental quality 

Ta                Air temperature 

Top              Operative temperature 
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MRT        Mean radiant temperature 

Tg               Globe temperature 

Va               Air velocity 

RH        Relative humidity 

clo        Clothing insulation 

Tpma(out)   Prevailing mean outdoor air temperature 

SD        Standard deviation 

G           Griffiths’ constant 

Keywords: Mixed-mode ventilation; change-over control; thermal comfort; adaptive comfort 

model.   

4.2. Introduction 

4.2.1 Mixed-mode (MM) buildings and different control strategies 

Energy consumption in the building sector has drastically increased over the past few 

decades, exceeding other major sectors, including industry and transportation, due to factors 

such as global climate change, more time spent indoors, and increased demand for building 

services and comfort levels (Cao, Dai, & Liu, 2016). The upsurge in demand for HVAC 

(heating, ventilation and air conditioning) systems has been significant (Pérez-Lombard, 

Ortiz, & Pout, 2008). In particular, the growing use of air-conditioning (AC) is predicted to 

be one of the top drivers of global electricity demand over the next three decades 

(International Energy Agency, 2018). Accordingly, there is an urgent need to reduce cooling 

energy demands by seeking alternative solutions to AC. Natural ventilation (NV) has been an 

increasingly attractive method, not only to reduce cooling energy demand, but also to provide 

a healthy, comfortable, and productive indoor environment for building occupants. However, 

NV may not be suitable for the whole year, particularly in subtropical climates with warm 

and humid summers. Therefore, mixed mode (MM) systems, a hybrid approach to space 

conditioning which utilises a combination of AC and NV, demonstrate valuable superiorities 

over the separate use of AC and NV systems, particularly in terms of energy saving potentials 

and providing thermal comfort for the whole year.  
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Based on the integration of NV and AC control strategies, especially whether they exist in the 

same  spaces, or operate at the same time, MM buildings can be categorised into three types: 

zoned, concurrent, and change-over (Brager, Borgeson, & Lee, 2007). In zoned MM 

buildings, various spaces within the building have different conditioning strategies, that is,  

NV and AC operating in various spaces at the same time (Brager, 2006). In concurrent MM 

buildings,  NV and AC operate in the same space and at the same time (Brager, 2006). In 

change-over types, MM buildings switch between NV and AC on a daily or seasonal basis. 

Although concurrent MM operation is the most prevalent strategy in the current practice 

(Brager, Borgeson, & Lee, 2007), running NV and AC systems at the same time is not 

energy-efficient. The change-over system, on the contrary, has a control strategy to prevent 

concurrent operations of air-conditioning systems and operable windows. This paper only 

discusses change-over MM buildings and their capacities to provide thermal comfort for 

building occupants. 

Based on the level of automation for MM control, change-over MM buildings can be 

classified into three types: automated, semi-manual and manual. In automated change-over 

MM buildings, the operation of the windows and AC system is controlled entirely by 

building automation systems (BAS), which switch between operation modes based on 

predefined algorithms for example, indoor/outdoor temperatures, number of occupants, and 

outdoor wind speed. Change-over MM buildings with semi-manual control have the same 

BAS control over the operation of NV and AC systems, but occupants have the opportunity 

to manually override the BAS control by switching between operation modes on the control 

panel located in the occupied space. In manual MM buildings, occupants have full control of 

the window operation and AC systems. There can still be a BAS in these buildings; however, 

the use of BAS is limited only to shutting down AC systems when windows are being 

opened. 

The three types of change-over control each have their advantages and disadvantages. 

Automated control utilises smart sensors to monitor indoor and outdoor climate conditions 

and relies on computational intelligence to predict user preferences as the logic of control. 

Nevertheless, building occupants tend to lose the adaptive opportunities in these buildings; 

moreover, the initial and maintenance costs of complex BAS are relatively high (Brager, 

2006). The manual change-over control allows for a higher degree of user control over the 

indoor environment. However, manual control may still result in a waste of energy due to 

overcooling/overheating of the spaces. Semi-manual control combines automated and manual 
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control. While building automation and smart control are relatively new, there is a lack of 

post-occupancy studies in change-over MM buildings with different control strategies.  

4.2.2 Thermal comfort under different control strategies in change-over MM buildings 

However, the interest in the concept of MM buildings faces a variety of concerns and design 

challenges. One of the main concerns is the lack of predictability and thermal comfort models 

for MM buildings (Brager, 2006). The steady-state model of thermal comfort, or PMV/PPD, 

was first introduced by Fanger (1972), when he studied thermal sensations in AC chambers 

and found steady correlations between building occupants and their immediate indoor 

thermal environments. The adaptive thermal comfort model was previously developed in NV 

buildings by de Dear and Brager (1998), which suggests that occupants in NV buildings 

prefer a wider range of thermal conditions than in AC buildings. Another adaptive thermal 

comfort standard, EN15251, for free running modes was developed based on a one-year 

longitudinal survey in 26 offices in Europe (CEN, 2007). Both standards, ASHRAE and 

EN15251, contain linear equations correlating acceptable indoor temperatures with prevailing 

outdoor temperature and are very similar apart from a 1 K difference between the y‐intercepts 

of the equations (de Dear et al. 2013). 

Due to the hybrid nature of space conditioning, there has been controversy over which 

thermal comfort model is applicable in MM buildings (Brager, 2006; Deuble & de Dear, 

2012). Also, until now, thermal comfort standards for MM buildings had not been developed 

(de Dear & Brager, 2002; Fanger, 1972; Nicol et al., 2012), nor are there frameworks about 

the optimum control strategies or the relative degree of automation that MM buildings should 

provide (Brager, Borgeson, & Lee, 2007). Table 4.1 provides an overview of previous studies 

that examined occupant comfort in MM buildings with different change-over control 

strategies.  
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Table 4.1. Summary of field studies regarding thermal comfort studies in change-over MM buildings. 

Reference Study 
year 

Country/ 
Location 

Climate No of 
buildings 

Building 
type 

Suggested thermal 
comfort model 

 

Separation of 
data based on 

operation mode 

Change-
over control 

(Drake, de 
Dear, Alessi, & 

Deuble, 2010) 

Case study 2 

2010 Australia Subtropical 1 Higher 
education 

office 

Adaptive thermal 
comfort 

Yes Automated 

(Deng, 
Kokogiannakis, 

Ma, & Cooper, 

2017) 

2017 Australia Subtropical 1 Higher 
education 

office 

Steady-state (winter) 
Adaptive thermal 

comfort (summer) 

  

Not mentioned Automated 

(Barbadilla-

Martín, Lissén, 

Martín, 
Aparicio-Ruiz, 

& Brotas, 2017) 

2017 Spain Subtropical  3 Higher 

education 

office 

Adaptive thermal 

comfort 

No Manual 

(Luo, Cao, 

Damiens, Lin, 
& Zhu, 2015) 

2015 China/ 

Shenzhen  

Subtropical

  

1 Office Adaptive thermal 

comfort 
 

Yes Manual 

(Deuble & de 

Dear, 2012) 

2012 Australia/ 

Sydney  

Subtropical

  

1 Office Adaptive model 

during NV mode; 
steady-state model 

during AC mode 

 

Yes Semi-

manual 

(Manu, Shukla, 

Rawal, Thomas, 

& de Dear, 
2016) 

2016 India Variable 13 Office Adaptive thermal 

comfort 

No Manual 

(Rupp, de Dear, 

& Ghisi, 2018) 

2018 Brazil Temperate 

and humid  

3 Office Adaptive thermal 

comfort 

Yes Manual 

(De Vecchi, 

Candido, de 

Dear, & 
Lamberts, 

2017) 

2017 Brazil Subtropical

  

3 Office Not mentioned Yes Manual 

(Rijal, 

Humphreys, & 
Nicol, 2017) 

2017 Japan Temperate 11 Office, 

Higher 
education 

office 

Adaptive thermal 

comfort 

Yes Manual 

 

ASHRAE 55 recommends that MM buildings should be treated as AC buildings in terms of 

thermal comfort evaluation (ASHRAE, 2013). However, as is shown in Table 4.1, only Deng 

et. al’s study (Deng et al., 2017) partly supports this assertion. They examined a building with 

automated change-over MM control, and concluded that steady-state models are more 

applicable in winter in MM buildings, while adaptive thermal comfort models provide a 

better prediction of comfort in summer. Deuble and de Dear (2012) suggested using different 

thermal comfort models during different modes of operation, due to a significant bifurcation 

in thermal perceptions when the MM building switches between AC and NV modes. All 

other reviewed studies, except De Vecchi et al. (2017) supported the use of adaptive comfort 

model for change-over MM buildings during both NV and AC modes (Barbadilla-Martín et 

al., 2017; Deuble & de Dear, 2012; Drake et al., 2010; Luo et al., 2015; Manu et al., 2016; 

Rijal et al., 2017; Rupp et al., 2018). Rupp et al. (2018) studied three office buildings in 
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Brazil and found no evidence to support either a single thermal comfort model for the three 

MM buildings or the recommendation by ASHRAE 55 to evaluate MM buildings as AC 

buildings.  

Previous research has not yielded consistent findings on the effect of operation modes on 

thermal perceptions. Barbadilla-Martín et al. (2017) and Manu et al. (2016) have proposed 

the use of a single adaptive thermal comfort model in MM buildings, for both AC and NV 

modes of operation. Some other studies (De Vecchi et al., 2017; Luo et al., 2015; Rijal et al., 

2017) assert that occupants’ thermal perceptions differ from NV and AC modes; thus data 

should be separately analysed.   

As mentioned above, previous literature failed to reach a consensus on what thermal comfort 

models should be adopted for MM buildings, or whether the mode of operation would have 

an impact on thermal perception. It was also evident that most previous studies were 

conducted in MM buildings with manual change-over controls, while MM buildings with 

automated and semi-manual controls were rarely studied. The objective of this research was 

to carry out a field study in occupants’ thermal comfort under different change-over control 

strategies in MM office buildings located in subtropical climates. Specifically, this study:    

1. compares thermal perceptions in MM buildings with different change-over control 

strategies. 

2. tests the effect of operation modes on occupants’ thermal perception in different 

change-over MM buildings. 

3. explores the applicability of adaptive thermal comfort models to MM buildings with 

different control strategies. 

4.3. Methodology 

Thermal comfort studies can be classified into two classes: laboratory studies and field 

studies (de Dear et al., 2013). This paper adopted a field study to develop thermal comfort 

models based on statistical techniques.  

