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Abstract 

The Solar Decathlon competition started in 2002.  Since then, Solar Decathlon has acted as a showcase 

and source of innovation in the field of sustainability for housing and for the construction industry at 

large.  This thesis has utilised data from Solar Decathlon competitions to understand the nature of 

innovations involved with progressively building and refining the technology required for sustainable 

housing.  As such, the focus and drive of this thesis is to present an image of the Solar Decathlon 

competition as openly creating and synthesising new knowledge about sustainability-oriented 

innovation.  It can be stated that understanding the precise factors that make innovation happen can be 

convoluted in nature.  The Solar Decathlon portrays these characteristics, is internationally recognised 

as the premier competition for prototyping sustainability-oriented innovation, and demonstrates the 

human features involved with progress in the field of sustainable housing.  The thesis is original in that 

it is the first that addresses innovation and its management through human-centred design, and describes 

its processes, that can be henceforth taken up by the building industry. 

Utilising the experience of the Innovations Coordinator of Team UOW (University of Wollongong), 

this thesis describes and analyses the nature of innovation involved with the Desert Rose house (UOW 

Solar Decathlon entry), including knowledge of how innovation happened in real time during its 

construction.  This thesis asks the question: What is the nature of innovation involved with sustainable 

housing?  The answer to this question is not resolved simply through experiencing the construction of 

the Desert Rose, or through an objective analysis of the available Solar Decathlon data sets.  Rather, 

this thesis proposes that the answer can be obtained through comprehensive  multi-disciplinary research, 

including: (i) analysis of available innovation related Solar Decathlon data sets from leading houses, 

(ii) the development of an innovations management framework for sustainability-oriented technology, 

(iii) a case study of the Desert Rose Solar Decathlon entry in 2018 in the broader context of design, 

construction, innovation and sustainability, and (iv) tracing innovation through development of a 

specific sustainability-oriented technology from Desert Rose. 

The specific sustainability-oriented technology that has been chosen to trace the development of 

innovation in this thesis is water-based phase change material (PCM) as thermal energy storage (TES).  

The development and optimisation of the PCM TES forms part of the research undertaken within this 

thesis. PCM TES was used in the Desert Rose HVAC system and was part of its award-winning 

innovations suite.  The thesis presents a focused examination of PCM TES technology and its 

methodological considerations, including characterisation of the PCM charging and discharging 

process, and optimisation of TES set point temperatures, flow rates and PCM capacity.  The technology 

is as an exemplar of sustainability-oriented innovation, yet it is simultaneously recognised that this 

technology is not isolated but is part of a package of technologies necessary for the house to function.  

Hence, other technologies and the analytic methodologies, as they have been created in the Solar 
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Decathlon competition, suggest a rich array of interconnected sustainability-oriented technologies, and 

their consequences for housing, that will be addressed in this thesis. 

This thesis adds knowledge in the field of interdisciplinary engineering, by using data from the Solar 

Decathlon competition to invent an innovations framework. The framework is represented 

diagrammatically. The data and handling techniques that are deployed in this thesis range from 

qualitative insight into the construction of a Solar Decathlon house, e.g. Desert Rose, to the 

classification and conceptualisation of the top five Solar Decathlon entries since 2002 (where relevant 

data is available), and the development and optimisation of the water-based PCM TES technology as 

part of the Desert Rose heating ventilation and air conditioning (HVAC) system. 

The major findings of the thesis include: A new methodology for interdisciplinary research; The 

production of original knowledge from the analysis of the Solar Decathlon data sets (engineering, 

marketing and sociology); An innovations framework for sustainability-oriented technologies that 

comes from a case study of the Desert Rose Solar Decathlon house; and development of an innovative 

technology (PCM TES) which offers an experimental based methodology for its design optimisation. 

 

 

 

  



   
 

4 

 

 

 

 

 

 

To my family 

 



   
 

5 

 

Acknowledgments 

Firstly, I would like to extend my sincere thanks to my supervisors, Assoc. Prof. Duane Robinson, Prof. 

Zhenjun Ma and Dr. Tillmann Böhme.  I would especially like to congratulate them for guiding me 

during these times of a pandemic since 2020.  I am privileged to have these supervisors, who have cared 

about my journey at every stage.  I would like to commend Duane for believing in me to carry out 

interdisciplinary research, he has helped me be a researcher and be disciplined.  I am grateful to Zhenjun 

for his expert advice throughout my PhD, and Tillmann for sharing his experience and for shaping my 

work into concrete research outcomes. 

To the Solar Decathlon team, thank you for a marvellous experience.  The scholarship from this project 

was an important part of this research.  I would like to give a special thank you to Prof Tim McCarthy 

and Dr. Clayton McDowell, for pushing my boundaries with responsibilities and providing hands on 

experience and aiding me to become a confident engineer and researcher.  I would also like to thank all 

the Team UOW members, the Solar Decathlon was a tough journey and, it was surely one of the best. 

We all learnt and achieved great things. Vivian, Andrew, Kanchana, Kate, Ross, and Kishan, I am happy 

I met you guys.  I would like to thank Jackie and Brendan for all the support, fun and laughter that you 

have shared. 

I would like to express my gratitude to the SBRC family staff members and research students.  I have 

learnt a lot from you all.  Prof Paul Cooper, I cannot mention how grateful I am to have met you, you 

are knowledgeable, humble and supportive.  Robyn, you have been a great boost, given your hope and 

smile that always gives me energy.  I would like to thank John Barron who has given me technical 

support in the assembly and test set up and Dr. Craig McLauchlan who has provided advice to carry out 

the experiment in a safe manner.  Laia, Massimo, Federico, Steven, Jing Jing, and Dilini, it was so good 

to meet and learn from you.  I loved our SBRC lunch time discussions.  A special thank you to Wenye 

for friendship, advice and sharing your professional experience. 

When I moved to Australia and during the PhD journey, I have found amazing friends, Mohammad, 

David, Zeinab,  Afsaneh, Farnoush, Atefeh, Reza, Michael, and Ehsan, who have allowed me to miss 

Iran a little less. Thank you to Alexander, Mark and Leland for sharing good times with music, 

conversation, and affection.  Damian and Sameh were good companions in my PhD journey. 

I have to list my girls, Shahrzad, Setareh, Faranak and Atefeh, who have been with me from high school! 

You are the best.  Negin, you are the one friend who always trusted me. A very special thank you to 

Amme Najmi, Amoo Pezeshpour, Maryam, Mina, Mahnaz, and Nasim for your help and love, no matter 

how far we are from each other.  

Finally, thanks to the most important people in my life, my family, Alireza, Shirin, Farnaz, Hamid, 

Barbod and Sam.  I would be nothing without your love, nurture and existence. 



   
 

6 

 

Certification 

I, Yeganeh Baghi, declare that this thesis submitted in fulfilment of the requirements for the conferral 

of the degree Doctor of Philosophy, from the University of Wollongong, is wholly my own work unless 

otherwise referenced or acknowledged. This document has not been submitted for qualifications at any 

other academic institution. 

 

 

 

Yeganeh Baghi 

31 March 2022 

 
  



   
 

7 

 

Table of Contents 

ABSTRACT ........................................................................................................................................... 2 

ACKNOWLEDGMENTS .................................................................................................................... 5 

CERTIFICATION ................................................................................................................................ 6 

TABLE OF CONTENTS ..................................................................................................................... 7 

LIST OF NAMES OR ABBREVIATIONS ...................................................................................... 11 

LIST OF FIGURES ............................................................................................................................ 13 

LIST OF TABLES .............................................................................................................................. 16 

PROLOGUE ........................................................................................................................................ 17 

CHAPTER 1. INTRODUCTION ................................................................................................... 19 

1.1 Innovation for Sustainability ..................................................................................................... 19 

1.2 Rationale for an Innovations Framework .................................................................................. 20 

1.3 Research Aim and Objectives ................................................................................................... 22 

1.4 Thesis Outline ........................................................................................................................... 23 

1.5 Publications Arising from the Thesis ........................................................................................ 26 

1.5.1 Principal Publications ........................................................................................................... 26 

1.5.2 Other Publications ................................................................................................................. 26 

CHAPTER 2. LITERATURE REVIEW ....................................................................................... 27 

2.1 Introduction ............................................................................................................................... 27 

2.2 Innovation ................................................................................................................................. 27 

2.2.1 Innovation in Construction.................................................................................................... 28 

2.2.2 Interdisciplinary Innovation in Construction ........................................................................ 29 

2.2.3 Human-Centred Design......................................................................................................... 33 

2.3 Sustainability-Oriented Innovation Management Framework .................................................. 35 

2.4 Innovative Sustainable Technology Component ...................................................................... 42 

2.4.1 SOI Technology Solutions Regarding Energy Efficient Buildings ...................................... 43 



   
 

8 

 

2.4.2 Thermal Energy Storage ....................................................................................................... 43 

2.4.3 Phase Change Material as TES ............................................................................................. 45 

2.4.4 Applications of PCM in Buildings ........................................................................................ 46 

2.5 Summary ................................................................................................................................... 52 

CHAPTER 3. RESEARCH METHODOLOGY .......................................................................... 54 

3.1 Introduction ............................................................................................................................... 54 

3.2 Solar Decathlon Data Sets......................................................................................................... 55 

3.2.1 Technological Innovation in the Solar Decathlon ................................................................. 55 

3.2.2 Marketing .............................................................................................................................. 57 

3.2.3 Sociology .............................................................................................................................. 59 

3.3 Longitudinal Case Study ........................................................................................................... 60 

3.4 Advanced Engineering: SOI Technology ................................................................................. 62 

3.5 Summary ................................................................................................................................... 63 

CHAPTER 4. ANALYSIS OF THE SOLAR DECATHLON DATA SETS .............................. 65 

4.1 Introduction ............................................................................................................................... 65 

4.2 Discipline 1: The Engineering Classification of Technological Innovation ............................. 66 

4.2.1 Importance of Innovation ...................................................................................................... 66 

4.2.2 Innovation Concept from the Perspective of Time ............................................................... 67 

4.2.3 Innovation Concept from the Perspective of Judgement ...................................................... 68 

4.2.4 Review of Technological Innovations .................................................................................. 68 

4.2.5 Innovations in Building Services .......................................................................................... 69 

4.2.6 Innovations in Architectural Design and Construction ......................................................... 74 

4.2.7 Analysis of Innovation in the Engineering Discipline .......................................................... 79 

4.2.8 Changes in Technological Innovations ................................................................................. 82 

4.3 Discipline 2: Marketing of Sustainability Innovation ............................................................... 84 

4.3.1 Design Strategy ..................................................................................................................... 85 

4.3.2 Local Resources .................................................................................................................... 86 

4.3.3 Renewable Resources/Energy ............................................................................................... 86 

4.3.4 Prefabricated-Modular Structures ......................................................................................... 87 

4.3.5 Recycled/Recyclable Resources ........................................................................................... 87 

4.3.6 Thermal Mass as a Passive Design Strategy ......................................................................... 88 



   
 

9 

 

4.3.7 Marketing Sub-Contest ......................................................................................................... 88 

4.3.8 Affordability Sub-Contest ..................................................................................................... 92 

4.3.9 Changes in Marketing Innovations ....................................................................................... 93 

4.4 Discipline 3: The Sociology of Sustainability Innovation ........................................................ 95 

4.4.1 Sociology of Housing ........................................................................................................... 96 

4.4.2 Socio-Cultural Influences on Housing .................................................................................. 97 

4.4.3 Private, Standalone Houses ................................................................................................... 98 

4.4.4 Communal and Public Housing ............................................................................................ 99 

4.4.5 Hybrid Private, Standalone, and Communal Housing .......................................................... 99 

4.4.6 Analysis............................................................................................................................... 100 

4.4.7 Changes in Sociological Innovation ................................................................................... 103 

4.5 Summary ................................................................................................................................. 104 

CHAPTER 5. A SUSTAINABILITY-ORIENTED INNOVATIONS MANAGEMENT 

FRAMEWORK: CASE STUDY OF THE DESERT ROSE HOUSE .......................................... 106 

5.1 Introduction ............................................................................................................................. 106 

5.2 Desert Rose House Case Study ............................................................................................... 106 

5.2.1 Pre-Competition .................................................................................................................. 107 

5.2.2 Pre-Competition Finalisation .............................................................................................. 120 

5.2.3 During Competition ............................................................................................................ 122 

5.2.4 Post-Competition ................................................................................................................ 126 

5.3 Innovations Framework based on the Desert Rose House Case Study ................................... 127 

5.3.1 Evaluation of the Innovations Framework .......................................................................... 129 

5.4 Summary ................................................................................................................................. 132 

CHAPTER 6. INNOVATIVE TECHNOLOGY DEVELOPMENT: DESIGN AND TESTING 

OF THERMAL ENERGY STORAGE USING PHASE CHANGE MATERIAL FOR ENERGY 

MANAGEMENT OF A HVAC SYSTEM ...................................................................................... 133 

6.1 Introduction ............................................................................................................................. 133 

6.2 Desert Rose HVAC System .................................................................................................... 133 

6.2.1 Demonstration of Innovations Framework ......................................................................... 134 

6.2.2 Components of the HVAC System ..................................................................................... 139 

6.2.3 Operation of the HVAC System: SOI Technology Opportunity Development .................. 142 

6.3 Water-Based PCM TES as an Innovative Technology ........................................................... 146 



   
 

10 

 

6.4 Design of the Experiment ....................................................................................................... 151 

6.4.1 Development of the Optimisation Objectives ..................................................................... 151 

6.4.2 Experimental Trial Cases .................................................................................................... 153 

6.4.3 Experimental Setup Design ................................................................................................. 154 

6.5 Statistical Analysis .................................................................................................................. 159 

6.5.1 Experimental Results .......................................................................................................... 159 

6.5.2 Optimisation ........................................................................................................................ 165 

6.6 Summary ................................................................................................................................. 168 

CHAPTER 7. CONCLUSION...................................................................................................... 170 

7.1 Key Contributions ................................................................................................................... 170 

7.2 Integration with Real Working Practices ................................................................................ 171 

7.3 Future Work ............................................................................................................................ 172 

LIST OF REFERENCES ................................................................................................................. 175 

APPENDICES ................................................................................................................................... 195 

 

  



   
 

11 

 

List of Names or Abbreviations 

AI Artificial Intelligence 

AV Audio-Visual 

BIPV/T Building Integrated Photovoltaic Thermal System 

BMS Building Management System 

BS Building Services 

COP Coefficient of Performance 

CIGS Copper Indium Gallium (di)Selenide 

DALI Digital Addressable Lighting Interface 

DC Direct Current 

DERV Desiccant Energy Recovery Ventilator 

DFMA(L) Design for Manufacture, Assembly and Logistics 

GA Genetic Algorithm 

HCD Human-Centred Design 

HVAC Heating Ventilation and Air Conditioning 

HRV Heat Recovery Ventilator 

IoT Internet of Things 

KNX A network communications protocol for intelligent buildings 

LSC Luminous Solar Collector 

LED Light-Emitting Diode 

LDW Liquid Desiccant Waterfall 

LHTES Latent Heat Thermal Energy Storage 

MCB Main Circuit Breaker 

MPC Model Predictive Control 



   
 

12 

 

MQTT Message Queuing Telemetry Transport 

NN Neural Network 

NSGA Non-dominated Sorting Genetic Algorithm  

NVP Night Ventilation with PCM Packed Bed Storage 

OECD Organisation for Economic Co-operation and Development 

OSB Oriented-Strand Board 

PV Photovoltaic 

PID Proportional Integral Derivative 

PCM Phase Change Material 

PLC Programmable Logic Controller 

RF Radio Frequency 

SD Solar Decathlon 

SDME Solar Decathlon Middle East 

SIP Structurally Insulated Panel 

SOI Sustainability-Oriented Innovation 

SSPCM Shape-Stabilized Phase Change Material 

TES Thermal Energy Storage 



   
 

13 

 

List of Figures 

Figure 1-1: Thesis chapters and their contributions overview. ............................................................................. 25 

Figure 2-1: The integral Venn diagram for SOI in this thesis, depicting human-centred design. ......................... 34 

Figure 2-2: The framework to explain the innovation process in construction project settings Ozorhon [83]. .... 42 

Figure 2-3: Different type of thermal storage: (a) Sensible (b) Latent (c) Thermochemical reaction: 1. Charging 

step, 2. Storage step, 3. Discharging step. ............................................................................................................ 45 

Figure 2-4: Energy storage process in PCM. ........................................................................................................ 45 

Figure 2-5: Classes of PCMs and their enthalpy ranges and phase change temperature [99]. .............................. 46 

Figure 2-6: NVP system [110]. ............................................................................................................................. 47 

Figure 2-7: Double PCMs layers floor for heating and cooling the building [112]. ............................................. 48 

Figure 2-8: Office building its SSPCM structure [94]. ......................................................................................... 49 

Figure 3-1: Overall multiple methodology of the interdisciplinary thesis. ........................................................... 55 

Figure 3-2: Data analysis methodology used for the innovative technological classification. ............................. 56 

Figure 3-3: Overall methodology of water-based PCM TES design optimisation. .............................................. 63 

Figure 4-1: Solar Decathlon 2009 houses at the competitions [5]. ....................................................................... 66 

Figure 4-2: Innovation from the perspective of time during the Solar Decathlon Contest. .................................. 68 

Figure 4-3: Classification of the innovations in Solar Decathlon competitions.................................................... 69 

Figure 4-4: Building services innovations within the top five houses of Solar Decathlon competitions. ............. 70 

Figure 4-5: (Left) Winter night heating of phase change gel in the floor. (Right) Summer night cooling [217] .. 73 

Figure 4-6: Solatube daylighting system [238] ..................................................................................................... 74 

Figure 4-7: Architecture and construction innovations within the top five houses of Solar Decathlon competitions.

 .............................................................................................................................................................................. 75 

Figure 4-8: California Polytechnic PV awning [144]. .......................................................................................... 78 

Figure 4-9: Technische Universität Darmstadt: (Left) Integrated PV in louvered oak shutters [281] (Right) PV 

awning [282]. ........................................................................................................................................................ 78 

Figure 4-10: The overall ranking of the University of Maryland in four Solar Decathlons. ................................ 80 

Figure 4-11: Innovation contest scoring for Team UOW and place getters in Solar Decathlon Middle East 2018.

 .............................................................................................................................................................................. 80 

Figure 4-12: Innovations versus the ranking of the houses in the competitions. .................................................. 81 

Figure 4-13: Overall standing versus total innovations in Solar Decathlon competitions. ................................... 82 

Figure 4-14: Marketing for sustainability-oriented innovation in Solar Decathlon houses. ................................. 85 



   
 

14 

 

Figure 4-15: Total innovation versus marketing  sub-contest for Solar Decathlon (USA 2007-2017): A) 1st overall 

ranking houses B) 2nd overall ranking houses C) 3rd overall ranking houses D) 4th overall ranking houses E) 5th 

overall ranking house. ........................................................................................................................................... 91 

Figure 4-16: Marketing sub-contest ranking versus overall ranking of innovative sustainable Solar Decathlon 

houses in each Solar Decathlon (USA 2007-2017). ............................................................................................. 92 

Figure 4-17: Marketing and affordability sub-contests ranking versus overall all ranking in A) USA 2011, B) USA 

2013 and C) USA 2015. ....................................................................................................................................... 93 

Figure 4-18: The sociology of sustainability innovation for Solar Decathlon houses. ......................................... 96 

Figure 5-1: Team UOW organisational chart adapted from [172]. ..................................................................... 108 

Figure 5-2: One of the early stages Desert Rose house architectural designs. .................................................... 110 

Figure 5-3: (a) Desert Rose house model. (b and c): Architectural workshops involving experts and students [342].

 ............................................................................................................................................................................ 112 

Figure 5-4: Innovations Framework developed in the Solar Decathlon Middle East 2018 competition. ........... 114 

Figure 5-5: Desert Rose house innovation flowchart.......................................................................................... 115 

Figure 5-6: (Left) Part of Desert Rose house with assembled second skin wall. (Right) Two Decathletes during 

the assembling of a piece of the second skin wall. ............................................................................................. 117 

Figure 5-7: (Left) Illawarra Flame House  at UOW Innovation Campus [393]. (Right) Prefabricated modules of 

Illawarra Flame House which are shown in red [394]. ....................................................................................... 118 

Figure 5-8: (a) Line of sight; (b) Innovative water taps [342]. ........................................................................... 122 

Figure 5-9: Desert Rose house innovation points in innovation sub-contests. ................................................... 125 

Figure 5-10: Sustainability-oriented innovations management framework for the interdisciplinary environment of 

the construction industry..................................................................................................................................... 128 

Figure 6-1: Desert Rose house [397]. ................................................................................................................. 134 

Figure 6-2: The HVAC system 3D sketch in the Desert Rose house. ................................................................ 139 

Figure 6-3: HVAC cage detached from the Desert Rose house (The HVAC cage is being moved by the crane to 

be put in the shipping container)......................................................................................................................... 140 

Figure 6-4: Modular Design of two PCM TES tanks (Left) and heat pump (Right) being carried to the  shipping 

container by forklift: (a) Forklift; (b) Two PCM TES tanks fixed on a prefabricated platform; (c) Shipping 

container; (d) Heat pump and connecting pipes fixed on a prefabricated stand; (e) Sample of hose for connecting 

two solid cupper pipes located in two separate prefabricated modules. ............................................................. 140 

Figure 6-5: DAIKIN Altherma heat pump [399]. ............................................................................................... 141 

Figure 6-6: (a) DAIKIN fan coil [401]; (b) The radiant panel [400] is covered by a painting and hung on the Desert 

Rose house wall; (c) Original radiant panel structure. ........................................................................................ 142 



   
 

15 

 

Figure 6-7: Ambient and Desert Rose house indoor temperature between 22nd November 2018 and 27th November 

2018. ................................................................................................................................................................... 144 

Figure 6-8: HVAC power usage between November 22nd, 2018, and 27th November 2018. ............................. 145 

Figure 6-9: HVAC power consumption on 26th November 2018. ...................................................................... 145 

Figure 6-10: Desert Rose HVAC system. The connection between water subsystem components is shown in blue.

 ............................................................................................................................................................................ 148 

Figure 6-11: Desert Rose cooling load for the on-peak and shoulder period of (09:00 am- 7:00 pm) within the 

hottest month of the year. ................................................................................................................................... 149 

Figure 6-12: (Left) Thermal insulated water-based PCM tank. (Right) Phase change material within the stainless-

steel tank. ............................................................................................................................................................ 150 

Figure 6-13: Detailed methodological approach for the design optimisation of the water-based PCM TES coupled 

with air-to-water DAIKIN heat pump. ............................................................................................................... 151 

Figure 6-14: Experimental setup. ....................................................................................................................... 155 

Figure 6-15: PCM tube configuration with the embedded RTD thermocouple. ................................................. 156 

Figure 6-16: Applied sensors and valve in the experimental setup: (a) the water temperature sensor (Siemens-

QAE2120.010); (b) Manual ball valve; (c) Water flowrate sensor (Siemens-QVE3000.025); (d) Phase change 

material temperature sensor (3 wired- RTD (Pt) thermocouple). ....................................................................... 157 

Figure 6-17: Three symmetrical topologies for three levels of PCM tube number factor (N) in the tank. left to 

right: N=169, 115, and 55 PCM tubes. ............................................................................................................... 157 

Figure 6-18: Experimental setup located in the Sustainable Buildings Research Centre high bay. ................... 158 

Figure 6-19: Enthalpy-temperature curve for the experimental PCM S10 in the cooling process. .................... 159 

Figure 6-20: Differential Scanning Calorimetry (DSC) [408] ............................................................................ 160 

Figure 6-21: Variation of the temperature during the charging process for individual cases 1-4. ...................... 161 

Figure 6-22: Variation of the temperature during the charging process for individual cases 5-9. ...................... 162 

Figure 6-23: Experimented and predicated values of Cumulative Energy. ........................................................ 164 

Figure 6-24: Experimented and predicated values of Coefficient of Performance (COP). ................................. 164 

Figure 6-25: Confirmation test. .......................................................................................................................... 165 

Figure 6-26: Convergence of COP to its maximum amount through single-objective optimisation .................. 166 

Figure 6-27: Multi-objective Response. ............................................................................................................. 167 



   
 

16 

 

List of Tables 

Table 1-1: Solar Decathlon Middle East 2018 judging categories [8]. ................................................................. 20 

Table 2-1: Obstacles to innovation in the construction industry........................................................................... 29 

Table 2-2: Frameworks’ non-exclusive summary. ............................................................................................... 37 

Table 2-3: Outlines the advantages and disadvantages of each type of thermal energy storage. .......................... 44 

Table 4-1: Solar Decathlon competitions’ sub-contests related to innovation. The asterisk indicates competitions 

that were considered for the analysis in this study. .............................................................................................. 67 

Table 4-2: Main innovations in building services. ................................................................................................ 71 

Table 4-3: Main innovations in architectural design and constructions................................................................ 76 

Table 4-4: Marketing sub-contest in Solar Decathlon competitions. .................................................................... 88 

Table 4-5: Marketing for sustainability-oriented innovation in Solar Decathlon houses. .................................... 89 

Table 4-6: Sociology analysis of innovative sustainable Solar Decathlon houses.............................................. 100 

Table 5-1: Other innovations in Desert Rose house ........................................................................................... 121 

Table 5-2: Desert Rose house innovations and the key performance identifiers of innovation sub-contest. ...... 125 

Table 6-1: Demonstration of efficiency of innovations framework (Figure 5-10) through the example of innovative 

Desert Rose HVAC system integrated with PCM TES . .................................................................................... 135 

Table 6-2: Thermal comfort scoring system. ...................................................................................................... 143 

Table 6-3: Factors and levels for the experiment. ............................................................................................... 154 

Table 6-4: Table of the experimental trial cases based on Taguchi modified L9 orthogonal array .................... 154 

Table 6-5: Sensors in the experimental setup. .................................................................................................... 156 

Table 6-6: Calculation of the objectives for each trail test case. ........................................................................ 163 

Table 6-7: Intercepts and coefficients in cumulative energy and COP models. ................................................. 164 

Table 6-8: Experimental and predicted values of COP and cumulative energy for the confirmation test. ......... 165 

Table 6-9: Pareto frontier members. ................................................................................................................... 167 

Table 6-10: MCDM results for optimum answers. ............................................................................................. 167 

Table 6-11: Comparison of optimisation results with the baseline case. ............................................................ 168 

 



   
 

17 

 

Prologue 

My name is Yeganeh and I am from Iran.  I came to Australia in search of opportunities to research 

sustainable technologies that would have a positive effect on the environment.  My passion is to apply 

these sustainable technologies in real world scenarios.  I care about the effects of the construction 

industry on climate change, a consideration hardly researched in Iran. I found the chance to participate 

in a Solar Decathlon Middle East 2018 competition through a team formed by the University of 

Wollongong in 2017.  Furthermore, I was appointed as the Innovations Coordinator, a position 

previously unimaginable to me in Iran.  So, the exciting journey began to design and execute a fully 

sustainable house, with me in charge of the innovations.  I was so thrilled as a mechatronic engineer 

with a multi-disciplinary background to see how the Solar Decathlon entry (Desert Rose) would unfold. 

I was responsible for liaison between the 50+ different Desert Rose team members, their roles in terms 

of the installation of innovation in the construction, and I had to make informed decisions to ensure that 

the innovations deployed by the team were suitable for the overall design of the house.  The 

management of innovations is complex, requiring specialised and technical knowledge in relevant areas 

for design and execution, and this complexity does not always lend itself to explicit communication 

between areas of concern.  Thus, I had to learn on the job the task of communicating effectively between 

specialisms, and the specific knowledge requirements involved with working though innovations in an 

interdisciplinary field of operation. I spent 2017 and 2018 working on the Desert Rose house project as 

the Innovations Coordinator. At the same time, I was undertaking an interdisciplinary doctoral study 

that made sense of the experiences that I was having. I had specialised in thermal energy storage using 

phase change materials, and how that related to the operations of the HVAC system.  And while we 

were in Dubai, I was responsible for implementation, construction and commissioning of the HVAC 

system.  However, this specialism did not speak to the needs that I was seeing on site and around the 

team for a means to comprehend the sustainable innovation processes as a whole and how they inter-

related in the construction of the house.  Hence, I focused on developing an interdisciplinary framework 

for sustainable innovation and used the Desert Rose and past Solar Decathlon competitions as test cases 

for my ideas. 

Parallel to my working on the Desert Rose project and developing an interdisciplinary thesis on 

sustainability-oriented innovation; climate change, and responses to climate change have universally 

accelerated. As a result, this thesis and my job as the Innovations Coordinator for Desert Rose sit within 

the dual shadows of human-caused environmental impacts, and the call to move to net-zero emissions 

by 2050 or earlier.  Hence, this study could be seen as a practical means to move towards reducing 

resource consumption and to reach zero emissions for the building industry, by helping the construction 

industry to integrate sustainability-oriented technologies into house designs and their specific builds. 

The development of an innovations framework for sustainable housing can be understood as a means 
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to integrate the factors and obstacles that the building industry might have when proposing a new 

‘green’ build and looking to purposefully incorporate specific sustainability-oriented technologies into 

the design. 

The building industry can be described as a disparate mix of professions, professionals, workers, 

attitudes, and approaches.  An architect may come up with innovative ideas for sustainability that may 

be hard to achieve on the ground or to cost effectively.  Further, engineers will want to include 

innovative sustainability-oriented technologies in their builds, but their specialisms would hinder the 

mode in which they can successfully integrate and enable functioning of these technologies in a house. 

Thus, my goal for this thesis was to develop an innovations framework that uses interdisciplinary studies 

as a bridge between practical engineering and societal issues, thereby promoting the mode in which the 

house will be built. In addition, I set out to analyse the data from previous Solar Decathlon competitions, 

and square that with the experience of being an Innovations Coordinator in a Solar Decathlon team, and 

to subsequently use these data sources to develop an interdisciplinary innovations framework for the 

building industry. 

Along with the writing of this thesis, and after the completion of the Solar Decathlon competition, I 

have continued to be involved with the Desert Rose house as its sustainability expert, running 

workshops and tours for students and community.  The Desert Rose HVAC system has won several 

awards, including the HVAC AIRAH prize for innovation.  I still can’t believe the engineering feats 

that I have achieved over the course of this study, and the opportunities that being part of the Sustainable 

Buildings Research Centre family has given me.  I hope that this excitement and feeling of gratitude to 

be genuinely positioned to help with the future of innovative sustainable technologies can be 

appreciated throughout this work.  
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Chapter 1. Introduction 

1.1 Innovation for Sustainability 

The primary motivation for writing this thesis lies in the proven scientific facts of climate change.  

Human beings now dominate environmental impacts on the planet and its atmosphere [1, 2].  The built 

environment currently contributes up to 40% of global energy usage and 33% of all greenhouse gas 

emissions [3, 4].  Thus, the building industry worldwide faces a significant challenge to reduce energy 

use and CO2 emissions and work towards environmental goals set by governments and regulatory 

bodies.  Promoting and enhancing innovation is key to solving issues in sustainability, because the real 

problems of sustainability exist in locations suffering from resource shortages, and, for example, the 

negative effects of climate change.  In corollary, the traditional building sector has to move to 

sustainable and innovative practices to survive in times of climate change.  This thesis contributes to 

the challenge by developing an innovations framework for technologies in the building industry.  This 

innovations framework applies human-centred design and incorporates an interdisciplinary knowledge 

base. 

The Solar Decathlon [5] is an international competition that challenges students to design, build and 

operate full-size, solar-powered, sustainable homes. The Solar Decathlon competition, first held in 2002 

by the U.S. Dept. of Energy, has intended to provide communities with information and education about 

the opportunities and advantages of clean energy products for designing and building sustainable and 

high-energy efficient solar-powered houses and helps encourage the implementation of net-zero energy 

homes.  The competition is a showcase of affordability and comfort that combines energy-efficient 

construction and appliances with the renewable energy systems available today [5]. 

Due to the focus on innovation for sustainability in this thesis, the Solar Decathlon competition [6], as 

a premier, student-led competition for designing cutting-edge sustainable housing prototypes, is an 

important source and inspiration for innovation and sustainable design.  The Solar Decathlon is also a 

high impact example of knowledge transfer between innovation for sustainability and the building 

industry that this thesis wishes to exploit.  There have been 16 Solar Decathlon competitions between 

2002 and 2019. The basis for every prototype house design in the competition is: energy efficiency; use 

of renewable energy; and the building heating, ventilation and air conditioning (HVAC) system 

operation [7]. From these essential prerequisites for competition entry, the teams’ designs and 

constructions are judged through 10 categories (hence the term ‘decathlon’), which for the competition 

in the Middle East, 2018, were as given in Table 1-1 [8]. 
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Table 1-1: Solar Decathlon Middle East 2018 judging categories [8]. 

Architecture Engineering and Construction 

Energy Management Energy Efficiency 

Comfort Conditions House Functioning 

Sustainable Transport Sustainability 

Communication Innovation 

 

Solar Decathlon judgement categories have varied across different competition iterations [5, 9], 

however innovation for sustainability remains a consistent underlying theme.  Innovation has to be 

thought of holistically with respect to house design and cannot be understood in terms of the latest 

technologies alone, because the houses are judged according to 10 criteria.  The continual rethinking of 

innovation for sustainability as part of the Solar Decathlon, due to the categories for evaluation of the 

entries, lends itself to study, and may subsequently be applied to the processes of sustainable design for 

the construction industry.  Hence, the very processes of formation within the Solar Decathlon 

competition, both at the design and construction phases, contain important knowledge that links 

construction with innovation and sustainability [10]. 

In terms of innovation for sustainability, a house is a dynamic system of thermal properties, water 

system, electricity, air flows, boundaries, zones and walls, waste disposal, as well as providing the 

essential elements of comfort, living and protection for humans [11-13].  Any element of the house can 

be innovated upon, and that innovation serves a specific and/or complementary function in the house 

(to other innovations).  Hence, there is a crucial role of innovation coordination and management that 

will be explored in this thesis, both in terms of enabling specialists to communicate to each other, and 

through balancing specific innovations with an overall design for sustainability. 

Within this thesis sustainable housing is considered in the context of improvements to the 

abovementioned housing elements which reduce the impact on the environment, either directly or 

indirectly, through design, application or development of technology, construction and operation of 

residential houses (thus aligning with the Solar Decathlon concept).  The sociological and marketing 

impact of these improvements, or innovations, as a product are also considered. 

1.2 Rationale for an Innovations Framework 

This thesis hypothesizes that an innovations framework will act as part of the transition agenda of the 

building industry for sustainability and help accelerate the industry away from non-sustainable 

practises.  The thesis chapters build upon the notion that an innovations framework is a vital pivot to 

change the building industry, by analysing previous innovations frameworks and by augmenting the 

most relevant components of these frameworks with respect to contemporary house construction [14].  

The main impact of such work will be to develop a robust innovations framework that can be 

successfully applied to the building industry.  Such application can be leveraged throughout the building 
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industry in terms of enhanced sustainability, and the effective transformation from a source of concern 

for the environment, to a solution for better ecological living [15]. 

Innovation is initially defined in this thesis as the production of new technologies, management 

techniques, and/or new organisational modes of production [16].  This definition is used to categorise 

innovations that have arisen within the context of the Solar Decathlon competition.  While useful in 

terms of categorising technologies and serving an expanding economy when connected to market needs 

[17] the definition requires opening up for the latter components of the thesis, where more holistic 

environmental thinking is required. The Solar Decathlon experience suggests that innovations often 

come together in a messy and complicated manner.  As such, this thesis attempts to capture the processes 

of innovation which suits the complexity of a future sustainable building industry. 

The development of a model for capturing the processes of innovation lies in the creation of a practical 

innovations framework which can henceforth be taken up by industry [18].  Such a framework needs to 

represent both dynamic and inter-related factors for innovation and sustainability (and these factors are 

in time). This thesis utilises innovation in the Solar Decathlon competition as a template and 

springboard for a new framework, however, it also analyses previous frameworks.  The resulting 

innovations framework aims to guide transition from a traditional non-sustainable industry to a future 

sustainable building industry, and act as a management pivot with respect to augmenting innovative 

thinking in real projects [19]. 

One of the reasons to develop an innovations framework for housing sustainability is as a catalyst to 

accelerate the move away from traditional building methods and practises that have not considered how 

housing is the cause of ecological damage to environmental systems [20, 21].  However, the building 

industry is a complex system consisting of a variety of materials, skills, labour and finance, and as such, 

only a minority of organisations will be able to implement such a move due to the structural 

impediments in the industry that inhibit change [22].  Further, there is a vertical division in factors that 

control the building industry, e.g. having the capability to utilise advanced manufacturing processes, 

and this capability depends on access to finance, training, and specialist labour skills.  These factors 

need to be considered within a new innovations framework, along with key drivers for change in the 

industry, synergies, and dynamics that make the move to sustainability possible.  

In terms of the management of sustainable building projects, an innovations framework does not look 

to directly create a set of rules, regulations or tenets for builders and architects to abide by [23].  Rather, 

an innovations framework is an invitation to implement distributed management processes that replicate 

how creative thinking happens in real time.  These distributed management processes reflect the genesis 

of the innovations framework in the processes of the Solar Decathlon competition, wherein teamwork 

amongst students is paramount to making innovation for sustainability work.  Further, the effective 

channelling of bottom-up forces in an innovations framework comes from the Solar Decathlon 
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competition, which emphasises various attributes such as cooperation, collaboration, mutual learning, 

fitting in and adjusting to different roles and becoming competent with specialist and technical 

knowledge skills in situ [24].  Hence the Solar Decathlon competition will be used as a case study to 

develop an innovations framework. As such, the innovations framework of this thesis will chart the 

process of integrating sustainability factors, that are, in reality, continually merging and diverging, and 

provide a dynamic schema that demonstrates how aspects of innovation fit together prior to and during 

a build [25]. 

1.3 Research Aim and Objectives 

The overarching research question for this thesis is: What is the nature of innovation involved with 

sustainable housing? 

This thesis aims to answer this research question by developing an innovations framework for 

sustainable housing technologies, initially based on the Solar Decathlon competition, but also 

responding to literature in the field and the contemporary changing situation for the building industry, 

for example, as presented by climate change. 

Engineers, architects and builders are faced with a growing list of technologies and innovations that can 

be used in terms of housing sustainability.  Hence, this thesis aims to rationalise, classify and explicate 

these technologies, and provide a blueprint and map of how they relate to one another, apart from their 

individual performances as innovative sustainability-oriented technologies.  Thus, the thesis aims to 

make innovative sustainability-oriented technologies comprehensible and connected to overall practical 

concerns for the building of a sustainable house [26].  This aim will be achieved through the 

development of an innovations framework, and the fundamental orientation of this thesis, which is to 

deploy interdisciplinary studies to further knowledge of innovative building design and work with 

respect to sustainability. 

It is envisaged that those concerned with planning, designing, and building sustainable housing will be 

able to use the results of this thesis aim; i.e. the production of an interdisciplinary innovations 

framework, to guide their specific projects, and to work towards efficiently and effectively 

implementing sustainable innovations in time [27]. 

This thesis will: 

i. Establish shortcomings of existing innovation frameworks. 

ii. Analyse sustainable innovative houses based on three main disciplines of engineering, 

sociology and marketing as feeding knowledge to the framework. 

iii. Develop an improved innovations framework. 
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iv. Develop an innovative technology (water-based PCM TES) through the innovations 

framework. 

v. Extend innovation in industry and examine how to realise its opportunity adoption. 

The specific objectives that will be realised in the following chapters of the thesis are as follows: 

1. Develop the knowledge necessary to build towards an innovations framework that deploys 

interdisciplinary studies to further sustainable building, based on the Solar Decathlon 

competition (Chapter 2). 

2. Design a mixed methodology that responds to the interdisciplinary nature of sustainability-

oriented innovation in housing (Chapter 3). 

3. Demonstrate how the Solar Decathlon sustainable innovative houses can be analysed regarding 

human-centred design using the three main discipline-based approaches of engineering, 

marketing and sociology (including classification of innovative technologies, and how 

innovation fits with marketing and sociology) (Chapter 4). 