4.3.1 Surveyed buildings 

Three MM buildings representing the three change-over control strategies were surveyed 

from February 2017 to July 2017. An overview of the building exterior and characteristics are 

shown in Figure 4.1 and Table 4.2. The three MM office buildings all belong to the higher 
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education sector. Two buildings (automated and semi-manual) are located in Brisbane, and 

the building with manual control is located on the Gold Coast. Both cities have a 

Mediterranean subtropical climate, characterised by a hot and humid summer, and a mild 

winter. In Brisbane, the average daily outdoor temperature ranges from 10.2 °C in July 

(winter) to 30.3 °C in January (summer) (Bureau of Meteorology, 2017). On the Gold Coast, 

the average daily outdoor temperature ranges from 12.0 °C in July (winter) to 28.7 °C in 

January (summer) (Bureau of Meteorology, 2017). As shown in Figure 4.2, relative humidity 

ranges between 55% and 72% for the Gold Coast, and 44% and 70% for Brisbane (Bureau of 

Meteorology, 2017).  

     

(a)                                               (b)                                              (c) 

Figure 4.1. Three MM buildings for field studies: (a) Building A, (b) Building B, (c) Building C. 
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(a) 

 

 
(b) 

 
Figure 4.2. Summary statistics of mean monthly temperature and relative humidity for a period from 2000 to 2017 for the 

Gold Coast (a); and Brisbane (b). 
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Table 4.2. The characteristics of the studied buildings. 

ID Green 
building 

certificate 

Location Climate Year GFA 
(m2) 

Interior 
layout 

HVAC 
system 

Air distribution Orientation 

A 5 Green 
Star 

Brisbane Mediterranean 
subtropical 

2014 18,000 Mostly 
open-

plan 

Zoned 

variable-air-

volume  

Displacement 

ventilation 

through desk 

vents 

North South 

B 6 Green 
Star 

Brisbane Mediterranean 
subtropical 

2013 3,865 Mostly 
open-

plan 

Hydronic 
cooling  

Displacement 

ventilation 

through desk 

vents 

North-East 

South-West 

C 6 Green 

Star 

Gold 

Coast 

Mediterranean 

subtropical 

2007 1.400 Mostly 

private 
Split units Overhead air 

distribution 

North-West 

South-East 

 

All three buildings consist of offices, laboratories, conference and meeting rooms, and 

breakout spaces. Only office spaces were selected for the investigation of thermal comfort, 

including open-plan offices and cellular offices. In the MM building with automated control, 

three open-plan offices were selected, which accommodated spaces for higher degree 

research students and postdoctoral researchers. In the semi-manual building, two open-plan 

offices accommodating research and academic staff were chosen for the study. Surveyed 

offices in the MM building with manual control included two open-plan offices and 32 

cellular offices located on two different floors. Surveyed offices were highlighted in red in a 

typical floor plan for all three buildings, as shown in Figure 4.3.  

     

(a)                                               (b)                                              (c) 

Figure 4.3. The location of surveyed offices: (a) Building A, (b) Building B, (c) Building C. 

Building A has an atrium at its centre, allowing occupants to access all levels while 

accommodating research laboratories on one side of the atrium and open-plan offices on the 

opposite side. Control of the operation mode is automated by BAS, which automatically 

switches from AC to NV if the outdoor temperature falls within a temperature range between 

22 oC and 26 oC. The cooling system of the building consists of water-cooled chillers which 

use tempered air by phase change materials embedded in a thermal labyrinth. Conditioned air 
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is distributed at workstations through desk vents, where occupants can only adjust the 

direction of the incoming air.   

Building B features a central atrium and a green wall. The ground floor is dedicated to 

visitors, while the two upper floors include meeting spaces, seminar rooms, and open-plan 

offices for staff. The building is equipped with an evaporative cooling and dehumidification 

system, programmed to deliver 18 oC air at 55% relative humidity at workstations. In winter, 

the supplied air is heated by a hot water tank before being distributed through desk vents. The 

BAS activates the HVAC if outdoor temperatures rise above 28 oC. Dehumidification is 

carried out if needed by pumping air into a silica gel desiccant wheel to remove moisture. In 

contrast to Building A, occupants in Building B have the opportunity to override the 

automated control through the BAS interface in the open-plan office. Occupants can manage 

the operation of the building and switch between active and passive cooling. For example, 

users can switch off the active cooling and trigger the opening of the windows.    

Building C accommodates studio spaces, workshops, and a seminar room on the ground floor, 

while the two upper levels provide offices and meeting rooms for academic staff and research 

students. This building offers individual AC control in each office, where occupants can 

choose between NV and AC. Occupants can open and close windows, but, to facilitate the 

efficient use of energy, the BAS in the building prevents the concurrent running of NV and 

AC, meaning the AC will be deactivated once windows or doors are open. In Building C, no 

blinds for occupant control of solar radiation is provided and only louvre awnings are utilised 

for solar protection. 

4.3.2 Participants 

In total, 1001 responses were collected from 208 volunteer participants in the survey. 

Participants were mainly students and staff members of the university where the surveyed 

building was located. In this study, only volunteers who had worked in the building for more 

than one year were selected, to ensure that subjects were fully adapted to the local climate. 

The demographic features of the participants are shown in Table 4.3. Participant clothing 

insulation, metabolic rates, and fitness levels were recorded during the survey. 
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Table 4.3. Summary of demographic features of the participants. 

ID No. of studied offices No. of participants Age 

Male Female Total Male Female Mean 

A 3 open-plan offices 463 195 668 33 31 33 

B 2 open-plan offices 19 58 120 52 44 46 

C 1 open-plan and 33 cellular 

offices 

55 28 96 47 51 49 

 

Participants’ average clothing insulation value was 0.51 clo, with a maximum value of 1 clo 

for participants wearing jackets and trousers, and a minimum value of 0.36 clo for people 

wearing t-shirts and shorts. The average metabolic rate recorded during the survey was 1.1 

met for participants in sedentary typing positions, and the minimum metabolic rate level was 

1.0 met for participants in sedentary reading positions.  

4.3.3 Questionnaires 

Paper-based questionnaires were allocated to participants in order to assess their right-here-

right-now thermal comfort perceptions (Humphreys, Nicol, & Raja, 2007; Indraganti, Ooka, 

& Rijal, 2013). Instantaneous thermal sensation, perceived air movement, perceived 

humidity, perceived air quality and perceived overall thermal comfort and productivity were 

investigated using a seven-point Likert scale, with values ranging from -3 to 3 (see Table 

4.4). The real-time surveys were conducted once a week in all three buildings from February 

to July 2017. 

Table 4.4. Thermal comfort and air quality questionnaires adopted in the survey. 

Scale Thermal sensation Perceived air 

movement 

Perceived 

humidity 

Perceived air 

quality 

Perceived overall thermal 

comfort and productivity 

3 Hot Too draughty Too humid Very fresh Highly productive and 

comfortable 

2 Warm Draughty Humid Fresh Productive and comfortable 

1 Slightly warm Slightly draughty Slightly humid Slightly fresh Slightly productive and 

comfortable 

0 Neutral Neutral Neutral Neutral Neutral 

-1 Slightly cool Slightly still Slightly dry Slightly Slightly unproductive and 

uncomfortable 

-2 Cool Still Dry Stuffy Unproductive and uncomfortable 

-3 Cold Too still Too dry Too stuffy Very unproductive and 

uncomfortable 
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In addition, participants were surveyed about their preferences regarding real-time air 

movement, humidity, and air quality during the questionnaire, using a 3-point Likert scale of 

-1, 0 and +1 (for example, want warmer, no change, and want cooler).  

4.3.4 Measurements 

The instrumental measurements of indoor environmental quality (IEQ) parameters were 

conducted concomitantly with the questionnaire survey. During the survey period, indoor air 

temperature (Ta), globe temperature (Tg), relative humidity (RH), and carbon dioxide levels 

(CO2) were measured and recorded at 5-minute intervals using IEQ monitoring devices, Hux 

Connect. Air velocity (Va) was measured at the time of the subjective evaluations using 

handheld anemometers. In each open-plan office, four locations were selected for IEQ 

measurement with horizontally uniform distribution at 0.75 m above the floor. The location 

of devices in a surveyed office is illustrated in Figure 4.3.   

 

Figure 4.3.  Equipment setup for measurements of Ta, RH, Tg and Va; sensors were placed at the work stations. 

The Hux Connect set-up for each room consisted of one gateway and four motes. The 

gateway measured CO2, while the motes measured Ta, Tg, and RH. The average value of Ta, 

Tg, and RH from the four motes in each office room was calculated to represent indoor 

climate conditions and increase the accuracy of the measurements. The AC/NV mode status 

for each building was collected from BAS after the survey data collection was completed. A 

summary of instrument details, including accuracy and resolution, is presented in Table 4.5. 
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Table 4.5. Accuracy and resolution of instruments used in field measurements. 

Parameter Instrument / sensor Trade name Time interval 

(frequency) 

Accuracy 

calibration 

Resolution 

range 

Air temperature (Ta) 

 

Air Thermometer Hux Connect Continuous (every 5 

minutes) 

±0.5 °C 5 to 60 °C 

Globe temperature (Tg) 

 

Globe thermometer  Hux Connect Continuous (every 5 

minutes) 

±0.5 °C −25 to 85 °C 

Air velocity (Va) Handheld 

anemometer 

Digitech At the time of survey ±0.05 m/s 0 to 30.0 m/s 

Relative humidity (RH) Hygrometer Hux Connect Continuous (every 5 

minutes) 

±2% 10 to 70% RH 

Carbon dioxide (CO2) CO2 meter Hux Connect Continuous (every 5 

minutes) 

±30 ppm 0 to 5000 ppm 

 

4.3.5 Data collection and analysis 

A total of 1001 responses were collected from questionnaire surveys. In order to avoid bias in 

the study, survey responses from unwell or sick participants were excluded. In total, 884 

individual responses were analysed.  

4.3.5.1 Statistical analysis 

A one-way ANOVA test, or analysis of variance, was conducted to determine whether there 

were statistically significant differences between the variable means in the three change-over 

control MM buildings. Post hoc analysis was also used for multiple comparisons with a Sidak 

adjustment. 

A linear regression analysis was performed between indoor comfort temperatures and the 

prevailing mean outdoor air temperatures to establish adaptive thermal comfort models. 