4. Describe the innovations framework for sustainable housing that best serves to integrate and 

implement the findings of the previous chapters.  Integrate human-centred design into the 

innovations framework using a case study of the Desert Rose house (Chapter 5). 

5. Produce an optimisation approach for an innovative technology (water-based PCM TES) as 

part of the feasibility of the discipline of engineering (Chapter 6). 

1.4 Thesis Outline 

The remaining individual chapters, including applied methodologies, are organised as per the following. 

Chapter 2 is a literature review.  However, the systematic and critical analysis of relevant knowledge 

also happens throughout the thesis.  Chapter 2 summarises, analyses, and integrates literature from 

fields including the concept of innovation, innovation in construction, interdisciplinary innovation in 

construction, sustainability, and innovation-related frameworks in the building sector.  The literature 

review includes thermal energy storage in buildings and related literature on design optimisation. 

Chapter 3 is the methodological overview of the thesis.  Given a single method for analysis and 

comprehending the work of an innovations framework is inadequate to surmount the complexity present 

in construction [28, 29], this chapter deployed separate methodological approaches relating to each 

component (in subsequent chapters) of the thesis, and offered a multiple method technique for 

conducting interdisciplinary research. 

Chapter 4 represents an investigation of the concept of innovation, as it has specifically evolved through 

the Solar Decathlon competition.  The Solar Decathlon data sets in this chapter act as a showcase of 
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and for innovation in sustainable houses. The main technological innovations are rationalised and 

classified. Further, this chapter bridged the gap between the construction of the Solar Decathlon houses 

and their marketing through a conceptual analysis of literature on the marketing of sustainable houses.  

Moreover, the discipline of sociology was considered in terms of a conceptual analysis of literature and 

an analysis of the Solar Decathlon houses data sets, to demonstrate how the sociology of innovative, 

sustainable residential buildings was understood and analysed. 

Chapter 5 introduced the synthesized innovations framework through which the disciplines of 

engineering, marketing, and sociology are connected in a central Venn diagram.  Autoethnographic data 

from the experience of the author as Desert Rose Innovations Coordinator, qualitative data from the 

Desert Rose team, and the consideration of the overall Desert Rose build, are used as a detailed case 

study to develop the innovations framework. 

In Chapter 6, thermal energy storage as a sustainability-oriented innovative technology, and as 

specifically part of the HVAC system of the Desert Rose house, was experimentally investigated and 

optimised.  This chapter presented a study of a sustainability-oriented innovation that demonstrates 

engineering (feasibility) in relation to the innovations framework. 

Chapter 7 summarised the key findings from this thesis, provided recommendations for future work in 

this research area, and explained how the innovations framework could be used in the building industry 

by relating it to current practises. 

The overview of the chapters of the thesis is show in Figure 1-1. 
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Figure 1-1: Thesis chapters and their contributions overview.

Chapter 2
Literature review:
• Innovation
• Sustainability oriented innovation management 

framework
• Innovative Sustainable Technology Component

Chapter 3
Research methodology

Chapter 7
Conclusion & Future 
Recommendations

Establish shortcomings of innovation 
frameworks

Offering a multi-method technique for an 
interdisciplinary research

Chapter 4
Analysis of Solar Decathlon Sustainable 
houses data sets (from Engineering, 
Marketing, and  Sociology point of 
view):
• Analysis of technological 

Innovations
• Marketing of Sustainability 

innovations
• Sociology of Sustainability 

innovations

Chapter 5
Sustainability-oriented innovations (SOI) 
management framework:
• Study the longitudinal case study of 

the Desert Rose house

Chapter 6
Innovative Technology development
• Experimental Investigation of the 

water-based phase change material 
(PCM) thermal energy storage (TES).

• Technological innovation classification 
in in solar Decathlon sustainable 
houses.

• Marketing of the sustainable houses.
• Relationship between marketing and 

technological innovation in 
sustainable houses.

• Sociology of the sustainable housing 
(standalone, social and hybrid 
housing)

• Innovations development according to 
separate social requirements 

• Development of the SOI innovations 
framework including Human-centred 
design  approach. 

• Experimental based methodology for 
design optimisation of the water-
based PCM TES as an innovative 
technology development.

• Single and multi-objective 
optimisation of the TES.
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1.5 Publications Arising from the Thesis 

1.5.1 Principal Publications 

The following peer reviewed publications were completed as part of the thesis research activities with 

the first related to the review of leading house Solar Decathlon house data and development of the 

innovations framework, the second related to the technological innovation of the PCM TES, and the 

third a review of the performance of the Desert Rose House. 

Y. Baghi, Z. Ma, D. Robinson, T. Boehme, “Innovation in Sustainable Solar-Powered Net-Zero Energy 

Solar Decathlon Houses: A Review and Showcase”, Buildings, 11(4), 171, April 2021.  

https://doi.org/10.3390/buildings11040171. (Chapter 3 and Chapter 4 were developed based on this 

article). 

W. Lin, Y. Baghi, Z. Ma, S. Geschwander, D. Robinson, C. McDowell, “Performance Investigation of 

a Water-Based PCM Thermal Energy Storage Unit Coupled with an Air Conditioning System in a Solar 

Decathlon House”, 13th IIR Conf. on PCM and Slurries for Refrigeration and Air Cond. (PCM2021), 

Vicenza, Italy, 1-3 September 2021, Paper 1960. (Chapter 6 was developed based on this article). 

Y. Baghi, W. Lin, D. Robinson, Z. Ma, “Design and operation of an innovative HVAC system for a 

net-positive energy solar decathlon house”, RoomVent 2020 Virtual Conference, Turin, Italy, 15-17 

February 2021. (Chapter 6 was developed based on this article). 

1.5.2 Other Publications 

The following publications were co-authored as part of the role as Innovations Coordinator of the Desert 

Rose house.  These publications relate directly to the sustainability innovation observation and hardware 

development undertaken during the design, construction and competition of the Solar Decathlon Middle 

East 2018 and formed part of this thesis. 

W. Lin, Z. Ma, C. McDowell, Y. Baghi, B. Banfield, “Optimal design of a thermal energy storage 

system using phase change materials for a net zero energy Solar Decathlon house”, Energy and 

Buildings, 208, ISSN 0378-7788, 2020, https://doi.org/10.1016/j.enbuild.2019.109626 

T. McCarthy, B. Banfield, Y. Baghi, L. Faidutti, C. McDowell, “Advocating for Net-Zero Energy 

Sustainable Houses through the International Solar Decathlon Competition”, Proc. of the 3rd World 

Congress on Civil, Structural, and Environmental Engineering (CSEE’18), 2018, 

https://doi.org/10.11159/icsenm18.1 

  

https://doi.org/10.3390/buildings11040171
https://doi.org/10.1016/j.enbuild.2019.109626
https://doi.org/10.11159/icsenm18.1
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Chapter 2. Literature Review 

2.1 Introduction 

In this literature review, innovation related to buildings and construction is reviewed with reference to 

interdisciplinary innovation and human-centred design. The concept of innovation in the construction 

sector and related frameworks for managing innovation are presented and discussed. Existing analysis 

on how to best manage sustainability-oriented innovation (SOI), is reviewed, along with technology 

management frameworks in the complex, interdisciplinary building industry. This analysis will aid the 

transition to a more sustainable building sector as well as the management of SOIs. A particular focus 

and details have been placed in this chapter on the literature that deals with the topic of Phase Change 

Material (PCM) based Thermal Energy Storage (TES) as an SOI solution for the HVAC systems of the 

building sector. Furthermore, related optimisation techniques are reviewed, to provide the background 

context of the technology component of this thesis (Chapter 6) that serves as an engineering example 

for the innovations framework in Chapter 5. 

It is worth mentioning that this literature review is not exhaustive, and subsequent chapters include 

additional literature where relevant, e.g. data sets associated with previous Solar Decathlon 

competitions is provided in Chapter 4. This is in line with the methods deployed to build towards a 

finalised innovations framework in Chapter 5. The objective for the literature review is to revise the 

knowledge to move towards an innovations framework that enables interdisciplinary studies to further 

the study of sustainable buildings. 

2.2 Innovation 

The move to sustainable development is a vital part of the solution to high resource consumption in the 

building sector [30]. Hence, engineers in the building and construction industry need to think more 

innovatively to achieve sustainable development. Innovation can enable companies to increase 

competitiveness [31, 32], grow market share [33], and avoid lagging behind international perspectives 

or disappearing altogether [31]. 

The nature of innovation has changed over time. A significant portion of the necessary research towards 

understanding and studying innovation was undertaken during the 1980s and 1990s [16]. This research 

aimed at the development of models and analytical frameworks for depicting the processes of 

innovation [16]. Researchers within each discipline connected to innovation have theorized innovation 

differently [34]. Pointedly, economists have been pioneering in defining innovation. As an illustration, 

an earlier economist, Schumpeter (1930s–1940s), has described innovation as, “a historic and 

irreversible change in the way of doing things” and also as, “creative destruction”, showing innovation 

to be the development of something new and separate from existing solutions, which may even lead to 

the destruction of previous solutions [35]. Eurostat and the Organisation for Economic Cooperation and 
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Development jointly developed the “Oslo manual” to study innovation. The first and second editions 

of the Oslo manual focused on the technological innovation in manufacturing from a product and 

process point of view, later in 2005 in the third edition, organisational innovation was added [16]. 

Technical innovations could be defined as product innovations [36] while organisational innovations 

comprise changes to a business or organisation and management techniques [37]. The authors of the 

manual [16] define innovation as “the implementation of a new or significantly improved product 

(goods or services), or process, a new marketing method, or a new organisational method in business 

practices, workplace organisation or external relations”. This latter definition contains a thorough 

explanation of innovation, based on data and analysis, and this has helped the author to understand the 

interdisciplinary nature of the innovations framework that this thesis is working towards. 

One of the touchstones in the topic of sustainable buildings is sustainable construction as an attempt to 

incorporate the environmental, economic, and social aspects of future activities into their projects [38]. 

Hence, for the implementation of sustainability in any of the abovementioned dimensions 

(environmental/economic/social), innovative solutions of an interdisciplinary nature are essential. 

Bareghe et al. [39] conducted a content analysis of innovation studies, and identified a means for 

classification of the definition of innovation, and, as such, approached an interdisciplinary definition of 

innovation. Based on this study, the disciplinary areas where they found 60 innovation definitions from 

1934 until 2008 were economics, entrepreneurship, business and management, marketing, technology, 

science and engineering, organisation studies and knowledge management.  

Consequently, innovation is a broad, often complicated, multi-dimensional and interdisciplinary 

concept. Hence, this thesis could be described as an attempt to explore and understand the concept of 

innovation for a sustainable construction industry, to develop an innovations framework that works 

from the test bed of the Solar Decathlon competition to the wider world of building houses for a 

changing climate and planetary situation, and in order for the construction industry to learn how to 

manage innovation. 

2.2.1 Innovation in Construction 

The construction and building industry has been experiencing a reconfiguration, as it is going through 

the transition from a traditional industry to a more innovative, modern and sustainable sector, that works 

with prevailing conditions and resources, e.g. to lower CO2 emissions, and to address resource depletion 

[40]. In comparison to other industrial sectors, such as biotech and aeronautical engineering, the rate of 

innovation in the construction industry is slower and has many hurdles to overcome [40, 41]. Examples 

of the reasons for the obstacles to an increased rate of innovation in the building sector could be 

summarized in Table 2-1.  
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Table 2-1: Obstacles to innovation in the construction industry. 

Limitations Explanation 

Strangling 

Productivity 

Low productivity [40]. 

Lack of R&D Low investment in research and development [41]. 

Rules & 

building codes 

National and international fixed rules of building codes could be considered as 

limiting elements for the implementation of innovation in the construction industry 

as it limits flexibility. In this regard, Andre et al, suggest an important challenge 

for the development of objective-based building codes, which could be more 

flexible toward innovation and integrative solutions in this sector [41]. 

Traditional 

disciplines 

Restricted traditional disciplines involved in this sector could also be the reason for 

less successfully implemented innovation in the building sector. For instance, an 

experienced practitioner may be resistant to a newer, better product available in the 

market. It is also suggested that the lag in innovation in the building industry more 

generally is because of its adoption with respect to innovative technologies.  The 

building sector’s processes do not always incorporate new technologies easily, as 

traditional trades have codes and practises that are resistant to change [42]. 

 

Miller et al. [43] studied innovation in complex product systems, such as the building and construction 

industry (as these industries could be understood as producing groups of large-scale, customized 

products along with their related and involved industries). As an outcome of this research into product 

innovation, if the interrelated product systems enable a new product to develop, the technological 

innovation actors will need to collaborate to bring their products to their respective market [43]. This 

analysis of the processes of complex product systems shows the necessity of having an interdisciplinary 

arena for communication, thought and design, and this insight directly relates to the construction sector, 

which is a complicated product system. The building and construction sector is a very diverse one, and 

as a consequence, there is no standard path for creativity to take place. As such, it will vary throughout 

the supply chain and project phases [44]. Hence, interdisciplinary innovation management is required 

for this sector to implement technological innovation, and as a means to promote and develop overall 

change for sustainability. In sum, further research is needed with respect to the precise modes through 

which organisations involved in the building sector can effectively re-use their innovations in future 

projects [45]. 

2.2.2 Interdisciplinary Innovation in Construction 

There is an important connection between sustainability, sustainable development and the construction 

industry. Sustainable development has been defined as “a development that meets the needs of the 

present without compromising the ability of future generations to meet their own needs” [46]. 

Sustainable development is thus a multidimensional and interdisciplinary long-term social objective, 

wherein environmental conservation policies and socio-technical developments are equally important, 

complementary, and are used at varying scales to mitigate against anthropic influences on environments 

[47].  



   
 

30 

 

The construction sector is slowly transferring from a traditional industry based on established trades 

and practises, to a modern, sustainable, innovative sector, that includes innovative technologies 

(engineering) and sociology  as a discipline  connected to the advancement of and in living technologies 

[47]. The application of different roles (participants/ stakeholders) in an interrelated building industry 

that aims towards the problem of sustainability, is critical to progress innovation in this field overall. 

As such, in every construction project, a degree of variant disciplines with specific and connected 

knowledge with respect to  innovation development is desirable for progress [45]. Furthermore, within 

an interdisciplinary environment, sharing knowledge and understandings minimises the probability of 

friction between services and tasks, and makes the workflow easier and smoother [48]. An 

interdisciplinary environment encourages simultaneous learning, by implementing innovation at the 

industry level. For example, academics may benefit this in terms of business opportunity awareness 

from practitioners involved in the field. Moreover, a highly innovative, customized building for 

sustainability and an enhanced sustainable lifestyle that may be demanded by customers, and would 

need close collaboration between contractors, designers, and engineers. Therefore, having knowledge 

about interdisciplinary, concurrent, sustainability engineering addresses innovation in a complex 

building sector[41]. The challenge of sustainable design as an innovation system can demonstrate a lack 

of stakeholder cooperation, and hence requires sustainability engagement for deeper involvement in the 

design process of buildings and better environmental outcomes. As an example, new specialist aspects 

(such as renewable insulation materials) have arisen in niches, but have not yet become part of a wide-

scale innovations framework for buildings in the dynamic context of the construction industry [38]. 

The construction industry is a dynamic sector in which individuals with diverse knowledge and 

disciplines usually play a part. The principal disciplinary areas involved with innovation are: finance, 

business and management, marketing, technology, science and engineering, and organisation study 

[39]. Furthermore, actors can undertake combined innovation activities in the construction industry. 

The actors include building material suppliers, machinery manufacturers, building product component 

manufacturers, trade specialists, and installers, contractors, building knowledge providers, goods, and 

services such as transport providers. This construction related activities work interactively with each 

other and over time on a project. Bowen [49] has noted that sustainable construction begins at the design 

stage of the building, and proceeds throughout its different stages, to gradually deconstruct and recycle 

resources to reduce the demolition-related waste streams. Through the life cycle of the building, 

sustainable construction is defined by the researchers as having four principles: technological, social, 

biophysical, and economic [49].  

The building sector is under pressure to be sustainable, especially because of customers’ increasing 

demands, policy changes and environmental needs [50]. SOI development in projects in the building 

sector often rely on an interdisciplinary approach to incorporate and integrate the latest knowledge and 

thinking from the social sciences, as well as management, engineering, technology, and different 
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disciplines to maximise the social impact of the projects. As such, industrial interdisciplinary 

environments are frequently complicated, hence, having insights from the major disciplines involved in 

the construction sector is needed in an integral manner to make these environments more 

comprehensible. It is widely accepted that the scope of the sustainable building concept represents that 

of sustainable growth, which deals with synergistic connections between the social, environmental, and 

economic aspects of sustainability [39, 41, 49, 51]. Thus, the scope of sustainable construction must 

crucially deals with the environmental, economic, and social aspects  (3 pillars) of sustainability  [52, 

53]. 

2.2.2.1 The 3 Pillars of Sustainability and Buildings 

 It is critical to ensure the provision of clean air, pure water, and clean and productive land in relation 

to sustainability-oriented construction [54]. Maintaining natural resources and protecting global 

ecosystems are included by definition in the environmental aspect of sustainability and sustainable 

construction. Solutions to environmental problems that relate to the first pillar of sustainability can be 

derived from the principles of engineering [55]. For example solar and wind power involve electrical 

or mechanical engineering, pollution management is connected to chemical engineering, and recycling 

methods have combined elements of chemical and mechanical engineering [55]. Thus, engineering 

solutions are highly aligned with environmental problems.  The economy is the second pillar of 

sustainability in construction, and adds to previously mentioned environmental concerns. 

Over time, research into the interconnections between the economy, the environment and construction 

has developed and deepened [56].  In essence, the state of the economy has a direct effect on how 

marketers promote their construction products to consumers in addition to any environmental concerns 

connected to, for example, the quality of housing and its waste. More specifically, marketing must be 

able to promote the SOI technologies of a building to the customers despite the likely raised costs. 

Hence, focusing on marketing of sustainable construction is one aspect of the economic pillar of 

sustainability that shows how SOI management may be considered in practise [57] Furthermore, the 

third pillar of sustainability is sociology. 

Thirdly, the social aspects of sustainable construction demands that buildings should be designed and 

built in a way that improve the quality of life for their residents, and emphasise the importance of 

“socially viable living,” [58]. Admittedly, the challenges related to social aspects of sustainability arise 

out of and as part of social structures, drivers, and dynamics, and calls for changes in human behaviour 

and social processes [59] and hence can be hard to realise. In sum, the study of SOI in buildings of this 

thesis and how to manage it, has to include the study of sociology as a third pillar of sustainability and 

as an essential consideration and factor in SOI analysis.   

As a combination of the 3 pillars of sustainability in buildings, innovative sustainability in construction 

is enabled by the disciplines of business, engineering, and sociology, as well as their offshoots, by 
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taking into account the business, environmental and sociological effects of SOI on the ground and in 

real time. The three areas of engineering, business, and sociology have been arrived at through synthesis 

and analysis as the major disciplinary approaches to bring to bear on the problem of innovation in 

sustainable housing in this thesis, and are addressed in this section, before they are discussed further in 

Chapters 3-7. 

In the discipline of engineering, innovations are mostly technological, whilst in business, they are often 

related to the market, organisation and finance. Technological innovations are based on innovative idea 

generation, which has been happening for a long time in the building sector. For example, Gann et al. 

[36] addressed the use of information technology in the construction processes of a building,  the 

mechanization of construction activities, prefabrication, and the use of innovative materials as part of 

innovations that were happening during the contemporary moment in and for building and construction. 

Interdisciplinary project teams can be provided with easy-to-use collaborative, virtual, planning tools 

such as the Building Information Modelling (BIM) program to support them in exploring alternative 

innovations in projects and to allow decision-makers to select the best options for implementation [48]. 

Further, sustainability-related technological jobs deliver sustainability-oriented innovation in this sector 

and offer unprecedented growth opportunities in this area. These jobs have been identified as, for 

example, managing waste, water, energy, and through avoiding environmental hazards [60]. Further, 

the discipline of business can play an important role in the construction sector, by suggesting how a 

building and its technological innovations can be marketed and, as such, societal change will take place. 

Marketing, economics, and business management within the construction industry can be understood 

under the umbrella of business studies. The study of sustainability, its markets and their dynamics as 

part of the discipline of business, uncovers the potential demand for buildings that have sustainability-

oriented innovation technologies within them [61]. This comprehension of the needs of the market can 

be considered from two perspectives; the first primarily takes account of the target society for the 

specified product. As an illustration, a target society might be one that is environmentally sensitive and 

cares about sustainability. The second approach considers the marketing of sustainability-oriented 

technologies from a plainly economic point of view. For instance, one can ask the question: Is it 

financially viable to produce SOI technologies or houses in which SOI technologies have been 

implemented? Finally, if it was found that there are no customers in the market for a particular 

sustainable cutting-edge house design, or their related- SOI technologies, the demand must be created 

[62]. In this regard, to be able to sell innovative sustainable buildings, SOI technologies have to be 

considered as a value proposition for the construction industry, as they add buyer interest. Further, it 

can be said that marketing  is an important process in the development of any new product, as it is the 

attempt to bring it to market or to sell it [63]. 
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Furthermore, based on the analysis of socio-technical features of housing, and in addition to engineering 

and business (marketing-focused) studies [64]; the subject of sociology is one of the three most 

influential fields in sustainable construction, and will be taken to account in terms of its influence on 

the innovations framework, and through the synthesis of the fields and sub fields of knowledge involved 

with the interdisciplinary building of sustainable houses and from 3 pillars of sustainability. The 

discipline of sociology is context-based because social values are different depending on variant societal 

circumstances [65]. As an example, the sensitivity of peoples toward environmental problems can vary 

across social contexts. Societies such as Australia have suffered from global warming impacts in its 

landscapes (e.g. the Black Summer bushfires [66]) and as a result are generally moving forward in a 

direction that pays attention to a changing nature (through global warming), its concomitant 

environmental problems, and any possible SOI solutions that could help in this situation. Another 

important issue that can be raised at this point is: Up to what level can society trust [67] innovative SOI 

developments? To some extent, the reluctance in advancing sustainability innovations can arguably be 

attributed to the frequently high risks involved in this kind of innovation, as well as their potential 

financial costs [26]. More specifically, not all innovative technology that is brought to market is socially 

accepted and trusted, for example, smart house systems can be hard to understand, expensive, and 

complicated to maintain, thus diminishing their possible societal use-value. Hence, there is a need to 

address human-centred design, that makes advanced technologies such as smart houses focused on user-

experience, and as will be addressed in the next section. 

2.2.3 Human-Centred Design 

The design and execution of a sustainable house with its many integrated and interdisciplinary SOIs, 

could become very complicated, and hard for the occupant to manipulate on a daily basis. Hence, the 

push to solve the many problems of sustainability in housing (e.g. greenhouse emissions, pollution, 

resource-use) is not only a technical problem, to be addressed by new, innovative technologies. Rather, 

and as stated above, the push to innovation in sustainable housing technology requires constraints, 

otherwise the innovations will potentially become too complex, and will not function in the required 

coherent manner to enhance sustainability over time [68]. In this thesis, these constraints are understood 

as ‘human-centred design’ (HCD), and human-centred design “has its roots in fields such as 

ergonomics, computer science and artificial intelligence” [69]. In the context of this study, these 

disciplines resolve into the interface between the SOIs that will be explored in this thesis (Chapter 4), 

and their use in housing by residents not necessarily experts in their functioning, design, or integration, 

or those exhibiting behaviours that could be counter to acting on sustainability. Human-centred design 

has also been defined by standards agencies for interactive systems, for example [70] as: 

• The adoption of multi-disciplinary skills and perspectives 

• Explicit understanding of users, tasks, and environments 
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• User-centred evaluation driven/refined design 

• Consideration of the whole user experience 

• Involvement of users throughout design and development 

• Iterative process. 

As such, the human-centred design of this thesis acknowledges the residents at the interface of the SOIs, 

and as users of these innovative technologies in their homes over time. The iterative, reciprocating, and 

holistic nature of human-centred design moves this thesis away from considering engineering as the 

only or disconnected discipline to develop and enhance sustainability in buildings [71]. Rather, and as 

argued above, marketing and sociology play a crucial role in the enhancement and understanding of the 

user-interface between the many sustainability-oriented technologies that may be included in house 

design to make it net-zero or better, and the sale, running, lifestyle and upkeep of the house [72]. This 

thesis follows a field guide to making human-centred design appropriate for empirical examples of its 

use and functioning [73], and translates engineering to the feasibility of the SOIs being adopted and 

integrated into the house design, marketing to their viability, and sociology to their desirability, with 

innovation being at the centre of the human-centred design, figured thus (Figure 2-1): 

 
Figure 2-1: The integral Venn diagram for SOI in this thesis, depicting human-centred design. 

This diagram above (Figure 2-1) sits at the heart of this thesis, in that the SOIs are funnelled through it 

in terms of it acting as a constraint on the potential over development of innovations directed towards 

sustainability to fill a house and its networks with technology but without a suitable human interface 

[74]. Rather, a house is a finite system, and a shared space for humans to live, enjoy, and to be protected. 

As such, the human-centred design at the heart of this thesis acts to question and mutate house designs 

overly reliant on technology for their solutions to sustainability, and to include, for example, their 

interface qualities. The human-centred design diagram (Figure 2-1), also connects the SOIs and the 

constraints of feasibility, desirability and viability, with other houses through networks, and broader 

concerns about how housing communities will become sustainable, as the constraints are not only 
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applicable to the houses individually, but link up house design with community needs [75]. In effect, 

the Venn diagram of human-centred design at the heart of this thesis acts to make the house designers 

think seriously about the quantity and complexity of the SOI technologies that they are deploying, and 

how these technologies link up in networks and will be used communally. Human-centred design opens 

up thinking about the SOIs as viable, desirable and feasible, and at the same time designates the houses 

as inter-connected, open systems, with these constraints applying across the board for sustainable 

housing through, for example, electricity networks. 

The human-centred design (HCD) of this thesis has its origins in helping to make interactive and 

complex systems user-friendly. There have been criticisms of this approach, in that user needs can be 

diverse, and focusing overly on one type/characteristic of a user can exclude the needs of others [76]. 

Further, it could be argued that defining HCD too stringently in terms of user needs could tie the hands 

of the SOI designers in advance, and result in a potentially stymied technological imaginary [77]. As a 

result, houses that are built, for example, in challenging environmental conditions, could be 

compromised if HCD constraints override or interfere with the necessary technological solutions to 

specific climate needs. For this reason, geographical requirements have also been added to the HCD 

Venn diagram in Chapter 5, which helps to modify the effects of engineering (feasibility), marketing 

(viability), and sociology (desirability), with the specific geographic considerations. Previous use of 

HCD in construction has focused on smart homes and the user interface between the control systems of 

the houses [78]. This thesis moves the discussion onto SOIs, and the search for a management 

framework that unites the comprehension of innovation with sustainability and retains HCD as an 

important constraint and channelling of the processes of interdisciplinary construction. In the next 

section, literature around the innovation and sustainability framework and their characteristics will be 

explored. 

2.3 Sustainability-Oriented Innovation Management Framework 

It can be understood that the construction industry is in some instances lacking in sustainability, and 

there has been a rapidly growing field of study in the last decade to help solve this problem [41]. 

Innovation is a way forward to encourage sustainable development; however, it has been noted that the 

construction sector can be less innovative compared to other industries as analysed by national and 

international panels [41]. Innovation is context and industry-sensitive by nature, for example, patterns 

of innovation in services are different from those in manufacturing; hence, the analysis of innovation in 

the specific sector needs to consider the characteristics of that sector. As such, in the construction sector, 

studies have been individually conducted by understanding the concept of innovation or sustainability 

and its management in and for the building sector through its specific characteristics [41]. Academics 

and practitioners have been focused on the development of innovation management frameworks to 

provide structure and guidance for the building industry. Furthermore, other studies have focused on 

sustainability management in the construction industry, without necessarily considering innovation as 
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a tool for sustainable development in this sector (Table 2-2). Moreover, literature has often focused on 

the investigation of sustainability-oriented technological innovations at the organisational level, and the 

project level has been subsequently ignored (Table 2-2). Therefore, there is a general lack of study in 

the sustainability-oriented innovations management process in the construction industry as an 

interdisciplinary-based platform for the building industry. The list below of the related frameworks 

(sustainability/innovation) has been included to address and express the gap in innovations frameworks 

research that underpins the aim of this thesis, and which enables the management of and transition to 

SOI technologies in the construction industry, as an interdisciplinary environment for analysis, as 

shown in Table 2-2. These frameworks, which point to the state of the art of innovations frameworks 

for sustainability in construction (Chapter 5), are presented below: 
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Table 2-2: Frameworks’ non-exclusive summary. 

Author/ year  Framework/model Properties Application/scope Limitation 

Sood /2016 

[79] 

Green building framework Government regulations 

and self-regulation must 

work together 

Operation of green building index 

operation in Malaysia 

Not considering innovation 

management or 

implementation process 

Akadiri/ 

2012 [51] 

A conceptual framework for 

implementing sustainability in the 

building sector 

Sustainability principles 

are resource conservation, 

cost efficiency, and design 

for human adaption 

Firm-level 

Integrating sustainability 

principles into construction 

projects with a clear explanation 

of the related objectives and 

strategies 

Not considering innovation 

clearly although it is 

essential for sustainability 

development in the green 

construction industry. 

Pellicer /2014 [80] Explanatory Model for systematic 

innovation in construction 

companies 

A company focused 

knowledge system 

Systematize and homogenize the 

innovation process. 

A systematic management 

approach for planning, 

organising, leading and 

controlling innovation in the 

construction firm. 

Assimilation of new knowledge 

and ideas 

Improvement of the model is 

needed with a larger number 

of companies to be included. 

Time variable need to be 

considered deeply. Not 

applied to sustainability. 

Hartmann / 2006 

[42] 

Innovation management in 

construction firms 

Environmental & 

instrumental variables 

Evaluation of whether an 

innovative idea performs well by 

the development of an approach 

to analyse the context-related 

potential of the innovative idea 

into practice 

Single case study 

Baldassare/ 

2017 

[81] 

Adapted sustainable value 

proposition framework 

User-centred, and 

radically sustainable value 

proposition, by combining 

principles of sustainable 

business innovation and 

user-driven innovation 

 

A sustainable innovation project 

to develop a value proposition to 

trigger energy-saving behaviour 

in commercial office buildings. 

Additional support and 

improvement of the model 

are required through 

applying projects for a longer 

period. 
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Hensen/ 

2009 

[26] 

Sustainability Innovation Cube The framework presents 

three dimensions of the 

product life cycle, the 

target, and the innovation 

type 

Enables a business to minimise 

the directional risk within the 

sustainability-oriented innovation 

process 

This model is generic, and it 

is not well defined how the 

dimensions can be 

incorporated within the 

innovation process 

Bossink / 2010 

[82] 

An analytical framework for 

innovation in sustainable 

construction 

Containing elements of a 

governmental sustainable 

construction policy, 

sustainable construction 

practices, and interaction 

between public and private 

organisations in 

sustainable construction 

projects 

Based on ten years of research in 

the Dutch building sector, they 

illustrated public-private 

interactions, as part of the 

strategy within the building 

projects with an innovation 

implementation scenario 

 

No consideration of the 

interdisciplinary 

environment 

Ozorhon/ 

2013 

[83] 

Framework for analysing the 

determinants and outcomes of the 

construction process 

The project environment 

characteristics were taken 

into account for analysis 

(project level). 

Four case studies of the 

construction industry 

employed the framework 

Explores different components of 

innovation including inputs, 

drivers, enablers, innovative 

activities, barriers and benefits, 

and impacts 

No consideration of the 

interdisciplinary 

environment. Does not 

specifically address 

sustainability 
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Table 2-2 shows the variability of innovations frameworks including their limitations. Furthermore, the 

table above shows the evolution as well as the variety of the frameworks. The difference that this thesis 

makes to these frameworks and the gap which it addresses is to add a genuinely interdisciplinary and 

human-centred design (HCD) interface to an innovations framework for sustainability-oriented 

technologies. This thesis takes the most useful aspects of the frameworks in Table 2-2 and synthesises 

them against what is known in the field, to arrive at a new framework in Chapter 5. This synthesis, 

analysis, and development of a new innovations framework for sustainable housing technologies, fits 

in with international developments in understanding green and sustainable building through the ways 

in which these buildings are being evaluated. Many countries have proceeded toward setting criteria for 

sustainable green building development such as described by LEED (USA) [84], Green Star (Australia) 

[85], BREEAM (UK) [86], and GBI (Malaysia) [79]. These countries have either fully regulated or 

voluntary implementation of guidelines and standards for the sustainability of buildings, or a 

combination of both [79]. These green building measures are general indicators toward achieving 

sustainability goals in the industry and that consider innovation. However, exactly how to implement 

sustainability standards requires further study. For example, GBI contains six assessment criteria, 

including one that addresses innovative design and strategies. In contrast, Sood et al. [79] have explored 

a regulatory framework for the green building sector in Malaysia and have tried to frame key aspects of 

their framework, to ensure the effectiveness of the GBI implementation for sustainable development of 

the building sector. Sood et al.’s framework [79] recommends that government regulation and self-

regulation have to work together. This combined approach would result in acceleration and continuity 

of sustainable development in the construction market if implemented. As such, transformations that 

may result in sustainable construction from applying Sood et al.’s framework [79] would become the 

norm. At this stage, and according to this framework, technological innovations would happen at a 

faster pace (as there would be more competition among the suppliers). Although Sood’s framework 

encourages innovators in the green building industry to become involved with a competitive market, it 

does not specifically consider the management, strategies, or implementation of innovative technologies 

in the sector.  

It is positive to note that practitioners of the building industry have recently started to pay attention to 

monitoring and reducing the environmental harm due to their operations. Many of the strategies (e.g. 

government-regulations) mentioned above (Table 2-2) have attempted to address sustainability issues, 

but in general these studies are not satisfying from an innovation or building perspective, as they do not 

consider the project level of the build. In contrast, Akadari et al. [51] have offered a more developed 

conceptual framework, that is aimed at implementing sustainability principles in the building industry 

at the project level. In this study, the three main sustainability objectives of resource conservation, cost 

efficiency, and design for human adaptation have been analysed. Each of the three principles involving 

techniques and methods are to be applied during the life cycle of building projects. Overall, this 
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conceptual framework has proposed approaches to minimise the effect of construction activities on the 

environment, thus promoting the sustainability of building projects. However, to refine and strengthen 

the framework more empirical and theoretical work is needed to provide evidence for its functioning. 

Further, innovation as a tool for developing sustainability in the building industry has not been 

considered clearly in this study. Contrariwise, it is the author’s opinion that innovation is an essential 

means for sustainable development, if specifically applied to problems of sustainability. Hence, it is 

worthwhile to consider the details of the innovation process management as part of a sustainable 

building project. 

The management of innovation for sustainability contains all the activities that aim at the effective 

implementation of novel ideas into efficient market solutions and that would help in current 

environmental conditions [87]. A model for systematic innovation in construction companies has been 

developed by Pellicer [80]. This framework is an evidence-based, explanatory model of innovation 

management that could be applied to sustainability. It operates by integrating inputs and generating 

outputs into a management process that adapts to a new environment through a feedback mechanism. 

This innovation management model is a means to systematize and homogenize the innovation process, 

by offering a systematic management approach. The system is a continuous loop of five steps: defining 

strategy, planning, performing, monitoring and assessment. Although this framework was evaluated 

[80] by applying it on 18 occasions to functioning companies, it is mentioned that the improvement of 

the model is needed by applying it to a larger number of companies. Also, a deep consideration of the 

time variable, as well as affecting factors in the management process is required, so that its functioning 

may be calibrated alongside time as well as process. Further, this model needs to be evaluated against 

the specific criteria of sustainability. 

Overall, it is vital to understand the context variables in the technological innovations of construction 

for sustainability. In this regard, a framework of innovation management has been developed to help 

construction managers and researchers find out the variables necessary in management processes for 

innovation by Hartmann [42]. Based on a single case study of a Swiss contractor, critical instrumental 

and environmental variables, and their relationship with the innovative ideas were obtained. The 

variables for internal and external project environments have been established through this study. As an 

example, for external project environments, critical variables were found to be dependent on clients and 

location; the innovation acceptance of the client, and the form of procurement are said to be critical 

variables. Furthermore, with respect to the internal environments, significant variables include the 

financial situation, time, the cooperation of the colleagues in the project, the amount of knowledge, and 

the service that is offered by the project. As this research is a single case study, the findings need more 

cases if the findings are to be  generalized [42]. Furthermore, the concept of sustainability was not 

specifically taken into account in this framework. 
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As part of innovation management, it is necessary to consider the business side of the process, by 

keeping in mind that an innovative idea has to function as an efficient market solution. Baldassarre et 

al. [81] by focusing on the business aspect of the innovation concept, have developed a successful, user-

centred, and sustainable value proposition for an innovations framework, by combining principles of 

sustainable business innovation and user-driven innovation. In this study, an adapted sustainable value 

proposition framework was proposed. This framework has three inter-connected blocks: creating 

common value for a network of stakeholders, bringing up a sustainability problem, and developing a 

service/product which solves this problem by considering all the stakeholders. A sustainable innovation 

project to develop a value proposition to trigger energy-saving behaviour in commercial office buildings 

was used to validate this framework. Further to the research and framework of Baldassarre et al. [81], 

Hansen et al. [26] have developed a complementary framework that potentially enables businesses to 

minimise the directional risk within the sustainability-oriented innovation process. This framework is 

termed the ‘Sustainability Innovation Cube’ for structuring the innovations’ sustainability effects. The 

framework presents three dimensions of: the product life cycle, the target, and the innovation type. 

However, upon investigation, although visually pleasing, it could be said that this model is overly 

generic, and it is not well defined how the dimensions can be systematically and practically incorporated 

within the innovation process of a real sustainable building project.  

Following on from the elements of these frameworks, Bossink [82] has offered an analytical framework 

for innovation in sustainable construction. This framework contains aspects of governmental 

sustainable construction policy, sustainable construction practices, and accounts of interactions between 

public and private organisations in the sustainable construction project. Based on ten years of research 

in the Dutch building sector, Bossink [82] has illustrated that public-private interactions are an essential 

plank of a positive and successful strategy to implement innovation for sustainability in building 

projects. 

In sum, the frameworks which have been mentioned above from Table 2-2, are not sufficiently process 

driven and do not always work at the project level. In general, they do not consider the construction 

industry as a sector that is driven to sustainable innovation through interdisciplinary skills, 

communication and design. However, one framework has been identified that does take a project 

process approach and incorporates elements of differential agential knowledge in its innovations design. 

Ozorhon [83] has investigated the innovation process in construction projects, and has found that 

innovation is shaped by the necessities of the project and is created in a multiparty environment. This 

innovations framework (shown in Figure 2-2) has been offered to explore different components of 

innovation including inputs, drivers, enablers, innovative activities, barriers and benefits, and impacts.  
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Figure 2-2: The framework to explain the innovation process in construction project settings Ozorhon 

[83]. 

Ozorhon [83] has deployed the framework in four case studies to analyse the construction innovation 

process. Several conclusions were drawn which are: a) Construction companies do not innovate just by 

themselves and clients play a significant role in the project. b) Overcoming the barriers in the innovation 

process can be an issue and changing from a traditional method of working is challenging and return on 

investment is not a given fact. c) Innovation management is an important task and applying systematic 

management can benefit the project level. d) Measurement of the innovation performance should be 

carried out by considering the innovation objectives and this measurement cannot be limited to standard 

project management performance criteria [83]. In sum, even though the framework from Ozorhon [83] 

does not specially work towards the innovative sustainability of this thesis, which is based on 

participation in the Solar Decathlon; it is useful in terms of being focused on the project level of 

innovations development. The innovations framework for sustainability-oriented technologies of this 

thesis from the Solar Decathlon competition, and as will be elaborated in Chapter 5, takes the most 

useful aspects of the frameworks mentioned above in Table 2-2, and applies them to an interdisciplinary 

environment for construction. This critical analysis and synthesis of innovations framework elements 

is meant to evolve the most pertinent, efficient, and effective framework possible based on current data 

for future sustainable building innovation, and at all levels of the build. Furthermore, the innovation 

frameworks as discussed above do not address human-centred design, which is therefore a research gap 

which this thesis will focus on. In the next section, the literature on innovative sustainable technology 

component (PCM as TES) of this thesis will be discussed. 

2.4 Innovative Sustainable Technology Component 

This section of the literature review will include the necessary knowledge that underpins the 

experimental Chapter 6 of the thesis. The experimental chapter of the thesis involves the selection and 
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optimisation of phase change materials (PCM), as thermal energy storage (TES), and as they were 

deployed as an innovative sustainable technology in the Desert Rose entry in the Solar Decathlon 

competition, Middle East, 2018. This sustainable technology as featured in Desert Rose, importantly 

deals with environmental sustainability issues with reference to the consumption of energy in and 

through housing. The consumption of energy may be generally divided into three inter-connected 

sectors: industry, transport, and building [88] Over the past decade, energy consumption has rapidly 

increased in buildings. As an illustration, energy usage in the building currently accounts for over 40% 

of total primary energy consumption in the U.S. and E.U. [89]. 

If buildings are designed, constructed, and operated with sustainable principles in mind; significant 

energy can be saved throughout the building’s lifecycle. As such, an energy-efficient building can 

provide a key solution to energy shortages, energy resource difficulties and climate change emissions 

worldwide. This thesis focuses on energy-saving construction, that can be built through applying 

sustainability-oriented innovative (SOI) to engineering [89]. In this regard, integrating on-site 

renewable electrical and thermal energy generation with energy storage, is a sustainable solution to 

energy shortages and saving that is becoming increasingly popular [89]. Hence, an important component 

for advanced energy management and the transition to renewable industries is the ability to store energy 

and to optimise its design and usage in buildings. The following section outlines the phase change 

materials (PCM) as thermal energy storage (TES) approach to this goal. 

2.4.1 SOI Technology Solutions Regarding Energy Efficient Buildings 

Innovative solutions addressing sustainability developments and regarding energy saving in a building 

define a broad interdisciplinary area for research and analysis. For example, control energy management 

systems applied in HVAC systems play a major role in energy saving. As such, the usage of predictive 

model control [90, 91], machine learning, neural network systems would increase the energy efficiency 

in a building. Moreover, innovative passive techniques [92, 93] natural ventilation, and coupling 

innovative components to the HVAC system such as thermal storage [91] are other useful sustainable 

solutions. However, the focus of this research is on the water-based, phase change materials (PCM) 

thermal energy storage case study as an SOI technology because this was featured in the Desert Rose 

Solar Decathlon entry (2018). 

2.4.2 Thermal Energy Storage 

Thermal energy storage (TES) has proven to be a technology that can have positive effects on the energy 

efficiency of a building, by contributing to the reduction in energy demand or peak loads for heating 

and cooling and/or enable an increased share of renewable energy use [89, 94]. Based on U.S. energy 

information administration, it is estimated that global energy use will increase from 1.7 × 1011 MWh 

in 2015 to 2.2 × 1011 MWh in 2040 [94]. These statistics, which show an increase of 29% in energy 

usage, imply why thermal energy storage is important. Thermal energy storage could be seen as a 
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sustainable solution with respect to global energy needs. There are three main types of thermal energy 

storage: sensible; latent; and chemical heat storage [95]. Table 2-3 outlines the advantages and 

disadvantages of each type. 

Table 2-3: Outlines the advantages and disadvantages of each type of thermal energy storage. 

 

In sensible heat storage (Figure 2-3) energy could be stored or released through changes of the 

temperature. The amount of heat storage could be seen in Equation 2-1  

𝑄 = 𝑚 ∫ 𝐶𝑝. 𝑑𝑇 
𝑇2

𝑇1
      (2-1) 

Where 𝑄 is the sensible stored heat, 𝑚 is the mass of the material and 𝑇 is the temperature. 

As it is shown in Figure 2-3, the energy in the latent heat storage could be stored or released when the 

material undergoes the phase change transition. Equation 2-2 gives the latent heat storage: 

𝑄 = 𝑚 [∫ 𝐶𝑝𝑆𝑜𝑙𝑖𝑑 . 𝑑𝑇
𝑇𝑚

𝑇1
+ ∫ 𝐶𝑝𝐿𝑖𝑞𝑢𝑖𝑑 . 𝑑𝑇

𝑇2

𝑇𝑚
+ ∆ℎ]  (2-2) 

Where 𝑄 is the stored heat in the system, 𝑚 is the mass of the material, and 𝑇 is the temperature and 

𝐶𝑝 is the specific heat capacity at the constant temperature and ∆ℎ is the enthalpy of the material [96]. 
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Figure 2-3: Different type of thermal storage: (a) Sensible (b) Latent (c) Thermochemical reaction: 1. 

Charging step, 2. Storage step, 3. Discharging step. 

2.4.3 Phase Change Material as TES 

PCMs are materials that can absorb, store, and release a specific amount of thermal energy within a 

narrow temperature range by going through phase transitions process [97, 98].  PCMs are considered 

as latent-based thermal storage, which can undergo a solid-liquid phase transition at a specific 

temperature as well as store a high density of energy. Figure 2-4 shows the energy store /release within 

the PCM through its phase transition. 

 
Figure 2-4: Energy storage process in PCM. 

PCMs are divided into three groups: Organic, inorganic, and Eutectic. Figure 2-5 shows the PCM 

classifications. Organic PCMs can be classified as paraffin and non-paraffin [98] . Organic PCMs cover 

a phase change temperature range of 0-200℃ [99] and are mostly non-toxic and non-corrosive. Also, 

they have small or no supercooling and great thermal stability. However, they have low thermal 

conductivity and are flammable [100]. Hydrated salts which are considered within the inorganic 

category are characterized by low-costs, high specific heat, high thermal conductivity, and high latent 

heat. However, segregation and supercooling are the major issues which affect their thermal 

performance and stability [101, 102]; this category mostly contains salt hydrates and salts where the 

salt hydrates have a tendency to have a phase change temperature range of 5-130℃ [99].  The latter 

PCM classification are Eutectics. They can be mixtures of organic materials, inorganic materials, or 

both of them [100]. 
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Figure 2-5: Classes of PCMs and their enthalpy ranges and phase change temperature [99]. 

Considering all the properties mentioned above, hydrated salts could be seen as the preferable choice 

to be used as thermal storage for the innovative sustainability technology, if their limitations can be 

overcome. As such, PCMs with substantial alternatives and a small change in volume during the phase 

change process are broadly considered in the building sector [103]. 

2.4.4 Applications of PCM in Buildings 

Dramatic increases in the world’s human population has led to enhanced energy demand, and that will 

be augmented in the future [104]. In building, a significant percentage of energy is used by the HVAC 

systems for temperature control [88]. Sustainable developments such as advanced energy storage 

technologies and the development of energy-efficient HVAC systems, have been widely considered as 

a feasible approach to address the sustainability issues of high energy consumption in the construction 

sector [105]. Over the last two decades, thermal energy storage based on PCMs has been attracting 

increased attention. PCMs with high energy storage densities can store a significant volume of thermal 

energy and release it at a relatively steady temperature for later use [106, 107]. 

PCMs as thermal energy storage can be applied in building structures passively and actively. Passively, 

it is applied as a layer within the envelope of the building such as walls (e.g. gypsum and concrete wall) 

or even in porous materials such as plasterboard [94]. Actively, PCMs can be integrated into the heating 

ventilation, and air conditioning system of the building under active control, and used in conjunction 

with other devices, enabling a greater amount of flexibility of operation [89]. Within the active air 

conditioning systems , the advantage of using PCM as thermal storage is to provide a (near) free cooling 



   
 

47 

 

technique, which will lead to better indoor thermal comfort, as well as reduce the size of air conditioning 

systems and/or the need for heat pump based air-conditioning use  [108, 109]. 

2.4.4.1 Optimisation 

As was mentioned above, PCMs as thermal energy storage can be used in buildings through passive or 

active strategies. Due to the complicated sensible and latent energy storage in the PCM thermal storage 

system, the calculation of the optimal operation and design of PCM energy systems are necessary to 

improve the system’s performance. 

Thermal storage plays an important role in the field of energy-saving. Recently, active or passive usage 

of PCM as TES in the building has been researched, however the efficient usage of PCM and TES is an 

area that requires more study. Also, the application of PCM in building faces challenges such as 

suitability, technological packaging techniques and designs, durability, and economy [91]. These 

challenges can be considered as optimisation problems. As such, to apply PCM in the building 

efficiently, the optimisation of its parameters as well as its goals is necessary. 

PCM’s energy performance in buildings depends on the location and the climatic conditions. Yanbing 

et al. [110] simulated, offered, and tested novel night ventilation with a PCM packed bed storage (NVP) 

system (Figure 2-6). The advantages of the system include the high thermal energy storage density, 

enough heat transfer area, and flexible airflow rate controlled by mechanical ventilation.  This new type 

of building energy-saving technique took the energy-saving effect as the evaluation index. The research 

showed that the coefficient of performance COP (ratio of the amount of cooling released by the LHTES 

system to the fan power consumption) of NVP can reach 80, which has a good energy-saving effect. 

  

 
Figure 2-6: NVP system [110]. 

Studies have demonstrated that the optimisation of phase change temperature of PCMs must specifically 

be considered within the comfort range and considering real environmental conditions. Park et al. 
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studied the optimal PCM under thermal comfort conditions in the specific climate of South Korea. 

Through the usage of Design Builder, they analysed the energy savings of PCMs. By considering the 

maximum total energy saving of various PCM samples, it was found the best-optimised PCM for the 

specific South Korean climate condition should have the phase change temperature of (23–24)°C [111]. 

A novel double layers PCM floor was proposed by Jin and Zhang [112] for cooling and heating of the 

building. The schematic design of this floor is shown in Figure 2-7. A one-dimensional finite difference 

method was employed to analyse and optimise the performance of the PCM layers. The numerical 

model built in this study showed that the system still can provide a certain amount of heat or cold energy 

in the peak period (08:00-23:00) after the heat pump or chillers have been turned off. The energy 

released by this floor can be improved by 37.9% and 41.1% respectively during cooling and heating. 

Further, the optimum phase-change temperatures for PCM cold storage and heat storage were 18°C and 

38°C respectively (the optimum phase-change temperatures were the best between the temperatures 

they simulated). 

 
Figure 2-7: Double PCMs layers floor for heating and cooling the building [112]. 

Liu et al. numerically investigated the optimum phase change temperature and the cooling potential of 

PCM, coupled with night ventilation within the hot and transition seasons. The analysis was carried out 

by modelling a usual office building without an air conditioning system in Energy Plus software. The 

simulations were conducted based on 10 selected cities in China. The findings revealed that the optimal 

phase change temperature for these cities ranged from 23°C to 29°C. Also, the PCM coupled with night 

ventilation was defined to be ideal for use in selected cities in western China, however, the PCM strategy 

would be the better alternative during the transition season in cities in extremely cold areas. So, the 

night ventilation technique should be applied in a rational way to help the usage of PCM’s latent heat 

in real applications [113]. Over the last decades, more PCM parameters have been considered to fulfil 

a better design optimisation for the usage of PCM in the building. Sharma et al. [114] studied the effect 

of melting temperature, thickness, latent heat capacity, and the position of the PCM with respect to the 

proposed energy benefits (life-cycle costs optimisation). The results of this numerical simulation of 

PCM-enhanced building envelopes were compared to the insulation-enhanced envelopes. It was 

observed that PCM enhanced roof envelope minimised summer heat gain by 12.6% – 36.2%, whilst the 

insulation layer with the same thickness decreased heat gain by 41.0% – 71.5% over baseline 
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construction. Furthermore, PCM-enhanced walls have also been shown to minimise heat gain by 10.4% 

– 26.6%, whereas insulated walls also contributed to a decrease in heat gain of 32.4% – 64.0%. In this 

study through extrapolating these results to city-scale (Delhi), it was shown that PCM/insulation-

enhanced envelope can decrease the annual electricity consumption by 0.2% –1.0%.  

The total electrical heating energy could be optimised and provide sustainable economic gains. 

Research has presented a new structure for the underfloor electrical heating system with shape-

stabilized PCM plates. An outdoor experimental house was built in Beijing in April 2003. The 

experimental findings testified to the effectiveness and efficiency of the heating system, and they 

presented the data and the framework for modelling and simulating such a device. The temperature of 

the PCM sheets was maintained at the transition temperature for a long time after the heaters stopped 

operating. More than half of the overall electrical heating energy consumption was transferred from 

peak to off-peak, which offers substantial economic benefits [115]. Moreover, PCM-based thermal 

energy storage could aid the cooling by electrical energy within the building. A hybrid space-cooling 

system with PCM thermal storage and night ventilation has been offered by Zhou [116]. The thermal 

performance of this mixed system has been investigated quantitatively. SSPCM plates were embedded 

as the inner layer within the wall and ceiling of an office building in Beijing (shown in Figure 2-8).  

 
Figure 2-8: Office building its SSPCM structure [94]. 

The PCM plates were charged by natural night ventilation and discharged the cool energy in the room 

environment during the daytime. It was essential to maintain the office temperature below 28°C, and 

hence, an air conditioner as an extra cooling supply source was used during working hours. For this 

study, an enthalpy model-based simulation was carried on for the summer season. Compared to the 

baseline without SSPCM and night ventilation, this PCM-based hybrid system improved indoor 

thermal-comfort level and saved 76% of daytime cooling energy consumption. Also, electrical COPs 

of night ventilation were increased from 6.5 to 7.5. This research showed usage of SSPCM could 

optimise the energy consumption of the building.  

For design optimisation of PCM systems, the Taguchi [117] approach has been widely used for the 

design of trial test experiments and the determination of optimum combination levels of factors. This 
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method is effective and robust in solving multi-dimensional optimisation problems [118]. Lin et al. 

[119] presented the optimal design for building through the usage of the hybrid PCM-based PVT 

collectors in the building envelope. Hooke-Jeeves pattern search methods were used to find the 

optimised values for system parameters. By applying the optimised values, the coefficient of thermal 

performance enhancement (CTPE) of the building increased from 42.2% to 72.6%. Furthermore, Lin et 

al. [120] have used the Taguchi-Fibonacci search method for solving multi-dimensional design 

optimisation problems, as a dual approach that can consider both continuous and discrete variables. In 

this study, the signal-to-noise ratio of CTPE was optimised to be maximum. The considered variables 

for this optimisation were PCM type, PCM layer thickness, additional wall insulation, and the PVT 

airflow rate. Compared to the results without optimisation, the CTPEs of the house improved from 

45.54% to 72.2% [121]. Sriram [122] conducted an optimisation study on a triple tube PCM-based 

energy storage system. This system is considered in a way that inner and outer layers contain PCM, 

while heated water is passed through the inner annular layer. In this optimisation, the effect of essential 

variables of the system: inlet temperature and mass flow rate of heat transfer liquid, inner diameter, and 

the length of the tubes were analysed. A multiple linear regression study was conducted by the 

researchers Sriram [122] with these four parameters. Findings demonstrate that the triple-cylinder 

configuration results in noticeably faster melting in comparison with the double cylinder system for the 

same PCM and mass flow rate of water. The key finding of the study is that an optimal inner cylinder 

diameter suggests when the melting rate is highest. 

Amin et al. [123] reported on a parametric and optimisation study conducted on a PCM system 

encapsulated in plates using a liquid heat transfer fluid. This study aimed to maximise energy storage 

effectiveness. In this regard, energy storage effectiveness was defined as the performance measure of a 

PCM system. As such, through the optimisation of the energy storage parameter, the selected design 

will reach the least exergy losses when used as a thermal system. Consequently, this research asserted 

that a design with suitable effectiveness at a high mass flow rate was required for PCM systems to attain 

a high energy storage density. Lin et al. [124] presented the design optimisation of a PCM TES system 

implemented in a HVAC system. A hybrid optimisation technique (Particle Swarm optimisation and 

Hooke-Jeeves) was used to maximise the thermal energy storage for the fast-charging processes of 

PCM. It was found that the factors of the inner diameter of PCM tubes, the distance-to-diameter ratio, 

the number of PCM tubes and the type of PCM are significant for the charging performance of the 

thermal storage. By applying an optimised factor, the thermal energy storage density increased from 

13.58 to 26.47 kWh/m3.  

Genetic algorithm (GA) aligned with exergoeconomic (uses economy and energy–exergy analyses 

together) analysis were used to optimise a solar absorption chiller based in the climate of Tehran. PCM 

thermal storage was designed based on this optimised configuration. Based on this study, through 

adding thermal storage, the payback period increased from 0.61 years to 1.13 years [125]. Baniassadi 
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et al. [126] studied the impact of a layer of PCM and insulation layer simultaneously in the residential 

building. In this study, thermal simulations are done by Energy Plus software and the genetic algorithm 

was chosen as the solution to the multivariate optimisation problem, to minimise the building life-cycle 

cost. The findings revealed that in the current economic situation in Iran, isolation was favoured and 

much more cost-effective than PCMs. 

The elitist non-dominated sorting genetic algorithm (NSGA-II) was applied by Cascone et al. [127] to 

optimise the energy retrofitting of office buildings with a PCM-enhanced opaque building envelope. A 

retrofitting intervention on either the internal or external side of the envelope was studied, and a 

maximum of two PCM layers with various melting temperatures was selected and embedded in the 

wall. The parameters for this optimisation included thermophysical properties and thickness of the PCM 

layers, the insulation and internal lining materials, the window type, the wall configuration, and the U-

value. Two sets of objective functions were optimised to be minimum; first, main electricity use and 

global prices, and then the building energy demand for heating and cooling and investment costs. In 

this study, because multi-objective optimisations do not usually have a single solution, particular 

attention has been paid to the post-optimisation analysis of outcomes. The research focused on variable 

values that contributed to optimum solutions. The optimal thermo-physical properties of PCMs were 

found to be influenced specifically by the operation of the HVAC system. A multi-objective 

optimisation through (NSGA-II) approach was used by Konstantinidou et al. [128] to evaluate the 

potential usage of PCMs embedded into building envelopes, or on their internal surfaces. The analysis 

was carried out for office buildings under Mediterranean climatic conditions. The methodology aimed 

to optimise building envelopes concerning thermal comfort conditions and building cooling load. It was 

found that the optimal PCM melting temperature corresponding to the Pareto-front (set of optimum 

answers) differed with the subdivided conditions of the offices and their wall orientations.  

The best combination of the design parameters of the building integrated photovoltaic thermal (BIPVT) 

–PCM system through GA was studied by Pereira and Aelenei [129]. The design optimisation was 

carried out for investigating the optimum value of the overall energy efficiency of the BIPVT-PCM 

system in summer and winter. Towards the optimisation, the PCM latent heat, the thickness of the PCM 

gypsum board, the airflow velocity within the cavity, and the thickness of the air cavity were considered. 

As such, by applying the optimised variables, under winter and summer climatic conditions, an increase 

of 40% and 32% in the overall energy efficiency of the system was observed respectively [129]. 

A simple Solar Domestic Hot Water System (SDHW) with a PCM-enhanced thermal storage tank was 

optimised by  Padovan and Manzan [130]. In their study, they carried out two optimisations:  a GA was 

applied in the single-objective optimisation of the primary energy consumption; by insertion of PCM 

into the system, and no improvement was obtained, while the second optimisation, which was multi-

objective was accomplished through the usage of the NSGA-II process. Again, the findings show that 
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some improvements of the saved energy can be achieved, but with limited impact. The analysis showed 

that the amount of PCM inside the tank is not the most effective factor for the reduction of the required 

energy, however, a higher impact was observed through tank insulation. Also, an optimisation of the 

tank without considering PCM was carried out. The Pareto front result from this optimisation is similar 

to the one obtained with the PCM-integrated tank. As such, based on this study, size and energy 

improvements can be obtained by primarily changing tank geometry. In sum, it seems from these 

findings that improved PCM tanks do not provide a feasible option for SDHW systems.   

The results from these studies have showed that the thermal performance of PCM TES systems can be 

significantly improved through correct design optimisation, thereby maximizing the energetic and 

economic benefits. However, few studies in the public domain focussed on the optimal design of PCM 

TES for HVAC systems. There are no studies concentrating on evaluating both thermal storage and 

COP performances of PCM thermal storage integrated with air to water heat pump as a hybrid active 

cooling system. Furthermore, the Taguchi method has hardly been used to optimise the geometric and 

operational parameters of the hybrid system involving different energy forms, diversified conversions, 

and hybrid thermal storage.  In this study, as a sustainability-oriented innovation technology, the PCM-

based TES coupled with an air-to-water heat pump will be tested (Chapter 6). The optimisation of this 

system through the usage of Taguchi – (NSGA-II) provides an experimental-based design optimisation 

for water-based thermal energy storage as demonstrated through the Desert Rose house in the Solar 

Decathlon Middle East contest, 2018. 

2.5 Summary 

The above literature review, which has summarised findings in innovation, building innovation and 

innovations frameworks for construction and sustainability, and presents a gap in the present literature 

on human-centred innovation frameworks. Furthermore, this gap in the literature is linked to PCM 

optimisation because of the specific means to address sustainability that PCM as part of an HVAC 

system brings to sustainable housing. The PCM optimisation as described above fills the need for an 

experimental-based methodology for design-based optimisation of thermal storage in housing.    

The need for a new innovations framework for sustainability-oriented technologies in building is driven 

by the necessity to improve management processes and to enable the transition to an overall model of 

industrial sustainable development. To improve productivity and to reduce the costs in the building 

sector, various inter-linked disciplines are involved with sustainability-oriented innovations (SOI) 

projects and at different stages of complex but connected processes throughout the lifecycle of the 

building, that would have been running simultaneously. 

A new innovations framework, that will be developed through this thesis in Chapter 5, will satisfy the 

need to produce a successful interdisciplinary building environment that has sustainability as its goal, 

can be sold in today’s market, and serves the purpose of liveability for occupants (HCD focus). 
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Furthermore, given that one of the fundamental and most urgent sustainability issues in the building 

sector is high energy consumption, and the greatest energy consumer in the building is usually the 

HVAC system, the need for sustainable innovation in HVAC is of paramount significance. Hence, 

thermal energy storage in buildings, with an active or passive application, and as an innovative solution, 

has been investigated above in this literature review, and will feature as the chosen sustainability-

oriented technology for experimental optimisation in Chapter 6. This choice of sustainable technology 

for inclusion in this thesis, aligns with the installation of this innovative feature in the University of 

Wollongong house design for Solar Decathlon, 2018 (Desert Rose). 

This chapter has addressed the research objective of exploring the literature necessary for developing 

the innovations framework and PCM as part of the development in feasibility of an SOI technology. In 

the next chapter, the combined research methodologies for this thesis will be presented and analysed.  
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Chapter 3. Research Methodology 

3.1 Introduction 

This chapter describes the overall methodological design of this thesis, in order to address the primary 

research question, aim and objectives as outlined in Chapter 1, and to provide a basis for the 

investigation of knowledge gaps identified through Chapter 2. The main research question for the thesis 

is: What is the nature of innovation involved with sustainable housing? This interdisciplinary thesis 

applies a multiple methods approach in the pursuit of addressing the different research objectives for 

each chapter and to answer this question.  Qualitative, quantitative, and mixed methods were used, 

which will be discussed in depth in the remainder of this chapter. 

The analysis of relevant literature in the previous chapter underpins the development of the innovations 

framework and the chosen sustainability innovative technology. The thesis then classifies the innovative 

technologies, as they have appeared in the Solar Decathlon competition (top five entries of each 

competition only) and deploys conceptual methods [131] to construct knowledge fields capable of being 

used to analyse the data from the Solar Decathlon entries in terms of their marketing and sociology. 

Geography is also included in the final innovations framework, as it importantly figures in every build 

site as a factor for the use of sustainability-oriented technologies and in specific, local markets. These 

streams of multiple methods are combined to arrive at the final innovations framework for this thesis in 

Chapter 5. Design of Experiment (DoE) and a genetic algorithm are used for design and optimisation 

of a water-based phase change material (PCM) thermal energy storage (TES) system coupled with a 

heat pump [132] as the chosen sustainability innovative technology. This method demonstrates the 

feasibility and specific methodological processes of an example of innovative engineering technology. 

Each interdisciplinary element of the innovations framework, i.e. engineering, marketing, and 

sociology, has its own distinct methodological focus, which will be discussed in this chapter. 

Engineering methods offer a baseline to develop innovative technologies by presenting their 

classification [133]. Marketing methods analyse the ways in which products are saleable in open 

markets [134]. Sociological methods explore the ways in which human society functions through 

housing [18]. The engineering (classification), marketing and sociological methods of this thesis use 

the Solar Decathlon sustainable houses data set (top five entries).  There is a necessary cross-fertilisation 

of methodologies that takes place in this thesis, in that the epistemology consists of multiple methods 

aiming at a substantive goal (the innovations framework). In addition, the cross-fertilisation of the 

methodologies in this thesis points towards the skills and conceptual work necessary for engineers to 

consider human-centred design (HCD) in the context of developing sustainable and innovative housing 

technologies.  Hence, the objective of this chapter is to produce a mixed methodology that responds to 

the interdisciplinary nature of sustainability-oriented innovation in housing. The specific multiple 

methods of this thesis can be understood through Figure 3-1.  
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Figure 3-1: Overall multiple methodology of the interdisciplinary thesis. 

3.2 Solar Decathlon Data Sets 

The Solar Decathlon is an international competition for sustainable housing that has run since 2002. 

The data sets available consist of the technical specifications reports, and any other documentation that 

the teams were required to produce, such as marketing brochures, or statements about sustainability. As 

such, the methodology below consisted of analysing the available data for 1) Technological innovation; 

2) Marketing; 3) Sociology. The analysis for technological innovation focused on the technical report, 

whilst the analysis for marketing and sociology relied on the teams’ producing further documentation 

to support their entries. 

3.2.1 Technological Innovation in the Solar Decathlon 

In the first instance, the Solar Decathlon competition data was mined for the different innovative 

technologies that have been used by the teams during the history of the competition. To analyse the 

data, the general themes of the innovative technologies were categorised through multiple processes of 

division and analysis, and these processes were applied to the individual Solar Decathlon houses (Top 

Five). The methodology for analysing the data on technological innovation from past Solar Decathlon 

contests is predominantly a classificatory research method using the analytic processes of dividing and 

Qualitative method: 
• Thematic  analysis (Engineering) 
• Conceptual analysis : Marketing, 

Sociology

Quantitative method

Mixed method (Chapter 4)
Engineering, Marketing, Sociology 

Qualitative method (Chapter 5): 
Desert Rose Longitudinal case study:
▪ Interview
▪ Self observation

Quantitative method (Chapter 6) : 
▪ Design of experiment (Taguchi) 
▪ Genetic algorithm optimisation
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categorising the data sets from the Solar Decathlon competitions,  firstly into the themes of  ‘Building 

Services’ and ‘Architectural Design and Construction’, and subsequently into the subcategories of: 

HVAC & Hot Water, Home Automation, Lighting, Water System and Others for Building Services 

and: Adaptability, Material, Façade/ Envelope/ Structure, Architectural Design/ Concept, Modularity/ 

Prefabrication/ Construct, Deconstruct and Reconstruct, Integration, Green Roof or Wall/ Planting and 

Others for Architectural Design and Construction. The categories of Adaptability and Material were 

further divided into Building and Furniture/Appliances for the Architectural Design and Construction 

category. Henceforth, innovations in the Solar Decathlon were assigned to these categories, and the data 

was analysed for frequency, overall percentage of the categories, and the relationships between the 

innovations, their classifications as determined by the research, and their success or otherwise in the 

Solar Decathlon competition. For these methodological processes of classification and numerical 

analysis, the scope of the analysis was limited to the top five ranked houses (by the competition points). 

The documents used for undertaking this research were: U.S. Dept. of Energy Solar Decathlon web-

page [5], contest codes/rules [135-143], and reviews [6, 144] available from the various competitions, 

as well as reports and house manuals from individual entrant web-pages, academic papers, and 

multimedia. 

In the subsequent steps, the data were analysed by finding the number of innovations in each house and 

calculating the percentage of each innovation in the two main classifications of Building Services and 

Architectural Design and Construction, as well as matching each innovation with its subcategory. The 

processes of the classificatory analysis for technological innovation in Solar Decathlon houses is 

provided in Figure 3-2 and its results are discussed further in Chapter 4. 

 
Figure 3-2: Data analysis methodology used for the innovative technological classification. 
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To reach the final classificatory analysis, the total number of innovations were calculated for each top 

five house in the Solar Decathlon competition from 2002. This calculation enabled a quantifiable 

analysis of the houses, and a comparison between the houses in terms of the number of innovations that 

each house possessed. Furthermore, pie charts were produced to present the results of percentage 

calculations of different classifications for the innovations, and at different stages of their classification. 

In terms of its methodological epistemology, the classification of technological innovations in Solar 

Decathlon houses is an objective, realist approach to research [145]. The data is treated as entirely 

separate from human subjectivity, and hence the processes of classification and numerical analysis of 

the data is not considered qualitatively. Rather, the methodological focus of this part of the thesis is of 

objective division, classification, and working out the results of the classification numerically to provide 

further analysis, for example, in terms of percentages. The point of this methodological pathway is to 

provide transparent and objective data sets for engineers and other practitioners involved in the building 

industry to use in terms of technological innovation in Solar Decathlon houses and to give users the 

ability to assess the different innovative technologies for sustainability in buildings [61]. In the overall 

thesis, these methods work in unison in terms of the SOI and engineering component of the innovations 

framework and its feasibility that is being aimed towards in Chapter 5, and the methodology of this 

section coincides with the PCM methods and results as described below and in Chapter 6, as an 

objective, realist approach to research. 

3.2.2 Marketing 

The analysis of data for the marketing section of the thesis parallels the classification of technologies 

above and spans the first Solar Decathlon event in the USA in 2002, until one of the most recent in 

Dubai, 2018, and that corresponds to the writing of this thesis. As such, data from different Solar 

Decathlon events from the USA, Europe and the Middle East, top five houses only, is analysed in terms 

of marketing innovation, and according to the analytical categories of ‘design strategy’, ‘local 

resources’, ‘renewable resources/energy’, ‘prefabricated-modular structures’, ‘recycled/recyclable 

resources’, and ‘thermal mass as passive design approach’  These categories for analysis were arrived 

at after conducting a literature review of marketing  for sustainable housing, and specifically by 

deploying papers [51, 146-148] to determine this analysis, in which they investigated the sustainability 

in the life cycle of buildings. However, only information from events and years in which marketing was 

explicitly stipulated as being part of the house evaluation was fully analysed, even though implied 

marketing  innovation can be gleaned from some house designs and the general descriptions of the 

running and usage of the houses [7]. 

Even though the design and application of the analytic marketing innovation categories of ‘design 

strategy’, ‘local resources’, ‘renewable resources/energy’, ‘prefabricated-modular structures’, 

‘recycled/recyclable resources’, and ‘thermal mass as passive design approach’ have been deliberately 
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proposed in order to capture different strategies and approaches to market the Solar Decathlon houses, 

there is overlap and repetition between categories. Further, the notion of analytical categories for 

analysis in this context is questionable as marketing  requires the development of brand identity [150], 

as well as the production of specific products that will stand out in the marketplace, often due to their 

unique qualities and strong performance characteristics. Thus, even though an analysis of the marketing 

innovations for Solar Decathlon entries is possible, it is also important to understand the synthetic 

qualities that the marketing and branding of the houses possess, as these qualities will help to push it 

forward, in terms of an organic connection with potential buyers. The choice to buy a product is a 

combination of access to information about it, functionality, need, and having the desire to want the 

product, that may be produced externally or internally [151]. Thus, the approach taken in this analysis 

looks to explore such internal and external marketing factors, to understand how Solar Decathlon 

marketing innovation works. 

In addition to the marketing analysis of the Solar Decathlon data sets from 2002 in terms of the 

categories of ‘design strategy’, ‘local resources’, ‘renewable resources/energy’, ‘prefabricated-modular 

structures’, ‘recycled/recyclable resources’, and ‘thermal mass as passive design approach’, the data 

was treated statistically. This treatment primarily involved applying statistical regression to the Solar 

Decathlon data sets, to work out the relationship between the marketing rank of the houses and the total 

number of innovations that each house possessed. Thus, it may be understood how the introduction of 

innovations into the sustainable houses effected their marketing. Further statistical tools were deployed 

on the Solar Decathlon data sets to work out bar charts and trendlines to observe the total ranking, 

marketing, and affordability of the houses. These practical considerations are important in terms of how 

to link marketing, innovation, and the cost of sustainable housing [152]. 

In terms of the epistemology of the marketing section of the thesis in Chapter 4, the initial approach 

taken to categorise the data sets according to ‘design strategy’, ‘local resources’, ‘renewable 

resources/energy’, ‘prefabricated-modular structures’, ‘recycled/recyclable resources’, and ‘thermal 

mass as passive design approach’ is constructivist [153]. This is because the data analysis must take 

account the subjective stances of buyers, in that marketing is not wholly objective. Thus, the 

construction of the categories for analysis, i.e. ‘design strategy’, ‘local resources’, ‘renewable 

resources/energy’, ‘prefabricated-modular structures’, ‘recycled/recyclable resources’, and ‘thermal 

mass as passive design approach’ includes subjectively constructed desires and beliefs that are integral 

to the knowledge produced by the categories [154]. In contrast to the realist, objective methodology, 

deployed above for the technological classification section, the methodology for the marketing section 

is primarily qualitative, in that it includes a qualitative evaluation of the data according to the conceptual 

constructs of ‘design strategy’, ‘local resources’, ‘renewable resources/energy’, ‘prefabricated-modular 

structures’, ‘recycled/recyclable resources’, and ‘thermal mass as passive design approach’. Thus, these 

7 analytical categories for the data sets, are also conceptual frames for understanding the ways in which 
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the marketing of Solar Decathlon houses proceeds [155]. Further, this constructivist methodology for 

marketing sustainable houses for the Solar Decathlon data sets, is a platform for the marketing aspect 

in the innovations framework and its human-centred design in Chapter 5. The statistical treatment of 

the Solar Decathlon data sets is an objective, numerical, realist method for research that is applied after 

the qualitative categories for analysis have been worked through. Even though these data processes are 

separate from the qualitative work, they do present a sequential mixed methods approach to research to 

understand the marketing of the Solar Decathlon data sets [156]. In this section, qualitative analysis 

precedes quantitative calculations to present separate results that are unified in terms of adding to 

understanding with respect to how the Solar Decathlon houses have been marketed. Hence, Chapter 4 

is a mixed methods approach to the Solar Decathlon data set with respect to its marketing. 

3.2.3 Sociology 

Following on from the methodology of the marketing section of this thesis, the analysis of the Solar 

Decathlon entries according to the precepts of sociology tracks along a similar path. Entries were taken 

from the top five houses in every competition where information on the sociology of the house was 

available, as per marketing section above. A review of the literature in the sociology of housing was 

undertaken in order to produce categories for analysis of the houses [13, 38, 157-161]. The sociological 

analysis of the Solar Decathlon houses relied on the narratives of the houses that the teams supplied to 

describe the living use of the houses and how they could be populated. Sociological analysis is primarily 

conceptual, and takes into account the modes in which the houses will be used [162], as it has been 

included as a category for assessment in several of the Solar Decathlon competitions. Relevantly, details 

about the commercialisation of the houses is helpful in terms of understanding how the Solar Decathlon 

houses are transformed from one off, experimental designs, to mass housing solutions for human society 

[163] and hence how they could be used. 

In contrast to the marketing of the Solar Decathlon houses, which focuses on the sales points in terms 

of 7 categories (‘design strategy’, ‘local resources’, ‘renewable resources/energy’, ‘prefabricated-

modular structures’, ‘recycled/recyclable resources’, and ‘thermal mass as passive design approach’), 

the analysis of the sociology of the houses attends to the ways in which the houses may be taken up and 

perform in society. Furthermore, sociology creates relations between the inhabitants of the houses and 

the technological innovation for sustainability, in that the primary sociological categories such as 

‘sociology  of housing’ has many strands and inter-related factors for analysis running through it, such 

as, the category of class [164]. Similarly, the foundational category of ‘socio-cultural influences on 

housing’ is highly layered in terms of analysis, as there are many subtle and entwined factors involved 

with this category, such as the use of culturally significant technologies [165]. Further, the division in 

the sociological analysis between private, standalone houses and mass public housing schemes is in 

most cases clear and self-evident, yet there can be dual use examples, such as modular design that can 

be retrofitted for shared/communal use. The final sociological category for analysis of hybrid houses, 
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provides a site for recent innovations in the sociology of housing, such as the concept of co-housing, 

that blends social with private housing [166].    

The conceptual method for categorising the sociology of the Solar Decathlon houses was added to by 

quantifying the table of Solar Decathlon houses and their results (Table 4-6). This quantification 

suggests another mode of presentation of the Solar Decathlon data that presents numerical detail to the 

primary conceptual and qualitative analysis of the sociological categories, in the case of this research, 

in the form of a percentage analysis of the sociology of housing. 

The epistemology of the sociological part of this thesis is primarily constructivist [167]. This is because 

the method for analysis of the sociology of the Solar Decathlon data sets considers the subjective beliefs 

and wishes of the inhabitants of the houses. Sociological analysis is about societal belief in the usage 

of the houses, and not simply an objective categorisation of the houses according to their societal uses 

and types [168]. In effect, the sociological method of this thesis produces knowledge about the Solar 

Decathlon data sets that incorporates the beliefs and value systems of the societies in which the houses 

are set in Chapter 4. The basic category for analysis, which is the difference between private and public 

housing, determines different house types, yet the societal uptake of these categories, for example, in 

the sociology of housing, includes beliefs about what constitutes private and public housing [169]. As 

such, the methodology of the sociology of sustainable housing analysis is a mode of constructivism that 

relies on conceptual construction to understand the sustainability of housing. This methodological 

constructivism also feeds into the drive to an innovations framework in Chapter 5 in terms of how 

sociology adds knowledge to the other vectors of marketing and engineering. Sociology is a category 

for the liveability of the Solar Decathlon sustainable houses that will ultimately determine their 

widespread uptake and use in society. The quantitative work on the sociological categories for analysis, 

produces a sequential mixed methods approach to the data, with the qualitative analysis as primary, and 

the quantitative results adding to these results. The objective, realist methodology of engineering 

provides a guide for the feasibility of the houses, whereas, the subjective, constructivist and mixed 

methods of marketing points to the viability, and the sociological methods give information on the 

desirability of the houses. In total, the methods of these three disciplines contributes to understanding 

how to research human-centred design (HCD) in innovative, sustainable housing. 

3.3 Longitudinal Case Study 

Firstly, in the classificatory section of Chapter 4, the total innovations that are classified, designate the 

structure and build of a house, and every house is a hierarchy in terms of how the various SOI 

technologies work together to make the whole. The specific methods for proving the innovation of 

individual technologies work together in the context of an entire house build, such as filling a house 

with SOI technologies does not necessarily prove its liveability, or sale in the market [170]. Thus, the 

multiple methods of this thesis work to set the constraints and parameters for innovation in the 



   
 

61 

 

sustainable, interdisciplinary construction industry, by introducing, for example, specific methods 

suitable for the analysis of marketing and sociology, and as has been described above in Sections 3.2.2 

and 3.2.3. The multiple methods of this thesis feed into the case study of the Desert Rose UOW Solar 

Decathlon entry for the Dubai 2018 competition (Chapter 5). 