Multiple linear regression analysis was also employed to test the effect of operation modes 

and indoor operative temperature on participants' thermal sensation. For all analyses, the 

significance level was set to be p<0.05. 

4.3.5.2 Calculation of operative temperature 

Due to the complexity of using multiple parameters, previous studies have recommended 

using a single index to estimate thermal sensation, such as predicted mean vote and operative 

temperature (Barbadilla-Martín et al., 2017; Humphreys et al., 2007). Operative temperature 
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(Top) is also known as dry resultant temperature, which combines the effects of the mean 

radiant temperature (MRT) and air temperature (Ta). Operative temperature is estimated by 

Equation (4.1) for occupants engaged in near-sedentary physical activity, not in direct 

sunlight, and not exposed to air velocities greater than 0.10 m/s (ASHRAE, 2004). This was 

the case for participants in the survey, and accordingly, operative temperatures can be 

calculated from the following equation:  

Top = (MRT + Ta) / 2                     (4.1) 

where Top is operative temperature, MRT is mean radiant temperature, and Ta is air 

temperature.  

Mean radiant temperature (MRT) was calculated based on the Equation (4.2), which was 

adapted from previous research (Shooshtarian & Ridley, 2016) as the following: 

MRT = [ (Tg + 273)
4

+
1.1×108×Va0.6

εD0.4 (Tg-Ta)]1/4-273                                                              (4.2) 

 

where Tg, Ta, Va, ε, D represent the globe temperature (°C), air temperature (°C), air velocity 

at the level of the globe (m/s), emissivity (0.95), and diameter of the black globe thermometer 

(0.035m), respectively. 

4.3.5.3 Calculation of prevailing mean outdoor air temperature 

Adaptive thermal comfort models correlate thermal sensations with outdoor temperatures. 

The adaptive thermal comfort hypothesis predicts that contextual factors and past thermal 

history modify user thermal expectations and preferences (de Dear & Brager, 1998). In the 

early studies, the index of outdoor temperature was calculated based on the monthly running 

mean of the outdoor temperature (Humphreys, 1978; Nicol & Humphreys, 2010). However, 

the latest research in adaptive thermal comfort studies has proved that an exponentially 

weighted running mean of the daily mean air temperature is a more accurate predictor as a 

responsive index for outdoor climate (Humphreys & Nicol, 2018; Indraganti & Boussaa, 

2018; Indraganti, Ooka, & Rijal, 2018; Rijal et al., 2008). The input variable in the adaptive 

model is prevailing mean outdoor air temperature (Tpma(out)). This temperature is based on 

the arithmetic average of the mean daily outdoor temperatures over a period of days. It 

represents the broader external climatic environment which building occupants have 

physiologically, behaviourally, and psychologically adapted to (ASHRAE, 2013). Tpma(out) can 
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be calculated from the following equation based on ASHRAE-55 recommendations (de Dear, 

2011):  

Tpma(out) = (1 – α) [te(d–1) + α te(d–2) + α2 te(d–3) + α3 te(d–4) + …...]                                            (4.3)          

where α is a constant. ASHRAE 55 recommended α values from 0.9 to 0.6; a value of 0.9 

could be more appropriate for humid tropics, and lower values more appropriate for mid-

latitude climates. In this study, the α value of 0.6 was adopted for the subtropical climate (De 

Vecchi et al., 2017). The te(d−1),  te(d−2), te(d−3), and further are the 24-hour daily mean 

temperatures for yesterday, the day before and so on.  

4.3.5.4 Calculation of comfort temperature 

There are two methods of calculating comfort temperature: the linear regression method (de 

Dear & Brager, 1998) and Griffiths’ method (Rupp et al., 2018). The former utilises a linear 

regression between TSV (as a dependent variable) and indoor operative temperature (as an 

independent variable) and solves the equation by setting the dependent variable to the value 

of zero. This method has been widely used in previous thermal comfort studies (de Dear & 

Brager, 1998). However, as Nicol et al. (Nicol et al., 2012) have pointed out, this method 

leads to bias in the estimation of comfort temperature if the mean thermal sensation deviates 

from neutrality. In this paper, Griffiths’ method was adopted to calculate comfort 

temperature. Griffiths’ method uses an assumed value for the regression coefficient. Comfort 

temperature is calculated by the following equation:  

Tcomf = Top – TSV/ G                                         (4.4) 

where Tcomf is the comfort temperature (°C), Top is the indoor operative temperature (°C), 

TSV is the thermal sensation vote, and G is Griffiths’ constant (°C-1). Griffiths’ constant of 

0.5 has been observed as the most appropriate constant in previous studies (Barbadilla-Martín 

et al., 2017; Manu et al., 2016; Mustapa, Zaki, Rijal, Hagishima, & Ali, 2016). 

4.4. Results and analysis  

4.4.1 Thermal perceptions in different change-over MM buildings 

Table 4.6 reports the measured indoor air temperature (Ta), globe temperature (Tg), air speed 

(Va), relative humidity (%), CO2 level (ppm), occupants' thermal sensation vote, and the 

calculated comfort temperature (oC). The one-way ANOVA test was performed to identify 
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the significance of differences in these mean values across the three buildings. Post hoc 

analysis was conducted to identify significant pairwise comparisons. The omnibus ANOVA 

tests detected significant differences in variable means in air temperature, globe temperature, 

relative humidity, CO2 level, and subjects' TSV. Post hoc analyses revealed that the mean Ta 

in Building B (27.0 oC) building was significantly higher than Building A (25.1 oC, p <0.01) 

and Building C (24.7 oC, p <0.01) building, but not significantly different between Building 

A and Building C. Similarly, the mean Tg value was significantly higher in Building B (27.9 

oC) than in Building A (26.0 oC, p <0.01) and Building C (26.1 oC, p <0.01) buildings. The Tg 

values were not significantly different between Building A and Building C. The mean RH 

level was 60%, 63%, and 61%, in Building A, Building B, and Building C, respectively. Post 

hoc tests showed that only Building A had significantly lower RH values than Building B (p 

<0.01). The mean CO2 level in Building C (542 ppm) was significantly higher than in 

Building A (504 ppm, p <0.01) and Building B (444 ppm, p <0.01). The mean TSV values 

were significantly higher in Building B (+0.48 TSV) building compared to both Building A  

(-0.48 TSV, p <0.01) and Building C (-0.50 TSV, p <0.01) buildings. The mean TSV values 

were not significantly different comparing Building A and Building. The mean Tcomf values 

in Building A, Building B, and Building C were 26.0 °C, 26.3 °C, and 25.7 °C, respectively. 

ANOVA test showed no significant difference between these means (p=0.197).  
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Table 4.6. Summary of recorded IEQ parameters in three MM change-over control buildings. 

ID Variables Ta (oC) Tg (oC) Va (m/s) RH (%) CO2 (ppm) TSV Tcomf 
a
 

(oC) 

A Mean 25.1 26.0 0.06 60 504 -0.48 26.0 

SD 0.8 1.0 0.11 9 44 0.90 2.0 

Min 23.4 24.2 0.00 42 433 -3.00 19.5 

Max 26.9 35.5 0.50 81 585 +3.00 31.9 

B Mean 27.0 27.9 0.06 63 444 0.48 26.3 

SD 4.5 4.5 0.15 9 47 1.43 3.0 

Min 14.0 13.9 0.00 8 25 -3.00 16.5 

Max 33.2 34.0 0.50 78 545 +3.00 32.1 

C Mean 24.7 26.1 0.06 61 542 -0.50 25.7 

SD 1.1 2.5 0.11 11 51 1.06 2.2 

Min 23.3 24.2 0.00 83 627 -3.00 21.5 

Max 27.6 40.1 0.40 44 446 2.00 31.1 

All data Mean 25.3 26.3 0.06 61 500 -0.35 26.0 

SD 1.8 2.0 0.11 9 48 1.05 2.2 

Min 19.8 20.7 0.00 42 411 -3.00 16.5 

Max 33.2 40.1 0.50 83 627 +3.00 32.1 

ANOVA of mean 

value 

 p<0.01 p<0.01 NS p<0.01 p<0.01 p<0.01 NS 

a Tcomf  was calculated with Griffiths’ method (G=0.5); NS: Not statistically significant.  

4.4.2 Effects of operation modes on thermal sensation in different change-over MM buildings  

In order to analyse whether thermal sensation differed from modes of operation, linear 

regression models were developed correlating TSV first with only indoor operative 

temperature Top and then with both Top and operation modes. Linear models considering raw 

data of indoor operative temperature and thermal sensation vote in three buildings were 

developed. As shown in Table 4.7, the R2 values of the buildings A and C were very low. The 

regression models were not statistically significant either. This may be explained due to the 

relatively small sample size and the existence of outliers. As recommended by previous 

studies, correlating TSV with binned Top decreases the negative effect of outliers and 

increases the significance of equations (Damiati, Zaki, Rijal, & Wonorahardjo, 2016, Deuble 

& de Dear, 2012). Therefore, thermal sensation votes have been binned at 0.5 oC intervals of 

indoor operative temperature, and the regression model was weighted according to the 

number of votes falling in each of the bins. Table 4.8 shows the linear models obtained from 

correlating TSV with binned Top data for the three buildings. The separation of data based on 

operation modes has been used by researchers in the past in buildings with manual MM 
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systems (Barbadilla-Martín et al., 2017; Manu et al., 2016; Rijal, Humphreys, & Nicol, 

2009).   

Table 4.7. Linear regression models using raw data of indoor operative temperature and thermal sensation vote in different 

change-over control buildings. 

ID Linear models N Sig. F-

change 

 Model 1 Model 2 

A TSV = 0.02 Top – 1.03 

R2=0.01, p=0.583           

S.E.(Top)=0.04 

TSV = 0.02 Top – 0.03 MOa – 0.96  

R2=0.01, p=0.767              

S.E.(Top) =0.04, S.E.(MO) = 0.07  

668 0.632 

B TSV = 0.24 Top – 6.24 

R2=0.44, p<0.001           

S.E.(Top)=0.03 

TSV = 0.24 Top – 0.04 MO - 6.12  

R2=0.44, p<0.001              

S.E.(Top)=0.05, S.E.(MO) =0.38  

120 0.928 

C TSV = 0.03 Top – 1.15 

R2=0.01, p=0.746            

S.E.(Top)=0.08 

TSV = 0.06 Top - 0.35 MO – 1.78 

R2=0.03, p=0.366              

S.E.(Top) =0.08, S.E.(MO) =0.25  

83 0.169 

All 

data 
TSV = 0.22 Top – 6.09 

R2=0.15, p<0.001             

S.E.(Top)=0.02   

TSV = 0.22 Top – 0.03 MO – 6.04 

R2=0.16, p<0.001                   

S.E.(Top) =0.02, S.E.(MO) =0.07 

871 0.684 

a 
MO or operation mode is assumed 1 for NV and 0 for AC mode; S.E. — coefficient standard error; Sig. F-change — 

significance of F-change.  