The case study of the Desert Rose Solar Decathlon house presents data from the processes of 

conceiving, building, testing, deconstructing, and setting up and using it as a demonstration house in 

the grounds of the Innovation Campus, UOW. The Desert Rose house is analysed as a qualitative 

longitudinal case study, and according to Merriam [171]: “Qualitative case study can be defined as an 

intensive, holistic description and analysis of a single entity, phenomenon or social unit. Case studies 

are particularistic, descriptive, and heuristic, and rely heavily on inductive reasoning in handling 

multiple data sources.” The case study of the Desert Rose house in Chapter 5 has multiple data sources 

and multiple methods for data collection and analysis running through it. Data sources for this case 

study include interviews with a sample of the key participants in the Desert Rose project (n = 8), a 

detailed observational diary from the perspective of the author as Innovations Coordinator that was kept 

throughout the Desert Rose experience (n = 1), blog entries (2017-9) that were made on the Desert Rose 

web site (n = 75), and the Desert Rose project manual [172]. Qualitative transcripts from the interviews, 

the diary, blog entries and project manual were coded [173] for relevance to the innovations framework 

and analysed thematically for information on innovation and sustainability. 

Multiple data sources validate and triangulate the information that is presented with respect to the case 

study of Desert Rose that is presented in Chapter 5 [174]. This process is important, because it provides 

content for the development of the innovations framework, in terms of being a specific example of how 

the different aspects of the framework function and as will be described in detail in Chapter 5. The four 

combined data sources produce a rich and multi-faceted information set which, in Chapter 5, has been 

separated into the ‘Pre-competition’, ‘During competition’, and ‘Post-competition’ categories, in order 

to conceptualise the production of innovation and work towards the final framework. The method of 

the Desert Rose case study follows the example of the methods of the marketing and sociology sections 

of the thesis, in that it is primarily qualitative, with some quantitative work providing a different 

(statistical) means to present the Solar Decathlon data. The qualitative research of the Desert Rose case 

study builds themes that are fed into the innovations framework as evidence for its functioning. 

Furthermore, the qualitative analysis of the case study was operationalised through online 

questionnaires (Appendix 2) to participants in the Desert Rose build. Respondents were given two 

weeks to reply to the questions that were related to the nature of innovation, human-centred design, and 

the sustainability of the Desert Rose house. Responses were coded for relevance to the main research 

question and aims of the thesis, and qualitative themes were established [175], that have been elaborated 

in the case study in terms of the ‘Pre-competition’, ‘During competition’ and ‘Post-competition’ 
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structure. The themes that emerged from the case study of the Desert Rose house told the story of its 

construction and worked towards the innovations framework of this thesis as its outcome. The 

innovations framework is a synthesis of the qualitative themes established by the case study as well as 

what is known in the field in terms of previous frameworks for innovation. 

The multiple methods of this thesis present a unique means to figure an innovations framework for the 

construction industry. The chapters that follow (Chapter 4-6) purposefully use data from the Solar 

Decathlon competition (top five entries), and the specifics of the Desert Rose build, to progress an 

innovations framework based on these data sets, what is known in the field in terms of previous 

innovation frameworks (identified in Chapter 2), as well as human-centred design.  

3.4 Advanced Engineering: SOI Technology 

The fourth category for methodological consideration in this thesis, relates to the knowledge produced 

by an example of an innovative engineering technology. This knowledge is connected to a water-based 

PCM TES experiment that was carried out for the UOW entry in Solar Decathlon Middle East 2018, 

Desert Rose. The intent of this experimental work was to experience and observe the development of 

technical innovation, while also producing the technical innovation itself in Chapter 6. 

The statistical approach to the experimental design is necessary if we wish to draw meaningful 

quantitative conclusions from the data. There are two aspects to any experimental problem: the design 

of the experiment and the statistical analysis of the data. Design of an experiment (DOE) is a statistical 

technique introduced by Sir R.A. Fisher in England in the early 1920s to study the effect of the multiple 

variables simultaneously [176]. 

As it was discussed above in Section 2.4, thermal energy storage plays an important role in the field of 

energy-saving. Thus, the question of how to efficiently use PCM based thermal energy storage requires 

further study. Also, the application of PCM in HVAC systems in building faces challenges such as 

suitability, technological packaging techniques and designs, durability, and economy [91]. These 

challenges can be considered as an optimisation problem. As such, to apply PCM in the building 

efficiently, the optimisation of impacting parameters as well as its goals is essential. So, in this study, 

the design optimisation of the water-based PCM TES was carried out by considering it as an 

experimental problem. In this regard, three main phases shown in Figure 3-3 have been accomplished 

as methodology for the PCM TES (Chapter 6), and as will be explained below. The detail within each 

phase will be discussed in Chapter 6. 
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Figure 3-3: Overall methodology of water-based PCM TES design optimisation. 

Dr. Genechi Taguchi was a Japanese scientist whose name is associated with DOE today, since his 

approach was a new experimental strategy in which he utilizes a modified and standardized form of 

DOE. In other words, the Taguchi approach [117, 177] is a form of DOE with special application 

principles. The three phases are the ‘planning phase’, the ‘conductive phase’, and the ‘analysis phase’. 

Hence, as the Taguchi method was selected for the design of the experiment in this study (Chapter 6), 

in the planning phase, the test setup design, factors, and their levels, and the suitable orthogonal array 

were chosen. Based on the orthogonal array, the trial tests were conducted. Followed by the statistical 

analysis phase, COP and cumulative energy for each trial test were calculated. The models of the two 

KPIs (COP and Cumulative energy) of the system as a function of the selected factors, were found 

through interactive stepwise regression via the MATLAB software. Lastly, the models were used in the 

genetic algorithm technique to implement the multi-objective design optimisation to maximise COP 

and cumulative energy as well as single-design objective only considering the COP. The result of multi-

objective optimisation is a set of efficient solutions. As such, Multi Criteria Decision Making (MCDM) 

was applied to pick the best answer within the set of the answers. The details of the DOE and 

optimisation will be discussed further in Chapter 6. 

In terms of epistemology, the PCM engineering experiment connects with the classificatory method 

above for technological innovation in the Solar Decathlon housing data sets. It is a realist, objective 

method for investigating the optimal design of the water-based PCM thermal energy storage coupled 

with heat pump unit [178]. In sum, the engineering methodology concerns measurement and calculates 

the optimal variables impacting KPI of the water-based PCM tank to be included as part of the HVAC 

system of a sustainable house [179]. This methodology links to the innovations framework in terms of 

providing specific quantitative knowledge for the engineering aspect of the framework in Chapter 5. 

3.5 Summary 

The multiple methods approach of this thesis led to the creation of an innovations framework in Chapter 

5. The streams of data and evidence can be divided into the quantitative technological innovation 

classification and PCM TES experimental methods, and the mixed methods for the marketing and 
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sociology sections of the thesis and the case study of the Desert Rose. This division is possible because 

the classificatory and PCM TES experimental methods provide objective data and evidence along 

quantitative lines, whilst the marketing, sociology and case study sections of the thesis provide 

interpretive, qualitative data and evidence that gives subjective insights alongside objective, numerical 

data. This thesis does not prioritise one method, data set, or evidence over another. Rather, the parallel 

lines of method and data in this thesis are deliberately conceptually and practically distinct, yet possible 

to resolve in terms of the final innovations framework in Chapter 5. The methodological differences 

that this thesis exhibits are considered to be an advantage due to the extraordinary challenges that the 

building industry faces in times of transition due to climate change and sustainability issues. 

More specifically, it could be stated that the objective, realist methods from engineering that provide 

quantitative evidence from research experiment and inquiry, are not enough to provoke the transition 

agenda that this thesis aims to execute through the innovations framework. Populations must believe 

and act on the facts of climate change, if the wholesale changes in behaviour, energy use and emissions 

are to be realised to address climate change. Therefore, this thesis includes constructivist methods to 

interpret data about marketing and sociology, and the detailed knowledge coming from the case study 

of Desert Rose that will be fed into the final innovations framework of Chapter 5. Such evidence is 

aligned with populations’ subjective beliefs and value systems about acting on climate change and doing 

something to help with ecological matters, and gives compelling evidence, for example, for switching 

to SOI technologies. If these subjective methodological elements and data analyses are neglected, the 

transitions agenda in sustainable housing will not be properly addressed through this interdisciplinary 

and multi-faceted thesis. 

The objective of this chapter, which was to develop a methodological approach that works towards the 

innovations framework has been satisfied by the mixed methods of each section. While the individual 

methodologies are suitable for their specific application, a clear research gap addressed by this thesis is 

the use of mixed methodologies to interpret the interdisciplinary considerations in a more holistic 

manner. Mixed methods have been applied where appropriate to handle different data sets, such as the 

Solar Decathlon data that will be presented in the next chapter. 
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Chapter 4. Analysis of the Solar Decathlon Data Sets 

4.1 Introduction 

In this chapter, the findings from an analysis of the contest data sets of the Solar Decathlon competitions 

(as mentioned in the previous chapter), will be presented through the three disciplines of engineering, 

marketing, and sociology. Even though the disciplines are distinct, they are also understood to be inter-

connected and interrelated [180]. This point is important to consider for the thesis, and the nature of 

innovation, that cannot be seen as purely anchored in one area, whether it be engineering, marketing, 

or sociology. Hence, even though the discipline of engineering may dominate sustainable innovation to 

ensure construction is to exacting specifications and that functionality is efficient, it is also true that 

without considering the marketing and sociological aspects of a build, innovation may be ineffective, 

as the houses may not sell or be lived in [181]. 

The data that is analysed in this chapter comes from the Solar Decathlon competitions that date back to 

2002. Even though these competitions are student-led and produce prototypes, they represent the cutting 

edge of sustainable innovation in the housing construction space, and hence present a formidable data 

set to analyse [182]. As has been mentioned, Solar Decathlon teams are judged according to categories, 

and this makes the teams think holistically and systemically about the houses. 

Engineering of the houses is significant to the teams and their designs, as the houses have to function 

effectively in every way and many of the categories for analysis focus on the efficiency and results of 

the technological innovations, for example, it is important to maintain the thermal comfort of the houses 

[119]. The strict engineering requirements of the houses results in the technical specification documents 

of the Solar Decathlon competition houses, that all teams must produce, and have been mined below 

(Section 4.2) in terms of the specific technological innovations that the team have produced. Numerous 

innovation technologies are identified and summarised. Furthermore, in many of the more recent Solar 

Decathlon competitions, the teams have been asked to produce a narrative about their houses, that can 

be mined for data and conceptually analysed for marketing and sociological ideas, and these will be 

presented after the initial section on the technological innovations as sustainability-oriented (Sections 

4.3 and 4.4). The three combined disciplines of engineering, sociology and marketing make up the 

human-centred design (HCD) focus of this thesis, that acts as a constraint on the SOIs that can be used 

in a sustainable house, and channels innovation to be focused on practical, human needs (Figure 2-1). 

The objective of this chapter is to demonstrate how Solar Decathlon sustainable innovative houses can 

be analysed regarding the three aspects of human-centred design (including classification of innovative 

technologies, and how innovation fits in with marketing and sociology). 
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4.2 Discipline 1: The Engineering Classification of Technological 

Innovation 

In the following sections, the Solar Decathlon will be introduced and analysed from the perspective of 

technological innovation. As a result, the classification of technological innovations in construction has 

been offered. This classification compared to other existing versions in the literature (which have a 

generally limited point of view) provides a more detailed description of innovation.  

 
Figure 4-1: Solar Decathlon 2009 houses at the competitions [5]. 

The international Solar Decathlon competition houses (Figure 4-1) were used as the data source in this 

chapter since Solar Decathlon is a platform for implementation and showcase of technological 

innovations within the building and construction sector. Technological innovations have always been 

associated with these competitions, and yet, to date, no research has reported on these innovations 

coherently. 

4.2.1 Importance of Innovation 

In the Solar Decathlon, each house is judged based on 10 sub-contests (thus the term decathlon). 

Between 2002 and 2019, 16 competitions were held in nearly all continents. The location and innovation 

sub-contest detail for each competition are summarized in Table 4-1. Not every contest has been 

considered in this study, because of the availability of the Solar Decathlon documents and data sets.  
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Table 4-1: Solar Decathlon competitions’ sub-contests related to innovation. 

The asterisk indicates competitions that were considered for the analysis in this study. 

Solar Decathlon 

Competition 

Sub-contests or Sub-contest Component 

(Innovation related points / Total points) 

Europe 2019 Innovation & Viability Sub-contest (100/1000) 

Middle East 2018* Innovation Sub-contest (80/1000) 

China 2018 Innovation Sub-contest (100/1000) 

USA 2017* Innovation Sub-contest (100/1000) 

Latin America 2015 Viability & Innovation Sub-contest (100/1000) 

U.S. 2015* No specific innovation contest criteria 

China 2013 No specific innovation contest criteria 

Europe 2014* Innovation Sub-contest (80/1000) 

U.S. 2013* No specific innovation contest criteria 

Europe 2012* Innovation Sub-contest (80/1000) 

U.S. 2011* No specific innovation contest criteria 

EUR 2010* Innovation Sub-contest (80/1000) 

U.S. 2009* No specific innovation contest criteria 

U.S. 2007* No specific innovation contest criteria 

U.S. 2005* No specific innovation contest criteria 

U.S. 2002* Presentation & Simulation (15/1100), Comfort zone (30/1100) 

Refrigeration (30/1100), Hot water (30/1100), Lighting (20/1100) 

 

The Solar Decathlon is an innovation-based competition with multiple aims: (i) challenge students to 

develop innovative solutions; (ii) encourage professionals to reduce the environmental impact of their 

buildings by selecting the best materials and technologies; and (iii) educate the public about renewable 

energy, energy efficiency, responsible energy use, and available technologies in these areas [5]. The 

Solar Decathlon is also a good way for government agencies to support/seed innovation [6]. In the Solar 

Decathlon competition, innovation is embedded in all project areas such as engineering, energy 

production, construction, and architecture [5, 6, 8, 144, 183-185]. Although innovation is important in 

Solar Decathlon contests, there have been a lack of studies that highlight and summarize the innovations 

arising from Solar Decathlon competitions. 

4.2.2 Innovation Concept from the Perspective of Time 

From the perspective of time, the competition process can be divided into four temporal phases of pre-

contest, competition development, contest period, and post-event (Figure 4-2). The first phase can 

contain innovations in the conceptual design, name, and marketing of the house. Innovations in this 

phase determine the qualification to enter the competition. This is followed by the development and 

implementation phase, which stretches from early development to prototyping. In this phase, almost all 

parts such as communication, architecture, and building services are involved. This is followed by the 

period in which contestants build and operate the house at the competition location. The post event 

phase mostly involves communications, however, there can also be major innovation in the destination 

of the house after the competition. Considering all of these phases, the most significant opportunity for 

major technological innovations occurs in the development and implementation phase. 
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Figure 4-2: Innovation from the perspective of time during the Solar Decathlon Contest. 

This observation shows the time span for a technologically innovative idea to be implemented in the 

Solar Decathlon process. 

4.2.3 Innovation Concept from the Perspective of Judgement 

In all Solar Decathlon competitions, the houses were judged based on 10 sub-contests. These sub-

contests vary from one competition to another, and scores or judgment categories also change. 

Generally, the five sub-contests of architecture, engineering, energy balance (efficiency), thermal 

comfort, and house functioning have remained in all competitions. There are various scoring methods 

for sub-contests: successful completion of tasks (e.g. washing dishes, cooking, and laundry to simulate 

real-life activities); measuring performance and monitoring (e.g. meeting certain CO2 levels, humidity, 

and temperature for thermal comfort); or expert jury perceptions. Jurors assess the house based on their 

expertise in the specific field in which measurement cannot, such as aesthetics, innovation, and design 

inspiration [144]. There were no fixed or certain identifiers for innovation judgment except for the 

expertise of the jury members. 

Over the history of Solar Decathlon, innovation has been judged in two main ways: scoring system (as 

part of a sub-contest or a separate sub-contest by itself); and as special award. In the U.S. 2002 

competition, “innovation and consumer appeal” was considered as part of the design presentation and 

simulation, comfort zone, refrigeration, hot water, communication, and lighting sub-contests. 

Innovation was not part of a U.S. Solar Decathlon competition sub-contest or a separate sub-contest 

until 2017. For the Solar Decathlon competitions held in other countries, innovation has remained a 

separate sub-contest, except for China 2013. Table 4-1 above shows how the innovation judgment 

approach was changed over time from one Solar Decathlon to another. The innovation-related sub-

contest has gained more attention and is considered a separate sub-contest in the last five Solar 

Decathlon competitions. 

4.2.4 Review of Technological Innovations  

The main innovations within the analysed Solar Decathlon contests, considering the top five houses, 

can be categorised as per Figure 4-3. As it is shown, the two main categories of innovation are building 
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services systems and architectural design and construction. In Sections 4.2.5 and 4.2.6, these 

classifications are evaluated by being applied to the cohort of the top five Solar Decathlon houses. 

 
Figure 4-3: Classification of the innovations in Solar Decathlon competitions. 

4.2.5 Innovations in Building Services 

The above-mentioned classification of innovations was applied to the cohort of the top five houses. 

Details of each classification are shown in Table 4-2. The percentage of each classified innovation 

within building services is shown in Figure 4-4. 
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Figure 4-4: Building services innovations within the top five houses of Solar Decathlon competitions. 

The highest percentage of innovations within building services has been in the area of HVAC and hot 

water systems. This high percentage confirms the many opportunities for innovation in the HVAC area, 

and that innovative solutions are needed to maintain thermal comfort conditions while minimising 

energy use. As an example, an energy-efficient HVAC system for the harsh desert climate of Solar 

Decathlon Middle East 2018 was difficult to design, as HVAC systems are high energy users and 

mandatory for thermal comfort conditions. Increasing efficiency can raise the chance of success in 

innovation sub-contests. For example, using a novel HVAC [172] system was key to the University of 

Wollongong Desert Rose Solar Decathlon house in winning the innovation sub-contest in Solar 

Decathlon Middle East 2018. The main innovations within the building services are presented in Table 

4-2. 
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Table 4-2: Main innovations in building services. 

Classification Details of innovative technologies 

HVAC & hot 

water system 

• Energy Recovery ventilation (ERV), 

Desiccant Energy Recovery Ventilator 

(DERV), Heat recovery Unit  [144, 

172, 186-206]. 

• Geothermal /ground source heat pump 

[6, 144]. 

• Radiant (cooling/heating) floor/ceiling 

[144, 172, 184, 187, 192, 195-197, 

207-210]. 

• Evacuated tube solar thermal collector 

[190, 191, 196, 199, 205, 211-213]. 

• Desiccant system: desiccant 

wheel, waterfall desiccant 

cooling [172, 188, 192, 214-

216].  

• Phase Change Material (PCM) 

[172, 185, 187, 193, 194, 198, 

199, 201, 206, 207, 209, 213, 

217-224].  

• Other HVAC Creative Solution 

[6, 197, 214, 215, 225]. 

• Cooling/ventilation roof/tower, 

evapotranspiration cooling 

[207, 226, 227]. 

Home 

Automation 

• Control system senses conditions and 

takes inputs lighting, temperature, 

moisture and CO2 inside the house and 

adjusts mechanical systems 

accordingly by sending commands to 

receivers, motors, and valves, Controls 

shading, lighting, and HVAC systems 

[144, 172, 187, 189, 190, 193, 196, 

198, 199, 201, 202, 204-206, 210, 214, 

216, 221, 222, 226-237]. 

• Predictive control strategies [172, 199, 

206].  

• Designed/produced gateways as 

a mediator between two 

different protocols [172]. 

• Smart phone/touch-pad 

applications application allows 

for instant modifications such 

as energy use, and power up the 

house, usage of touch-pads 

[144, 172, 184, 187, 196, 206, 

230, 236].  

Lighting • Ambient natural lighting: 

Skylight/Solatube/ 

glass fibre cable/sky-wall (made of 

translucent aerogel allowing daylight 

into the interior spaces) [6, 208, 237-

242]. 

• LED/LED strip/LED framed in the 

plexiglass [6, 144, 172, 194, 200, 202, 

204-207, 216, 220, 226, 227, 231, 234, 

240, 243-245]. 

• Diming features [208, 216, 235, 

246-248]. 

• Lighting design, where 

switches with Radio Frequency 

(RF) emitters are used, along 

with RF adapters placed on the 

lights [234]. 

Water system • Hydroponic wetland/garden [184, 192, 

235, 245, 249] 

• Recovering and harvesting of the 

rainwater [199, 201, 202, 205, 208, 

210, 231, 236]. 

• Aquaponics [202, 204]. 

• Usage of natural domestic purifying 

plant/photo-zonolysis/charcoal/bio-

microbic recovering system [210, 242, 

248]. 

• Grey/black water 

collecting/treatment and re-use: 

irrigation, flushing, etc. [172, 

194, 197-199, 201, 205, 206, 

208, 210, 227, 231, 234, 235, 

242, 248-253] 

• Joulia shower: shower pan with 

heat recovery [195, 199, 208, 

252]. 

• Orbital system [206]. 
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Others • Hydronic dryer cupboard using the hot 

water generating from the sun for 

drying clothes [254]. 

• Zeolites in dishwasher [185, 208]. 

• Hybrid application [188, 234, 255]. 

• Home smart sensors including face 

recognition able to activate operations 

within the house based on the people 

detected [227]. 

• Interactive/Smart mirror [205, 206, 

214]. 

• Plug and Play Cable installation [172, 

256] 

• Sun-tracking photovoltaics, 

which also serves as a 

sunscreen on the rooftop terrace 

[199] 

• Die sensitized solar panel 

[237]. 

• Innovative combination of the 

classical Residual Current 

Device (RCD) and Main Circuit 

Breaker (MCB) devices in the 

electrical system of the house, 

Innovative RCD installation 

[234, 256]. 

• Photo luminescent ceramic tiles 

[210]. 

 

 

As an HVAC system is a set of different technologies and components, innovation could occur at 

different levels. For instance, for the dissipation of hot air, a heat recovery unit was located behind the 

refrigerator by the University of Colorado in the U.S. in 2002. This engineering design was marketable 

as it used off-the-shelf technologies [6]. 

Auburn University designed and decorated a room of their house with large water-filled cylinders and 

used them as thermal mass to moderate the building temperature by staying cooler in the summer and 

warmer in the winter [6]. The idea of grouping appliances together on a specific wall was implemented 

by Virginia Tech University to not only use them as serving tools but also to consider them as a thermal 

buffer [6]. Radiant floor heating [144], ground source heat pumps [6, 144], and evacuated tubes for hot 

water systems [144, 212] are among the technologies that have been used extensively and could be 

considered as the innovations at the time. 

A custom manufactured desiccant Energy Recovery Ventilator (ERV) made of a non-toxic silica gel 

wheel, which exchanged heat and humidity between the intake and exhaust air was used by the Cornell 

University [186]. The liquid desiccant made up of calcium chloride mixed into the waterfall was an 

outstanding creative solution for controlling the humidity level in the house [216]. A prototype 

absorption chiller sized for residential use and designed to be tied up with the solar thermal system was 

a feature of Santa Clara University HVAC system [257].  

Phase Change Material has been applied in Solar Decathlon buildings in various ways to cool down or 

heat them up. Phase change gel was used under the floor as thermal mass by Universidad Politécnica 

de Madrid. The phase change gel helped heat the internal area by realizing the thermal energy on a 

winter night (Figure 4-5-left) and cool the house on a summer night (Figure 4-5-right) [211]. The same 

technology was applied by the Team Deutschland through microscopic-sized phase change material as 

Micronal plasterboards in their house. More innovation related to the HVAC innovations can be found 

in the study conducted by Ma et al [182]. 
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Figure 4-5: (Left) Winter night heating of phase change gel in the floor. (Right) Summer night cooling 

[217] 

Over the past Solar Decathlon competitions, innovations in automation systems have changed 

dramatically from simple controls to developed Building Management Systems (BMS). In the U.S. in 

2005, the University of Cornell used an automatic computerized control system for an energy recovery 

ventilator (ERV) and its HVAC system [144]. Recently, the University of Wollongong’s automation 

systems used KNX and DALI lighting protocols systems integrated with the Internet of Things (IoT) 

was implemented in the Solar Decathlon house for the Solar Decathlon Middle East 2018 [172]. 

Lighting the house is an important feature in any building. The usage of electrochromic windows 

allowed occupants to block or let the sun’s rays pass through. Applying small voltage to the 

electrochromic glass results in darkening or lightening the house [258]. One of the specifications of the 

Santa Clara University in the U.S. in 2007 was applying Solatube, an innovation in daylighting system. 

As shown in Figure 4-6, it transferred the captured sunlight from the roof and distributed it throughout 

the room [238]. 
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Figure 4-6: Solatube daylighting system [238] 

The Auburn University skylight, which was filled with prisms to amplify sunlight for daylighting was 

a different lighting technique. Another interesting daylighting system was Skywall used by the 

University of Virginia Tech. These outer walls were made up of a translucent aerogel material allowing 

daylight into the interior spaces [6, 144]. The University of Virginia Tech used a light-emitting diode 

wall as a climate control aspect [6]. This wall reflected the building’s environmental condition through 

colour changes, showing whether the house is cool or warm. 

Water is a precious and limited resource. Therefore, it is crucial to harvest, treat and reuse water. Many 

innovative solutions were implemented in the water waste systems and irrigation of the Solar Decathlon 

houses. As an example, water can be referred to as irrigation of the roof garden through the treated 

greywater from appliances [259]. More details about technological innovations in the Solar Decathlon 

houses are provided in Table 4-2 above. In conjunction with the innovations from building services, the 

second most significant collection of technological innovations came from architecture and 

construction, which will be discussed in the next section. 

4.2.6 Innovations in Architectural Design and Construction 

Applying the previous classification shown in Figure 4-3 in the top five Solar Decathlon houses, the 

percentage of the categorised innovations in the architecture and construction was found. The results 

are presented in Figure 4-7. 
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Figure 4-7: Architecture and construction innovations within the top five houses of Solar Decathlon 

competitions. 

The main innovations for architectural design and construction are listed in Table 4-3. 
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Table 4-3: Main innovations in architectural design and constructions. 

Classification Details of innovative technology 

Adaptability • Moveable roof/wall [144, 172, 

216, 248, 260]. 

• NanaWall and shutters [144, 200-

202, 261]. 

• Sliding/folding door/Photovoltaic 

panel/Screen [172, 195, 201, 202, 

208, 211, 236, 245, 262]. 

• Automated Awning 

system/curtain [199, 232]. 

• Folding façade [234]. 

• Fold down-slide out/adjustable 

cabinets [184, 206]. 

• Reconfigurable 

blocks/furniture/spaces 

such as workstation, bed, 

toilet, etc. [184, 185, 188, 

190, 199, 205, 206, 210, 

214, 231, 234, 240, 242, 

245, 260]. 

• Two-

faced/extended/combined 

(usage of rolling cart and 

locking caster) table [188, 

202, 214, 260] 

Façade/Envelope/ 

Structure 

• SIP [144, 190, 198-202, 206, 

235, 263]. 

• Trombe wall [264]. 

• Integrated PV on façade [265, 

266]. 

• Large Operable shutter [200, 

237]. 

• Sand/hemp infilled cavities in the 

building structure [185, 208]. 

• Oriented Strand Board (OSB) 

[230, 250].  

• Exchangeable Façade [199]. 

• Innovative skin wall [172, 204, 

240]. 

• Ventilated Façade [172, 267]. 

• Bend-proof wooden rigid corner 

joints [268]. 

• Mashrabiyah shade screen [206]. 

• Circular façade of laser-

cut holes with folded tabs, 

laser cut-innovative screen 

[229, 252]. 

• Façade layer of nanogel 

filled polycarbonate panels 

[229]. 

• Zigzag/ jagged façade 

structure [269]. 

• Vacuum insulated panel 

[185]. 

• Façade made of disused 

CDs [194]. 

• Lucido façade system 

[208]. 

• Texture façade [195]. 

• Structural Bamboo (I-

beams) [187, 216, 270]. 

Material • Aerogel material [6, 227]. 

• Bamboo, spruce, hemp, veneer, 

cork, compressed wheat 

straw/sawdust, soybean, Pine, 

cellulose wadding, oak wood 

[144, 172, 187, 197, 201, 208, 

230, 234, 242, 250, 271, 272].  

• Durable and water resistance 

composite materials adapted from 

boating industry [200]. 

• Texsteel (magnetic and 

conductive) [185]. 

• Innovative cement [238]. 

• 3-D printing Material [206]. 

• Milk bottles [216]. 

• Recycled steel, stone, 

glass, wood, aluminium 

[172, 204, 210, 216, 226, 

234, 273]. 

• Harvested timber [194]. 

• Reclaimed wood, redwood 

plywood [194, 198, 204]. 

• Innovative (crushed, 

hemp, recycled, foamed) 

concrete [172, 199, 216, 

255]. 

• Sustainable Lyptus 

flooring [274]. 

Integration • Integrated solar panel and awning 

[6, 144, 205, 206, 259]. 

• Building integrated photovoltaic  

(BIPV) in the building elements 

such as shutters, façade, roof, etc 

[38, 172, 187, 195, 199, 200, 

204, 205, 213, 216, 234, 237, 

255, 256, 275]. 

• Integrated solar shingles 

[221]. 

• Bifacial PV in the façade 

[201]. 

• Integration of the 

evacuated solar collectors 

in the envelope [276]. 
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Architectural 

Design and 

Concept 

• Core concept [144, 185, 198, 

201, 210, 234, 255]. 

• Onion like design [216]. 

• Skin system design blended in 

the green house [240] 

• Single room house [265]. 

• Butterfly roof [241, 277]. 

• Health-related Designs [172, 

274]. 

• ‘Dry-flood-proofing’ approach 

design [200].  

• Design of a self-supporting, 

custom made ceiling elements 

used for distribution of 

conditioned air [237]. 

• Conceptual landscape 

design [278] 

• Safe room design [214]. 

• Loggia with modern 

application [210]. 

• A bent tubular design 

which controls the light 

entry [187]. 

• Home as a place of food 

production [202]. 

• A penthouse design as a 

solution to the city 

restoration and more living 

space in the old buildings 

[234]. 

• Greencourt [249]. 

Modularity/ 

Prefabrication/ 

De-Construction/ 

Construction 

• House on a chassis so it could be 

moved to and from the location 

of competition in one 

piece/Usage of transportation 

system, built into house structure 

[144, 213]. 

• Container as part of the 

house [144]. 

• Prefabricated 

constructions, modular 

wall, roof [144, 172, 201, 

204, 208, 210, 227, 234, 

237, 271]. 

Green roof 

or wall/ planting 

• Green roof, wall [144, 172, 195, 

205, 211, 221, 227, 228, 237, 

242, 248, 270, 279, 280]. 

• Vertical farm [185]. 

• Greenhouse [202, 240]. 

• Permaculture companion 

planting [249].  

Others • Composting bin with included 

worms in kitchen [144, 259]. 

• Triple/quadruple-glazed, 

krypton/argon fill, low-e film 

windows [172, 187, 204, 242, 

246]. 

• Spider-shaped anchor for 

anchoring system of the house 

[195]. 

• Heat trapping planters, 

canning table [202]. 

• Composting toilet [237, 

249]. 

• Solar dryer [202, 237, 

249]. 

• Electro-chromic windows 

[258]. 

 

The integration of solar panels in a building was an innovation, as it is adding extra value such as 

shading and insulation to the building while providing electricity. As an example, PV awning acted as 

a shading element (Figure 4-8) [144]. Also, providing overhangs through PV on the roof shaded the 

south-facing windows which let the tenants enjoy better indoor comfort by having winter sun and 

omitting summer solar gain [259]. One of the most innovative integrations of PV [228] in the building 

was implemented by team Technische Universität Darmstadt through applying PV into louvered oak 

shutters around the building which provided adjustable shading (Figure 4-9). 
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Figure 4-8: California Polytechnic PV awning [144]. 

 
Figure 4-9: Technische Universität Darmstadt: (Left) Integrated PV in louvered oak shutters [281] 

(Right) PV awning [282]. 

Moveable elements in the building could be considered innovative ideas. A moveable roof from [204] 

provided their house with the capability of adjusting openness and daylight entering the house. 

Moreover, NanaWall (i.e. a folding, rather than sliding glass wall between the living room and patio) 

provided a thermal seal as well as connecting the interior and exterior spaces together [144]. Sliding 

doors and gliding room dividers [172] were other examples of moveable building elements that provide 

the building with more flexibility. 

Usage of Structurally Insulated Panel (SIP) made up of various materials, as a primary building 

envelope/insulation has been repeated [144]. The structure of SIP and materials used for its production 

can be considered innovative. Agriboard, a structurally insulated panel made of compressed wheat straw 

between two pieces of the oriented-strand board [250], and BioSIP [283] were examples of SIP, as an 

innovative material for building construction used by the University of Colorado. More building 

construction system details can be found in the study conducted by Liu et al. [268]. 

Fast and economical ways to construct, deconstruct and reconstruct a building present another area for 

innovation. Prefabricated building structure [172] allowed to build and minimise the use of fossil fuels 

and construction logistics. As another solution, the New York Institute of Technology [144] used the 

transport shipping container to form the primary part of the house and contained the kitchen, bathroom, 

and mechanical systems. It included all the expensive components in a central core section. This 

prefabricated core was observed as adding market potential [144]. 
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The selection of building materials played an important role in Solar Decathlon houses. Previously 

mentioned BioSIP, a patented wall type, was produced using lightweight but strong panels made from 

recycled materials which were filled with lightweight foam insulation (produced from soybean oil and 

waste paper) [144]. Usage of bio-fuel (bio-diesel) for transportation as well as making furniture and 

tableware from natural materials such as soy, wheat, corn, and coffee [144] in civil and urban 

communities and cities can be considered as an innovation. Similarly, other material innovations 

included engineered wall panels, furniture, and cabinets using fast-growing woods from managed 

forests [283], and soybean-based insulation sprayed between wall studs, ceiling, and floor joists [250]. 

Innovative materials considering durability and sustainability included Lyptus [274] and bamboo 

flooring, and Trespa wall panels built by paper, wood fiber, and resin-based composite used for exterior 

and interior walls [271]. Homes have also featured a recycled milk bottle wall and structural bamboo I-

beams [216]. Newly developed cement containing recycled material [238] is another example of 

innovation. More details on the skin material of the building have been offered by Zhang et al. [284] 

through case studies of Solar Decathlon Europe 2010. 

Other innovations included: roof garden [144], green wall [204, 227], usage of hydrogen fuel cell on 

the premises [144], composting bin with included worms in the kitchen [283], compositing toilet [249] 

and Trombe wall [264]. 

The above-mentioned innovations were identified and categorised. This classification will be used in 

the engineering module of the innovations framework (Chapter 5). 

4.2.7 Analysis of Innovation in the Engineering Discipline 

This Section 4.2 has presented and classified technological innovations from previous Solar Decathlon 

competitions, that will help orientate the construction industry towards sustainability. As part of the 

innovative solutions, flexible designs such as the Murphy bed, moveable roof, and wall have been 

developed, which provide the building and furniture with more flexibility and adaptability. Another key 

innovation was to find efficient and fast ways to construct, deconstruct and reconstruct Solar Decathlon 

houses. For example, prefabricated constructed components, modular designs that fit into a shipping 

container, usage of the container as part of the building, and number-coded prefabricated construction 

systems which allow non-builders to construct a house and/or reduce the construction logistics, are 

among the methods being considered. 

There was no linear or fixed relationship between the technological innovation features of a Solar 

Decathlon house and its overall ranking in the contest (Figure 4-12). However, it can be concluded that 

innovation can assist the house to stay among the top five. As an example (Figure 4-10), the University 

of Maryland participated in four Solar Decathlon competitions (2002-4th, 2007-2nd, 2011-1st, and 2017-

2nd). The innovations of their entries were radical and incremental. The Liquid Desiccant Waterfall 

(LDW) system was first used in LEAFHouse in 2007, and later in 2011, the improved LDW was 
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employed in the WaterShed house. Although each time their entry had innovative features, the overall 

rankings did not follow any trend (other than being highly rated). One reason is that innovative features 

do not necessarily help houses to function as competition requirements. Another reason is that the 

innovation concept is quite broad; contests, sub-contests and judgment, as well as grading approaches, 

change from one Solar Decathlon to another. Hence, there is a lack of fixed/equal identifiers for 

innovation judgment.  

 
Figure 4-10: The overall ranking of the University of Maryland in four Solar Decathlons. 

In Solar Decathlon Middle East 2018, Desert Rose won 1st place in the innovation sub-contest and 

second overall. Figure 4-11 shows the details of the innovation sub-contest in that competition. Team 

Virginia Tech won the overall competition and UOW and BaityKool were respectively placed in the 

second and third overall (Appendix 1). Figure 4-12 confirms the above-mentioned assertion in that there 

is no direct relationship between the ranking and number of innovations in the top five houses within 

any of the Solar Decathlon competitions. 

 
Figure 4-11: Innovation contest scoring for Team UOW and place getters in Solar Decathlon Middle 

East 2018. 
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Figure 4-12: Innovations versus the ranking of the houses in the competitions. 

In general, it was found that the most innovations were implemented in HVAC, architectural design, 

adaptability of the building appliances to different lifestyles and climates, building materials, and 

integration of different features into the body of the building. 

Figure 4-13 illustrates the number of total innovations in the first top-five houses in the Solar Decathlon 

competitions. Overall, the competitions in Europe had more innovations than those held in the U.S. In 

recent years, the total innovations in the houses ranked from 1st to 5th were increased. This could be due 

to the advances in technological innovations providing teams with easier and more economical ways to 

implement their ideas. As discussed in the previous sections, the Solar Decathlon competitions 

commenced in 2002, and this long history provides teams with more data and information compared to 

the teams in the early stages of competitions. Therefore, being more familiar with the process and rules 

of competitions can have an impact on the selection of a successful innovative idea or process of 

implementation. As an illustration, new teams can add values to a previously defined and developed 

innovative idea from the past Solar Decathlon houses, such as usage of DALI protocol for LED strips 

which was an innovation from early competitions or integrating Google Home to the BMS of the house. 

Figure 4-13 also shows that most innovations occurred in the 1st placed houses, and to a lesser degree, 

in the 3rd placed houses. 
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Figure 4-13: Overall standing versus total innovations in Solar Decathlon competitions. 

Innovation is a broad topic that changes over time, i.e. a process or product considered as innovative 

this year may not be the next. Successful innovations may continue to be included in newly built houses. 

In some cases, adding value to previous innovations may be considered as an incremental innovation. 

Solar Decathlon is a suitable vehicle for showcasing and making innovative prototypes as the scientific 

and business sectors can come together and make changes by offering prototypes that will be operated 

and tested during competition and prepared for market.  

In this study, technological innovations in the top five ranked sustainable net-zero houses in the Solar 

Decathlon competitions have been analysed. Consequently, the final classification has been derived. 

The classifications identified the areas where technological innovations have happened the most. It was 

found that the innovations in HVAC and home automation, were the most focused technological 

innovations within building services, while within architectural design and construction, most 

innovations were in the adaptability of the building to lifestyles and climates, façade and structure, and 

building materials. The next section will discuss how technological innovation has changed over time 

in the Solar Decathlon houses.  

4.2.8 Changes in Technological Innovations 

This section will provide detail about the incremental changes in innovative technologies (Table 4-2 

and Table 4-3) All Solar Decathlon entries must respond to the requirement of converting solar energy 

into electrical energy to power their homes. Hence, the use of PV arrays is crucial to the functioning of 

the Solar Decathlon entries, and a clear trajectory has been charted since the inception of the 

competition. Early PV arrays were largely house addons and were not integrated into the innovations 
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and sustainability of the houses overall [6]. As the competition has unfolded, PVT systems were 

evolved, which acted to directly heat hot water, and latterly, BIPV/T arrays have progressively 

integrated the PV arrays more intelligently into the house design (e.g. as roofs, parts of shade coverings) 

[38, 172, 187, 195, 199, 200, 204, 205, 213, 216, 234, 237, 255, 256, 275]. 

Directly related to the development in PV arrays, are the ways in which the house HVAC systems have 

been improved, under pressure to deliver greater energy efficiencies and better control of the house 

environments (e.g. temperature comfort). Significant innovations such as the active or passive 

application of PCM (Chapter 6) [172, 185, 187, 193, 194, 198, 199, 201, 206, 207, 209, 213, 217-224] 

and house desiccant systems [172, 188, 192, 214-216], as well as ERV, DERV, heat recovery unit [144, 

172, 186-206] , have significantly improved the functioning of the Solar Decathlon HVAC systems to 

deliver greater comfort, air quality and temperature control. The innovations in HVAC systems also 

critically respond to developments in commercially available systems [6, 197, 214, 215, 225]. 

Home automation has changed dramatically during the lifespan of the Solar Decathlon competition. 

Early entries deployed the latest in ICT hardware and software, but the interfaces and control functions 

were not extensive, and the quality of the integration of house systems and the ability to which they 

could be regulated was often limited [6, 144]. Innovation in digital technology has meant that it can 

now be used to integrate and fully monitor the functioning of house systems, and users can deploy 

interfaces such as apps on their mobile phones or tablet screens to control the working of the houses in 

real time or in advance [144, 172, 187, 189, 190, 193, 196, 198, 199, 201, 202, 204-206, 210, 214, 216, 

221, 222, 226-237]. The result has been the move to smart houses and living spaces that respond to 

consumer/resident needs to drive up sustainability, for example, by only using heating and cooling 

technologies where necessary [144, 172, 184, 187, 196, 206, 230, 236]. 

Corresponding to the internal innovations of the Solar Decathlon houses, and the greater integration and 

improvement in its systems, the external look, functioning, materials and building methods have also 

changed under pressure from sustainability, marketing forces, and the desirability of the houses [172, 

204, 206]. Innovations in architectural design has meant that latter designs can now follow the sun to 

improve solar energy capture and enhance shade coverage where necessary [172, 227]. Early 

experiments in using recycled and sustainable building materials [6, 144]  have continued and become 

more integrated to lower materials costs and the environmental impacts of building the houses [144, 

172, 187, 197, 201, 208, 230, 234, 242, 250, 271, 272]. Significantly, the methods for making the houses 

has undergone an important evolution in innovation and resultant sustainability, and the specific 

increase in the means to construct the houses in advance in a modular fashion has helped to diminish 

potential wastage, pollution, construction time and labour costs [144, 172, 187, 197, 201, 208, 230, 234, 

242, 250, 271, 272]. 
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Water usage and the harvesting of water for recycling and the growing of food and plants has become 

an important aspect of the innovation and sustainability of the Solar Decathlon houses [172, 194, 197-

199, 201, 205, 206, 208, 210, 227, 231, 234, 235, 242, 248-253]. Early houses simply collected 

rainwater and greywater for reuse [6, 144]. As house designs have evolved, these water recovery 

mechanisms have become more sophisticated and the water has been purified and put to more diverse 

uses, such as feeding hydroponics systems, green roofs and walls, and dedicated permaculture areas 

[184, 192, 235, 245, 249].  In some of the Solar Decathlon cases, the recovery and reuse of water (e.g. 

in growing food) is now seen as a shared resource and mechanism to ensure community sustainability 

[202, 204]. 

Further, a whole raft of other sustainable innovations has emerged from the Solar Decathlon homes, as 

was described and classified above. For example, lighting systems have become more flexible and 

adaptable to user needs [6, 144, 172, 194, 200, 202, 204-207, 216, 220, 226, 227, 231, 234, 240, 243-

245], food and toilet waste is now recycled in compostable bins [144, 237, 249, 259] , external facades 

and second skins, now aid the internal systems for house temperature regulation [172, 204, 240, 267], 

domestic house devices such as washing machines and dryers run more efficiently and sustainably 

[172], and innovations in windows design and materials, has helped with the regulation of the house 

temperature, look and lighting [172, 187, 204, 242, 246]. 

Overall, the Solar Decathlon data sets show how the teams have developed innovative technologies for 

sustainability by paying attention to what has gone before them and trying to come up with new and 

creative solutions to the specifics of their competitions, and the conditions that have arisen in this 

context (e.g. the details of the climate in the Solar Decathlon Middle East 2018 competition in Chapters 

5 and 6). The next section will move onto the discipline of marketing, and the data sets from the Solar 

Decathlon competitions that included narratives about the marketing of their houses that will be 

analysed with respect to how this marketing can be understood. It is vital that the technological 

innovations and engineering of the Solar Decathlon houses are sold on an open market, so that they do 

not remain as dormant prototypes for sustainability that are not used and that does not prove their 

business viability. 

4.3 Discipline 2: Marketing of Sustainability Innovation 

Marketing is the mechanism of bringing a product to the market, and selling it [63]. Marketing connects 

the product to the buyers to enact a transaction. In the specific context of the sustainable net-zero energy 

Solar Decathlon houses, marketing is focused on how the teams promote their designs, technologies, 

and innovative specifications, as well as setting up their houses for sales purposes [7]. Adapted from 

[51, 146-148], Figure 4-14, presents the main categories for the marketing of innovations in sustainable 

housing of Solar Decathlon.  
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Figure 4-14: Marketing for sustainability-oriented innovation in Solar Decathlon houses. 

In this section, the Solar Decathlon competition entries serve as a data source of analysis with respect 

to the marketing innovation against the categories of ‘design strategy’, ‘local resources’, ‘renewable 

resources/energy’, ‘prefabricated-modular structures’, ‘recycled/recyclable resources’ , and ‘thermal 

mass as passive design approach’. These categories which are becoming more important in the 

contemporary situation of global warming and resource depletion, will be discussed in the following 

sections. 

4.3.1 Design Strategy 

The initial phase in a building cycle is the design. In terms of ‘design strategy’, the Solar Decathlon 

teams’ marketing since 2002, as the sample of sustainable innovative housing for this thesis, has been 

to highlight natural features of their designs, that fit in what is believed and understood to be ecological 

by the consumers, such as natural materials, a natural appearance, and its environmental and living 

effects and the transactions in the houses as being natural [285].  

Among the design strategies necessary for the Solar Decathlon teams to consider with respect to their 

marketing are in terms of the ‘traditional/local influence’ of the houses and ‘international contemporary 

design’. In this regard, Solar Decathlon teams have frequently integrated the customer’s climatic 

location and ethnography within their house design innovatively. The goals of sustainable development 

are central to this innovative design. For instance, the design of a house called reACT (resilient Adaptive 

Climate Technology), includes elements from local indigenous groups of Nanticoke which also 

encompasses many sustainability-oriented features such as: composting system, vertical hydroponic 

garden, dismountable green wall [286].  
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Further to the association of ‘design strategy’ for sales purposes with the quality of  naturalness and 

ecology, the marketing solutions, put forward by the Solar Decathlon teams in relation to the 

sustainability-oriented innovations in houses at the design phase, have to connect with what may be 

termed as, ‘the psychology of green consciousness’ [287]. Such a green consciousness can be noticed, 

for example, in consumer choices to buy houses which have green roofs and walls [288].  

4.3.2 Local Resources 

Further to the identified attitude and recognition of ‘design strategy’ in the marketing of the Solar 

Decathlon houses, is the specific application of the principles of sustainability to construction and 

dwelling [289].  It is clear that consumers will not be able to initiate precise, multi-functional resource 

calculations concerning the sustainability of their construction and consequent lifestyle choices, but will 

be influenced in terms of their buying demands and desires for sustainable houses by: 1) The high 

profile of the United Nations program of 17 Sustainable Development Goals (SDGs) [290]; 2) The need 

for action on climate change [291].  

In terms of sustainable construction as a major consideration for the marketing of the Solar Decathlon 

entries, is the concern of climate change [13]. It has been estimated that buildings produce nearly 40% 

of annual global CO2 emissions. Of those total emissions, building operations are responsible for 28% 

annually, while building materials and construction (typically referred to as embodied carbon) are 

responsible for an additional 11% annually [292]. Given the significant contribution to global CO2 

emissions that buildings makes; the Solar Decathlon teams will incorporate marketing claims that their 

houses will provide a positive benefit in terms of CO2 emissions, through, for example, the usage of 

local wood as their building material [293, 294]. Moreover, the other solution which tackles climate 

change issues, especially given that the competition includes the conception of net-zero (or positive) 

energy use as a performance indicator of the house driven by PV arrays, is and that they do not use 

fossil fuels as a power source or in the transport of material to the build site. 

4.3.3 Renewable Resources/Energy 

In addition to the marketing of applying of the locally sourced wood resources and minimising the use 

of fossil fuels, it is recognized that the Solar Decathlon teams innovate through their projects in terms 

of renewability [295]. Marketing for renewable energy works as a response to the switch to renewable 

energy, away from fossil fuel sources and production, that consumers specifically desire their houses to 

be disconnected from [296].   

One of the marketing features, that the Solar Decathlon houses attend to in terms of their sustainability-

oriented innovative technologies, is the increasing interest, awareness, and percentage of renewable 

energy sources that are being developed worldwide. Current estimates of renewable energy sources for 

electricity are approximately 26.2% [297]. The Solar Decathlon competition is a key driver of the 

transformation in global human energy production and consumption at the housing level. Apart from 
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renewable energy/resource, prefabricated modules are another platform for marketing of SOI 

innovations in Solar Decathlon houses. 

4.3.4 Prefabricated-Modular Structures 

Prefabrication is one approach that has been proposed to improve the environmental performance of 

building construction [298]. The housing market is the largest prefabrication market worldwide [299]. 

To accommodate the increasing demand, some builders experimented with a new housing market by 

developing their own design and standards, allowing them to build more and faster. Rather than creating 

everything on-site, some builders manufactured off-site building components and delivered them to 

other builders or home buyers. Pre-fabricated modules and structures were supplied from the factories, 

and as a result of the significant benefits, many new investors have been attracted to this scheme [299].   

New factories were created to produce building parts that were subsequently sent to the construction 

site [299]. Designing and building modular houses was one of the marketing characteristics that Solar 

Decathlon houses have attended to in terms of their sustainability-oriented-innovative technologies. 

Furthermore, the possible benefits of modular design and prefabricated structure includes the reusability 

of materials, the reduction of landfill space, and the elimination of the need for additional resource 

requirement [298]. 

4.3.5 Recycled/Recyclable Resources 

The construction industry consumes more raw materials by weight than any other industrial sector, 

including 12% of the world’s water and up to 40% of its energy. About 40% of all extracted raw 

materials and 25% of virgin wood are used in construction [300]. Furthermore, due to the constant rate 

of waste production and the nature of the industry, achieving zero waste is difficult [301]. As such, 

recycling materials/resources is crucial.  

End-user clients in the built environment play an important role in the usage of recycled materials. 

According to business marketing theories, a client’s hesitancy is a significant aspect in the selection of 

recycled items. He and Yuan [302] claim that clients may hesitate while deciding between new and 

recovered products because customers’ perceptions of quality and their behaviours towards product 

selection can be influenced by a variety of elements such as product appearance, economic performance, 

and environmental impact [303].  As Solar Decathlons is a training hub to educate the public, the Solar 

Decathlon teams have frequently promoted the usage of recyclable/recycling materials and resources as 

innovations addressing solutions to this sustainability issue are recognised as globally important. The 

final category within the marketing section for Solar Decathlon houses (Figure 4-14), is the passive 

design strategy, which focused on thermal mass as an innovative solution for sustainability. 
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4.3.6 Thermal Mass as a Passive Design Strategy 

The United Nations’ sustainable development goals (SDGs) have mandated that energy efficiency in 

all sectors be achieved by 2030 [304]. Alongside government initiatives, it is evident that substantial 

research is required to uncover potential possibilities for achieving energy-efficient and sustainable 

buildings. In this regard, passive design strategies have proven to be efficient when applied effectively 

according to the type and location of the structure [305] as they are an appropriate response to the 

depletion of energy resources  [306]. The innovative development of thermal mass is one approach to 

passive design, that has been used in Solar Decathlon houses [193, 198, 221]. Thermal mass, when used 

correctly , adds marketing value by providing the house with thermal comfort and reducing the amount 

of energy usage in the building. 

4.3.7 Marketing Sub-Contest 

Solar Decathlon competitions contains ten sub-contests.  These sub-contests varied from one Solar 

Decathlon to another.  Table 4-4 shows the Solar Decathlons which have the marketing and affordability 

sub-contests.  

Table 4-4: Marketing sub-contest in Solar Decathlon competitions. 

Solar Decathlon  Marketing Competition/ point  Affordability competition 

USA 2007 Market viability  

USA 2009 Market viability  

EUR 2010 Industrialization and market viability  

USA 2011 Market Appeal Affordability 

EUR 2012 Industrialization and market viability  

USA 2013 Market Appeal Affordability 

EUR 2014 Industrialization and market viability  

USA 2015 Market Appeal Affordability 

USA 2017 Market potential  

 

Table 4-4 shows the marketing and affordability sub-contests for Solar Decathlon 2007-2017. Looking 

at Table 4-4, has led to the selection of the USA (2009, 2011, 2013, 2015 and 2017) competitions, in 

order to do further analysis on the marketing of the sustainable innovations in these Solar Decathlon 

houses. In these competitions, the variables such as locations, rules and judgement are the same. Within 

these 25 houses, the list of sustainability approaches for marketing is shown in Table 4-5.  
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Table 4-5: Marketing for sustainability-oriented innovation in Solar Decathlon houses. 

Marketing for innovative sustainable Solar Decathlon houses  

 

Design Strategy  

Traditional/Local Influence 

o An American classic, the ‘Gable’ to be environmentally 

friendly and sustainable. The house has a compact, efficient 

and simple design, similar to an updated barn  [308]. 

o The house incorporates 5 key elements-regarding the design 

strategies: 

▪ It can cope with extreme climates, e.g. in 

Canada.  

▪ Maximises solar capacities 

▪ Layered building envelope 

▪ Customisable house control system [213, 310]. 

o Traditional gable design that incorporates sustainable and 

green features such as ecological materials [311]. 

o Modernised farmhouse with traditional gable design, green 

wall and eco-friendly features that make living 

independently possible [315]. 

o House designed for desert conditions, incorporating water 

recycling efficiencies and enhanced cooling [318]. 

o Exterior redwood siding and interior Douglas fir hardwood 

floors were salvaged from old homes in the California Bay 

Area [319]. 

o House is specifically designed for coastal regions, which it 

is predicted will suffer more extreme weather events as 

climate change intensifies. Includes exterior wood shutters 

[320]. 

o House called ReACT: Resilient Adaptive Climate 

Technology. House includes features from local indigenous 

groups, Nanticoke and Maryland tribal traditions. House has 

many sustainable features such as: composting system, 

hydroponic garden, vegetable garden, and movable “living 

walls” covered in plants [286]. 

o Sleek wooden exterior gives impression of rural retreat 

[327]. 

International Contemporary Design 

o Ecological materials, double patio and herb garden connect 

the residents more closely with nature [317]. 

o Natural design and finish including wood and edible garden 

feature [329]. 

o House is clad in wood and has an open feel with lots of 

natural sunlight [322]. 

o Compact modular design with green spaces and wood 

exterior [323]. 

o House is called Nest Home, and modelled on a bird’s nest 

with all locally sourced materials [324]. 

o Educational hub that engages in community teaching and 

learning about 7 principles of sustainability:  energy, water 

management, biodiversity, waste management, mobility, 

materials and food [325]. 

Exhibited Technologies/Systems 

o Thin-film CGIS-cells for the façade which gave the house 

more flexibility in designing a plus energy-house with high 

aesthetic standards which will impacts green conscious 

[307]. 

o The home is clad in wood and has a complex angular shape 

to fit in with surrounding landscapes and that follows the 
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path of the sun. The house is green without losing the 

appearance of luxurious and comfortable living [309]. 

o Collects rainwater and incorporates this collection into a 

green roof and garden. Looks to create a complete carbon 

cycle and eco-system, including composting [312]. 

o House uses passive ventilation and natural processes to 

create an efficient and cost-effective means to living a 

sustainable lifestyle [313]. 

o Relaxed and open design supporting the solar array, 

socialising and natural building materials [314]. 

o Holistic house design that aims to bring nature closer to the 

residents. Incorporates a water bioremediation system and 

adjustable exterior screen [316]. 

o House is called Ecohabit and encourages ecological living 

through all its fixtures Connects inside and outside, green 

walls and planting  [319]. 

o Design called RISE is a capsule of sustainability that can be 

repeated and turned into flats or multi-story 

accommodation. Capsule incorporates element of energy 

efficiency and recycled living, e.g. water use [326]. 

o House is a high tech modular design prefabricated and 

assembled on site [328]. 

o House called GRoW, and encourages residents to grow their 

own food and be connected to nature [321]. 

Local Resources 

 

o Local wood (spruce for construction and ceiling, oak for 

flooring and frames) [189, 195, 196, 202, 257, 265, 330]. 

o Wooden carbon-neutral home [235]. 

o Locally sourced FSC certified redwood [201]. 

Prefabricated-Modular Structure o Prefabricated wood I-joist [189, 196, 257, 330, 331].  

o Prefabricated building component (i.e. wall, floor, roof, 

façade) [189, 195, 197, 331-333]. 

o Adjustable prefabricated steel piers [196]. 

o Prefabricated room to be carried by truck (i.e. core, wet and 

dry room) [201, 202, 237, 334-336]. 

o Modular prefabricated deck system [337]. 

Renewable Resources/Energy o Solar cell for electricity generation [286, 307-329]. 

o Rapidly renewable resources (i.e. bamboo) [189, 190, 195, 

196, 198, 201, 221, 257, 265, 330, 338-340]. 

Recycled/Recyclable Resources o Recyclable resources (i.e. glass, polyethylene, 

polypropylene, tile, wool) [188-190, 195, 257, 331, 334, 338, 

339, 341]. 

o Filtration and reusage of grey/black water (i.e. irrigation or 

flush the toilet) [188, 190, 193, 196-198, 201, 213, 236, 257, 

334, 337-339]. 

Thermal Mass as a Passive Design Strategy o Passive usage of phase change material (i.e. wall, roof, 

ceiling, etc. …) [193, 198, 201, 213, 221, 265].  

o Core design room [265]. 

o Water buffer tank [257]. 

 

As Table 4-5  shows, the category of ‘design strategy’ is the most dominant marketing category. This 

dominance is due to the fact that the designation of design strategies applies to more general attributes 

of the houses in contrast to other categories (‘local resources’, ‘renewable resources/energy’, 

‘prefabricated-modular structures’, ‘recycled/recyclable resources’, and ‘thermal mass as passive 



   
 

91 

 

design approach’), that are more specific.  The communication of the functioning of houses via their 

design is a crucial pedagogical tool that should be encouraged and embraced as a marketing component. 

As part of the Solar Decathlon competition, the teams were asked to choose a target market for their 

house designs and builds. Afterwards, the team had to keep to a budget in order to build the houses for 

this market. Solar Decathlon jurors judged the houses in terms of the market briefs that the teams 

submitted and the affordability, craftsmanship, curb appeal, interior finish, and integration of 

sustainable features.  

 
Figure 4-15: Total innovation versus marketing  sub-contest for Solar Decathlon (USA 2007-2017): 

A) 1st overall ranking houses B) 2nd overall ranking houses C) 3rd overall ranking houses D) 4th 

overall ranking houses E) 5th overall ranking house. 

The five graphs above (Figure 4-15), demonstrate the relationships between the total number of 

technological innovations and their marketing sub-contest for the top 5 Solar Decathlon entries USA 

2009-2017. The first graph (Figure 4-15) shows how the relationship between the number of innovations 
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and marketing sub-contest for the first rank houses inclines. This means that more innovations in the 

houses relate to better results for the marketing of these houses for the first ranked entries. In contrast, 

the other ranked houses show a decline or flattened plot of the number of innovations against marketing 

success. Therefore, in these houses more innovation does not necessarily translate to better marketing.        

 
Figure 4-16: Marketing sub-contest ranking versus overall ranking of innovative sustainable Solar 

Decathlon houses in each Solar Decathlon (USA 2007-2017). 

This Figure 4-16 shows that there is no simple relationship between marketing success and rank. In four 

of the contests, the first overall ranked house is not the best in terms of marketing. One explanation for 

this result is that whole house marketing is not always successful. Marketing success can be broken 

down into systems subsets, for example, a highly marketable HVAC system, greywater recycling, 

modularity, and these successes do not always directly relate to overall marketing rank. 

4.3.8 Affordability Sub-Contest 

The affordability sub-contest was introduced into the Solar Decathlon contest in 2011. Teams were 

required to achieve a building cost of $250,000 for their houses and were penalised if their build costs 

exceeded this amount. Teams received the maximum number of points (100) if their cost were deemed 

to be $250,000 or under. Houses that cost above $600,000 would receive zero points. This sub-contest 

was designed to showcase low-cost solutions for sustainable, net-zero houses.    
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Figure 4-17: Marketing and affordability sub-contests ranking versus overall all ranking in A) USA 

2011, B) USA 2013 and C) USA 2015. 

Figure 4-17 above shows the relationships between affordability, marketing, and the overall ranking for 

Solar Decathlon USA competitions 2011, 2013 and 2015 (top 5 entries). There is an increasing, 

incremental trend for the marketing and affordability results, which points to more affordable houses 

being easier to market. However, the trend for the overall ranking of these house decreases or is static, 

which points to affordable and marketable houses not achieving the highest ranking overall in the Solar 

Decathlon competitions. The next section will examine the changes in marketing innovation according 

to the Solar Decathlon data sets. 

4.3.9 Changes in Marketing Innovations 

In terms of marketing innovation, early Solar Decathlon house designs focused on the technical 

specifications of the houses, e.g. PV arrays. These designs were mostly single houses, that looked like 

small cottages, rather than typical US housing stock [6]. As such, the houses would attract those looking 

to downsize, and not interested in an externally finished house. 

As the Solar Decathlon competition progressed, marketing was included in the evaluation criteria of the 

competition, and teams had to think more carefully about the strategic design of their buildings and 

their performance in the market. Hence, teams deliberately branded their houses as green, and made a 

sales feature out of their attention to the natural processes in and through which the houses exist, as well 
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as the natural elements in the houses [202].  In contrast, Solar Decathlon houses for urban settings took 

a different approach to the marketing of the sustainability design strategies. Urban designs do not look 

natural, these designs specifically make a virtue out of the sustainability features that they 

accommodate, such as reduced energy usage. These  designs appeal to future urban planners looking to 

provide mass accommodation solutions for future populations, given climate change projections and 

the future of urban society [230]. 

In sum, from the sustainability point of view, house designs have emerged from the Solar Decathlon 

competition that do not correspond to the experimental early phase, the natural, rural, and nostalgic 

phases, nor are focused on urban sustainability features. These modern ecological house designs work 

in the opposite direction to modest and simple ecological designs. They anticipate that buyers will be 

willing to bear the extra cost due to the sustainability-oriented technology that their house designs entail 

(i.e. they will pay extra upfront costs for having zero energy bills) [206]. 

The ‘design strategy’ discussion of the Solar Decathlon house designs designates a target sales market. 

Many of the high-tech houses, have picked up design elements from their contexts, for example, several 

Solar Decathlon entries have been designed as Californian bungalows [257],  others from variant US 

regions [6]. Mediterranean house designs are also popular, and that would appeal to buyers looking for 

such an aesthetic [231], and, lastly, the UOW team specified elderly people with dementia (dementia-

friendly house) as the target market for their human-centred house [172].  

For many of the Solar Decathlon teams, after designing their houses and within the construction and 

operational phase, the sustainable construction is about what the house is made from, its manufacturing 

and building processes, and any auxiliary matters connected to the materials and their manufacturing, 

such as being able to locally source the materials [6]. The concept of marketing recycled materials 

implies the sustainability of reusing waste materials and the renewability of this construction process, 

rather than solo functional materials that can only ever be part of the Solar Decathlon house once. 

It is in the building processes of the Solar Decathlon houses that the greatest evolution in terms of the 

marketing of sustainable construction has occurred. Overall, the tendency in modularisation and 

prefabrication has seen construction streamlined and focused in terms of simplifying onsite 

requirements to build the house out of prefabricated and easily assembled parts [189, 202]. 

Furthermore, Solar Decathlon teams have considered the marketing of the urban environments into 

which the houses fit. In short, these sustainable constructions encourage energy sharing and living 

together to preserve resources and not to live a wasteful and ecologically destructive life. 

The marketing of the Solar Decathlon houses in terms of their renewable resource/energy features is 

parallel, convergent and reinforces the push to market them as sustainable. It is in renewable 

technologies such as BI/PV/T, that the marketing of the Solar Decathlon houses has seen significant 
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innovation. Usage of SOI technologies was not the only sustainability related marketing features of 

Solar Decathlon houses addressing the renewable energy/resources. Harvesting rainwater, recycling 

used water via SOI technologies which were discussed in the engineering section above, were other 

marketing attributes addressing the sustainability. Also, usage of thermal mass as a passive design 

strategy were another way that Solar Decathlon houses marketed their building to address an efficient 

and economic approach to energy use in their houses. 

The early Solar Decathlon house designs do not feature the control of the different systems in the houses 

as a marketing focus in their designs [6, 144]. This innovative push to enhance renewability through 

automation system has coincided with available commercial options for achieving this goal such, as 

Google Home and Amazon’s Alexa [342]. Henceforth, Solar Decathlon house designers have adapted 

digital house control systems for advanced house system renewability. The following section will 

address innovation in the sociology of the Solar Decathlon houses. 

4.4 Discipline 3: The Sociology of Sustainability Innovation 

All houses built for the Solar Decathlon are constructed for human inhabitation. Solar Decathlon houses 

are technologically ‘smart houses’, designed and executed with society and sustainability in mind, and 

the study of society is known as the discipline of sociology [343]. As such, this section will analyse the 

sociology of sustainability in housing from the perspective of innovations and can be understood 

through a schema of elements built up from literature in the field as presented by Figure 4-18. This 

schema of elements comes from, for example, post-war foundational work in the sociology of housing, 

[162] by Wirth, who linked the study of housing with sociology. Wirth perceived the study of the 

sociology of housing in terms of values, community and policy, but latterly, the sociology of housing 

has incorporated specific socio-cultural influences on housing, coming from the work of, for example, 

Sheku Kamara et al. [344], that has opened up the sociological study of housing beyond universal values 

and systems, and looks to particular regions and their heritage to understand how housing and society 

work together. The combination of a universal means to understand the sociology of housing and 

specific socio-cultural influences has split, under pressure from the division between study into how the 

sociology of housing has produced issues around separate houses, in terms of privacy and the 

subsequent commercial value in a free market, and the ongoing need for social housing projects. An 

example of a sociology of housing study that deals with standalone houses is by Silva and Wright [345], 

the sociology of social housing has been very widely studied, and an influential review in this area has 

been performed by Foley [346]. Lastly, the general divide in the sociology of housing between 

standalone and public housing schemes has been breached, and hybrid projects, that have tried to 

incorporate the best elements of private with social housing have been studied where that have 

developed in situ, in places such as Denmark [166]. In sum, these specific studies may be resolved into 

a schema for understanding the sociology of housing and how it can be applied to the sustainability-

oriented innovative entries of the Solar Decathlon team (Figure 4-18). 
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Figure 4-18: The sociology of sustainability innovation for Solar Decathlon houses.  

In terms of the sociology of innovation, the Decathlon team’s decision making, and design will be 

influenced by the two broad categories of the ‘sociology of housing’ and the ‘socio-cultural influences 

on housing’ [38, 159]. Furthermore, the two paths for Solar Decathlon houses, along the private and 

communal routes, defines a divergence in sustainability innovation and thinking defined by the 

sociology under investigation, and hence requires separate treatments as shown in Figure 4-18, as well 

as consideration of hybrid, private and public housing schemes. 

4.4.1 Sociology of Housing 

The implications for housing as a subset of sociology is an important focus in terms of understanding 

how human society may be figured, given prevailing and changing living and climate conditions and 

the subsequent housing needs [160, 161]. The sociology of housing may be defined as: “an emerging 

specialist subject area in sociology, which seeks sociological explanations for a range of housing 

phenomena, ranging from patterns of housing tenure and provision, to patterns of inhabitation and 

household structures, to the meaning of' ‘house’ and ‘home’ in different cultures” [347]. In this section, 

a link between the sociology of housing and the innovations framework of this thesis will be established, 

that includes different elements from the sociological literature: 

Class – This is a fundamental sociological concept that divides people and their relations into different 

classes, e.g. working, middle and high. A classic study in this field is by Rex [348], who relates class 

and housing with race.    

Social values – Following on from class, competitors in the Solar Decathlon competition and the houses 

they build will have social values that will have been inculcated from childhood and reflected in their 

work. The sociological category of value was one of the earliest to be established in the sociology of 

housing by Wirth [162]. 
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Social setting, e.g. urban/rural – Clearly, the social setting of the houses will have a big impact on their 

design and building. For example, houses meant for urban settings must be more compact to allow for 

tight spatial considerations, and thus all other spatial considerations of the house will be affected [349]. 

Rural houses will use space very differently. Studies that include the consideration of the urban/rural 

divide in the sociology of housing include that by Bell [350]. 

Social group target of the house (e.g. families) – The marketing narratives of the Solar Decathlon entries 

may specify target markets, and these will define the types of social groups the houses are aimed at, e.g. 

retirees looking to live a net-zero lifestyle. As this element would imply, there have been many 

sociological studies that have examined the sociology of housing and specific social groups. A study 

that has tackled this phenomenon in general is by Lang et al. [351].  

Questions relating to society, such as income, profession, and business orientation – Lastly, the 

sociology  of housing connected to sustainability-oriented innovation involves considerations such as 

environmentally conscious social groups requiring more complete and extensive green solutions to their 

housing needs, whilst others are not as aware about such matters [352]. This final category in the 

sociology of housing has led to recent studies, that are increasing taking the links between sustainability, 

social groups, and housing seriously, for example, a study by Spaargaren that includes environmental 

housing policy [353]. 

4.4.2 Socio-Cultural Influences on Housing 

The second factor determining the sociology of the houses produced by the Solar Decathlon teams, is 

the socio-cultural influences that the teams use in their designs. The socio-cultural influences on the 

Solar Decathlon houses follow on from and replicate the sociology of housing that analysis of the Solar 

Decathlon data sets reveals. Early Solar Decathlon teams took socio-cultural influences from their 

immediate contexts, and built small houses as retreats, that showcased the available technology to have 

a net zero energy consuming house, along with any other sustainability-oriented technology available 

[6]. Socio-cultural influences on the houses were confined to US style houses in the early competitions, 

as this is where the Solar Decathlon originated, and included many houses that used mid-western US 

house styling, as well as Californian house replicas [257, 283, 309, 356]. Other teams took the opposite 

view in terms of making their houses have a nostalgic and old world feel, and decided to emphasize the 

forward-looking and experimental nature of the houses, as they believed that this socio-cultural register 

attracts the attention of occupants looking to live a non-energy consuming and/or non-polluting lifestyle 

[6, 250, 259]. 

The socio-cultural influences on the Solar Decathlon houses expanded and transformed once the 

competition included more purely urban designs and went to Europe [184]. In terms of the urban Solar 

Decathlon designs, the basic unit for construction is a capsule for sustainability, that may be repeated, 

for example, in terms of a block of flats [223, 357-359]. Hence, the socio-cultural influence for these 
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buildings is predominantly in terms of the 20th century, modernist architecture, that has seen a rise in 

geometric shapes and the use of concrete [227]. These socio-cultural influences are also apparent in 

modular and prefabricated Solar Decathlon houses that set up basic living units which are serviced 

through sustainability technologies, and can be repeated to make flexible, expanded and versatile living 

arrangements [220, 236, 360-362]. In Europe, national and local design characteristics have infiltrated 

the Solar Decathlon houses, such as a Finnish weekend retreat hut, Mediterranean style houses, and 

houses that have included wider socio-cultural influences, such as the previously mentioned wind 

towers, flexible room and courtyards [172, 204, 206, 226, 227, 251, 272, 363, 364]. In sum, latterly 

designed Solar Decathlon houses have updated and modernised the look of their houses and apartments 

for sale in a market, and in the main, have taken markers from commercially available housing stock as 

to what products might appeal to consumers, for example, having an attractively finished skin, and 

incorporating the PV array into the roof as a BIPVT system [172]. 

More broadly, an important influence on sustainable house design that has deep roots in various 

cultures, is the courtyard [355]. Once the teams have studied the technical scientific benefits of the 

courtyard, they will be able to decide whether and how to utilise it in their houses, again demonstrating 

the utility of socio-cultural markers on sustainability-oriented innovation. 

4.4.3 Private, Standalone Houses 

As has been shown above (Figure 4-18), the foundational fields of inquiry in the sociology of housing 

and socio-cultural influence on housing has divided into sociological studies that consider standalone, 

private houses, and public or social housing. This division is important for Solar Decathlon entries as it 

represents a fundamentally different orientation, focus and through-line for the development of 

sustainability-oriented technologies and their innovation. Even though a house is constituted by 

different shapes, designs and features, most teams in the Solar Decathlon competition have applied their 

expertise and knowledge of sustainability innovation to produce standalone, private houses. As such, 

the sociology of private standalone houses has consequences for sustainability innovation in terms of: 

Space: A standalone, private house can develop spatially in ways that other types of dwellings cannot 

[365, 366]. The problem for the Solar Decathlon teams is to keep the costs of their sustainability 

technologies low enough to be incorporated into the designs of private, standalone houses, so that they 

are affordable on mass [367]. 

Smart houses: One of the major consequences of the sociology of private, standalone houses, is the 

development of modern control strategies for operating houses [368]. Digital technology and its 

capacities have developed rapidly over the last twenty years, causing sociological consequences of such 

fast and widespread technological innovation [369] as it changes the means by which people live and 

operate in their houses. Solar Decathlon teams will respond to this changing state of digital technology 

by incorporating the latest in digital functioning to aid housing sustainability [370]. 
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Privacy: One of the significant sociological consequences of the development of standalone, private 

houses is in term of their privacy [346]. Technological innovation for sustainability relates to the privacy 

needs of the householder with reference to specific items such as windows, walls and skin design, room 

divisions, security features, and toilets/bathrooms. 

Other factors: Standalone, private housing has had many other complex sociological effects on issues 

such as identity, the social imagination, and the hierarchies of inclusion and exclusion based on housing 

and money [371]. Solar Decathlon teams can take account of the move to sustainability in their designs, 

by making the entry level of sustainability-oriented, technological innovations fit buyer needs 

financially, logically, and coherently, until homeowners can achieve net-zero emissions and energy use. 

4.4.4 Communal and Public Housing 

In contrast to private, standalone houses, which have developed alongside and through housing markets, 

governments and other groups around the world have funded the building of communal and public 

housing projects [346, 372]. The category of communal, public housing breaks down into the areas of:   

Individuality versus communality: One of the biggest challenges that the move to communal housing 

faces is the pressure in society to be an individual [373]. The sustainability technologies of standalone, 

private houses may be updated incrementally or piecemeal, whereas sustainability-oriented 

technologies in public housing schemes once determined, cannot be so easily changed [374, 375]. 

Ideology versus non-ideology: Another dimension of the sociology of technological innovation in 

sustainability associated communal and public housing, involves the sets of agreements and rules that 

lie behind the mass housing projects. For example, the Solar Decathlon teams can build in the ideologies 

of resource sharing and management to the public housing systems via technological and educative 

means [376]. 

Static versus mobile: Lastly, large public housing schemes, often funded by government, and offering 

low-cost accommodation solutions, in sociological terms, sets up a sedentary community, established 

in the same area over time. Thus, social mobility is quashed, and this has consequences, for example, 

in terms of the maintenance, control, and repair of the sustainability innovations. 

4.4.5 Hybrid Private, Standalone, and Communal Housing 

The final sociological category that the Solar Decathlon teams need to consider in terms of their 

technological innovations, is a hybrid of private and communal housing complexes. These 

developments are frequently called ‘co-housing’ [166, 377] or intentional housing, and combine the 

benefits of owning private, standalone houses, with a shared, public, communal space.  

Co-housing experiments constitute a ‘best fit’ sociological solution to the incorporation of 

sustainability-oriented technological innovation into real living arrangements [378]. Sociological 
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studies in this area in places such as Denmark [166], have found increases in the social satisfaction, 

desirability and happiness of these communities. Such environments are optimal in terms of using the 

products of the Solar Decathlon competition and finding ways to incorporate technological innovation 

for sustainability into everyday lives, both communally and privately.  

4.4.6 Analysis 

In this section, the sociology of the Solar Decathlon entries (2002-2018) will be analysed according to 

the categories of: ‘sociology of housing’, ‘socio-cultural influences on housing’, ‘standalone houses’, 

‘communal, public housing’, and ‘hybrid private-communal housing’ (Table 4-6). In effect, this process 

of categorisation shows how the sociology of the houses has been distributed in terms of the Solar 

Decathlon’s societal demarcations for their constructions. These choices are influenced by the specific 

Solar Decathlon competitions and their locations, with European competitions expressing a preference 

for mass, communal housing solutions.                         

Table 4-6: Sociology analysis of innovative sustainable Solar Decathlon houses. 
 Sociology of 

housing 

Socio-cultural 

influences on 

housing  

Standalone, 

private houses  

Communal, 

public 

housing  

Hybrid 

private-

communal 

University of Colorado at 

Boulder (Team Colorado)  

[6] 

Modest but 

comfortable, 
semi-rural  

Mid-western US  Updated cottage 

residence  

N/A N/A 

University of Virginia 

(Team Virginia) [6] 

Experimental, 
artistic, youthful 

lifestyle  

Futuristic, ultra-
modern lifestyle 

Rectangular house 
with louvres 

N/A N/A 

Auburn University (Team 

Auburn) [6] 

Simple ‘Dogtrot 

design’ – 
separate rooms 

with walkways   

Southern US 

lifestyle  

Open plan living with 

minimum extras  

N/A N/A 

University of Maryland 

(Team Maryland) [6]  

Modest wooden 
house with deck  

Standard US 
housing estate 

Separate oblong 
residence 

N/A Could be 
adapted for 

co-housing 

Virginia Polytechnic  (Team 

Virginia Tech)[6] 

Modern design 
that demonstrates 

PV features  

Design that 
externalizes 

thermal 

technology    

A simple residence 
that indicates solar 

innovation  

N/A N/A 

University of Colorado, 

Denver and Boulder (Team 

Colorado) [283, 356, 379] 

Chic urban 
design for US 

towns 

Midwest urban 
life and style  

House with the use of 
recycled and eco-

materials  

N/A N/A 

California Polytechnic State 

University (Team CalPoly) 

[271, 380] 

House that looks 
like a boat 

California houses 
and lifestyle 

Simple, aesthetic 
design with shades 

and decks  

N/A N/A 

New York Institute of 

Technology (Team NYIT) 

[250, 259] 

House made 

from a reused 

shipping 
container 

Futuristic, ultra-

modern – called a 

‘Green Machine’ 
and ‘Blue space’   

House emphasises 

recycled materials 

throughout 

N/A House could 

be adapted for 

co-housing 

University of Illinois at 

Urbana-Champaign (Team 

Illinois) [308, 338]  

House called ‘the 

Gable’, an 

updated 
American classic  

Barns and semi-

rural Midwest US 

houses   

Attractive small house 

with a familiar design  

N/A N/A 

Santa Clara University, 

California College of the 

Art (Team California) [257, 

309] 

House that 

combines 
comfort with 

energy efficiency   

Updated classic 

Californian 
bungalow 

Stylish small house 

with luxury appeal – 
‘empty nesters’ 

N/A N/A 

University of Minnesota 

(University of Minnesota) 

[311, 339] 

Semi-urban 

house modelled 

on traditional 
gable design 

Midwest house 

designs and 

gables  

Modest house with 

sustainability features 

N/A N/A 
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University of Applied 

Sciences Rosenheim (Team 

IKAROS Bavaria) [244, 381, 

382] 

Very basic house 
format for easy 

assembly and 

deployment 

Industrial modern 
design  

Simple prefabricated 
design with high tech 

features 

Could 
provide 

public 

housing 
solutions 

House could 
be easily 

reproduced 

for co-
housing 

HFT Stuttgart (Team 

Home+) [360-362] 

House is simple 

and adaptable for 

different contexts   

House responds to 

modern European 

lifestyle 

Modular, 

prefabricated house 

with emphasis on 
thermal performance  

Could 

provide 

public 
housing 

solutions  

House is 

easily 

adaptable for 
co-housing 

Aalto University (Team 

Luuku Houes) [363, 364] 

All wood rural 
house  

House design 
based on Finnish 

vacation hut 

Simple house with 
superior technology 

and eco-feature  

N/A N/A 

University of Maryland ( 

Team WaterShed) [188] 

Small semi-rural 

house that works 
with water 

ecosystem  

House design 

responds to 
Midwest US 

specifications   

Compact well-

designed house 
connected to 

environment 

N/A N/A 

École Nationale Supérieure 

D´Architecture de Grenoble 

(Team Rhône-Alpes) [230] 

Urban 

‘nanotower’ for 

high-density 

living   

The design 

responds to a 

fusion between 

tower design and 
sustainability   

N/A Nanotower 

can provide 

accessible, 

green public 
housing   

The tower 

could equally 

be private 

apartments 
with shared 

green 

features.  