Table 4.8. Linear models considering binned indoor operative temperature and thermal sensation vote in different change-

over control buildings. 

ID Linear model N Sig. F-

change Model 1 Model 1 

A TSV = 0.16 Top – 4.64 

(R2=0.24, p = 0.001) 

S.E.(Top)=0.04 

TSV = 0.15 Top – 0.11 MOa – 4.29 

(R2=0.26, p < 0.01) 

S.E.(Top) =0.05, S.E.(MO) =0.11 

46 0.354 

B TSV = 0.27 Top – 6.86 

(R2=0.64, p < 0.01) 

S.E.(Top)=0.03 

TSV = 0.26 Top – 0.24 MO – 6.59 

(R2=0.65, p < 0.01) 

S.E.(Top) =0.03, S.E.(MO) =0.23 

55 0.295 

C TSV = 0.18 Top – 5.17 

(R2=0.10, p=0.129)  

 S.E.(Top)=0.12 

TSV = 0.20 Top – 0.71 MO – 5.25 

(R2=0.33, p=0.013) 

S.E.(Top) =0.10, S.E.(MO) =0.26 

25 0.013* 

All data TSV =  0.28 Top – 7.56 

(R2=0.63, p<0.001)  

 

TSV = 0.28 Top - 0.15 MO – 7.47 

(R2=0.64, p<0.001) 

126 p<0.001*** 

a 
MO or operation mode is assumed 1 for NV and 0 for AC mode; S.E. — coefficient standard error; Sig. F-change — 

significance of F-change; * p < 0.05; *** p < 0.001. 

Two models were developed for each building, one correlating TSV with Top (model 1), and 

the other one correlating TSV with Top and building operation mode (model 2). Comparison 

between two models represented by the R2 change was tested with an F-test, referred to as the 

F-change. A significant F-change means that the variable (building operation mode) added in 

that step significantly improved the prediction. Table 4.8 demonstrates that the fitness of the 

linear model significantly improved when operation mode was added as an independent 
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variable in the regression model for Building C and all three buildings combined, meaning 

that building occupants’ thermal sensation was significantly different between AC and NV 

modes in Building C and all three buildings combined. Figure 4.5 graphically represents 

regression lines correlating TSV and binned indoor operative temperature developed for AC 

and NV modes respectively in three MM buildings. The two trend lines are close to each 

other in Building A and Building B (Figure 4.5a, 4.5b), but are clearly detached in Building C 

(Figure 4.5c), which corroborates results in Table 4.8.  
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                              (a) 

  
                                                                   (b)    

                                                                              
                                                                    (c)                                                                                 
Figure 4.5. Thermal sensation correlating with indoor operative temperature during different ventilation modes (AC and 

NV) for: (a) Building A, (b) Building B, (c) Building C. 

 

y = 0.1518x - 4.2655

R² = 0.2403

y = 0.1566x - 4.494

R² = 0.118

-3

-2

-1

0

1

2

3

20.0 22.0 24.0 26.0 28.0 30.0 32.0 34.0

T
S

V

Binned Top (
oC)

AC

NV

Linear (AC)

Linear (NV)

y = 0.2798x - 7.1485

R² = 0.6216

y = 0.25x - 6.5343

R² = 0.6506

-3

-2

-1

0

1

2

3

20.0 22.0 24.0 26.0 28.0 30.0 32.0 34.0

T
S

V

Binned Top (oC)

AC

NV

Linear (AC)

Linear (NV)

y = 0.2442x - 7.2212

R² = 0.162

y = 0.1773x - 4.7911

R² = 0.1361

-3

-2

-1

0

1

2

3

20.0 22.0 24.0 26.0 28.0 30.0 32.0 34.0

T
S

V

Binned Top (
oC)

AC

NV

Linear (AC)

Linear (NV)



CHAPTER 4. THERMAL COMFORT  130 

 

Comfort temperatures were calculated based on the regression equations in Table 4.8 and 

were compared the ones with previously calculated by Griffiths’ method. As presented in 

Table 4.9, Building C observed the largest differences (3.5 °C) in comfort temperatures had a 

significant difference between the two modes. Comfort temperatures calculated by linear 

regression models were generally higher than those determined by Griffiths’ method.  

Table 4.9. Comparison of Griffiths' comfort temperatures with comfort temperatures calculated with linear thermal 

sensation prediction equations of the studied buildings. 

ID Griffiths’ Tcomf 
a
 (oC) Comfort Temperature (oC) 

Under AC 

 

Under NV 

A 26.0 28.6 29.3 

B 26.3 25.4 26.3 

C 25.7 26.3 29.8 

Total 26.0 26.7 27.2 

 

4.4.3 Developing adaptive thermal comfort models for different change-over MM buildings 

Table 4.10 presents the developed adaptive comfort models for the three change-over MM 

building types correlating outdoor running mean temperatures with comfort temperatures. All 

four models have reached a high statistical significance level. However, looking at the 

coefficient of determination (R2) for Building A, the prevailing outdoor temperature explains 

just 8% of the variance of the comfort temperature, compared to 48% in Building B, and 14% 

in Building C. Nonetheless, low R2 values in the adaptive thermal comfort models are 

common in mixed-mode buildings as seen in previous studies, for example, an study by Rupp 

et al. (2018).  

Table 4.10. Adaptive thermal comfort models for different change-over MM buildings correlating Tcomf with Tpma(out). 

ID N Linear regression equation R2 S.E. p 

A 668 Tcomf = 0.16 Tpma(out) + 22.58 

 

0.08 

 

1.88 p < 0.001 

B 120 Tcomf = 0.48 Tpma(out)  + 15.86  

 

0.48 

 

2.16 p < 0.001 

C 83 Tcomf = 0.23 Tpma(out) + 20.75 

 

0.14 1.94 0.001 

All data 871 Tcomf = 0.24 Tpma(out)  + 20.92  

 

0.17 

 

1.97 p < 0.001 

S.E. — coefficient standard error.  

4.4.4 Comparison with previous studies 

We categorised previous studies based on the mixed mode control systems to see how models 

fit with previous studies. Table 4.11 provides a summary of the comparison study. The model 

for building B shows the highest sensitivity of TSV to Tpma(out) with the highest slope. In 
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comparison with previous studies, The model developed for Building B was the most similar 

to the model developed by Rijal et al. based on a study in Pakistani buildings (Rijal et al., 

2009) and the model developed by Rupp et al. (2018) based on Brazilian database. As 

illustrated in Figure 4.6, the slope of the equation developed for Building A and C was close 

to what Barbadilla-Martin et al. (2017), Manu et al. (2016) and Rupp et al. (2018) found with 

Equation coefficient of 0.24 and 0.28, respectively. The R2 values of our equations 

particularly for Building A and C, were much lower than those obtained by previous studies. 

Nonetheless, this could be explained due to the total number of survey responses and the 

number of buildings in our study. 

Table 4.11. The developed adaptive thermal comfort models in previous studies. 

Ref Adaptive thermal comfort Model R2 

Barbadilla-Martín et al. (2017) Tcomf = 0.24 Trm + 19.3 0.41 

Manu et al. (2016) Tcomf = 0.28 Trm + 17.87 0.72 

Rupp et al. (2018) Tcomf = 0.56 Tpma(out)  + 12.74 0.89 

Rijal et al. (2009) Tcomf = 0.52 Trm + 15.4 0.79 

Building A for current study   Tcomf = 0.16 Tpma(out) + 22.58 0.08 

Building B for current study   Tcomf = 0.48 Tpma(out)  + 15.86 0.48 

Building C for current study   Tcomf = 0.23 Tpma(out) + 20.75 0.14 

All data for current study   Tcomf = 0.24 Tpma(out)  + 20.92 

 

0.17 
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Figure 4.6. Comparison of adaptive thermal comfort model with previous studies. 
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Although Table 4.8 suggests that modes of operation did not significantly affect TSV in 

Building B, they could also result from the inefficient control algorithm in this building. 

Building B was under AC mode only when the outdoor temperature rises above 28 °C. The 

control algorithm failed to provide a comfortable indoor environment, particularly in hot 

summer days. Subsequently, occupants overrode the BAS very often for natural ventilation, 

which further reduced the efficiency of the cooling system. This may be one of the reasons 

why thermal sensation votes were not significantly different between NV and AC operations. 

In the buildings where users have in full control of the windows and AC systems, that is, 

Building C, a clear distinction between TSV during AC and NV operations was observed, 

confirming the findings from previous studies in manual buildings that suggested the 

separation of data based on operation modes (De Vecchi et al., 2017; Luo et al., 2015; Rijal et 

al., 2017; Rupp et al., 2018). There were also some studies that recommended the use of 

single thermal comfort models in manual MM buildings, for example, Barbadilla-Martín et 

al. (2017) and Manu et al. (2016). However, in Building C, users seem to be actively aware of 

the operation modes and actively adapt accordingly. As a result, the development of separate 

thermal comfort models for each operation mode seems more appropriate in manual MM 

buildings.  

Some other factors may also contribute to the differences in thermal perception apart from 

MM control strategies. Participant age was much higher in Building B than those in Building 

A and Building C. Gender distribution in three buildings was also slightly different. The 

average age in Building B and Building C was higher than those in Building A. In Building A 

and Building B, the surveyed offices had open-plan layouts, whereas in Building C most 

surveyed offices were cellular. These three factors— gender, age and office layouts— might 

have influenced thermal comfort perceptions in our study, yet it is impossible to control all 

variables in field tests and have the exact same number of participants from both genders, age 

groups and office layouts in different building types, particularly in surveys with big sample 

sizes. Although mixed-mode buildings have a great potential for subtropical climates, yet 

unfortunately due to cultural and technical matters, case studies are scarce, that explains why 

no thermal comfort models are yet developed.  

The lack of thermal comfort models further impacts the design and use of MM buildings. 

This study is only a pilot study in MM buildings and has been purposed to progress in the 
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development of thermal comfort models for MM buildings and promote the use of MM 

systems in suitable climates such as subtropical. 

This pilot study offers an insight into the importance of change-over control types and their 

influence in occupants' thermal perception in MM buildings. As the literature review 

suggested, contradictory results were reported regarding the most appropriate thermal 

comfort models for MM buildings. This research suggests that change-over control strategies 

may explain some of the discrepancies in previous studies. In the study, only one building 

from each MM control type was studied and the developed thermal comfort models only 

present a pilot study because thermal comfort models may have been affected by other 

specific singularities of specific buildings. Apparently, more thermal comfort studies 

conducted in different types of change-over MM buildings are required in order to obtain 

more meaningful and consistent results. 

Due to ethical limitations and the nature of the data collection in working and studying 

environments of higher education buildings, participant body mass index (BMI) values were 

not collected during the survey. The bias caused by differences in body fat was reduced by 

relying on surveyor judgment to exclude the involvement of occupants with significantly high 

body fat and very low fitness levels. Also, apart from gender, age and office layouts, there 

might be other variables that have contributed to the significant differences in occupants’ 

thermal perceptions; however, these confounding variables were not identified in this study. 

4.6. Conclusion 

This paper reports a pilot study on thermal environments and building occupants' thermal 

perceptions in three types of mixed-mode higher education office buildings in subtropical 

climates with different change-over control strategies, namely, automated control, semi-

manual control and manual control. The following findings are noteworthy: 

1. Different change-over control strategies have an impact on the thermal environments 

and building occupants' thermal perceptions, and thus need to be considered in 

thermal comfort studies in mixed-mode buildings. 

2. The TSV values were significantly higher in Building B (semi-manual) than those in 

Building A (automated) and Building C (manual).  

3. There is no significant difference between comfort temperatures calculated by 

Griffiths' method for three types of MM buildings; however, comfort temperatures 

calculated by linear regression models observe clear differences. 
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4. When the operation mode switched between AC and NV, a clear distinction in 

thermal sensation was observed in Building C, where users had a full control of their 

thermal environments.  

5. The adaptive thermal comfort model seems to be more suitable and applicable for 

Building B (semi-manual) and Building C (manual) rather than Building A 

(automated).  
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Chapter 5. Discussion and Conclusion 

5.1 Summary of results  

As universities move towards environmental sustainability, a valuable contribution from the 

higher education sector is expected to accelerate the transformation of our cities (Brennan et 

al., 2004). Green building strategies at campuses are gaining popularity and dramatically 

changing the way university buildings are planned, designed, built and managed. However, 

POE studies to examine the effectiveness of green campus strategies have rarely been 

performed. Case studies from three universities in Queensland have provided some 

frameworks to enhance energy efficiency (Chapter 2), occupant satisfaction (Chapter 3), and 

thermal comfort (Chapter 4) in higher education buildings.  

The most challenging question in building energy evaluation is how to define energy 

efficiency and how to label buildings as energy efficient or inefficient. Energy benchmarking 

is a tool to determine energy efficiency and provide a platform for building energy 

evaluations. Previously, no energy benchmarks were developed due to the complexity and 

considerable variation concerning energy intensity and building functions. An energy 

benchmarking system was established in this study for higher education buildings that can be 

used to evaluate the energy performance of existing buildings and generate energy targets for 

new buildings. Energy consumption values highly correlated with building size, while energy 

use intensity highly regressed with building type and particularly with laboratory floor area. 

Various statistical methods were performed to develop an energy benchmarking system for 

higher education buildings including OLS, COLS, DEA, and SFA. Since there is a substantial 

variation in energy use intensity and because of the number of outliers, the SFA method was 

the most appropriate for campus energy benchmarking. The study classified higher education 

buildings based on functions and disciplines. The main findings could be summarised as the 

following:  

• Comparing different building functions and activities in higher education buildings, 

the energy use intensity (EUI) of research buildings was significantly higher than the 

other groups.  

• The EUI was three times higher in research buildings than academic and 

administration offices.  
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• Research buildings were also two and a half times more energy intensive than 

libraries, teaching, and mixed-use buildings.  

• Comparing different disciplines, a subtle difference in energy intensity was found, 

with Science buildings being the most energy intensive and Health buildings the least 

energy intense. The energy efficiency analysis, using the SFA method showed that 

only 7% of the buildings in the dataset were energy efficient.  

The developed energy benchmark offers a useful tool to evaluate the energy performance of 

higher education buildings. Although the case studies belonged only to universities in 

Queensland, the energy benchmarking is valid for use in other universities located in 

subtropical climates. More importantly, the method used in the benchmarking can also be 

utilised for different climates and in a broader context for Australian universities. The 

benchmark technique of the study can also be adopted by energy efficiency leaders and 

energy policy agencies for the development of energy standards for higher education 

buildings. Energy performance targets and benchmarks play an essential role in continuing 

university leadership in emission reduction goals and adopting green building initiatives.  

Along with energy performance, occupant satisfaction is an important parameter when 

evaluating building performances. To ensure a high-performance standard, many universities 

invest in obtaining green certifications for their new and existing buildings. Using POE 

studies, Green Star buildings were compared with their non-green counterparts by evaluating 

occupant satisfaction and perceived indoor environmental conditions. Regarding building 

design and facility management, Green Star buildings achieved higher satisfaction scores 

when compared with non-green buildings, particularly regarding overall building comfort, 

building design, needs, building image, cleaning, the availability of meeting rooms, storage, 

and occupant health and productivity. However, some areas of weakness in Green Star 

building performances were identified such as noise, air freshness, air odours, and artificial 

lighting.  

While many Green Star buildings have open-plan offices to encourage research collaboration 

and interactions, many academic staff members complained about the increased noise issues. 

Another parameter that needs further improvement is air circulation and air flow dynamics in 

green buildings. Many green buildings use green building design ideas such as atriums, cross 

ventilation and stack effect, yet air freshness and air odours due to the lack of aerodynamic 

studies in the building fail to provide fresh air inside buildings effectively. Innovative 
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acoustic design ideas are yet to be developed to control noise in open-plan offices in higher 

education buildings. Due to the nature of work privacy, cellular offices proved to be more 

favoured for academics than open-plan offices. A study of fluid dynamics and air circulation 

in buildings at the design stage and in the green certification process seems appropriate to 

enhance the quality of air in Green Star buildings.  

Artificial lighting in green buildings is generally overlooked by green building designers who 

put greater emphasis on natural lighting design. These three areas were identified as areas of 

weaknesses in the design and implementation of green building strategies in higher education 

buildings.  

Based on Kano's theory of user satisfaction, occupant control of their indoor environment 

was identified as a must-be quality in green buildings, and as a one-dimensional quality in 

non-green buildings, indicating that the occupant expectations from green buildings are much 

higher than those for non-green buildings when concerned with environmental controls. The 

absence of controls over indoor environments results in occupant dissatisfaction more 

prominently in green buildings than those in non-green structures, suggesting that the 

occupant control of indoor environmental quality be revised in campus buildings that are 

typically tightly controlled by building management systems. Occupants in higher education 

buildings in our random sample of university buildings had limited access to controls of 

heating, cooling and ventilation devices. This problem is particularly highlighted in buildings 

with no operable windows, which resulted in a large proportion of occupant dissatisfaction 

related to buildings being either too cold, too hot, or too stuffy. The major weaknesses of 

green campus buildings could be summarised as the following:  

• unresolved issues of noise interruptions in open-plan offices 

• the effectiveness of air circulation and effective ventilation strategies resulting in poor 

air freshness quality and air odour issues   

• inadequate and overlooked artificial and task lighting problems in green buildings 

Many green building ambitions are not implemented in the operation phase due to facility 

management interventions, which are concerned more with the energy performance of 

buildings rather than occupant satisfaction. Many facility managers believe that the occupant 

control of heating, cooling, and window opening results in the increase of building energy 

loads. Nonetheless, little evidence was found to support this view that in buildings, where 
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occupants have the opportunity to control heating, cooling and ventilation, energy loads are 

higher than those in buildings with fully automated control systems. It is evident that no 

guidelines or frameworks have been developed to support the optimised level of occupant 

environmental controls to provide high occupant satisfaction and building energy efficiency. 

Ultimately, there is ample support for the claim that the availability of indoor environmental 

controls influences increasing occupant satisfaction in both green and non-green buildings, 

yet the absence of controls have a more significant effect in perceived dissatisfaction, 

specifically in green buildings. 

Mixed-mode buildings, which use a combination of NV and AC systems, offer several 

advantages over buildings with only NV or AC systems, particularly in terms of energy 

savings and occupant satisfaction. Users enjoy having operable windows in their working 

environments. Besides, relying on NV to cool buildings when weather conditions are suitable 

results in the reduction of building energy use. Admittedly, mixed-mode buildings may have 

different levels of automation and occupant controls. Despite the climatic suitability and 

energy saving potentials, the use of mixed-mode ventilations is not yet the mainstream in 

Australia and generally in subtropical climates. Case study buildings with mixed-mode 

ventilations are rare and difficult to find. For this reason, POE studies in mixed-mode 

buildings have been rarely performed.  

The underutilisation of mixed-mode ventilation lies at the heart of the discussion on the lack 

of thermal comfort models, which are used for the operation of buildings and maintaining 

comfort conditions in buildings. In the case study of three change-over mixed-mode 

buildings, three thermal comfort models were developed that can be used as a guide for the 

operation of mixed-mode buildings. The findings from this study are summarised as the 

following:  

• Change-over control strategies significantly influence thermal environments and 

consequently, user thermal perceptions. 

• The TSV values were significantly higher in the semi-manual mixed-mode building 

than those in the automated and the manual mixed-mode buildings.  

• Comfort temperatures in the automated and semi-manual buildings were considerably 

higher than those in the manual building. 



CHAPTER 5. DISCUSSION AND CONCLUSION  144 

 

• When the operation mode switched between AC and NV, thermal sensations 

significantly changed only in mixed-mode buildings where users had full control of 

their thermal environments.   

• The adaptive thermal comfort model seems to be more appropriate and applicable for 

the semi-manual and manual mixed-mode buildings rather than the automatic mixed-

mode building. 

The three case study buildings were from the higher education sector, yet the models can also 

be used in commercial offices. Nevertheless, this research presented only a pilot study and 

more POE studies of this kind in mixed-mode buildings are needed to support the findings of 

this research and further promote the use of mixed-mode ventilation in buildings.  