Universidades de Sevilla & 

Jaén & Málaga (Team 

Andalucía)[226, 251] 

House is 
comfortable with 

adaptable room 
features  

House is based on 
the classic 

Mediterranean 
design with a 

courtyard 

House gives residents 
a luxury feel whilst 

curbing costs  

N/A N/A 

Universitá degli Studi di 

Roma TRE & Sapienza 

Universitá di Roma & free 

University of Bozen & 

Frauenhofer (Team Med in 

Italy)  [231] 

House is basic 

with classic 
southern 

European 

architecture  

House design 

based on 
Mediterranean 

style  

House is entirely 

reproducible and 
adaptable for use  

N/A House could 

be 
incorporated 

into co-

housing 
lifestyle 

easily 

 University of Applied 

Sciences Konstanz (Team 

Ecolar)  [220] 

Simple modular, 

an urban house 

that is adaptable 

and reproducible 

House is based on 

modern, industrial 

design  

House can be 

assembled easily and 

fits into already 

existing estates  

Could 

provide a 

public 

housing 
solution 

Dwelling 

easily 

incorporated 

for co-
housing 

purposes 

RWTH Achen University 

(Team CouterEntropy) [194] 

A simple house 

that can be 
adapted on 

demand  

House is highly 

functional and 
industrial  

House showcases 

sustainability 
technology    

House could 

be used easily 
for public 

houses   

The design 

would suit co-
housing 

projects   

Universita degli studi di 

Rome TRE (Team DenCity) 

[210, 239] 

Green 
apartments with 

shared gardens 

Low slung 
apartment design 

from southern 

Europe  

N/A Project 
designated to 

be publicly 

shared flats 

Buildings 
could be sold 

separately but 

must work 
together  

 École Nationale Supérieure 

d'Architecture nantes, 

École Centrale de Nante, 

Ecole Supérieure du Bois 

(Team Atlantic Challenge) 

[233] 

Old buildings are 

retrofitted for 
sustainability and 

green 

infrastructure is 
added 

Design influence 

from 
technological 

sustainability 

design and 
existing buildings 

in France  

N/A The project is 

specifically 
designed to 

work as a 

public 
scheme to 

push a green 

economy  

Retrofitted 

flats could be 
sold 

separately but 

residents 
would have to 

work 

communally 

Delft University of 

Technology (Team Prêt-à-

Loger) [222, 240, 256] 

Design is a green 
‘skin’ for 

existing homes  

Skin is 
specifically meant 

for Dutch terraced 

housing though 
can be adapted  

N/A Green design 
meant for 

public and 

mass housing 
schemes 

Design could 
be used for 

private 

terraces with 
shared 

amenities  

UdK Berlin, TU Berlin 

(Team RoofTop) [223, 357-

359] 

Team designed a 
green apartment 

and rooftop 

adaptation for 
existing flats 

Apartment meant 
to sit on top of 

existing urban 

flats and is design 
neutral  

N/A Green 
apartment 

meant for 

mass, public 
housing 

schemes  

Could be 
equally used 

to green adapt 

private 
apartment 

blocks 
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Hochschule Luzern & 

Hochschule Zentralschweiz 

(Team Lucerne) [199, 383-

385] 

The design is 
urban room 

modules that can 

be fitted together 
for green living  

Design is basic 
industrial but can 

be adapted. 

N/A Low-cost and 
space design 

meant for 

mass and 
public 

housing   

Room 
modules can 

be easily 

adapted for 
co-housing 

schemes    

Stevens Institute of 

Technology (Team SURE 

House) [200] 

House provides 

modest living 
with superior 

atmosphere 

control      

House based on 

New Jersey 
coastal house 

design  

Niche market home 

for those wishing to 
live near a coast 

undergoing climate 

changes  

N/A N/A 

University at Buffalo, The 

State University of New 

York (Team GROW) [202] 

House designed 

for growing your 

food 

Design from 

Midwest 

American 
freeholders   

House designed to be 

natural and facilitate 

gardening  

N/A N/A 

California Polytechnic State 

University, San Luis 

Obispo (Team CalPoly) 

[201] 

Smart house with 

the natural look 

House designed to 

fit in with 

Californian 
expectations 

Natural house with 

sophisticated control 

systems   

N/A N/A 

The University of Texas at 

Austin and Technische 

Universitaet Muenchen 

(Team Texas/Germany) 

[236] 

Simple modular 

house design that 

can be adapted  

Industrial design 

adapted for Texas 

climate   

House with extensive 

water features and that 

can be added to easily    

N/A Could be 

appropriate 

for co-
housing 

arrangement  

École Polytechnique 

Fédérale de Lausanne 

(Team Swiss) [237] 

The design is a 
green hub that 

inter-links 

existing houses 
for sustainability  

The design has 
been inspired by 

Swiss mountain 

living  

N/A Hub is a 
public space 

that is shared 

between 
houses   

The overall 
complex 

could be said 

to be an 
example of 

co-housing   

University of Maryland 

(Team Maryland) [249] 

House is seen as 

a semi-rural 
living  

House 

incorporates a 
courtyard as well 

as many natural 

features  

This is a sophisticated 

green house with 
many smart features 

N/A N/A 

University of California at 

Berkeley and University of 

Denver (Team UC Berkeley 

University of Denver) [242] 

The design 

consists of a 

stack design of 
rectangular 

rooms with green 

features   

Design based on 

industrial and 

unit-based living   

N/A Rooms are 

designed to 

be a low-cost 
solution for 

sustainable 

living   

Rooms may 

be sold or 

rented 
privately with 

shared green 

technologies   

Missouri University of 

Science and Technology 

and University of Missouri-

Rolla (Missouri S & T) [248] 

The design 

would fit in with 

most semi-urban 
contexts   

House based on 

Midwest US 

house 
expectations   

Aesthetic house that 

runs itself, ideal for 

retired   

N/A N/A 

University of Alabama at 

Birmingham and Calhoun 

Community College 

(Team Alabama) [214] 

House designed 
to be used as a 

rural retreat 

House inspired by 
traditional 

Alabama 

dwellings  

The simple but 
comfortable house 

includes a safe room 

to shelter from 
tornadoes   

N/A N/A 

Virginia Polytechnic (Team 

Virginia Tech) [206] 

Designed as a 

house of the 
future, full of 

technological 

innovation  

House is futuristic 

and is adaptable 
due to its capsule 

design  

High-tech modern 

design gives this 
house a superior 

appearance   

N/A N/A 

University of Wollongong 

(Team UOW) [172]  

High-tech house 
with 

technological 

innovations for 
sustainability and 

comfort     

House was styled 
for Middle East 

climate and 

aesthetics   

The attractive house 
that has been designed 

with dementia-

friendly features  

N/A N/A 

Amity University An-Najah 

National University 

University of Bordeaux 

(Team BaityKool) [204] 

House designed 
to give green 

lifestyle in desert 

conditions   

House 
incorporates a 

courtyard and 

elements of 
Middle Eat design  

Comfortable house 
with low-cost 

solutions for 

sustainability   

N/A Houses could 
be adapted for 

co-housing 

schemes  

Birla Institute of 

Technology and Science 

(Team EFdeN) [205] 

House adapted 

for modern, 
sustainable living  

Incorporates 

features of Middle 
East houses with 

natural design  

Natural house with 

modern features for 
comfortable living  

N/A N/A 
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Sapienza University of 

Rome (Team Sapienza) 

[227] 

House is modern 
but with Middle 

Eastern features 

and flexible add-
ons  

House 
incorporates a 

modernized 

traditional 
architectural 

feature   

House is designed to 
be luxurious and 

energy-efficient 

N/A Geometric 
house designs 

could lend 

themselves to 
co-housing 

 

Table 4-6 shows how Solar Decathlon competition entries have evolved from their early beginnings in 

the U.S.A., 2002 [6] in terms of the sociology of housing. The first designs were experimental 

prototypes, that showcased their sustainability-oriented technologies, rather than targeting certain social 

groups or social usages. As the competition has progressed, entries that have focused on urban settings 

[250, 259], mass housing solutions [234, 359], or on retrofitting existing buildings [94], and this has 

considerably altered the course and nature of the sociology of housing involved with the Solar 

Decathlon houses. Furthermore, taking the competition out of the U.S.A., and fully introducing, for 

example, the influence of European design, architecture and housing needs [237], has considerably 

deepened and diversified the sociology of housing extracted from the data set above (Table 4-6). 

Quantitative analysis shows that 10% of all houses in the Table 4-6 above can be standalone, communal 

and hybrid. This low number comes about because it is very difficult to design a house for all three 

sociological purposes. Of the remaining houses, 22% of the rest are communal, hybrid and 17% are 

standalone, hybrid. The greater percentage that can be adapted for communal, hybrid use is because the 

innovations for communal and hybrid housing are closely inter-related. As a result, the rest of the 

housing Solar Decathlon entries are entirely standalone, 61%, this is because the dominant sociological 

pressures that exist in the Solar Decathlon competition are to produce separate, private houses, rather 

than those that may be adapted for social purposes (which feature more heavily in European 

competitions). This analysis shows that overall, the innovations for Solar Decathlon tend towards 

making products to fit in with the sociological needs of private, standalone houses.  

Each Solar Decathlon has rules and regulations. The organisers adjust the rules for each competition 

based on the competition’s regional, spatial, and temporal needs and demands. These exclusive 

demands can impact the sociology of sustainability-oriented innovations of the Solar Decathlon houses. 

As an example, Solar Decathlon Europe 2010, 2012 and 2014  aimed for new housing topologies such 

as sharing and community, building on top and density [184, 185, 386]. Moreover, within the Solar 

Decathlon Middle East 2018 [8], the teams were encouraged to design their house considering the 

Middle Eastern cultural aspects (i.e. privacy). The section below will present changes in the sociology 

of innovation in Solar Decathlon houses.  

4.4.7 Changes in Sociological Innovation 

This section contributes to understanding about how Solar Decathlon teams have addressed the 

sociology of housing and its innovation over time. Standalone, private house design has seen a 

transformation from rather unusual, one-off designs, to being a competitive and attractive product, that 
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would fit in with present day new build housing stock [6]. Along with changes and improvements in 

the exterior finishes of these standalone private houses in the Solar Decathlon competition, has been the 

evolution of the smart automation systems that work inside the houses [206]. Since 2002, innovative 

digital technology has resulted in the notion of the smart house as described in the standalone section 

above (4.4.4). The Solar Decathlon house designs have incorporating digital software/technologies into 

the HVAC, water, lighting, and all other house systems [342]. In short, the Solar Decathlon houses have 

developed from partial digital control of specific systems, to total, integrated and flexible automation 

system, and incorporation in and as a smart house. 

The tendency in the Solar Decathlon competition has been to incorporate the impression of space 

through design, to give inhabitants the notion that they are living in a comfortable and spatially pleasing 

environment [365, 366]. The need for privacy is seen by many as highly desirable in their homes. Along 

with the pivots of the impression of space and privacy in their standalone, private houses, the Solar 

Decathlon teams have incorporated added extras into their designs to respond to consumer needs, such 

as porches [317], architectural features [227], gardens [144], specialist rooms [214]. 

The prospect of public, mass housing schemes, can bring back historical memories of traditional 

accommodation blocks [373]. Teams have included architectural features, green areas, and variant 

shapes and forms to break up the repetitive effects of mass housing [222]. Those teams with minimalist 

designs, could be seen to be providing possible mass sustainable housing solutions at the lowest possible 

cost [199]. 

Separate accommodation with shared spaces is sometimes called co-housing [44]. Solar Decathlon 

houses can be sometimes directly adapted for this social purpose, as they incorporate modular 

technology, that encourages, for example, repeated small units set in a shape around a communal space 

(e.g. a garden) [220, 244, 250]. With the notion of co-housing in mind, many of the Solar Decathlon 

teams and their entries that have included the latest in sustainability-oriented technologies, may prove 

to be most successful option for future societies [205]. The next section will summarise the findings of 

this chapter on the engineering, marketing and sociology of innovation in Solar Decathlon houses.   

4.5 Summary 

This chapter has shown how the disciplines of engineering, marketing and sociology provide evidence 

with respect to sustainability-oriented innovative technologies for housing. The focus of the discipline 

of engineering produces results that can be categorised as technological development. The technological 

innovations classification has been developed as a suitable data source for researchers and future Solar 

Decathletes. It was found that there is no direct relationship between the technological innovation 

features of Solar Decathlon houses and their overall ranking in the competition. However, it can be 

concluded that innovation has helped student teams to be initially placed among the top five houses in 

the competition. The purposeful classification of innovations is a fundamental starting point for 
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establishing standards for an innovative net-zero sustainable house. The classification could also be 

used for future Solar Decathlon judgment criteria (concerning both identifiers and weightings).  

Furthermore, as these technologies have been developed and tested in situ as part of the Solar Decathlon 

competition, sustainability engineers will be able to gain knowledge as to their actual performances and 

decide whether or not a particular technology is useful for their build specifications. This aspect of the 

findings chapter speaks to the feasibility of the sustainability-oriented innovative technologies that have 

been developed due to the Solar Decathlon competitions, with the different technological developments 

being able to be incorporated into real life future builds. 

With respect to the marketing of the sustainable, innovative Solar Decathlon houses, the results show 

that the category of design strategies is the most dominant marketing category. Further, it was found 

that in 1st rank Solar Decathlon houses, a greater number of innovations improved the marketing results, 

but for 2nd to 5th ranked houses, this relationship was not apparent. It was discovered that the 1st overall 

ranked house was not necessarily the best in terms of its marketing. 

Early competitions and their entries did not overly invest in the marketing and sociology of their houses, 

even though they were scored for the liveability and communications effort of their projects. As the 

competition has progressed, teams have been asked to develop narratives around their houses that 

include information about marketing (viability) and sociology (desirability). As a result, it has been 

possible to analyse these narratives.  

The sociology of standalone housing develops as private and separate dwelling spaces. In these spaces, 

innovation for sustainability-oriented technologies advance according to the wishes of the residents, for 

example, being able to control the internal environment through smart innovative technology. 

Innovation in social housing projects develops communally as general solutions to the whole building 

and living environments for communities. As such, the sustainability-oriented technologies cannot be 

tailored to private desires and wishes. In hybrid sociological contexts some private desires may be 

expressed through the sustainability-oriented technologies, but overall communal wishes have to be 

respected in terms of the technology deployed. 

Through the combination of the results of the three disciplines which were analysed above 

(engineering/marketing /sociology) in terms of the Solar Decathlon data sets, it can be seen how their 

interdisciplinary functioning works to drive innovative sustainability in the building industry. In sum, 

this findings chapter has demonstrated the three dimensions of interdisciplinary study and the objective 

of the chapter that makes up the human-centred design of the innovations framework for sustainability-

oriented technologies through engineering (feasibility), marketing (viability) and sociology 

(desirability) in Chapter 5. In the next chapter, a case study of the Desert Rose house will be presented, 

and the innovations framework of this thesis will be developed.   
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Chapter 5. A Sustainability-Oriented Innovations Management 

Framework: Case Study of the Desert Rose House 

5.1 Introduction 

In Chapter 4, innovation for sustainability was discussed and analysed through data from the top five 

Solar Decathlon competition house entries since the first event held in the U.S. in 2002 (where available) 

and with respect to the three disciplines of engineering, marketing, and sociology. These three 

disciplines were selected from a synthesis of what is known in the field about human-centred design 

(HCD), the interdisciplinary nature of sustainable building construction [387], plus what is understood 

with respect to the processes of innovation as derived from an analysis of the Solar Decathlon 

competition (top five entry data) and the construction industry in general. 

The first section of this chapter introduces a case study of the University of Wollongong house entry in 

the Solar Decathlon Middle East competition in 2018, named Desert Rose. The second section outlines 

the innovations framework that is derived from the processes and dynamics of the case study, as well 

as building upon what is known in the field. The first objective of the chapter is to use data from the 

case study as analytic evidence for the categories and inter-relationships to be found in a framework 

that explains innovative technological development for sustainable housing. The second is to represent 

a management innovation process that balances the push and pull of technological development and the 

market to give room to the ‘real’ voice of the customer/resident to emerge, whilst operating with 

constraints such as budget and feasibility. Furthermore, this chapter elaborates further on the need for 

a human-centred design focus for innovations in the construction and building sector (Chapter 2). 

5.2 Desert Rose House Case Study 

The Desert Rose house, built by a team of University of Wollongong students, represents a combination 

of cutting-edge technologies which are enfolded into an innovative, human-centred designed house that 

takes account of the needs of the customer/resident. The Desert Rose house in this chapter is analysed 

as a qualitative longitudinal case study, that charts the journey of conceiving, designing, building, 

shipping and reconstructing the house in Dubai, before bringing it back to Australia, and rebuilding in 

Wollongong for display.   

The case study below includes data from different sources, such as interviews with a sample of the main 

drivers the Desert Rose project (n = 8), an in depth observational diary that was written by the author 

of the thesis as the Innovations Coordinator and that was kept throughout the Desert Rose experience 

(n = 1), blog entries (2017-9) that were put up on the Desert Rose web site (n = 75), and the Desert Rose 

project manual [172]. These four combined data sources produce a detailed and multi-dimensional 

information set which, in the following sections, has been separated into ‘Pre-competition’, ‘During 
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competition’, and ‘Post-competition’ categories, in order to conceptualise the production of innovation 

and work towards the eventual framework. Data was triangulated between the four data sources to check 

their validity and consistency. 

5.2.1 Pre-Competition 

The original inspiration for the Team UOW entry Desert Rose house came from the team’s Project 

Manager, three years before the Solar Decathlon competition began. The Project Manager was 

undertaking a PhD within a research project, the “Low-Income Energy Efficiency Program” at the 

University of Wollongong [388], collecting field data on residential occupant behaviour to help improve 

planning for energy efficiency retrofitting options. The research included the classification of various 

building scenarios in terms of retrofitting. During the research, the Project Manager was confronted 

with the specifics of how the elderly lived every day in their homes, e.g.: 

• A lady who was not able to open and close her windows, and as a consequence, all the windows 

in her house were physically open all the time, due to the fact that she had arthritis. 

• An elderly woman who could not access part of her house, because she could not pass her 

walker through a narrow corridor; and 

• The many problems the elderly have in their everyday routines that were created by, for 

example, strokes, dementia, arthritis, loss of a long-term partner, and having suicidal thoughts. 

Ultimately, the Project Manager realised the necessity to create a specifically dementia-friendly 

constructed house that responded to consumer/resident needs, and this combination of design impulses 

came to define the primary innovations suite for the Desert Rose house. These observations could be 

understood as the beginning of designing the Desert Rose in terms of its human-centred design.   

In the first place, Team UOW undertook an extensive customer exploration exercise (market pull), and 

this information was the basis for the initial Desert Rose house set of innovations. In addition, Team 

UOW’s research interests and Solar Decathlon experience had previously been aligned with the 

retrofitting of houses (technology push). Moreover, in the words of the Project Manager (transcript): 

I started researching dementia-friendly designs in 2016. I went through hundreds of houses 

designs so that I could understand how to provide the tenant with a better quality of life 

via applying simple retrofitting scenarios.  

By 2050, it is expected that over 130 million people will be living with dementia, this is a 281% increase 

from 2015 [342]. Given the extent of these estimated statistics, the Project Manager looked for a means 

to advocate for a dementia-friendly build with these developments in the context of an aging society. At 

this point, initial Team UOW members connected with the prospect of developing ideas further in terms 

of the specifications and requirements of the Solar Decathlon competition, initially with the University 
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of Wollongong China 2013 Solar Decathlon entry. This relationship, which was facilitated by the 

Sustainable Buildings Research Centre (SBRC), was expanded and made concrete through the notion 

that could include his research in the subsequent Solar Decathlon Middle East 2018 University of 

Wollongong entry. 

The initial Team UOW ideas on dementia-friendly housing morphed into the Solar Decathlon Middle 

East 2018 participation through the SBRC. The SBRC is a hub in terms of innovation in the building 

and construction industry, as it has been supporting students and teams to complete sustainability 

projects since 2012. The SBRC has many sponsors and stakeholders (connections), who were aligned 

with new projects, such as Solar Decathlon competition entries, that require large scale and 

sophisticated facilities to progress their designs and the construction of a building. As such, stakeholder 

interest was petitioned by specific university connections and student outreach, relevant industry 

sponsors were brought on board, and other entities were included in the build, such as the Technical 

and Further Education (TAFE) organisation, NSW. TAFE is the place where future builders and other 

trades are trained. TAFE provides the bridge between the development of SOIs in the Solar Decathlon 

house, and their practical implementation on the build. 

As shown in Figure 5-1, Team UOW had two internal stakeholders: the governance, and management 

committees. The governance committee was responsible for the overall project direction and 

endorsement of expenditures, and the management committee oversaw the general management and 

organisation of the team and its members [172].  

 
Figure 5-1: Team UOW organisational chart adapted from [172]. 

In addition to the essential internal stakeholders (University of Wollongong and TAFE), external bodies, 
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UOW financially, but they also gave expert advice, consultation, and guidance whenever students 

needed help in the development and implementation of their innovative ideas. Moreover, this aspect of 

the movement in innovation was not a one-way relationship, as sponsors learnt new things by working 

alongside students who were thinking and acting creatively and who frequently approached previously 

unheard-of challenges. As such, finding various solutions via helping students (e.g. with the HVAC 

system, structural design of the building and innovative water taps), provided the sponsors with new 

technical and practical experiences and therefore added to their body of knowledge in the field. 

Consequently, at the end of the competition, when the Desert Rose house came back to Australia, the 

sponsors had a showcase of their products as being implemented and used in a competition prototype 

and in the internationally recognized Solar Decathlon in Dubai. Hence, the interaction between the 

Decathletes and the external stakeholders was mutually beneficial. 

In addition to the mutually beneficial relationships that have developed since 2012 between SBRC, the 

sponsors, and its sustainability projects, there has been a carryover in terms of the specific ways in 

which the Solar Decathlon competition has attracted and galvanised support. For example, the support 

of DAIKIN for the Solar Decathlon UOW entry, which began in China 2013, and was repeated in Dubai 

2018. This relationship between DAIKIN and the Solar Decathlon teams involves the exchange of 

technical, and highly specialised skills and products that relate to the specific technological innovations 

of the Desert Rose HVAC system. Furthermore, the extensive and intensive nature of the Solar 

Decathlon competition has created community interest in the project and led to other benefits, such as 

a connection from the first campaign to the second one (for example, the industry link with DAIKIN 

and its innovative HVAC technologies). These benefits and experiences of continuity were implied by 

the academic coordinator of the Desert Rose project (AC, transcript): 

Well, I was part of team China 2013 (Illawarra Flame House). So, I knew a lot about it. 

Desert Rose was basically our second project. I think with each of these campaigns you 

learn a huge amount and for the Illawarra Flame House we had never done it before. The 

university had never done it before, and nobody knew what it was. And when people 

understood how big the project was, it became very important for the university and city. 

Additionally, notes by Team Leader One (TL1, transcripts) confirmed being successful in Solar 

Decathlon China 2013, paved the way for a second-time attendance in the Solar Decathlon competition 

(Solar Decathlon 2018), as he said: 

I think from the University Vice Chancellor’s point of view that the success that came from 

that project would have led to approval to the current project, but purely because that first 

project was successful. 

Also, such a successful experience provided team Desert Rose with confidence, as explained by Team 

Leader Three (TL3, transcript): 
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I was a member of team UOW for China 2013. I think the most direct influence is that OK, 

well, we won in 2013 in China which gave us huge confidence. I believe this is the first 

point and then the second one is that, OK, from the first programme, from the 2013 

programme, we actually we know that we can come to you know excellent results and also 

from the technical point of view we also use quite a lot of sustainable renewable 

technologies in 2013, yeah which you know makes us very experienced in you know these 

kinds of systems in the sustainable house.  

The first attendance in Solar Decathlon 2013, provided the team with specific learnings and experience, 

which built confidence into the team members, as well as providing them with connections to sponsors. 

Hence, Team UOW, through their successful participation in the first Solar Decathlon competition, 

provided a clear path for themselves to attend Solar Decathlon in 2018. The connection between the 

first UOW Solar Decathlon entry in 2013 and the subsequent one in 2018, creates feedback loops of 

advice, support, funding, ideas, and opportunities that makes the conditions whereby innovation for 

sustainability-oriented technologies become possible. The 2018 team was able to build and refine 

several of the processes and systems that had been worked out for the 2013 construction, as feedback 

loops between one house, its innovations, and the other, e.g. the use of clerestory windows, and the 

modular design of the house. This point shows how innovation builds upon previous innovation as 

iteration and feedback between the team, the materials, and its leaders. 

 
Figure 5-2: One of the early stages Desert Rose house architectural designs.  
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The innovative ideas of Desert Rose originally came from dementia-friendly design. Afterward, the 

stakeholders were connected to the team through SBRC and by students, and, henceforth, the first wave 

of designs (Figure 5-2) and innovation for the Desert Rose house was organised, involving workshops 

(Figure 5-3) with undergraduate students in subjects such as architecture and civil engineering. For 

example, from the Desert Rose blog [389] 

During June, Team UOW held two Architectural Workshops, one at the Sustainable 

Buildings Research Centre (SBRC) and one at Edmiston Jones GBB, where we worked on 

developing the design of the Desert Rose. The second Architectural Workshop, held a week 

later, was at Edmiston Jones GBB office. This time round we introduced an updated version 

of the new design to Mark Jones, the leading architect at Edmiston Jones, and listened to 

his feedback. Discussing the points Mark brought up, we then proceeded into dividing up 

into two separate groups. Group 1 focused on improving the new design and Group 2 

focused on improving the original design and incorporating some of the new and 

innovation ideas brought forward since the previous workshop. 

This statement from the blog demonstrates several of the characteristics of innovation as produced by 

the Solar Decathlon competition, i.e. it is a learning experience, and that the flows of innovation 

genuinely move in variant directions, from experts to novices and vice versa. In an important sense, 

such openness of innovation gives momentum to idea generation for a project such as the Desert Rose 

house. 
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Figure 5-3: (a) Desert Rose house model. (b and c): Architectural workshops involving experts and 

students [342]. 

Further, the focus and momentum of the innovations were strengthened by the creation of an 

architectural scale model of Desert Rose (Figure 5-3), which was completed just over a year before the 

contest. Again, as taken from the Desert Rose blog [390]: 

I (along with a very dedicated team) have spent the last sleepless month working on a scale 

model of our house in preparation for the upcoming Deliverable. As none of us had done 

something quite like this before, everything was a learning experience, and it’s safe to say 

that we learned a lot. What began as a cool little arts and crafts project with everyone 

thinking: this looks pretty easy, how hard could it be? Slowly dissolved into unorganised 

chaos as the scale of such a small model quickly became apparent. And just when we 

thought it couldn’t be bad enough, we had to design and build the shipping box as well! 

This quote emphasizes the collective nature of innovation that the Solar Decathlon competition induces, 

and how this collective nature works in practice within an interdisciplinary team. Once the scale model 

had been completed, along with the overall architectural designs and computer simulation, dedicated 
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teams were established to implement innovation in the different house systems. This is when the author 

was appointed as Innovations Coordinator, as written in my observational diary:  

The combination of undergraduates and Ph.D. students and academic leader had already 

come up with the basic design and intent of the Desert Rose house. After the postgraduate 

leaders were appointed, teams worked independently on specific technological innovations 

for the house, for example, building services, design, and construction. However, this core 

of 40-50 members was supplemented by more than 100 others, who were involved with 

other non-technological innovation, such as business, communications, interior design, 

liveability, and operations. It was my job to try and make all this innovation come together 

and be directed to the ultimate goal of achieving the best innovative house possible. 

The last two quotes explain the interdisciplinary environment in which the team members and 

stakeholders were communicating and working together. The main team comprised of members that 

were from: UOW Engineering and Information Sciences, Business, Law, Humanity, Art, and Social 

Sciences, as well as TAFE Painting and Decorating, Manufacturing Engineering and Environmental 

Technologies, Travel, Tourism and Events, Commercial Cookery, Infrastructure Energy, and 

Construction and Plumbing [342]. These facts demonstrate the overall flexibility of the team 

environment for the Solar Decathlon competition and its innovations. The Project Manager has stated 

that the management of the interdisciplinary team has been challenging yet exciting and rewarding 

(Project Manager, transcript): 

We were having team meetings over the course of two years, literally every single team 

presented what they have been doing. It was not easy to manage because so many of them 

did not understand the need for it. When we finally got two main teams of ‘design & 

construction’ and ‘building services’ to talk to each other it was right at the end. Trying to 

get two different teams to understand the need to communicate with each other is one of 

the biggest challenges. Like in the end, they said oh, why we did not do it from the beginning 

and that is what happens when you recruit fresh that do not see the benefit of the 

multi/inter-disciplinary and cross engagement. 

Team Leader One confirms the challenging and beneficial nature of working in the interdisciplinary 

environment (TL1, transcript): 

I can think of one collaboration which was with the HVAC team (TL was from the structural 

sub-team), there were a lot of backward and forwards between the two sub-teams about 

how to get the HVAC system in a roof. Because we did not think an open-minded way and 

there were limitations with a shipping container and the amount of space. But eventually, 

we came to conclusion that the innovative HVAC cage was a result of this collaborative 

interaction of us. 
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Figure 5-4 represents the experiential development of an innovations framework by the Innovations 

Coordinator and author, which responds to the lived challenge of building a competitive house for the 

Solar Decathlon competition over time: 

 
Figure 5-4: Innovations Framework developed in the Solar Decathlon Middle East 2018 competition. 

In Figure 5-4, the innovations framework is presented as a management process that is influenced by 

the engineering demands of the technologies, the needs of the market, and the influence of stakeholders. 

The influence of the stakeholders is particularly felt as a participant in the Solar Decathlon, because 

even though the competition is a student-led contest, the influence of university academics, sponsors, 

and technology and material suppliers is strong [262]. Entry into the Solar Decathlon competition 

constitutes a major financial investment by the university and the sponsors, and even though there are 

capital prizes for winners, the relatively high cost of building the houses, produces the necessity for 

stakeholders to closely monitor the process of construction. Furthermore, the innovation management 

process is one of continuous teamwork, with specialists such as electrical engineers, architects, 

structural engineers, HVAC engineers, and water system engineers working together to integrate the 

different aspects of the house into a functioning whole [391]. The innovations management process as 

designated in the diagram above (Figure 5-4), can be further unpacked by analysing the flow of ideas 

as a chart. 
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Figure 5-5: Desert Rose house innovation flowchart. 
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This flowchart (Figure 5-5) depicts the innovation management steps, which are: 

1) Idea Filtration – Human-centred design, 

2) Idea Development – Multi-disciplinary team, and 

3) Idea Implementation – Dedicated team. 

The Desert Rose is a human-centred design, innovative house (system) which contains innovative ideas 

(sub-systems), whose processes are described in Figure 5-5 above. In order to reach the main goal of 

constructing Desert Rose (a dementia-friendly, sustainable, innovative house), specific subgroups were 

created, and a leader was assigned to each. As the Desert Rose house had a special purpose (human-

centred: dementia-friendly), the team was not able to carry out all the generated innovative ideas, as 

there was necessarily a surplus of ideas, for example, swing clear hinges and a holographic pillar, and 

only some were suitable for this specific house. Each innovative idea had to be questioned to make sure 

that it fitted in with the particular requirements of the house. The ideas were filtered and modified before 

entering the development process, as an illustration, considering the human-centred/dementia-friendly 

design. This flowchart was implemented on a SharePoint application, however not all team members 

were able to complete the form successfully. Hence, some ideas had to be explained face to face, and 

real time decisions had to be made with respect to the take up of the specific innovation. Also, the house 

had to be built in a way that it could be transferred to Dubai and rebuilt quickly in 15 days, disassembled, 

and sent back to Australia. Furthermore, the Desert Rose house needed to meet the Middle Eastern 

cultural concerns. At the design phase and after the workshops, the innovative ideas were synthesized 

and streamlined, and for the purposes of this case study, the four major accepted innovative ideas (sub-

systems) of the Desert Rose house (the whole system) that will be explored are: innovative second skin 

wall, Modular and prefabricated design, HVAC using PCM TES, and the predictive model control for 

the energy management of the house. 

5.2.1.1 Innovative second skin wall 

The second skin wall of the Desert Rose (Figure 5-6) is classified within the “Façade/ Envelope/ 

Structure” as well as the “Material” within the sub-section of “Design and construction” in the 

innovative technological classification in Chapter 4 (Figure 4-3), hence making it a hybrid innovation 

prototype. The second skin wall came from an idea by the Academic Coordinator (AC) and was created 

out of new materials and an innovative type of reinforcement. The AC explained the main innovation 

within the second skin wall as (AC, Transcript): 

The innovation in it was because we were transporting this across the world and back, we 

wanted to minimise the weight. We replaced 10% of the cement with recycled glass, which 

has a zero-carbon footprint. But the main thing was to de-materialize, make the volume of 

the structure much less, so, to that reduction in the amount of material is where 
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sustainability comes in. Another aspect is for shipping, the weight of the object has a 

carbon cost in terms of transport, so making it 5 times lighter than traditional similar 

structure, means that the carbon cost of shipping was also reduced. 

 
Figure 5-6: (Left) Part of Desert Rose house with assembled second skin wall. (Right) Two 

Decathletes during the assembling of a piece of the second skin wall. 

To market the second skin wall as a sustainable innovative technology, the reduction of the carbon 

footprint and the dematerialisation using recycled materials are paramount. Yet, for this innovative 

technology to be sustainable, the amount of cement used in it should also be reduced, and so in 

comparison to a traditional cement façade, it is more eco-friendly. Furthermore, this innovative 

technology has a socio-cultural element, which is the concern for privacy and connected to Middle 

Eastern culture. Further, this socio-cultural marker for construction is geographical in nature in that the 

design focus on privacy comes from a specific location. Middle Eastern families have treasured their 

privacy for many generations [392], and this point shows how innovation may be connected to specific 

geographical requirements that arise from the nature of the construction and its location. 

5.2.1.2 Modular and prefabricated design 

The modular design of Desert Rose came from the previous design experience of Illawarra Flame House 

(IFH) (shown in Figure 5-7 ), and, as such, it originates from the previous Solar Decathlon 2013 entry. 

This technology is categorised in the “Modularity/Prefabrication/ Construct, Deconstruct and 

Reconstruct” in Chapter 4 (Figure 4-3) within the innovative technological classification.  
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Figure 5-7: (Left) Illawarra Flame House  at UOW Innovation Campus [393]. (Right) Prefabricated 

modules of Illawarra Flame House which are shown in red [394]. 

The modularity of the Desert Rose house can be marketed by explaining its reduction in overall waste 

for sustainable construction. For Desert Rose, this modular design was relatively successful, but for the 

innovative technology to be viable, the modules need to be commercially produced in a factory, so that 

the modules can be repeated, and the waste can be binned and recycled. Also, the shipping, 

transportation, and pollution caused by the modules (that creates an impact on the environment) must 

be reduced if they can be mass-produced in a factory. As it was explained by (TL3, transcript). 

If we go back to the analogy of the building site, each different piece of material gets to be 

shipped to the site on a different truck. So you can build the thing in a factory and send it 

to the site in one go. It may take 5, 10 or more trucks to get the pieces to the site and then 

you put it together, a lot of pollution coming out of the truck as well, then you gotta wastage 

and then you gotta move the wastage back to somewhere probably not recycling, and 

maybe the general waste which is not good. So, yeah, it reduces the shipping and waste. 

Further to the reduction in wastage, and the promotion of eco-friendly processes, the modularity of the 

house design was put forward as being cost-efficient and incorporating different units for sustainability 

in packages. Modularity can also be marketed as being part of a futuristic, sustainable lifestyle that 

connects a living space with its requirements in an explicit fashion. 

In addition, the overall quality of the modules improve as building in a factory will be monitored and 

continually evaluated, in contrast to ad hoc construction on-site, in sum producing less errors to be fixed 

on-site and saving time. Time is one of the biggest costs for the construction industry (TL3, Transcript): 

And as well as the factory having an overall standard way putting the things together, the 

overall quality of the product will be better than you build it on a site with an unlevelled, 

unstable ground for instance. 
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The aspect of the high-quality nature of modular design and construction is marketed for homebuyers 

wishing to invest in the latest in sustainable technologies. Modularity brings clean lines and visible 

fixtures together in a seamless and well-structured design. 

5.2.1.3 HVAC System with PCM TES 

The HVAC system of the Desert Rose is classified within the “HVAC system and hot water” within the 

sub-section of “Building” in the innovative technological classification in Chapter 4 (Figure 4-3). The 

HVAC system coupled with the water-based Phase Change Material (PCM TES) thermal energy storage 

is a unique combination whose innovations relies upon various technologies and services as explained 

by Team Leader 4 (TL4, transcript): 

Ok, a couple of them. So first of all, I designed a system based on the weather condition of 

Dubai which is hot and humid. So, I integrated system with two separate paths: one is the 

dehumidification one is temperature control so as you know that we use the air-to-water 

heat pump and fan coil as well as radiant panel to control indoor temperature, and to 

avoid condensation, we used dehumidification heat pump to control the indoor humidity. 

The benefit of this design is that OK we can improve the supply water temperature which 

is allowed actually improve the COP of the air to water heat pump and well because we 

don’t have condensation. We don’t really load temperature to generate condensation to 

remove the indoor moisture. and also we improve the indoor comfort by using a radiant 

panel which you use the radiative heat transfer to improve the human feeling of the thermal 

comfort and also we use the phase change material which can temporarily store thermal 

energy at night time or in the off-peak period and we use it in the on-peak period. In this 

way we make use of the power tariffs and improve the system operation and save operation 

costs. Also, for the ducting system or air distribution system we use the insulation piping 

to which usually we need duct and the insulation outside, but here we used double-foiled 

insulation itself as a ducting system which is light and convenient to install and convenient 

for maintenance. Yeah so, we also make use of the night-time ventilation as well by using 

Enthalpy Recovery Ventilator.  

The HVAC system is a pilot system showcasing different technologies. This HVAC system can be 

customized for specific buildings and therefore be marketed as adaptable for variant circumstances. The 

HVAC system was designed in a way to provide the thermal comfort in the harsh and humid climate of 

Dubai, and this is a specific geographical influence on an innovative technology. In addition, the 

sustainability of the HVAC, which is using solar energy as its electrical source, and is coupled with 

PCM to shift the electrical load and help with the reduction in electrical bills, can be used in unison in 

the marketing of the HVAC system. In sum, the HVAC system designed for Desert Rose can be 

marketed as a cutting-edge technological array, to give the maximum thermal comfort to the house at 
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minimal running cost.   

5.2.1.4 Model predictive control for energy management 

Finally, another major innovation of the Desert Rose house is the application of the Model Predictive 

Control (MPC) through its Building Management System (BMS) (containing KNX, DALI, and IoT 

systems) to maximise the amount of renewable energy used in the building. The marketing of the 

sustainability of this innovation essentially lies in its usage of renewable energy and the overall 

conservation of energy. As it is explained by Team Leader 2 (TL2, transcript): 

My most innovative idea was related to the overall energy efficiency strategy and 

renewable energy systems. This included the tractile solar system, energy storage system 

and building controls. By this innovation which was the combination of research and 

products on the market, I was solving problems related to energy efficiency and energy 

management contests. 