5.2 Contribution to the body of knowledge 

This study focused on higher education buildings and promoted developing a framework for 

campus building performance assessment in order to improve sustainability initiatives at 

campuses. Universities, in particular, may significantly contribute to sustainability 

transformations by investing and pioneering in green building initiatives at campus-scales. 

Many universities across the world are undertaking sustainability adaptations to further 

influence the future of carbon neutrality in the building sector.  

One benefit of adopting sustainability principles in universities is reducing operating costs 

and facilitating healthier and more productive working and learning spaces for students and 

academics. In Chapter 2, a benchmarking system was developed that can be used as a 

framework and baseline to energy efficiency assessment of campus buildings. Campus 

energy benchmarking provides an assessment tool to identify the most energy-intensive 

buildings and prioritise campus retrofitting and energy auditing actions.  

Campus green buildings not only provide testbeds for the most innovative sustainability 

solutions, but they also provide safer and more comfortable living and working environments 

for staff and students. In Chapter 3, we analysed building occupant satisfaction and the 

influence of implementing green building principles and obtaining green certification to 

create healthier and more comfortable environments. The findings in Chapter 3 provided 

some guidance and insight to further enhance the campus sustainability movements by 

identifying some weaknesses of green buildings which were noise, ventilation, and artificial 

lighting.  
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The findings from Chapter 2 and 3, provide some guidance and practical solutions to start 

campus sustainability transformations by improving the performance of campus buildings in 

terms of both energy efficiency and occupant satisfaction. Another practical solution to 

improve sustainability in higher education building was proposed in Chapter 4, where 

thermal comfort models were developed for mixed-mode buildings. Mixed-mode buildings 

are not widely used in campuses because of the lack of both thermal comfort models and the 

lack of representative showcase buildings. By developing thermal comfort models for three 

types of mixed-mode changeover systems, findings from Chapter 4 promote mixed-mode 

systems in campus buildings. The results from Chapter 4 by focusing on thermal comfort 

models contribute to enhancing both energy efficiency and occupant satisfaction discussed in 

Chapter 2 and 3, respectively (see Figure 5.1). 

 

Figure 5.1. Roadmap and the research design process indicating the reltionships of the three individual research 

objectives. 

In conclusion, all the three studies — Chapter 2, Chapter 3 and Chapter 4— significantly 

influence the future of green campus buildings by promoting sustainability efforts on the 

most critical green building issues including energy, occupant satisfaction and thermal 

comfort. Based on the findings on Chapters 2, 3 and 4, a set of frameworks and policy 

implications for campus sustainability transformations was developed (Section 5.4) to 

summarise the findings and practical solutions that were found in the study.   

5.3 Limitations and recommended future works 

This thesis aims to close the loop by exploring higher education building performances and 

initiatives to enhance building performance efficiencies, but we need many more studies of 

this kind to fill the knowledge gap in understanding characteristics and in benchmarking the 

performance of higher education buildings. Future studies with a higher resolution of both 
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energy and occupant satisfaction would provide a deeper understanding of performance 

characteristics and result in more accurate prediction of building performances. For example, 

a more detailed energy use study in mixed-use buildings consisting of different academic 

activities and occupancy patterns is necessary to be able to evaluate energy performance and 

efficiency based on building types, particularly in campus buildings. The higher resolution of 

details in building characteristics and factors results in more accurate energy models for 

buildings.  

This study offers an insight into the importance of subjective as well as objective evaluations 

of green campus buildings. Due to ethical limitations and the nature of the data collection in 

working and studying environments of higher education buildings, participant body mass 

index (BMI) values were not collected during the survey. This may be a limitation of thermal 

comfort study, which only relied on surveyor judgment to exclude the involvement of 

occupants with significantly low fitness levels. The above mentioned points caused by time 

and ethical limitations would be considered for future studies.  

The presented research offers a pilot study in the performance of campus buildings and the 

implementation of green building strategies. Due to time limitations and the lack of case 

studies within the scope of this research, the green building strategies studied in this work 

only included energy efficiency, green certifications and mixed-mode ventilation. 

Consequently, the green campus strategies and policies discussed in this thesis have 

demonstrated only conclusive innovative example studies. Similar experiments in the field 

are recommended for the comprehensive and effective implementation of sustainability and 

green strategies at campuses buildings. Lessons learned from Queensland green campus 

initiatives will be highly relevant to other Australian cities given the similar culture and city 

design.   

5.4 Policy implications for campus green buildings  

The impact of the proposed energy efficiency initiatives can also influence decision-makers 

and bring changes in policies. Improved efficiencies in operations and maintenance practices 

lead to increased occupant comfort, extended building life, and improved building safety. 

Operations and maintenance practices are the critical aspects of meeting energy improvement 

targets. Our research identified some deficiencies in the performance of higher education 
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buildings, both for existing and new buildings. Four strategies and frameworks are proposed 

to enhance the performance of campus buildings:   

1. Investment decision making  

2. Facility managemnt  

3. Operational quality control  

4. Planning and design  

5.4.1 Investment decision making 

The traditional energy data included the analysis of monthly and annual utility bills collected 

by utility companies or energy auditors (Batra et al., 2014). The available data from the 

traditional energy data collections provide only a limited insight into building energy 

performance patterns. With the recent technological advancement of energy dashboards, 

energy use data can be automatically collected with high spatial and temporal resolutions. 

The introduction of smart meters and energy dashboards has significantly contributed to 

understanding building energy consumption by providing fine-grained energy consumption 

data (Palensky & Dietrich, 2011).  

The availability of comprehensive building energy information allows proper analysis and 

efficiently planned energy policies and energy efficiency strategies (Pérez-Lombard et al., 

2008). Comprehensive campus energy data also provides an opportunity to develop energy 

benchmarks to revise and evaluate the energy performance of campus buildings. While 

universities accommodate facilities for a variety of complex research and teaching activities, 

campus buildings are often designed as mixed-use buildings including spaces for laboratory 

research, administration offices, teaching rooms, and the like, with different energy demands. 

The data collected with high spatial resolution offers a deeper insight into energy use patterns 

and requirements. Instrumentation through energy sub-metering spurs on energy analysis by 

breaking down building aggregate energy data. High temporal resolutions of energy use 

intensity offer a deeper understanding of energy consumption patterns in buildings, 

consequently enabling building users and facility managers to identify the problematic areas. 

Energy dashboards with high temporal and spatial resolution should become an integral part 

of campus energy efficiency initiatives. Reference frameworks and guidelines need to be 

developed to inform policy-makers about the effectiveness of different energy data 

resolutions, functionalities, and capabilities in promoting campus energy efficiency.   
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5.4.2 Facility managemnt  

Campus buildings are increasingly managed and operated by the Building Management 

System (BMS), which controls the operation of lighting and HVAC (heating, ventilation and 

air-conditioning) in buildings. BMS is an intelligent microprocessor-based controller that 

monitors and controls the building’s technical systems and services. BMS is typically 

equipped with sensors that provide eyes to the operation system to actuate an optimal control 

of the indoor environment (Revel, Arnesano, & Pietroni, 2014). Building operational 

performance and occupant safety and comfort are ensured with BMS control systems 

(Shaikh, Nor, Nallagownden, Elamvazuthi, & Ibrahim, 2014) as BMS considers multiple 

building subsystems such as security, networking, HVAC, and lighting to ensure high 

building operational performance and occupant safety and comfort. Control actions of HVAC 

systems often take place at central facilities, ignoring individual preferences.    

Previous research has shown that once occupants have no control over their indoor 

environmental quality, perceived discomfort significantly increases (Brager, Borgeson, & 

Yoonsu, 2007; Erickson & Cerpa, 2012). Setting indoor fixed temperatures and the full 

automation of HVAC operation often result in higher occupant thermal discomfort and 

dissatisfaction due to overcooling or overheating buildings. Thermal comfort was found to be 

the top complaint in buildings where occupants had limited or no control over their working 

environments (Brager, Ring, & Powell, 2000).  

In non-residential buildings where occupants do not pay utility bills, occupants may not be 

enthusiastic about energy savings and operate air-conditioning when rooms are unoccupied or 

when windows are open. However, when given appropriate options, building users tend to 

limit their use of air-conditioning due to several economic, as well as numerous non-

economic factors, such as their proximal and distal altruistic beliefs (Steemers & Manchanda, 

2010). Providing an option for occupants to have some degree of control over the operation 

of HVAC systems and windows are low-cost measures that lead to significant energy and 

cost savings. Therefore, different occupant attitudes need to be considered to avoid the 

concurrent operation of HVAC, and natural ventilation through opened windows, while 

enabling the free running of buildings during periods when the climate is suitable for natural 

ventilation (Brager et al., 2000).   

Data-driven decision-making algorithms that allow the manual operation of windows and 

HVAC systems, while avoiding the concurrent use of the air-conditioning and natural 
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ventilation, should be implemented in building HVAC controls. An optimised algorithm for 

easy switching between the automated and manual HVAC operations which deactivates air-

conditioning once windows are open, or rooms are unoccupied, is a prerequisite to 

improveing campus energy efficiencies further. 

Occupant behaviour has been shown to significantly influence the energy consumption of 

HVAC, lighting, and appliances in buildings (Yu, Fung, Haghighat, Yoshino, & Morofsky, 

2011). Energy unaware behaviours can contribute to an additional one-third of the total 

energy consumption in buildings (Nguyen & Aiello, 2013). Accordingly, occupant behaviour 

and control of various devices such as artificial lighting and HVAC systems are considered to 

have a significant impact on building energy consumption.  

Another viable strategy is transparency in energy performance data to identify areas of 

concern more effectively and consequently, to call for decisive actions to improve energy 

performances (Granderson, Piette, & Ghatikar, 2011). There is often a large gap between the 

intended and the measured post-occupancy building energy performance (J. Johnson, 2002). 

The communication of reliable and first-hand energy performance data not only to facility 

managers but also to building users through accessible energy dashboards is a critical aspect 

of improving building energy efficiency (Agarwal, Weng, & Gupta, 2009)  

In building science, human, building and computer interactions (HBCI) describe the inter-

relationships between human beings, buildings, and computers (see Figure 5.2). Often in 

buildings, one of the two elements, human or computer interactions with buildings is 

underutilised. Campus buildings are often centrally managed and ignore occupant 

preferences, and psychological and physiological differences. Central automated operation of 

buildings often results in a high level of energy wastage due to overcooling, overheating and 

underutilizing natural ventilation when the climate is suitable.  