5.2.2 Pre-Competition Finalisation 

Desert Rose incorporates the technological subsystems as mentioned above, and is a system, that is 

explained through the feasibility of its engineering structure, exemplified by the technical nature of the 

technology, the time it takes to build, and the transport of its components. With respect to the business 

viability of Desert Rose, the house will be marketed and sold according to its specifications and 

performance as measured in the Solar Decathlon competition and elsewhere. As mentioned by the 

Academic Coordinator (AC, transcript) 

Within the project itself, there is a difference between that saying if I want to build 100 of 

these or if I want to build one for a contest, so the viability equation is different; when 

you’re building for the contest you want to put a lot of new stuff and new stuff costs money 

if you’re building bespoke things, So I like in it to formula one cars, you don’t expect them 

to be cheap, but a lot of the innovations in that formula one car, eventually find their way 

into your own car, so we need to have a route to get from these innovations into a more 

standard marketplace and the history of solar decathlon has shown that whatever we put 

into these houses, it is the state of the art but five years down the track is a practice. Things 

like I love the control system that we put in we have to build from scratch, but they are 

becoming available now on your phone things. There is a lot of smart things you can put 

in your house that weren’t available in 2018 when we were building this. Now three years 

down the track a lot of the things that were brand new for us, you can buy that in Bunnings 

now. 

The desirability of the Desert Rose house can be explained in two ways, firstly, that the house has a 

contextual purpose (human-centred design: dementia-friendly), and secondly that the house responds 

to the aesthetic dimension, as was explained by (AC, Transcript):  
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I think the research that was done shows that there was a market for independent living 

units for people with severe disabilities like to mention other cognitive disabilities to get a 

house that allows me to stay in their own home for longer and the number of people living 

with dementia 470,000 in Australia, and it is expected to double by 2050. So, 

understanding the architecture that makes it easy for somebody with dementia or a similar 

condition to live in their own home that’s pretty desirable. The other aspect of the 

desirability of this house was that it had to be beautiful, and it had to be a house that people 

would say I could live here or I can stay in this house for an extended time and I think that 

was achieved with both Desert Rose and Illawarra Flame house, these are the houses that 

are comfortable to be in and the feedback we get from people who visit both of these houses 

is that I could live here. And you don’t get with every solar decathlon house because some 

of them were playing around with experimental architecture. And we played around with 

experimental architecture but kept it very close to what we thought would be desirable. 

The table below (Table 5-1) depicts contextual purpose, i.e. the dementia-friendly innovations 

which Desert Rose exhibited. 

Table 5-1: Other innovations in Desert Rose house 

Other 

innovations 

(dementia-

friendly 

design) 

Comments 

Line of 

Sight  

In the Desert Rose house, the main spaces within the house are visually accessible 

from various positions within the house. As an example, main bathroom and living 

room are visible from the main bedroom. This line of sight (Figure 5-8) provides a 

clear-cut binary selection to someone living with dementia and helping them with 

their daily activities.  

Water tap  The tap waters (Figure 5-8) were designed with accessibility in mind. The tap 

handles are electronically controlled and hence provided no resistance when 

turning, this helps out tenants with poor hand strength to still be able to access 

water. Dual tap handles were built to enable occupants living with dementia to still 

recognise them as a place to access water. The handles light up around the base to 

help the people with dementia recognise the temperature of the water flowing from 

the tap. They can be connected to Amazon Echo and be operated by “tap on – tap 

off” vocal command (in case the occupants cannot rotate the taps). These taps can 

be programmed in a way to shut off the water after certain amount of time (i.e. 30 

s), in case the occupant with dementia forgot to close the taps. 

Visibility of 

toilet 

As part of the main bathroom design, the toilet was a white ceramic and was 

backed by a dark grey tile. People living with advanced dementia who have line of 

sight to a visible toilet, when they wake up are eight times more likely to use the 

bathroom [172] . 

Lighting 

System  

LEDs are built into cornices to provide ambient lighting and assist people with 

dementia feel less agitated [172]. 

 

Line of sight and the water taps (Table 5-1), are shown in Figure 5-8 below. 
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Figure 5-8: (a) Line of sight; (b) Innovative water taps [342]. 

Once the desirability and business marketing focus of the Desert Rose had been decided upon, the team 

set about with the practical matter of constructing the house in such a way that it could be easily 

dismantled and shipped to Dubai. This challenge of innovation, integration, and cohesion was 

accelerated and intensified through the real demand to test its functioning, and henceforth to make sure 

that it safely went on its journey to the Middle East. As expressed by one of the Team Leaders who 

worked on the house (TL1, transcripts): 

A normal build involves just putting it up and making sure that you have followed the 

guidelines, made the correct joins, and that it doesn’t fall apart. This house was special. 

It had to fit together like a giant jigsaw puzzle, with internal cavities holding the electrics, 

plumbing, HVAC, etc. The key was making sure these bits can be easily taken apart then 

fitted back together. We had to come up with innovative ideas for the suitable, reliable 

metal framing structure, roof, internal wall as well as the second skin walls which were 

surrounding the house. 

Finally, the prefabricated modules of the Desert Rose house were deconstructed and loaded into 

shipping containers and shipped to Dubai in August 2018. These processes introduce the next stage of 

the case study, which evaluates the onsite innovative processes that happened in Dubai, November 

2018.  

5.2.3 During Competition 

The Solar Decathlon competition is unique in that the teams must reconstruct their houses in the specific 

conditions of the chosen showground, which will most likely be variant from the initial build 

environment. The showground in the case of the Solar Decathlon Middle East, 2018 was the 

Mohammed Bin Rashid Al Maktoum Solar Park UAE, located approximately 40 km outside of Dubai. 

In the terms of the Team Leader (TL2, transcript): 

a b
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Well, that’s it. We had a system for unpacking the house from the containers, but we 

immediately had to rethink the plan. Even though we had done simulations of the Dubai 

conditions, we couldn’t prepare for the above 40-degree heat, severe humidity, wind, and 

sand. Everything had to be sealed in place before construction. The teams had to go on a 

strict roster to avoid heat stress. 

The point of this transcript quote in terms of innovation and human-centred design of the project, is that 

innovation doesn’t stop with the initial design and build phase of construction, but continues, as the 

teams experience the real conditions of the competition [395]. In effect, the actual geographical reality 

of Dubai was difficult to account for in the team’s home location of Wollongong. As such, the specific 

combination of high humidity coupled with the desert conditions of high temperatures, wind and sand, 

gave the Desert Rose team specific technical challenges that they had to solve on site. Innovation is 

predictive, in that it helps to solve problems before they arise, but it is also involves adaptation and 

being able to deal with new conditions as they happen due to the geography of the build site. The 

direction of innovation must account for onsite issues of adaptability, or the unpredictable technological 

problems that will arise. As it is noted in the author’s reflective diary as Innovations Coordinator: 

We had a number of onsite issues that had to be fixed during the build time, which gave us 

a short time to execute solutions to real construction problems, yet not all of them are 

considered as innovative solutions. For example, after running the HVAC system, there 

was a leakage from the PCM tanks, on-site, our professional workshop team member 

designed and made a steel metallic support which were then located and fixed on top of 

the PCM container to stop the water leakage due to the internal pressure of the system. 

Also, as part of the operational working modes of the HVAC system we got the in-built 

humidity sensor within the Desica and locate it in the ducting system. We had to work out 

how to solve these problems.  

As it is seen from the above-mentioned quote, solutions to problems (innovations) on the ground had 

to be executed quickly and efficiently, and often involved reconceptualising the innovations and how 

they were to function. This methodology can also be applied to building houses which are not 

constructed in competition, by systematically working through the problems and solutions from the 

ground up. For example, and as expressed by a team member on the blog [396]: 

Before leaving Australia to join the team I was working with Luca and Simon along with 

our sponsors to establish a landscaping plan for the Desert Rose House. The biggest hurdle 

is trying to coordinate plants that won’t die during the two weeks of competition. This was 

further highlighted on my first shopping trip today with Luca to see what plants we could 

source. The majority of the store operators we met were surprised that we were looking for 

plants that will have to survive without water for the next two weeks, therefore the plants 
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need to have been grown outside to be able to survive in the harsh conditions. I was 

surprised to see so many plants you would typically think of as outdoor plants like 

succulents and Bromeliads are grown in air-conditioned green houses.  

This quote demonstrates the necessity for flexibility and teamwork in terms of the innovations that had 

to be fulfilled on time to complete the onsite build. The specific conditions of the Solar Decathlon 

competition demanded that all team members followed instructions yet can came up with innovative 

solutions to problems as they emerged in real time. These conditions added pressure and constraint to 

the need to innovate, and to adapt the previous systems of innovations, and how they had inter-related, 

to working in the specific conditions of the Dubai Solar Decathlon Park after shipping from Australia. 

This point also relates to the specific need for geographical considerations to be taken into account, in 

this case involving the desert-like, humid and windy nature of Dubai. Further, the two latter quotes 

show that even after innovative ideas were implemented, there is still the possibility of facing new 

problems. 

The ‘during competition’ period and its series of onsite innovations are divided into the actions of 

unpacking, installation, testing, and judging. Ultimately, the University of Wollongong team won 1st  

place in the innovations contest, an achievement that was summarised by the Project Manager (PM, 

transcript) thus: 

The excitement was indescribable. My eyes were watery, and my body was shaky. My head 

collapsed in my hand, I could not stand. We got the first prize for innovation, which meant 

we went up to 2nd place overall. The judges understood that our innovative HVAC system 

with its inter-connected DESICA, PCM thermal energy storage, and enthalpy recovery 

ventilator (ERV), was an extremely energy efficient and effective way to achieve cooling 

in the Dubai heat. They also really appreciated the predictive model control energy 

management system and the second-skin wall, and the overall simplicity of our design 

addressing dementia-friendly Desert Rose house. It really was a great achievement.  

The Solar Decathlon competition for Desert Rose house was finalised with the results of 2nd place in 

the creative solutions special award and 1st place in the innovation sub-contest, and this result shows 

how successfully the innovation had been managed and was addressed for the juries. The categories of 

the innovation sub-contest were architecture, engineering and construction, energy efficiency, 

communication, and sustainability. The sub-contests are considered as key performance indicators for 

the success of winning the competition (impact). 
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Figure 5-9: Desert Rose house innovation points in innovation sub-contests. 

Figure 5-9 shows that the management of innovation for Desert Rose was successful in terms of 

achieving high scores across the board in the innovation subcategories. The jury of the Solar Decathlon 

Middle East 2018 did not provide the teams with detailed feedback or an explanation about the sub-

contests of innovation, however, based on the data available, Table 5-2 shows how the technological 

innovation subsystems coincide with the five sub-sections of the Solar Decathlon categories for 

innovation: 

Table 5-2: Desert Rose house innovations and the key performance identifiers of innovation sub-

contest. 

System/ 

subsystem 

Architecture  Engineering 

& 

construction 

Energy 

Efficiency 

Communication Sustainability 

2nd skin 

wall 

 X X  X 

Modular 

structural 

design 

 X   X 

HVAC 

system 

coupled 

with PCM 

  X  X 

Model 

Predictive 

Control 

 X X  X 

Dementia-

friendly 

design 

X  X  X  

 

Table 5-2 indicates the ways in which the Desert Rose team was able to achieve success in different 

areas of innovation, which cumulatively went towards the evaluation of the house. 
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In sum, the onsite problems that were experienced with the innovations and presented by Desert Rose 

during the competition, were solved in a limited time frame, by an interdisciplinary team for the prospect 

of being used by older residents (dementia-friendly) with cutting edge sustainability-oriented 

technologies. The team left Dubai with the knowledge that they had succeeded in building an 

innovative, human-centred house that responded to customer/resident needs, that was sustainable in 

terms of materials, energy usage (net-zero), and CO2 emissions, as well as being desirable to live in and 

viable in terms of its marketing potential. 

5.2.4 Post-Competition 

The Desert Rose house was disassembled, packed into shipping containers, and reconstructed in the 

grounds of the SBRC campus, next to the Illawarra Flame house, which had represented the University 

of Wollongong in the Solar Decathlon China competition in 2013. The intensity and experience of 

working towards one goal and the innovation continued, but often in a virtual sense, as expressed by 

the Team Leader (TL 3, transcript): 

The specific innovations that were developed by the Desert Rose team received multiple 

awards and recognition after the competition, for example, for sustainable housing, 

engineering, the HVAC system AIRAH award, and for developing enhanced zero-

emissions lifestyle choices for an ageing population.  

This quote shows the ongoing impact of the Desert Rose innovations as being also strong in other 

contexts. The innovation development process as described by this case study shows how the elements 

of marketing (viability), engineering (feasibility), and sociology (desirability), but also the specific 

geographical considerations come together in a successful design for sustainable living. This process is 

dynamic, inter-linked and overlapping, as has been shown through this case study and means to 

understand innovation in the development of sustainability-oriented technologies of a house. 

Furthermore, as Innovations Coordinator of Desert Rose, the author has been conducting tours for 

groups to look around the house since 2019, as described in the author`s diary:  

The life of the innovations that we assembled for the Desert Rose live on as a showcase 

and educational aid to help people who are interested in understanding the future of 

sustainable housing. Explaining and demonstrating the innovations that we created has an 

important role of planting the seeds of change in the minds of those who come to Desert 

Rose. The dynamics of climate change make zero-emissions housing a must for the future, 

and Desert Rose is an innovative example of it, that can give visitors ideas of how to do it 

in their own homes. 

The construction and human-centred design processes above that made the Desert Rose house a prolific 

entry in the Dubai Solar Decathlon 2018 can be used as a case study for technological innovation in 
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sustainable housing. The three sections of pre-, during and post-competition produce a means to 

understand how different elements of the construction processes, such as individual technologies, the 

marketing (business), the sociology of the house, and geographical considerations came together in time 

and are related in specific ways. This synthesis will be represented below in the framework for 

innovations that is the summation of this chapter.    

5.3 Innovations Framework based on the Desert Rose House Case Study  

Chapter 2 previously discussed existing frameworks for understanding how innovation works in terms 

of construction. The case study of Desert Rose is an original contribution to knowledge in terms of 

being a specific example of innovative, sustainable construction that is a human-centred design (i.e. 

feasible/viable/desirable), whilst responding to geographical considerations in terms of the build and 

innovation. The framework below fills a gap in the literature in terms of focusing on innovation and 

including sustainability, technology, and human-centred design. 

The Desert Rose case study enabled the extraction of an innovations framework with respect to 

sustainable construction. The Desert Rose was built for a specific market (dementia-friendly) and used 

highly innovative processes and technologies in real time for the build. This thesis generalises from one 

case study to a framework, by deploying the knowledge and insight from the case study of Desert Rose 

that implements the different aspects of the framework, e.g. the human-centred design.  

The innovations framework for this thesis builds upon what is known in the field (Chapter 2), as it 

integrates innovation with sustainability, to the benefit of the construction industry. Furthermore, it 

integrates the principles that have been discovered in this case study of the Desert Rose house above, 

and the pre-, during and post- phases of the competition. The pre- phase of the competition lay the 

groundwork for the build and showed how the ideas for innovation were generated. This case study has 

described how the idea for the house was produced as human-centred (dementia-friendly), and how 

stakeholders and a management team was formed around this original idea for a sustainable house to 

make it happen. Suitable technologies were assembled that fitted with the design brief of the house (and 

others were rejected), as the processes of innovation were directed and synthesised according to the 

specific build specifications of the house and previous Solar Decathlon entries. 

At the heart of the innovative use of technology and the human-centred nature of the house are the inter-

locking disciplines of engineering (Chapters 4 and 6), business (marketing-focused) (Chapter 4), 

sociology (Chapter 4) and the geography of the build site. These knowledge areas mediate and filter the 

ideas from the different technologies and the human-centred design, so that the interdisciplinary team 

responsible for the house can work together to successfully complete the build. Hence, for example, the 

human-centred design specification of the Desert Rose house (dementia-friendly), which identifies a 

market for the sale of the house, is further mediated by the viability of the marketing strategy, which in 

terms of sustainability, responds to ‘design strategy’, ‘local resources’, ‘renewable resources/energy’, 
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‘prefabricated-modular structures’, ‘recycled/recyclable resources’, and ‘thermal mass as passive 

design approach’ (Chapter 4). Further, the engineering choices that were made in terms of the 

innovative, sustainability-oriented technologies that were chosen for the house (e.g. the PCM TES units, 

Chapter 6), are mediated by their viability for use in the context of the house and in unison with the 

other features of the build. Likewise, the sociology of the house mediates its construction in terms of 

its desirability, and any geographical considerations for the house can also serve to change the nature 

of innovation. 

In sum, these disciplines mediate the push of using new technologies to solve problems of sustainability, 

and the pull of the human-centred design of the house. The outcome is the actual build, as the ideas are 

developed, implemented, and reviewed. The review of the flow of innovation in sustainable house 

construction makes feedback loops that continuously adjust the deployment of technologies and the 

human-centred design of the house (Figure 5-10).  

The final innovations framework for this thesis is represented thus: Figure 5-10 

 

 

 
Figure 5-10: Sustainability-oriented innovations management framework for the interdisciplinary 

environment of the construction industry. 
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This innovations framework (Figure 5-10) has many unique features that add to the knowledge in the 

area of sustainable building and can be tested through the top five Solar Decathlon entries data set, as 

was presented in Chapter 4. For example, the framework is entirely inter-connected and circular, 

encourages innovation in engineering, whilst at the same time being sensitive to the needs of the market 

and the living conditions created by the houses (sociology and geography). The application of the final 

innovations framework of this thesis (Figure 5-10) to the Solar Decathlon entries such as Desert Rose, 

reveals certain traits and tendencies that are carried forward in terms of understanding how the dynamics 

of sustainability-oriented innovative technologies work in housing. For example, early entries in the 

Solar Decathlon mark out the division between buildings that have the appearance of traditional housing 

[6] and hence are aimed at selling into established markets, or experimental houses [6, 250, 259] that 

often display the SOI technologies externally, and have the aim of opening up new markets, by 

encouraging buyers looking for something entirely different and new. Another tendency that is seen on 

the Solar Decathlon designs (top five) is towards low-cost houses, that try and cut expenses wherever 

possible, in order to maximise the inclusion of SOI technologies to achieve a zero energy and emissions 

lifestyle cheaply for mass housing [194, 244, 381, 382]. 

In contrast, other houses tend towards futuristic and luxury design to attract buyers and create a society 

that can choose to take part in progressive movements that head towards to a natural and ecological life 

[249, 257] if they can afford it. There are those Solar Decathlon entries that are firmly embedded in the 

notion of societal transformation, and do not foresee the deployment of Solar Decathlon house designs 

as being ‘one off’ or isolated, but as future-oriented, communal, and educational [210, 237, 239, 357-

359]. Pointedly, analysis of the Solar Decathlon houses using the innovations framework shows how 

the introduction and improved use of smart house control and maintenance by digital software 

technology, has become a vital pivot for every Solar Decathlon entry, their designs, and functions. 

Lastly, there is the tendency to focus on specific sets of interconnected SOI technologies, that often 

work together to influence the engineering, sociology, marketing, and geographical markers of the 

houses, for example, an improved HVAC system and corresponding air treatment systems, the water 

treatment system and how it interacts with local hydrodynamics, and/or, the localised growth of food 

and how this potentially works with house composting [202, 206]. 

5.3.1 Evaluation of the Innovations Framework 

The innovations framework of this thesis (Figure 5-10) is an original contribution to knowledge in the 

field of interdisciplinary engineering and adds purposefully to the literature in terms of integrating 

sustainability-oriented innovative technologies into the construction industry. If we backward map the 

innovations framework onto the table of previous frameworks (Table 2-2), we can see that it is the most 

complete framework that has yet to be designed with respect to sustainability and innovation in building, 

and in particular it: 
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• Adds the aspects of innovation and implementation to the Sood [79] framework, that was 

principally a green building framework that looked to complement the regulation of green 

buildings in Malaysia and elsewhere. The innovations framework of this thesis models dynamic 

processes and is not a set of regulations to be imposed on building sites. Rather, the innovations 

framework of this thesis (Figure 5-10) tracks the innovative use of sustainability-oriented 

technologies in situ, as the case study in this chapter has demonstrated. 

• Modifies the Akadiri [51] framework in terms of working upon the principles of sustainability 

in the building sector, by aligning them with the strengthening of innovation. The innovations 

framework of this thesis (Figure 5-10) has the design for human adaption running through it, 

and, as such, dynamically implements these principles on build sites through feedback and 

technological iteration. 

• Ties the Pellicer [80] model in with sustainability and technology. Pellicer [80] involves 

working to enhance innovation in building companies by developing a management model to 

strategically implement innovation. The innovations framework of this thesis advances such a 

model by specifically working with human-centred design and implementing sustainability-

oriented technologies on site and in real time, to make sustainability in buildings work more 

efficiently. 

• Similarly, the innovations framework of this thesis (Figure 5-10), purposefully enables the 

Hartmann [42], framework, that is a designed to evaluate innovation in context for products. 

The innovations framework of this thesis uses a similar methodology to Hartmann [42] in that 

it has been tested against the case study of the construction of the Desert Rose house in the 

Solar Decathlon 2018 competition. However, with its unique features, such as the incorporation 

of human-centred design, feedback and dynamic modelling of sustainability-oriented 

technologies, the innovations framework of this thesis is a more complete version of Hartmann 

[42] 

• The Baldassarre [81] framework is focussed on energy saving in office buildings, and whilst 

the innovations framework of this thesis could be used in this context, it was primarily 

developed from the context of the Solar Decathlon competition. Solar Decathlon teams are set 

the task of developing net-zero residential buildings, and as such, should be occupied 24/7. 

Hence, even though the value propositions for energy saving behind Baldassarre [81] apply to 

the innovations framework of this thesis (Figure 5-10), the behaviours that are being driven not 

only apply to the workplace. The human-centred design principles of the innovations 

framework make plain that the energy saving, and sustainability principles embedded in the 

framework concern the whole of life and not only work behaviours. 
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• The innovations framework of this thesis makes the work of Hansen [26] more specific and 

focused. Hansen [26] presented an innovations cube with 3 dimensions, the product life cycle, 

the target, and the innovation type. These dimensions are supposed to limit the risk of the 

sustainability-oriented technologies in terms of making innovation part of specific product 

development and its usage. Again, whilst the cube conception can be applied to the innovations 

framework of this thesis (Figure 5-10), in that the sustainability-oriented innovations are 

directed to human-centred design, and hence their development is constrained by this focus, the 

more specific nature of this direction; i.e. that the innovation has to work in the context of the 

house design (feasibility), and as will be seen in terms of the development of the PCM TES 

technology, can be rigorously tested and optimised. Thus, whilst the continuous innovation 

development of the innovations framework of this thesis (Figure 5-10) works to produce 

sustainability-oriented innovation, these innovations must undergo rigorous empirical testing 

to be included in final house design. 

• Bossink [82] present a framework for developing public and private collaboration in terms of 

sustainable construction projects. Whilst this framework is useful as a regulatory mechanism 

for improving public and private collaboration, it does not provide a real time mapping of the 

processes that are involved with interdisciplinary engineering and how to deploy sustainability-

oriented technologies on building sites. The innovations framework of this thesis (Figure 5-10), 

deals with potential private-public collaboration in terms of the stakeholders that sit behind any 

project, and feed directly into the management team of the project. The nexus of the Solar 

Decathlon competition is a specific working arrangement in terms of stakeholder inputs 

between universities and industry, and teams of students aiming to develop cutting edge zero 

emission houses. In the specific terms of the innovations framework of this thesis (Figure 5-10), 

public-private collaboration is part of the driving mechanisms around the framework that may 

contribute resources and time to a project. 

• Lastly, the Ozorhon [83] framework could be the most complete framework for determining 

and working with innovation in the construction industry. The innovations framework of this 

thesis (Figure 5-10) deepens and strengthens Ozorhon’s insights into innovation in 

construction, by focusing on sustainability and human-centred design. As was seen in Chapter 

4, the focus on human-centred design prioritises the engineering of the houses (feasibility), as 

well as the marketing (viability) and sociology (desirability) and includes geographical markers 

that might be apparent in the build site, such as specific climatic conditions. As such, the 

innovations framework of this thesis (Figure 5-10) is more complete that merely prioritising 

innovation for its own sake and sets a balanced and well thought out course for engineers and 

architects to make sustainable and innovative houses for the future. 
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5.4 Summary 

This chapter has presented a case study of Desert Rose and the final innovations framework for this 

thesis (Figure 5-10), along with a summary of its construction and an analysis of its development. It is 

hypothesised that this framework will be able to function on real construction sites that are looking to 

produce sustainable builds.  Admittedly, the precise conditions, workforce capabilities, and 

technologies available for sustainability will be variant at every worksite, yet the way in which the 

innovations framework functions will account for this variability, as it is open to different degrees of 

success and appropriateness. 

Furthermore, the innovations framework of this thesis shows how the specific case study of the Desert 

Rose can lead to enhanced improvement and developments in several dimensions that are important for 

this thesis. These sustainability-oriented technologies might be considered in isolation or separately in 

traditional approaches to building, but here, and given the synthesis and integration of the innovations 

framework (Figure 5-10), these systems are entirely paired through the flow of innovation, and the 

viability of their functioning. Furthermore, the ongoing evaluation by the public and related 

stakeholders of the house, including sponsors, through tours in its present location (i.e. the UOW 

Innovation Campus), adds another dimension to the framework and its operation through the Desert 

Rose case study. Innovation continues beyond the lifespan of the build, and as climate change and calls 

for net-zero intensify, the lessons and flows of innovative processes encapsulated by Desert Rose and 

presented by this innovations framework become ever more important. The objective for this chapter, 

which was to develop an innovations framework from the Desert Rose case study and what is known 

in the field, has been realised by Figure 5-10. This figure serves as a basis for new knowledge in the 

field of sustainability-oriented innovation. 

Engineers require guidance and systems in order to integrate their sustainable designs with real concerns 

such as how to sell the house (marketing), who should live there (sociology), and any geographical 

considerations at hand. The innovations framework that is developed from the case study of Desert 

Rose, is a real-life application of the principles learnt during the Desert Rose experience, and that builds 

upon what is previously understood in the field (Chapter 2) and previous Solar Decathlon entries 

(Chapter 4). Henceforth, the innovations framework can used by engineers to integrate marketing 

(business), sociology, and geography with their specific technological concerns about housing 

sustainability. The next chapter provides an example of a sustainability-oriented innovation to be used 

by engineers to enhance the sustainability of housing.  
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Chapter 6. Innovative Technology Development: Design and 

Testing of Thermal Energy Storage using Phase 

Change Material for Energy Management of a HVAC 

System 

6.1 Introduction 

The global rise in temperature, combined with the rapidly increasing rates of population access to air-

conditioning units, creates an alarming increase in energy demands. The HVAC system in a sustainable 

house is critical, further, experiments to improve air-conditioning efficiency are critical, positively 

influencing climate change and social issues. It was found that the innovations in HVAC were the most 

focused one in the building services within Solar Decathlon houses (Chapter 4). The novel Desert Rose 

HVAC followed a human-centred design (Chapter 5) approach. The HVAC system was designed and 

prepared for a harsh desert climate (geography), and to be easy to deconstruct and reconstruct 

(feasibility/design for assembly). Furthermore it was built for the tenants by providing self-adjustable 

thermal comfort based on their dementia level (desirability) through integration to a smart building 

management system [172]. The HVAC played a key role in the 1st ranking of Desert Rose house in the 

innovation sub-contest as mentioned by the jury. In this chapter, the HVAC system will be briefly 

introduced from the engineering point of view and a detailed discussion on the development undertaken 

as part of the novel engineering-based research contribution of this thesis of the water-based Phase 

Change Material (PCM) thermal energy storage (TES) as a sustainability-oriented innovative 

technology will follow. 

While Chapter 4 analysed innovations from numerous Solar Decathlon entries going back to 2002, this 

chapter focuses on the development of a single innovative sustainable technology (water-based PCM 

TES) for one Solar Decathlon entry, in order to address two main objectives: the development of the 

sustainable innovative technology, and the scientific design optimisation of this innovative technology. 

6.2 Desert Rose HVAC System 

Team UOW innovated a complex and futuristic, yet tangible novel HVAC system, to address the arid 

and humid climate of Dubai (competition site for Solar Decathlon Middle East 2018).  
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Figure 6-1: Desert Rose house [397]. 

This section provides an overview of the HVAC components of the Desert Rose house (Figure 6-1) and 

its innovations, with the specific focus on water-based PCM TES coupled with air to water heat pump 

and its development as the innovative technology as an individual and original research contribution 

for this thesis. 

6.2.1 Demonstration of Innovations Framework 

In this section, the application of the developed innovations framework (Figure 5-10) in Chapter 5, will 

be discussed for the innovative Desert Rose HVAC system containing PCM TES. Following the 

innovations framework (Figure 5-10) for the HVAC system, the idea generation for this novel HVAC 

system was based on both technology push and market pull, as there is a need in the market to have a 

sustainable HVAC and also, the HVAC as whole and its components (i.e., Desica and the water-based 

PCM TES) are outcomes of technological research.  

Water-based PCM TES was developed by author for the Desert Rose house HVAC system as part of 

the team UOW. During its next step, the innovative HVAC idea was constrained by applying certain 

human-centred design features (viability, feasibility, desirability, and geographical consideration). 

 Table 6-1 presents detailed explanations for each of the components of the innovations framework 

(Figure 5-10).
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Table 6-1: Demonstration of efficiency of innovations framework (Figure 5-10) through the example of innovative Desert Rose HVAC system integrated with 

PCM TES . 

Innovations framework component Comments 

Idea Generation Stakeholder groups • UOW 

• TAFE 

• Daikin – As a major sponsor, they were committed to support Team UOW. This 

included HVAC system components and specialised technical support. 

• Sekisui Foam Australia –Supplied HVAC ridging ducting and sound insulation.  

• Siemens - As a major sponsor, Siemens has provided HVAC control and fire 

detection elements for the Desert Rose. 

• Phase Change Material Products Limited - Manufactured PCM and sponsored 

our PCM material. 

• Ice-Tech Air – As Local air-conditioning and refrigeration engineers, have 

assisted Team UOW with the design and installation of the Desert Rose HVAC 

system. 

Technology (sustainability- 

oriented) -push 
• The HVAC as a whole and its components (i.e. Desica and the water-based PCM 

TES) were outcomes of technological research carried on by UOW 

researchers/PhD students for sustainable house of Desert Rose. (Category of 

HVAC and hot water system (Section 4.2.4, Figure 4-3) ). 

Market-pull • There has been a need in the market to have a sustainable HVAC. 

Management Team • Academic coordinator 

• Project manager 

• Building services team manager 

o HVAC coordinator 

o Waste and water manager 

• Innovations coordinator 

• Design & construction team manager 
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Idea Filtration Viability:  • Sponsorship 

• How could this technology be marketed: applying previously discussed marketing 

categories (Section 4.3):  

o Exhibited technologies/system: as part of the design strategy, which was 

discussed in Section 4.3, exhibiting cutting-edge technologies can assist 

marketing. Locating PCM TES coupled with the heat pump outside of the 

Desert Rose house, is an example of this category. 

o Usage of renewable energy: This HVAC system is not only energy-

efficient, but in the long run, it would be cost-efficient as solar panels and 

batteries would mainly provide its electricity. Also, the PCM TES 

integration to the HVAC system and application of load shifting would 

assist the HVAC to be cost-efficient. 

o Prefabricated-modular structure: Desert Rose house was designed in a way 

to be modular as it had to be put in a container and shipped to Dubai. Also, 

it had to be rebuilt in two weeks and get ready for the competition. In this 

regard, Desert Rose HVAC system (components, ducting, piping should 

have been designed and built in a way to address this need. The followings 

measures were adopted to respond to the modular design of the HVAC 

system: 

▪ The prefabricated HVAC cage (Figure 6-3). 

▪ HVAC ducting and piping:  part of the HVAC ducts and pipes 

were placed in the prefabricated wall, ceiling, and floor modules. 

By the time the Desert Rose house was reassembled and rebuilt, 

ducts and pipes in two separate prefabricated modules were 

connected respectively through flexible duct and special hose. 

• The two PCM tanks and the relevant piping section were 

built and fixed on a customized stand. Hence, PCM tanks 

piping was mostly completed (Figure 6-4), and they were 

re-connected to the rest of the house’s piping system via 

the industrial plastic hose (Figure 6-4). 
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Feasibility • All the needs for implementation and building the energy-efficient HVAC (i.e. 

Modular design) were considered and applied. To make the best decisions, 

students consulted the industrial stakeholders (i.e. Siemens and DAIKIN). 

• The innovative HVAC should work efficiently. Each of the innovative 

technology categories (Figure 4-3) discussed in (Chapter 4)  would need special 

feasibility analysis. In this regard, experiments, optimisations that improve air-

conditioning efficiency are fundamental):  

o i.e. Sections 6.3 and 6.5 of this thesis cover detailed feasibility analysis 

for PCM TES coupled with heat pump (Taguchi method, design 

optimisation using genetic algorithm). 

Desirability • Desert Rose is desirable for the specific social group (special target market 

discussed in Section 4.4) 

o HVAC working setpoints can be adjusted based on the occupants needs 

(individuals with dementia) through the smart BMS of Desert Rose 

house. 

• In the category of social value (discussed in Section 4.4), having a sustainable 

innovative HVAC system is desirable for the tenant with a sustainable lifestyle. 

• The innovative HVAC system containing PCM TES tanks would be more 

desirable for standalone private housing. 

Geographical consideration • Harsh Climate of Dubai (Humid and Hot) was considered for designing the 

HVAC system. 

• PCM and heat pump located outside of the house should have been protected and 

shielded to avoid the fine sand from getting into the system as it can disturb 

HVAC system operation. 

Idea Development:  

(Technical translation in interdisciplinary teams) 

  

• Team liaised with stakeholders to provide (purchase or sponsor) the necessary 

equipment and components for building HVAC system. (i.e. PCM material)  

• Meetings between building services and design and construction teams were 

carried on regularly. 

• HVAC coordinator has run simulation in TRNSYS, Revit, and MATLAB 

software to avoid any clashing or error. 
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Idea Implementation: 

 (Dedicated teams) 
• Implementation of HVAC in the Desert Rose house should have specifically 

answered the needs for Solar Decathlon Middle East competition. (HVAC 

system components, pipes, ducts, HVAC cage) were implemented through 

modular design and prefabricated segments as they had to get detached, shipped 

from Australia to Dubai, and reattached at the competition site and vice-versa 

(Figure 6-3 and Figure 6-4). 

• The team got assistance from industry stakeholders and practitioners when it was 

needed. 

Review Benefits and Impact: 

 (Management team) 
• Sustainable HVAC system for Desert Rose house: (Energy-efficient, Cost-

efficient (load shifting capabilities). 

• Providing Desert Rose house with thermal comfort. 

• Competition results (The Innovative HVAC system integrated with PCM assisted 

Team UOW in receiving the following results in the Solar Decathlon Middle East 

2018 competition and its sub-contests:  

o  Overall 2nd ranking 

o  1st rank in innovation sub-contest 

o  2nd rank in special innovation award 

o  1st place in comfort condition sub-contest 

o  2nd place in energy efficiency sub-contest 

o  3rd place in sustainability sub-contest 
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At the final stage, the HVAC had to be built and implemented. The following sections will focus on the 

development and implementation of water-based PCM TES as a component of the HVAC system. The 

opportunity for this innovation development would be discussed in Section 6.2.3. 

6.2.2 Components of the HVAC System 

A three-dimensional sketch of the HVAC system components within the structure of Desert Rose house 

is presented in Figure 6-2. The main components of the HVAC are an air-to-water heat pump, an 

enthalpy recovery ventilator (ERV), radiant panels, two fan coils, a dehumidification/humidification 

heat pump enhanced with desiccant materials, and two TES units using a PCM. 

 
Figure 6-2: The HVAC system 3D sketch in the Desert Rose house. 

This HVAC system contains two main sub-systems: air and water. The air distribution ducting was 

installed within the roof space. The majority of the water sub-system was located externally (adjacent 

to the back deck of Desert Rose house) with the water distribution piping installed beneath the house, 

from the heat pump and PCM tanks to the fan coils and radiant panels (shown in Figure 6-2). The HVAC 

was designed in such a way to have the main components of the air sub-system in a prefabricated roof 

cage as shown in Figure 6-3. 
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Figure 6-3: HVAC cage detached from the Desert Rose house (The HVAC cage is being moved by the 

crane to be put in the shipping container). 

The HVAC cage was an innovation, as it was designed for manufacture, assembly and logistics 

(DFMA(L)) [398]. This prefabricated module (Figure 6-3) was made to directly fit into a container and 

thus providing the team with the fast assembly of the HVAC system at the competition site, as there 

was only two weeks to assemble, rebuild, and operate the whole house in Dubai. All the piping, ducts 

and electrical cables were also designed to be easy to connect and disconnect. Figure 6-4 shows two 

prefabricated customised structures containing the two water-based PCM tanks (left) and heat pump 

(right) with all their fixed solid piping connections. These two prefabricated modules (customised 

stands with the fixed PCM TES tank and heat pump) were designed and built in a way to be able to 

move with the forklift and fitted to the shipping container. 

 
Figure 6-4: Modular Design of two PCM TES tanks (Left) and heat pump (Right) being carried to the  

shipping container by forklift: (a) Forklift; (b) Two PCM TES tanks fixed on a prefabricated platform; 

(c) Shipping container; (d) Heat pump and connecting pipes fixed on a prefabricated stand; (e) 

Sample of hose for connecting two solid cupper pipes located in two separate prefabricated modules. 
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The primary air conditioning device used in the HVAC system for the Desert Rose house was an air-

to-water Daikin Altherma heat pump as shown in Figure 6-5. The heat pump is a Monoblock device 

that can generate hot or chilled water through the reverse cycle. As such, this heat pump is highly 

flexible. In the HVAC system, the heat pump enables multiple distribution terminals, including the fan 

coils and radiant panels. The heat pump has nominal heating and cooling capacity of 11.2 kW and 12.85 

kW [399], respectively. This cooling capacity ensures covering the cooling load of the Desert Rose 

house on the hottest day of the year (shown in Figure 6-11 below). The coefficient of performance 

(COP) and energy efficiency ratio (EER) of this module are 4.38 and 3.32, respectively [399].  

 
Figure 6-5: DAIKIN Altherma heat pump [399]. 

Two radiant panels and fan coils (Figure 6-6) were used in the HVAC system. These modules add 

flexibility to the efficient maintenance of the indoor cooling or heating load. Radiant panels [400] 

exchange heat and cold with the people and environment by radiation. In this manner, the human body 

can balance its heat exchanges. Hence, the use of radiant panels results in a more comfortable indoor 

operative temperature. They can be directly used for indoor air conditioning when the cooling load is 

small. The two fan coils [401] are coupled within a special building configuration, which reduces the 

length of the ducts while enabling greater air distribution efficiency and at different locations of the 

house. As such, a good indoor airflow can be provided. 
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Figure 6-6: (a) DAIKIN fan coil [401]; (b) The radiant panel [400] is covered by a painting and hung 

on the Desert Rose house wall; (c) Original radiant panel structure. 

These two radiant panels were innovatively hung as paintings (Figure 6-6 (b)) in the Desert Rose house. 

The drawings added to the aesthetic of the house and disguised the appliances. 

An ERV [402] was used in the HVAC system to reduce the heating and cooling loads introduced by 

fresh air. Different from an ordinary heat recovery ventilator (HRV), both sensible heat and latent heat 

can be recovered through this ERV. It employs a thin film element to exchange the temperature and 

humidity. The dehumidification device used in the HVAC system is an innovative commercial heat 

pump desiccant unit (HPD), namely Desica, from DAIKIN [403]. The key feature of Desica is two 

desiccant coated heat exchangers (DCHEs) which serve as condenser and evaporator of the heat pump, 

respectively [172].  

Lastly, two water-based PCM tanks (Figure 6-12, below) were designed as thermal energy storage in 

the HVAC system, which will be explained in more detail in Section 6.3, as it is being considered as 

the primary example of a sustainability-oriented innovative technology within this thesis. The following 

sections specifically discuss and analyse how this innovative technology was developed, implemented, 

and optimised through an experimental procedure. 