Traditional building operation is based on human and building interactions, which also often 

results in energy wastage in buildings like those on university campuses where occupants are 

not responsible for paying for their utility bills, which may result in wasting energy through 

uncaring behaviours. Leaving a room with lights switched on, or running AC when windows 

are open are two examples of the most common environmentally unsustainable behaviours by 

building users.  
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Figure 5.2. Human-building-computer interactions adapted from (J. Hsu et al., 2010).  

One way of improving HBCI interactions to optimise both energy use and occupant 

satisfaction in buildings is a two-way communication of data. If real-time building energy 

data is communicated to building users, it motivates the change of behaviours and enhances 

the responsibility of building occupants. Similarly, if occupant real-time sensations and 

requests for changes in indoor environmental conditions are clearly communicated to BMS, 

on-time actions would significantly increase occupant satisfaction and, consequently, 

productivity and health.  

The communication of energy data to building users is an effective strategy to incentivize 

energy-efficient occupant behaviour. Presenting real-time and monthly energy use to building 

occupants offers an excellent proving ground for them to understand their impacts on energy 

consumption. A detailed real-time energy breakdown motivates building users to implement 

energy efficiency strategies. For example, users can track the effects of energy saving efforts, 

such as turning off the lights at night and using energy-saving modes on their computers.  

Staff and student engagement in conjunction with changes in building energy operations are 

vital to improving building energy efficiencies. User-centred building operation and 

maintenance is the key to realising the full energy savings potential of operations and 

maintenance efforts. User-centred building operations and maintenance, adequate training for 

maintenance staff, and creating energy efficient cultures for building occupants are essential 

components of campus energy efficiency initiatives. Smart meters and sustained occupant 

engagement can be used as social marketing for occupant behavioural change to ensure that 
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goals of reducing peak demand and overall energy consumption are achieved (Anda & 

Temmen, 2014).  

Keeping occupants informed not only about energy use but indoor environmental data, such 

as temperature, would further engage occupants and encourage energy behaviour change. The 

lack of information available to building users about savings and benefits has been widely 

recognised as a barrier to promoting green buildings in Australia (Bond, 2011). Informing 

occupants and involving them in the operation of buildings seems to be an effective energy 

efficiency initiative in campus buildings. Considering human factors and user-centred design 

further pushes campus energy efficiency through the implementation of data-driven energy 

efficiency strategies. These arguments suggest that once HBCI is balanced, both occupant 

satisfaction and energy efficiency are optimised.  

5.4.3 Operational quality control 

The concept of green buildings is broad and needs to be probed to be fully understood, 

particularly in the debatable scope of green building certifications. There is a danger that 

green building labels become more advertisements for marketing purposes for building 

owners and a commercial product for certifying agencies. The boom of green certifications 

has been sustained by the development of building standards and codes that are supposed to 

promote environmentally friendly buildings. The deceptive use of green building certification 

to encourage a false perception about the environmental impact of buildings has a negative 

impact on the future of green buildings, mainly if obtained from private organisations.  

However, the market for green building certification in the building industry, and particularly 

in universities, is emerging all over the world. In Australia, Green Star certifications are 

awarded to buildings that fulfil rating and certification standards in various areas such as 

sustainable sites, energy efficiency, water efficiency, materials and resource use, indoor 

environmental quality, emissions, and project and environmental management. Primarily, the 

purpose of obtaining green building certifications is to provide convincing proof that 

buildings have reached futuristic environmental goals, and are performing at their best 

potential. The existing performance gap between the predicted and the measured energy 

performance in many green-certified buildings sets up a framework for investigating and 

finding practical solutions. Many buildings obtain certifications during construction and pre-



CHAPTER 5. DISCUSSION AND CONCLUSION  152 

 

occupation stages based on intended design and project documentation, and are not based on 

actual performance during post-occupation.   

The major impediment restraining green buildings appears to be costs, and obtaining green 

certifications creates an additional cost elevation due to implied elaborate processes of 

certification. Subsequently, more is expected from green certifications than just a label. The 

development of green buildings has a direct link with imposing rigorous standards of 

performances and impartial certification bodies, which will help users and investors 

understand how much more superior the performances of green buildings are over 

conventional structures. Many green certifications seems to be deceptive, which often arises 

from a misunderstanding of the definition of green buildings and certifications. Many green 

buildings fail to achieve their proposed performance goals during post-occupancy stages. All 

over the world, the popularity of green buildings is growing, and as such, there is a concern to 

understand how green a green building is. Green certifications should provide more explicit 

information about what is green, and what benefits building investors and users would gain 

by green buildings.  

Deficiencies in building operations and maintenance practices result in reduced performance 

efficiency and increased operating costs and energy use, as well as low occupant satisfaction. 

Operational performance certification is a means of rating building performances during post-

occupancy periods. Obtaining operational green building performances, concerning both 

energy and occupant satisfaction on a regular basis evaluates the real performance of 

buildings but also identifies measures to improve building performances. Some countries 

have opted for a period of five to ten years for the validity of performance certifications 

(International Energy Agency, 2010). Another rationale behind regular operational green 

building performances is that buildings age, and occupants change over time; therefore, 

building performance certifications have limited validity timeframes.  

Energy performance certifications during post-occupation evaluate the actual energy 

performance of buildings including operational and managerial deficiencies. Operational 

energy performance certifications in particular use metered energy data and actual energy 

consumption, as well as the percentage of energy use from renewable sources (Atanasiu & 

Constantinescu, 2011). The degree of efficiency depends on many factors including: local 

climate; the design of the building; construction methods and materials; systems installed to 

provide HVAC or hot sanitary water; building appliances and equipment; and operation and 
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maintenance practices (International Energy Agency, 2010). Energy performance 

certification can help reach energy targets and improve energy efficiency by implementing 

rules to achieve a specified level of energy performance. Some other associated benefits of 

energy performance certifications include lowering operation costs and improved 

documented information about the building, which can be used for future energy auditing 

(International Energy Agency, 2010). Energy performance certification may also result in 

enhanced user awareness of energy and environmental issues to promote energy saving 

behaviours (Oikonomou, Becchis, Steg, & Russolillo, 2009).  

In the same way, occupant satisfaction performance certifications also offer an ample 

opportunity to overview and enhance building performances. Only after the building is 

occupied and facility management takes control of building operations can one investigate 

whether the building has been tailored to a particular user (Bordass et al., 2001). Admittedly, 

the current industry seems to be unable to detect and deal with post-handover problems 

effectively, and often slow and imperfect managerial actions from facility management result 

in a failure to make significant improvements. Following problem detections in buildings, 

effective communication between building occupants, designers, contractors, and facility 

management needs to be undertaken to control and manage issues and achieve remarkable 

improvements. What is more, lessons learned from occupant perspectives from buildings 

benefit both organisations and also the whole industry by identifying problems that need 

more attention, related mainly to new building technologies and operation techniques. The 

culture of regular occupant feedbacks, energy evaluations and continuous improvement 

measures, if adopted by the industry, is a promising green campus initiative to assist in 

enhancing the quality of the living built environments and energy efficiency in both new and 

existing buildings.  

5.4.4 Planning and design  

Predominantly, natural and mixed-mode ventilation are not firmly established practices in 

Australian non-residential buildings. Many researchers had emphasised the barriers to the 

practice of green buildings strategies; however, little research has been conducted 

investigating natural ventilation in Australian buildings. Active cooling is required to provide 

comfort in all Australian climates at least for some time of the year, yet the use of passive 

cooling, which utilises the cool outdoor temperature for cooling indoor environments is 

climatically appropriate for at least some time in the year for many Australian climates. 
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Nonetheless, less is known about reasons why natural ventilation, particularly in non-

residential buildings has not been used to its full potential. A well-designed ventilation 

system that operates a combination of natural ventilation and active cooling (also known as 

mixed-mode) avoids significant energy consumption of year-round air conditioning while 

maximising occupant comfort. With consideration of climate change scenarios and the 

predicted global warming, it is very likely that the number of days that need active cooling 

would increase; subsequently cooling energy demands and electricity peak loads would also 

grow in the near future. As a result, relying on natural ventilation for delaying or eliminating 

the predicted increasing energy demands has become critically important.    

As discussed in previous chapters, the lack of thermal comfort models and lack of an 

optimised framework for control systems are two significant challenges facing mixed-mode 

ventilation in buildings.  Investing in mixed-mode ventilation in campus buildings provides 

an excellent opportunity for testing these relatively new systems and learning from living 

laboratories to develop both thermal comfort models and optimised control systems, thereby 

allowing an integrated design approach at university levels to make buildings greener and 

more energy efficient. More campus buildings with mixed-mode ventilation are 

recommended to offer case studies for researchers and building performance assessors for 

further investigations, and to improve energy efficiency at campuses.  

Regulatory frameworks and Australian rating systems are another parallel measure that can 

further increase the popularity of natural ventilation in Australian non-residential buildings. 

Building performance certifications should also address ratings for natural ventilation and 

free running of buildings. The ambition of green buildings is to cut building energy demand 

as much as possible, but currently, many buildings with only air-conditioning systems are 

awarded the highest available green building ratings in Australia. It seems clear that the 

current energy conservation regulations and standards, mainly when reviewing green 

certification documents, have failed to fulfil long-term climate protection policies.  

It is noteworthy that a building that has a strong response to climate is significantly difficult 

to find in Australia. Australian building designers even those interested in green buildings 

prioritise first low costs, international styles, and neighbourhood rather than thermal comfort 

and energy consumption. Australian green building ratings seem unable to administer aspects 

such as embodied energy or free running of buildings (Kordjamshidi, King, & Prasad, 2006). 

In the residential building sector, Australian governments have been more successful in 
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taking the lead by introducing the Nationwide House Energy Rating Scheme (NatHERS) and 

providing ratings for homes based on potential heating and cooling energy use, using the 

NatHERS simulation software. 

The introduction of NatHERS as an initiative has had significant impacts on the energy 

efficiency of residential buildings, yet the establishment of consistent objectives and 

processes within the planning system underpins standard legislation and policy to improve 

energy efficiencies of non-residential buildings. Similar energy rating schemes addressing 

building rating based on free running in non-residential buildings seems imperative to push 

green building revolutions forward at a faster pace. The current green star ratings for non-

residential buildings are based on the efficiency of appliances relatively more than the 

physical properties of buildings or utilising mixed-mode ventilation. This issue has resulted 

in many of the highest rated green buildings still relying on year-round active cooling 

systems. By pushing green building designers away from international styles and somewhat 

towards applying localised natural ventilation design principles, advocates will pick up the 

baton of innovative designs and reinventing Australian green buildings.     

5.5 Conclusions and final remarks 

Under campus-wide sustainability initiatives to manage energy consumption and CO2 

emissions, implementing corporate strategies, policies, and operational procedures are 

necessary. Based on this study, some key carbon management strategies for campus building 

design and operation were proposed including monitoring building energy use changes and 

patterns, monitoring and analysis of energy efficiency measures and refurbishments, 

developing and implementing energy reduction awareness among staff, students and the 

wider community, and developing energy reduction guidelines. The study suggests some 

policy implications for campus green buildings in terms of investment decision making, 

facility management, operational quality control, and planning and design. The policies 

discussed in this study should guide policymakers and relevant stakeholders on the essential 

steps in implementing robust and ambitious schemes as a means of improving building 

performances in respect to energy, occupant satisfaction, and comfort. 

Many organisations are keen to learn from green building projects that result in reducing the 

risks and associated costs of green building developments. Individual and financially 

independent firms who conduct green building research have much bigger issues and 

impediments regarding investing in green buildings. A united movement directed by 
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universities, especially those supported by the government, is key to assisting organisations to 

overcome the barriers of green building developments especially those associated with 

financial risks. If universities support green building innovators, learnings from the 

refinements of green building systems would be available to university researchers, and 

campus buildings would become testbeds for promoting state-of-the-art green building 

technologies. 

The implementation of green building initiatives in campus buildings offers an excellent 

proving ground to accelerate the sustainability transformation of our societies. Our detailed 

observations of campus buildings in Queensland, Australia identified some critical green 

building initiatives that, if applied in the form of campus development policies, could 

contribute to both higher energy efficiencies and higher occupant satisfaction. Only a cultural 

change in the building industry would prompt in significant increases in the number of green 

buildings in Australia. Green campus building projects display a constructive alternative to 

the highly adversarial approaches by the private sector and non-governmental facilities by 

affording the associated construction and financial risks. If replicated by many universities, 

the investment in green building innovations and new practices can lead to remarkable 

sustainability transformations not only at campus levels but also the whole of society across 

the world.   

Our approach would lend itself well to contributing to a change in campus development 

policies, and promote incentives for new frameworks and legislation. The next decade is 

likely to witness a considerable rise in the development of green buildings, but this 

transformation will only have successful outcomes if integrated approaches are adopted. 

Investing in green building solutions as a try and test approach, engaging all parties during 

the design process and building operations, and finally, regular building performance 

evaluations are the key yardsticks of success.    
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in this thesis.   

Journal articles 

1. Khoshbakht, M., Gou, Z., Lu, Y., Xie, X., Zhang, J., (2018). Are green buildings 

more satisfactory? A review of global evidence. Habitat International, 74 (2018), 57-

65. 
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2. Khoshbakht, M., Gou, Z., Dupre, K., Altan, H., (2017). Thermal environments of an 

office building with double skin façade. Journal of Green Building 12(3), 3-22. 
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Conference papers  

3. Khoshbakht, M., Gou, Z., Dupre, K., (2016). Cost-benefit prediction of green 

buildings: SWOT analysis of research methods and recent applications. Paper 

presented at Sustainable Built Environment (SBE), Sydney, Australia. 
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4. Khoshbakht, M., Gou, Z., Dupre, K., (2018). Occupant satisfaction and comfort in 

green buildings: A longitudinal occupant survey in a green building in the subtropical 

climate in Australia. Paper presented at Architectural Science Association (ASA), 

Melbourne, Australia. 

 

Co-author publications 

5. Gou, Z., Xie, X., Lu, Y., & Khoshbakht, M. (2018). Quality of Life (QoL) Survey in 

Hong Kong: Understanding the importance of housing environment and needs of 

residents from different housing sectors. International Journal of Environmental 

Research and Public Health, 15(219), 1-16. 

 

6. Gou, Z., Khoshbakht, M., & Mahdoudi, B. (2018). The impact of outdoor views on 

students’ seat preference in learning environments. Buildings, 8(96), 1-15. 

 

7. Cheng, B., Fu, Y., Khoshbakht, M., Duan, L., Zhang, J., & Rashidian, S. (2018). 

Characteristics of thermal comfort conditions in cold rural areas of China: A case study 

of stone dwellings in a Tibetan village. Buildings, 8(49), 1-17. 
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Appendix 2: BUS Methodology questionnaire 
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Appendix 3: Real-time thermal sensation questionnaire 
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Appendix 4: Case studies 

 

No. Building 

Code 

University Location Climate Chapter 2:  

Energy 

Chapter 3:  

Occupant 

Satisfaction 

Chapter 4: 

Thermal 

Comfort 

1 G01 Griffith 

University 

Gold Coast Subtropical X   

2 G02 Griffith 

University 

Gold Coast Subtropical X   

3 G03 Griffith 

University 

Gold Coast Subtropical X   

4 G05 Griffith 

University 

Gold Coast Subtropical X   

5 G06 Griffith 

University 

Gold Coast Subtropical X   

6 G07 Griffith 

University 

Gold Coast Subtropical X   

7 G09 Griffith 

University 

Gold Coast Subtropical X   

8 G10 Griffith 

University 

Gold Coast Subtropical X   

9 G11 Griffith 

University 

Gold Coast Subtropical X   

10 G12 Griffith 

University 

Gold Coast Subtropical X   

11 G14 Griffith 

University 

Gold Coast Subtropical X   

12 G16 Griffith 

University 

Gold Coast Subtropical X   

13 G17 Griffith 

University 

Gold Coast Subtropical X   

14 G19 Griffith 

University 

Gold Coast Subtropical X   

15 G23 Griffith 

University 

Gold Coast Subtropical X   

16 G30 Griffith 

University 

Gold Coast Subtropical X   

17 G31 Griffith 

University 

Gold Coast Subtropical X   

18 G24 Griffith 

University 

Gold Coast Subtropical X   

19 G25 Griffith 

University 

Gold Coast Subtropical X   
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20 G26 Griffith 

University 

Gold Coast Subtropical X   

21 G27 Griffith 

University 

Gold Coast Subtropical X   

22 G33 Griffith 

University 

Gold Coast Subtropical X   

23 G34 Griffith 

University 

Gold Coast Subtropical X   

24 G36 Griffith 

University 

Gold Coast Subtropical X   

25 G39 Griffith 

University 

Gold Coast Subtropical X X  

26 G40 Griffith 

University 

Gold Coast Subtropical X   

27 G42 Griffith 

University 

Gold Coast Subtropical X X  

28 G51 Griffith 

University 

Gold Coast Subtropical X   

29 G52 Griffith 

University 

Gold Coast Subtropical X   

30 N02 Griffith 

University 

Brisbane Subtropical X   

31 N05 Griffith 

University 

Brisbane Subtropical X   

32 N06 Griffith 

University 

Brisbane Subtropical X   

33 N11 Griffith 

University 

Brisbane Subtropical X   

34 N13 Griffith 

University 

Brisbane Subtropical X X  

35 N16 Griffith 

University 

Brisbane Subtropical X   

36 N18 Griffith 

University 

Brisbane Subtropical X   

37 N22 Griffith 

University 

Brisbane Subtropical X   

38 N23 Griffith 

University 

Brisbane Subtropical X   

39 N25 Griffith 

University 

Brisbane Subtropical X X  

40 N26 Griffith 

University 

Brisbane Subtropical X   

41 N27 Griffith 

University 

Brisbane Subtropical X X  
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42 N28 Griffith 

University 

Brisbane Subtropical X   

43 N29 Griffith 

University 

Brisbane Subtropical X   

44 N34 Griffith 

University 

Brisbane Subtropical X X  

45 N44 Griffith 

University 

Brisbane Subtropical X   

46 N48 Griffith 

University 

Brisbane Subtropical X   

47 N50 Griffith 

University 

Brisbane Subtropical X   

48 N51 Griffith 

University 

Brisbane Subtropical X   

49 N53 Griffith 

University 

Brisbane Subtropical  X  

50 N54 Griffith 

University 

Brisbane Subtropical X   

51 N55 Griffith 

University 

Brisbane Subtropical X X  

52 N56 Griffith 

University 

Brisbane Subtropical X   

53 N61 Griffith 

University 

Brisbane Subtropical X   

54 N63 Griffith 

University 

Brisbane Subtropical X   

55 N68 Griffith 

University 

Brisbane Subtropical X   

56 N72 Griffith 

University 

Brisbane Subtropical X   

57 N74 Griffith 

University 

Brisbane Subtropical X   

58 N75 Griffith 

University 

Brisbane Subtropical X X  

59 N76 Griffith 

University 

Brisbane Subtropical X   

60 N78 Griffith 

University 

Brisbane Subtropical X X  

61 L01 Griffith 

University 

Brisbane Subtropical X   

62 L03 Griffith 

University 

Brisbane Subtropical X   

63 L04 Griffith 

University 

Brisbane Subtropical X   
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64 L05 Griffith 

University 

Brisbane Subtropical X   

65 L08 Griffith 

University 

Brisbane Subtropical X   

66 M06 Griffith 

University 

Brisbane Subtropical X   

67 M07 Griffith 

University 

Brisbane Subtropical X   

68 M08 Griffith 

University 

Brisbane Subtropical X   

69 M10 Griffith 

University 

Brisbane Subtropical X   

70 M14 Griffith 

University 

Brisbane Subtropical X   

71 M16 Griffith 

University 

Brisbane Subtropical X   

72 M17 Griffith 

University 

Brisbane Subtropical X   

73 M23 Griffith 

University 

Brisbane Subtropical X   

74 M24 Griffith 

University 

Brisbane Subtropical X   

75 S01 Griffith 

University 

Brisbane Subtropical X   

76 S02 Griffith 

University 

Brisbane Subtropical X   

77 S03 Griffith 

University 

Brisbane Subtropical X   

78 S04 Griffith 

University 

Brisbane Subtropical X   

79 S05 Griffith 

University 

Brisbane Subtropical X   

80 S07 Griffith 

University 

Brisbane Subtropical X   

81 S08 Griffith 

University 

Brisbane Subtropical X   

82 ISDA Bond 

University 

Gold Coast Subtropical  X X 

83 GCI University 

of 

Queensland 

Brisbane Subtropical  X X 

84 AEB University 

of 

Queensland 

Brisbane Subtropical  X X 
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85 TYREE University 

of New 

South 

Wales 

Sydney Subtropical  X  
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