6.2.3 Operation of the HVAC System: SOI Technology Opportunity Development 

The Desert Rose house (Figure 6-1) was designed using active and passive strategies to support the 

challenging climate. The HVAC has been designed to be able to provide energy-efficient indoor space 

cooling and acceptable indoor thermal comfort. In this section, the operation of the HVAC will be 

discussed. 
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One of the sub-contests in the Solar Decathlon Middle East 2018 was thermal comfort. Table 6-2 

illustrates the data regarding the sub-contest scoring system.  

Table 6-2: Thermal comfort scoring system. 

Sub-Contest Conditions 

Temperature 

(°C) 

Full points:  23°C ≤ Temperature ≤ 25°C 

Reduced points: 21°C < Temperature < 23°C 

              25°C < Temperature < 27°C 

No points: 27°C ≤ Temperature 

No points: Temperature ≤ 21°C 

Relative 

Humidity 

(%) 

Full points: 35% < Relative humidity < 60% 

Reduced points: 25% < Relative humidity < 35% 

              60% < Relative humidity < 70% 

No points:  Relative humidity < 25% 

No points: 70% < Relative humidity 

Air quality/ 

CO2 Content 

(ppm) 

Full points:   CO2 content ≤ 800 ppm 

Reduced points:  800 ppm < CO2 content < 1200 ppm 

No points:  1200 ppm ≤ CO2 content 

 

As per Table 6-2, the scoring boundary for temperature is between 23°C and 25°C (thermal comfort 

condition), and humidity is between 35% and 60%. Accordingly, preliminary weather data analysis was 

completed using these boundaries. As part of the competition, weather data of the Mohammad Bin 

Rashid Al Maktoum Solar Park for the years 2014 and 2015 was provided by Dubai Electricity & Water 

Authority (DEWA) to all teams and subsequently used for the thermal and electrical modelling of Desert 

Rose House. By analysing the weather data, it was found that the ambient temperature would be within 

the desired band (from 23°C to 25°C) for 11.1% and 11.0% of the time for years 2014 and 2015, 

respectively. For 26.4% of the time the temperature was less than 23°C and for 62.5% of time greater 

than 25°C. 

The passive strategies in the Desert Rose house included a second skin wall, ventilated façade, triple-

glazed windows, reflective roof coating, and clerestory windows for natural lighting and ventilation. 

Although these passive strategies were integrated into the Desert Rose house building, the likelihood of 

using natural air ventilation was very low. This was because during November (the time of competition), 

based on the preliminary weather analysis, ambient temperature and relative humidity were only within 

the required band simultaneously for 4.2% and 3.3% of the time in 2014 and 2015 respectively. 

Consequently, maintaining the desired indoor thermal comfort was a challenging process that required 

a specific HVAC system. 

Figure 6-7 illustrates the ambient temperature and indoor temperatures of the living room, kitchen, and 

the main bedroom of the Desert Rose house. Overall, it can be seen the HVAC system controlled the 

temperature within the required thermal comfort boundaries (the red-dotted line: between 23℃ and 

25℃) after following some adjustments within the initial working days of the HVAC. Multiple 
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temperature peaks are observed in the first four days. These peaks occurred during public visits 

(entry/exit doors were open) and they are shown here for completeness. There was a notable trend before 

the public tour hours when the temperature was almost steady. This behaviour in temperature was 

because the passive strategies of the house kept the temperature stable successfully, without HVAC 

active intervention. After public tour hours, the HVAC started to operate, control, and maintain the 

temperature between the desired bandgaps. Existing fluctuations in Figure 6-8 shows the operational 

changes in the HVAC system. 

 
Figure 6-7: Ambient and Desert Rose house indoor temperature between 22nd November 2018 and 

27th November 2018. 

Figure 6-8 shows the HVAC power consumption throughout each day, on the 23rd and 24th  of 

November, the HVAC power showed fewer fluctuations due to public tours (entry/exit doors were open) 

without changing operational mode, however, for the remaining days, there was a clear demonstration 

of the control strategy that operated the heat pump properly to maximise efficiency while keeping the 

indoor temperature between 23℃ and 25℃ (i.e. the required thermal comfort boundary condition 

shown in Table 6-2). The longest duration that HVAC was using power was on 25th of November which 

coincide with hottest day (highest recorded temperature within the days which the HVAC operation 

was being measured).  
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Figure 6-8: HVAC power usage between November 22nd, 2018, and 27th November 2018. 

The results depicted in Figure 6-7 and Figure 6-8 showed the operation of the HVAC system without 

using the water-based PCM TES.  

As it is demonstrated in Figure 6-7, on the 26th of November, the indoor temperature was maintained 

perfectly between 23℃ and 25℃. The detail of the power consumption on the day in which the indoor 

temperature was maintained by HVAC is illustrated in Figure 6-9.  

 
Figure 6-9: HVAC power consumption on 26th November 2018. 

The off-peak, on-peak, and shoulder periods of the electricity price (based on the SDME 2018 electricity 

tariff) [8] are also shown in the Figure 6-9. As it is indicated, the heat pump was working within the on-
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peak period (when the electricity price was 4 times of the off-peak period). As such, to have a cheaper 

electricity bill, the heat pump could be deployed to store the cooling energy in water-based PCM TES 

in the off-peak period (night-time), and this stored energy in the water-based PCM could be used within 

the on-peak or shoulder time of the next day. This is a rationale for development of the innovative 

solution of water-based PCM TES within this HVAC system. This goal is achievable, as it can be seen 

for this day, the consumed energy by HVAC was 14 kWh and the PCM TES tank can cover this load. 

The exact details for the PCM TES will be discussed in the next Sections (6.3, 6.4 and 6.5). 

6.3 Water-Based PCM TES as an Innovative Technology 

Desert Rose house HVAC system was designed with the Dubai weather conditions in mind. The 

historical weather data was provided by Dubai Electricity and Water Authority (DEWA) [6]. The 

corresponding 1% annual design conditions for cooling regulated by ASHRAE (2017) are: dry-bulb 

temperature of 41.8℃ and mean coincident wet-bulb temperature 23.8℃. The HVAC system schematic 

is shown in Figure 6-10. As previously mentioned (Section 6.2.2), this system contains two subsystems: 

air and water. The main required load for maintaining the thermal comfort inside the building can be 

generated through the air to water heat pump/thermal energy storage and carried to fan coils/radiant 

panels via water as the heat transfer fluid. The air-to-water heat pump, PCM tanks, radiant panels, fan 

coils are the waterside components of the HVAC system, and as it is shown in Figure 6-10, the piping 

connections between these elements are displayed with blue lines. The red-dotted rectangular identifies 

the water-based PCM TES coupled with the heat pump which was experimentally investigated in this 

thesis as an innovative technology. In this schematic, the primary chilled water system pump (pump 1) 

is integrated into the heat pump. And pump 2 enables constant pressure difference for the secondary 

chilled water system.  

There are various operational modes for the HVAC system, among which, the ‘charging mode of the 

water-based phase change material tank’ is the focus of this chapter. Due to the fact that, this operational 

mode is used for storing cooling energy which is generated by a heat pump in the water-based PCM 

TES tanks. To implement this operational mode in the HVAC system, valves 3 and 4 (Figure 6-10) 

should be closed and valves 1, 2, and 7 (Figure 6-10) should be open. As such, there will be a closed-

loop from the heat pump to the tanks and vice-versa. Within this mode, the water flows from the heat 

pump to the tanks and vice versa (shown in red arrows in Figure 6-10).  

The application of PCM in HVAC systems in buildings deals with challenges (i.e., its suitability, 

designs, technological packaging techniques, durability, and its economy) [91] which can be considered 

as an optimisation problem. Hence, in this study, the design optimisation of the water-based PCM TES 

was carried out by considering it as an experimental problem. In order to find the optimum variables 

for the maximum stored cumulative energy and coefficient of performance (COP) for the system, the 

above-mentioned coupled system (shown in the red-dotted rectangular in Figure 6-10) as part of the 
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HVAC system was selected for this study, as this sustainability-oriented innovative technology can be 

applied to the fundamental sustainability issue of economic efficiency. As the opportunity and the need 

explained in previous section (6.2.3), the water-based PCM TES stores cooling energy during the night-

time for peak load shifting during the peak power period in the daytime which results in the reduction 

of the operational cost of the HVAC system, by shifting the power consumption from peak period to 

the off-peak period (when the price of power is less expensive). Also, this makes use of the relatively 

low night-time ambient temperature to enhance the COP of the air-to-water heat pump. 
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Figure 6-10: Desert Rose HVAC system. The connection between water subsystem components is shown in blue. 
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To select the type and amount of the PCM for the thermal energy storage, the cooling load of the Desert 

Rose house based on the Dubai weather data was simulated. Figure 6-11 shows the cooling load demand 

within the hottest month of the year within the on-peak and shoulder time frame (09:00 am to 7:00 pm). 

As it is shown, the maximum cooling load demand was 39 kWh. In this regard, 338 tubulars 

encapsulated PCM (TubeICE) with the capacity of 0.102 kWh/TubeICE [404] was selected which will 

cover around 88% of this maximum cooling load. (The reason for this percentage is that it was assumed 

that the covering of the load would happen in the daytime, when the power price is 2.5 times the off-

peak period. The entire cooling load within the on-peak and shoulder period is not the target of this 

study). 

 
Figure 6-11: Desert Rose cooling load for the on-peak and shoulder period of (09:00 am- 7:00 pm) 

within the hottest month of the year. 

The TubeICE PCMs which were from the PlusICE [404] products were custom-made high-density 

polyethylene (HDPE) plastic containers that are filled with S10 hydrated salt solution. The tubes’ filling 

port is fully sealed. The phase change temperature is 10℃. The S10 with this melting point has been 

selected as the supply chilled water temperature design condition within the HVAC system is 13℃. 

As a result, understanding the maximum cooling load for the Desert Rose building, and finding the 

correct PCM unit with a suitable melting point based on the design water setting point for the HVAC, 

were two important steps in the development and implementation of the water-based PCM TES 

innovative technology. The next step was building the two container tanks for the TES. They were 

designed in a way to be able to easily attach and detach to the whole HVAC system, As such, two 

cylindrical tanks (each capable of holding 169 TubeICE) were built from stainless-steel at the 

University of Wollongong workshop. The stainless-steel built tank containing 169 PCM TubeICE is 

shown in Figure 6-12. 
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Figure 6-12: (Left) Thermal insulated water-based PCM tank. (Right) Phase change material within 

the stainless-steel tank. 

This design and build (Figure 6-12) for the water-based PCM tank, were other aspects of developing 

and implementing the innovative technology, as it had to be fabricated in a way to be modular, fit in the 

container, and be easily attached and detached to the whole HVAC system, whilst staying outdoors on 

site. 

After sourcing, ordering the PCM and manufacturing the tanks, in the next step, the design optimisation 

(optimum variables of water temperature setpoint, flowrate and number of PCM tubes for the maximum 

stored cumulative energy and COP) of this sustainability-oriented innovation was applied. The 

generalities of this methodology were reviewed in Chapter 3, and in the following, the details will be 

discussed (Figure 6-13). This methodology could be used for any other thermal energy storage design 

optimisation. As the two main components of this methodology are based on the scientific methods of 

Taguchi and the optimisation technique of genetic algorithm. 
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Figure 6-13: Detailed methodological approach for the design optimisation of the water-based PCM 

TES coupled with air-to-water DAIKIN heat pump. 

As it is shown in Figure 6-13, in the following sections (6.4 and  6.5), the scientific approaches for this 

innovative technology development will be discussed. 

6.4 Design of the Experiment 

The first step in the design of experiment based on Taguchi is the ‘planning phase’ (Figure 6-13). In 

this phase, the optimisation objectives (Section 6.4.1), trial experiments (Section 6.4.2), and the 

experimental setup (Section 6.4.3) were identified, designed, and developed.  

6.4.1 Development of the Optimisation Objectives 

The thermo-physical phenomenon happening in the PCM TES and heat pump subsystem during the 

charge-discharge of the water-based PCM TES, is discussed in this section through the concept of 

energy balance. From one point of view, the total energy stored in the water-based PCM tank is as 

follows: 

Planning Phase 

•State the problem(s) or area(s) of concern.

•State the objective of experiment.
▪Formulation of optimization problem.

•Select the quality of characteristic(s) and measurement system(s).

•Select the factors that may influence the selected quality characteristics.

•Select levels of factors.

•Select the appropriate orthogonal array(OA) or OAs.

Conducting Phase

Conduct tests described by trails in OA(s).

Analysis Phase

Analyze and interpret results of the experimental trails.
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𝑄𝑇𝑎𝑛𝑘,𝑡𝑜𝑡𝑎𝑙 = 𝑄𝑊𝑎𝑡𝑒𝑟 + 𝑄𝑃𝐶𝑀      (6-1) 

Based on Equation 6-1, the total energy stored in the water-based PCM TES tank is equal to the heat 

stored in the water (QWater) and the PCM (QPCM). The heat stored in water is the sensible heat energy 

that is stored in water through the changes of its temperature. The total sensible heat stored in water is 

calculated through Equation 6-2: 

𝑄𝑊𝑎𝑡𝑒𝑟 = 𝑚 ∗ 𝐶𝑝,𝑤 ∗ (𝑇𝑤,𝑛 − 𝑇𝑤,𝑖) (6-2) 

Where m is the mass of water in the tank, 𝐶𝑝𝑤 is the specific heat capacity of the water and 𝑇𝑤𝑛 and 

𝑇𝑤𝑖 represent the water temperature at the beginning and end of the energy storage process in a water-

based PCM tank, respectively. 

The PCM will change phases between solid and liquid as it stores and releases heat. The total heat stored 

in the PCM is therefore a combination of both sensible and latent heat. As such, the total energy stored 

in the PCM is calculated through Equation 6-3: 

𝑄𝑃𝐶𝑀 = ∫ 𝑚𝑝𝑐𝑚𝐶𝑝,𝑝𝑐𝑚𝐿𝑑𝑇 + 𝐿𝑚𝑝𝑐𝑚 + ∫ 𝑚𝑝𝑐𝑚𝐶𝑝,𝑝𝑐𝑚𝑆𝑑𝑇
𝑇𝑚

𝑇𝑖

𝑇𝑛

𝑇𝑚
   (6-3) 

When the PCM is cooled to its freezing point, it will begin to change from a liquid to a solid, releasing 

the latent heat of fusion in the process. Ideally, this is an isothermal process, but in reality, due to 

hydrated salt compound, the process is non-isothermal and hysteresis effects are present.  

In Equation 6-3, Tn, Tm, 𝑎𝑛𝑑 Ti  represent the temperature of the phase change material at the start, 

freezing point, and the end of the solidification phenomena. Within Equation 6-3, 𝑚𝑝𝑐𝑚 is the mass of 

the PCM in the storage tank and the 𝐶𝑝,𝑝𝑐𝑚𝐿 and 𝐶𝑝,𝑝𝑐𝑚𝑠 are specific heat capacity of PCM in the liquid 

and solid phase. 

From another point of view, the cumulative energy stored in the water-based PCM tank over the 

charging process is calculated through Equation 6-4: 

𝑄𝐴𝑐𝑐 = ∫ 𝑄�̇�
𝑡

0
𝐶𝑝,𝑤(𝑇𝑤,𝑜𝑢𝑡 − Tw,in)𝑑𝑡  (6-4) 

Where 𝑄�̇� is the flow rate of water and 𝑇𝑤,𝑜𝑢𝑡 is the tank outlet water temperature at each sampling 

time during the charging process and 𝑇𝑤,𝑖𝑛 is the inlet water temperature to the tank at each sampling 

time. 

Considering the conservation of energy within this closed-loop subsystem of water-based PCM TES 

coupled with heat pump, cumulative energy stored in the tank (Equation 6-4) should be equal to the 

total energy stored in water and PCMs (Equation 6-1). 

∫ 𝑄�̇�
𝑡

0
𝐶𝑝,𝑤(𝑇𝑤,𝑜𝑢𝑡 − Tw,in)𝑑𝑡 = 𝑄𝑊𝑎𝑡𝑒𝑟 + 𝑄𝑃𝐶𝑀  (6-5) 
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Equation 6-5 shows the temperature and flowrate of the water impacting the stored energy in the tank 

over the charging process (solidification of PCM). In particular, this innovative thermal energy storage 

addressed the sustainability issue of affordability, hence, it was important to find out how best this 

system can work efficiently. As such, finding the optimal variables (water temperature setpoint, 

flowrate and PCM tube numbers) which enable the maximum stored energy and COP is essential. In 

the continuation of this section and the statistical analysis (Section 6.5), the design optimisation of the 

water-PCM storage tank will be worked out by considering the impacting variables.  

For the Desert Rose HVAC system as explained in Section 6.2, the chilled water supply for the fan 

coils/radiant panels could be directly provided from the air-to-water heat pump/the water-based PCM 

TES tanks. In the latter case, the water-based PCM TES should be previously charged by the heat pump 

through the ‘charging mode of the water-based PCM TES tank’ HVAC operational mode (Section 

6.2.3). 

Given that the water-based PCM TES tanks and the air-to-water heat pump are part of the Desert Rose 

house HVAC system, the tests for this optimisation are designed to understand the operational 

behaviour of this sub-system (water-based PCM TES, coupled with the heat pump). The goal is to find 

optimised water set point, flow rate and PCM tube numbers to maximise the COP and the cumulative 

energy of the system. Objective functions are accordingly declared in Equations 6-6 (multi-objective 

optimisation) and 6-7 (single-objective optimisation) 

𝐽 = {
𝑀𝑎𝑥 (𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝐸𝑛𝑒𝑟𝑔𝑦)

𝑀𝑎𝑥 (𝐴𝑣𝑔 𝐶𝑂𝑃)
   (6-6) 

Or  

𝐽 = 𝑀𝑎𝑥  (𝐴𝑣𝑔 𝐶𝑂𝑃)    (6-7) 

A high coefficient of performance, as well as a high amount of thermal energy stored in the water-based 

PCM TES were two key objectives in the design optimisation for this study.  

6.4.2 Experimental Trial Cases 

Based on Taguchi [117, 177], in order to find trial tests, system, factors and their levels were defined. 

Based on the number of factors and levels, the suitable orthogonal array was selected. Orthogonal arrays 

(i.e. L9) are design matrix proposed by Dr. Genichi Taguchi and allows researcher to consider a selected 

subset of combinations of multiple factors at multiple levels. In this section the details of this process 

would be explained. 

System: Closed-loop system of water-based PCM TES coupled to air-to-water heat pump. 

Factors: Flow rate and cooling setpoint of water as heat transfer fluid and the number of the PCM tubes 

were considered as factors. 

https://www.bing.com/search?q=Genichi+Taguchi&filters=sid%3a948a0696-24f0-bfc7-b05d-776910f3a959&form=ENTLNK
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Selection of the levels of the Factors: Water temperature setpoints were in the range of 5-7℃ with the 

interval of 1℃. Since the lowest water setpoint which was adjustable through the air-to-water heat pump 

is 5℃ and a supply water temperature higher than 7℃ tended to result in poor charging of the PCM 

S10 with a melting point of 10℃ (Section 6.3). For the water flow rate, the range of 25- 41 l/min with 

the interval of 8 l/min was considered. According to the system capacity, and control limits, since the 

water flow rate should not be too low to result in control failure the lower limit of 25 l/min was selected. 

41 l/min was selected as it was close to the upper limit of the heat pump capacity.  

As two tanks are symmetric and ideal, in the experiment only one tank was investigated. The levels for 

the factor of the PCM tube number are 55, 115, and 169. Hence, there are three factors with three levels. 

The factors and their levels are declared in Table 6-3. 

Table 6-3: Factors and levels for the experiment. 

 

Selection of the Appropriate Orthogonal Array (OA): Since at this stage, there were three factors 

with a maximum level of three, the suitable option for the orthogonal array selection was modified L9 

(L9 referred to design matrix proposed by Taguchi showing the 9 trial tests). L9 for the factors and 

levels illustrated in Table 6-3 is as follow: 

Table 6-4: Table of the experimental trial cases based on Taguchi modified L9 orthogonal array 
 

Test case number Temperature (℃) Flowrate (l/min) Number of PCM 

1 5 25 169 

2 5 33 115 

3 5 41 55 

4 6 25 115 

5 6 33 55 

6 6 41 169 

7 7 25 55 

8 7 33 169 

9 7 41 115 

 

The next step was to design an experimental setup to carry on the tests shown in Table 6-4 . 

6.4.3 Experimental Setup Design 

Figure 6-14 shows the experimental setup design for the system. To connect the outlet water of the air-

to-water heat pump to the inlet of the water-based PCM tank and vice versa, solid and flexible piping 

Charge of the PCM Factors Level 1 Level 2 Level 3 

A) Water flowrate (l/min) 25 33 41 

B) Number of PCM tubes 169 115 55 

 C) Water setpoint temperature 

(℃) 

5 6 7 
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was used. The solid copper piping was used where the water temperature and flow sensors were located, 

and the rest of the connections were through flexible piping. The tanks were cylinders made out of 

stainless steel with a height of 1130 mm and a radius of 415 mm. They were designed in a way to 

contain PCM tubes with a length of 1000 mm, vertically. 

 
 

Figure 6-14: Experimental setup. 

Water temperature sensors [405] were Siemens immersion temperature sensors from the QAE21 family 

(Figure 6-16-a) and the water flow sensor [405]was Siemens vortex flow from the QVE3 family (Figure 

6-16-c). The PCM temperature was measured at the centre and middle of the PCM tube. So, provided 

that PCM tubes were 1 m length, two 50 cm length RTD thermocouples [406] were selected and 

incorporated in two PCM tubes located in the centre and close to the wall of the tank, to measure the 

PCM temperature in the middle of the tube (Figure 6-15). 
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Figure 6-15: PCM tube configuration with the embedded RTD thermocouple. 

For each test, the temperature of the PCM was considered as the average of these two measurements. 

The flow rate was being adjusted manually by changing the manual ball valve installed in the outlet and 

inlet of the heat pump. Table 6-5 contains the model and quantity of the sensors. The sensors were 

connected to the datalogger which was connected to the computer. It was adjusted to log the data within 

the interval of 30 s over the duration of 9 h. 

Table 6-5: Sensors in the experimental setup. 

Sensor Description Quantity Accuracy/uncertainty 

PCM temperature 

sensor  

Customized 3 wired- RTD 

(Pt-100) thermocouple 

[406] 

2 less than ±0.45℃ 

Water flowrate sensor Siemens-QVE3000.025 

Vortex flow sensor made 

from robust red brass 

Output signal: DC 0…10 

V or 4…20 mA  

Flow range: 1.8…150 

(l/min) [405] 

1 2% 

Water temperature 

sensor 

Siemens-QAE2120.010 

Immersion temperature 

sensor 100 mm LG-

Ni1000, with protection 

pocket [405] 

2 ≤ ±0.1 K over the range from 5 

to 25℃ [after calibrated] 

Power logger  PW3360-20 [407] 1 Active power measurement 

accuracy is ±0.3% reading plus 

±0.3% full scale, with the 

clamp sensor accuracy of 

±0.3% reading plus ±0.01% full 

scale. 
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Figure 6-16: Applied sensors and valve in the experimental setup: (a) the water temperature sensor 

(Siemens-QAE2120.010); (b) Manual ball valve; (c) Water flowrate sensor (Siemens-QVE3000.025); 

(d) Phase change material temperature sensor (3 wired- RTD (Pt) thermocouple). 

Through the power logger [383], the power of the heat pump was being measured in the same interval 

of 30 seconds in which the temperatures and flowrate were being measured.  

For each trial test case, it was important to have the PCM tubes distributed in the water tank 

symmetrically. As such, three different arrangements for the three levels 55, 115, and 169 of the PCM 

tube numbers factor were considered. The arrangements are shown in Figure 6-17, the location of the 

PCM tubes with thermocouples stayed the same in all three arrangements. 

 
Figure 6-17: Three symmetrical topologies for three levels of PCM tube number factor (N) in the 

tank. left to right: N=169, 115, and 55 PCM tubes. 

The whole setup was assembled as shown in Figure 6-18.  
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Figure 6-18: Experimental setup located in the Sustainable Buildings Research Centre high bay. 

Before starting the charging cycle, the heat pump was put through the heating mode with the water 

temperature of 26℃ to discharge the coolness out of the PCM tubes, after that by adjusting the levels 

of the three factors for each trial test case based on Table 6-4 above, the charging tests were run for 9 

h. 

The cumulative energy and the coefficient of performance are respectively calculated through Equations 

6-8 and 6-9. Where �̇�𝑤 is the volumetric flow rate of the water, 𝐶𝑝 is the specific heat of the water, 𝑇𝑜𝑢𝑡 

is the water-based PCM tank outlet water temperature and 𝑇𝑖𝑛 is the water-based PCM tank inlet water 

temperature. 𝑄𝑘  and 𝑃𝑘  are heat energy and power at kth logged data.  

Cumulative Energy= ∫ 𝑄�̇�
𝑡

0
𝐶𝑝(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛)𝑑𝑡  (6-8) 

𝐴𝑣𝑔 𝐶𝑂𝑃 =
∑ 𝑄𝑘

𝑡𝑛
𝑡𝑖

∑ 𝑝𝑘
𝑡𝑛
𝑡𝑖

  (𝑓𝑜𝑟 𝑘 = 1 … 𝑛)    (6-9) 

Considering there was a time interval of the 30 s for data collection, in the calculations, the integration 

in Equation 6-8, was substituted by summation. In the next section, the experimental results, regression 

models for the cumulative energy and Average COP based on the experiments, and the optimisation 

results will be discussed. 
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6.5 Statistical Analysis 

6.5.1 Experimental Results 

For the calculation of the PCM TES optimisation and evaluation of the experiment, establishing the 

enthalpy-temperature curve was essential. To calculate the cooling enthalpy curve of the PCM S10 

(shown in Figure 6-19) for the latent and sensible heat of the PCM, over the temperature frame of 0-

30℃, the Digital Scanning Calorimetry (DSC) measuring method was chosen. In this regard, the 

Microcalorimeter device from Setaram [408] as shown in Figure 6-20 was used.  

 
Figure 6-19: Enthalpy-temperature curve for the experimental PCM S10 in the cooling process.   

For this measurement, the test was run twice with initial masses of 145.9 mg and 210.2 mg of PCM S10 

and the scanning rate of 0.005 k/min. The average enthalpy curve over temperature is shown in Figure 

6-19. From 0℃ to around 6℃ and also from around 12℃ to 30℃, the changes were based on the 

sensible heating and between 6℃ to 12℃ was the phase change process, and the heat was the latent 

heat. It is also to be expected that for S10 which was a hydrated salt, the phase change occurred in a 

temperature range. 
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Figure 6-20: Differential Scanning Calorimetry (DSC) [408] 

To investigate the operational behaviour of this subsystem and find the correlation between the two 

main objectives cumulative energy and COP and the variables of the system (water flowrate, 

temperature and number of PCM tubes), 9 Taguchi tests were carried out. Figure 6-21 and  

Figure 6-22  present the charging processes of the 9 trial test cases. In these graphs, the average PCM 

temperature, outlet and inlet water temperature water-based PCM tank over the course of 9 h is shown. 

For all the tests, the air-to-water heat pump was in the cooling mode, and the water setpoint was adjusted 

to 5℃ (for cases 1 to 3), 6℃ (for cases 4 to 6), and 7℃ (for cases 7 to 9).  

A general operational behaviour in all of these 9 trial tests over the charging process was observed. As 

it is shown in Figure 6-21, at the beginning, there was a large rapid drop in outlet and inlet water 

temperature. The average PCM temperature also decreased fast, showing the released heat from PCM 

during this behaviour is sensible heat. After that, there was a major change in the gradient of the average 

PCM temperature graph. This was when the inlet water temperature (heat pump outlet water) met the 

target water setpoint. And after this stage, no specific changes in the gradient of the PCM temperature 

graph was observed. This is because the phase change process started. Hence, the latent heat was being 

released.  
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Figure 6-21: Variation of the temperature during the charging process for individual cases 1-4. 
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Figure 6-22: Variation of the temperature during the charging process for individual cases 5-9. 

Other phenomena which were observed in these figures were the impact of the internal controller of the 

heat pump on the inlet and outlet water temperature. Looking at Case 4 in Figure 6-21, for example, 

between the 2nd and 5.5th hours of the experiment, the inlet water temperature was undergoing 

oscillation. This is because of the on/off operational behaviour of the internal controller to maintain the 

water temperature between the control dead band. After that, from around the 5.5th hour of the test until 

about the 8th hour, the graph rose linearly with a gentle slope. During this time, the compressor was off 

and only the internal heat pump water pump circulated the water within the system. This behaviour 
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would continue until the inlet water temperature reached the target setpoint. So, the compressor would 

start working and cool down the water temperature. This behaviour was because the temperature 

difference between inlet and outlet water was too small and the inlet water temperature was below the 

setpoint, so there was no need for the compressor to be on and cool down the water. 

Applying the test results through Equations 6-8 and 6-9, the two main objectives were calculated for 

each test case. The results are shown in Table 6-6. Using interactive stepwise regression through the 

MATLAB software, the correlations for the objective models were found. The model of the two 

system’s objectives of cumulative energy and the average COP of the system in terms of the input 

variables are presented in Equations 6-10 and 6-11 respectively. 

Table 6-6: Calculation of the objectives for each trail test case. 

Experiment 

Number 

Average 

COP 

Cumulative 

Energy (kJ) 

1 3.09 83496.1 

2 2.6 73140.4 

3 1.92 56556.4 

4 2.73 79239.2 

5 2.32 65505.5 

6 2.98 68716.0 

7 2.49 63422.1 

8 2.73 74988.4 

9 2.64 61381.2 

 

𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝐸𝑛𝑒𝑟𝑔𝑦(𝑇, �̇�, 𝑁) = 𝛽1 + 𝛽2 (
𝑁2

�̇�
) +𝛽3 (

�̇�2×𝑇𝑖𝑛

𝑁
)                 (6-10) 

Avg 𝐶𝑂𝑃(𝑇, �̇�, 𝑁) = 𝛽4 + 𝛽5 (
�̇�2

𝑁2×𝑇𝑖𝑛
) + 𝛽6 (

𝑁4

𝑇𝑖𝑛
2)                 (6-11) 

𝑇 ∈ {5,6,7}, 25 ≪ �̇� ≪ 41, 55 ≪ 𝑁 ≪ 169 
 
Where 𝑇𝑖𝑛 is the tank inlet water temperature (℃), �̇� is the volumetric water flowrate (l/min), and N is 

the number of PCM tubes. To evaluate whether the offered equations are reliable the scatter graph of 

predicted and experimental value for cumulative energy and COP were drawn and the 𝑅2 was 

calculated. These graphs are shown in Figure 6-23 and Figure 6-24.  
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Figure 6-23: Experimented and predicated values of Cumulative Energy. 

 

 
Figure 6-24: Experimented and predicated values of Coefficient of Performance (COP). 

The amount of 𝑅2 are 0.92 and 0.96 for cumulative energy and the COP respectively which shows a 

good agreement between the experimental and predicted values based on developed Equations 6-10 and 

6-11. The details of intercepts and coefficients are shown in Table 6-7. 

Table 6-7: Intercepts and coefficients in cumulative energy and COP models. 
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To ensure over-regression did not happen, a confirmation test was carried out. Figure 6-25 shows the 

result of the confirmation test. The test was carried on with a water setpoint temperature of 5℃, the 

flowrate of 33 l/min, and the PCM tube number of 169.  

 
Figure 6-25: Confirmation test. 

The experimental and predicted values of cumulative energy and average COP for these confirmation 

tests are shown in Table 6-8. The predicted values for cumulative energy and average COP were 

calculated by applying regression models (Equations 6-10 and 6-11).  

Table 6-8: Experimental and predicted values of COP and cumulative energy for the confirmation 

test. 

 Experimental value Predicted value 

Cumulative 

energy (kJ) 

77526.4 75799.0 

Average COP 2.76 3.01 

 

The relative error between the experimental and predicted value for cumulative energy is 2% and for 

average COP is 8%. These relative errors shown over-regression did not happen. Finding the regression 

models equations, the optimisation was carried out by applying genetic algorithm optimisation 

technique which will be discussed in the next section. 

6.5.2 Optimisation 

6.5.2.1 Single-objective optimisation 

For the optimisation of flowrate, temperature setting, and number of PCM tubes for KPI of average 

COP (discussed in Section 6.4), the Genetic Algorithm (GA) technique was selected. A genetic 

algorithm implies finding the fittest solution to the defined problem. In single-objective optimisation, 

given that there is one objective, the normal sorting operation was applied. Therefore, the basic genetic 
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algorithm was selected. The percentage of crossover was 0.9 and the rate of mutation was 0.02. The 

population was 20 with iterations of 70, however, as it is shown in Figure 6-26, the individuals in each 

generation become more similar to each other after each generation and finally become one. As such, 

the COP is being converged after 35 iterations.  

 
Figure 6-26: Convergence of COP to its maximum amount through single-objective optimisation  

The optimised Average COP is 3.07 and the optimal values are: water setpoint of 5℃, flowrate of 25 

l/min, and PCM tube number of 169. 

6.5.2.2 Multi-objective optimisation 

In the previous section, for the single-objective optimisation, the basic genetic algorithm was applied. 

In multi-objective optimisation, given that there are more than two objectives (average COP and 

cumulative energy which were discussed in Section 6.4) the non-sorting genetic algorithm was 

considered. NSGA-II [409] is a solution for multi-objective optimisation. At the first stage, offspring 

are being created and combined with parents as a population and then the population will be ranked and 

sorted based on their performance on defined indicators. The best members will be picked to create a 

new population with a good spread in the solution. And at the end, there will be a set of optimum 

answers which are called Pareto-front.  

There are two main operators in genetic algorithms namely, crossover and mutation. The percentage of 

the population which would be impacted by these two operators should be specifically picked based on 

the problem. For this optimisation, the percentage of mutation and crossover were considered 0.8 and 

0.4. The size of the population is 300 and the iterations are 30, the mutation rate is 0.02. The optimisation 

results are shown in Figure 6-27. There first random population, 1st, 5th, 10th, 15th, and 30th generation 

are shown in the answer. The Pareto frontier has two members shown in Table 6-9. 
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Table 6-9: Pareto frontier members. 

 Cumulative energy (kJ) Average COP 

A1 83465.7 3.01 

A2 80331.0 3.06 

 

The optimum answers for optimum variables of A1 and A2 are shown in Table 6-10. To show the 

answers are properly increasing and converging the average of the objective response per population is 

shown in Figure 6-27. The objectives converged after the 10th iteration. 

 
 Figure 6-27: Multi-objective Response. 

As Pareto-Frontier set contains a set of the optimum answers, to pick the suitable one, a multi-criteria 

design making (MCDM) technique needs to be applied. Given that, equal weightage of 0.33 is assigned 

to each variable (criteria), the weighted sum model (WSM) and weighted product model (WPM) was 

used. The MCDM results are shown in Table 6-10. Both of the results confirm A2 is a better optimum 

answer. 

Table 6-10: MCDM results for optimum answers. 

 

Optimum 

Answers 

T(℃) �̇�(𝒍/𝒎𝒊𝒏) N (PCM tube 

Number) 

WSM WPM 

A1 5 25 163 0.94 0.95 

A2 5 28 169 0.99 0.99 
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In order to ensure the results of optimisations are the optimum variables, case 8 from the trial tests 

(Table 6-4) was set as the baseline. The variables for the baseline case (shown in Table 6-11) are as 

follows:  water setpoint of 7℃; PCM tube number of 169; and the flowrate of 33 l/min. The reasons for 

selecting this trial test as the baseline is that water setpoint of 7℃ is the nominal value which is common 

to be used in the practical system, the PCM tube number of 169 is close to the optimised PCM tube 

numbers for both single-objective and multi-objective optimisation; and the flowrate of 33 l/min is the 

average of the lower and upper limit of the design conditions for flowrate. 

As it is shown in Table 6-11, the optimum values lead to better KPIs (cumulative energy and the average 

COP) than the baseline case. These results (which are based on fixed conditions explained above in 

Section 6.5.1) show both of the optimal designs are effective.  

Table 6-11: Comparison of optimisation results with the baseline case. 

 T (℃) �̇�(𝒍/𝒎𝒊𝒏) N (PCM 

tube 

number) 

Cumulative 

energy (kJ) 

Average 

COP 

Baseline 7 33 169 74988.4 2.73 

Single-objective 

Optimisation result 

5 25 169  3.07 

Multi-objective 

optimisation 

results 

  A1 5 25 163 83465.7 3.01 

  A2 5 28 169 80331.0 3.06 

 

Single-objective optimisation has the higher COP compared to the multi-objective, but it is not 

comprehensive enough as in the multi-objective, as there are two objectives. As such, in order to reach 

both maximum cumulative energy and COP at the same time, multi-objective optimisation was used 

which is better than the single-objective.  

The lowest water temperature setpoint, water flowrate, and highest number of PCM tubes would provide 

us with maximised COP and cumulative energy. This experimental design optimisation methodology 

for this innovative technology by itself is an innovation, which can be used for any other thermal energy 

storage as it incorporated two scientific methods (Taguchi and Genetic algorithm technique) and, as 

such, is an original contribution to knowledge. 

6.6 Summary 

The components and operation of the innovative HVAC system for Desert Rose house as a sustainable 

innovative building have been explained above. Afterwards, a subsystem of the HVAC system (closed-

loop water-based PCM TES coupled with air-to-water heat pump) as an innovative technology case 

study was experimentally investigated. This thermal energy storage was selected as it is an innovative 

technology that can address the sustainability concerns of economic issues. This sub-system as part of 

the HVAC system addresses the above-mentioned sustainability issues by working with maximum COP 
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and storing the highest amount of energy. As such, to maximise the two latter mentioned objectives, the 

optimised variables (water setpoint, water flowrate, PCM tube numbers) have been established.  

The technique of the genetic algorithm has been applied for multi-objective and single-objective 

optimisation. It was found that the maximum cumulative energy and COP in the sub-system of PCM-

water TES with an air-to-water heat pump, could be obtained by applying for the lowest water flowrate 

and lowest setpoint, and the highest PCM tube numbers. Furthermore, an experimentally based design 

optimisation methodology for the HVAC subsystem (closed-loop water-based PCM TES coupled with 

an air-to-water heat pump) was offered, and this methodology can be applied for any other thermal 

energy storage. 

Lastly, this innovative water-based PCM TES in the Desert Rose house, and its optimisation have 

demonstrated the engineering feasibility for its development as thermal energy storage, by finding 

suitable PCM to be used in this context and calculating the quantity of this PCM to be deployed and its 

properties. This feasibility process was accomplished by working out the cooling load of the Desert 

Rose house building and considering the HVAC chilling water design setpoint. This chapter has 

demonstrated in detail the engineering aspect of the human-centred design (HCD) of the innovations 

framework of this thesis, along with the classification of sustainability-oriented innovations from the 

Solar Decathlon competitions in Chapter 4 . In the next chapter, a conclusion to the thesis will be drawn 

by understanding its key contributions to knowledge, its integration with real working practices, and 

future work. 
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Chapter 7. Conclusion 

7.1 Key Contributions 

The key contribution to knowledge that this thesis has made is to develop an innovations framework 

that deals with sustainability-oriented innovation.  As a knowledge source, and bank of data, the Solar 

Decathlon entries present the cutting edge of sustainability-oriented innovation, and have since 2002 

helped to answer the main research question of this thesis: What is the nature of innovation involved 

with sustainable housing? 

Chapter 4 answered this question in terms of engineering, marketing and sociology.  In the first instance, 

innovative technologies from the Solar Decathlon sustainable houses were classified, from houses with 

the most innovations to those with the least. The relationship of total number of innovations and the 

overall ranking of the house was determined and the trends in innovation over time were described.  

Furthermore, the marketing of the Solar Decathlon sustainable house was presented, and the 

relationships between marketing and total innovations was assessed. Sustainability innovations based 

on the marketing roadmap were analysed, and the relationships between the total number of innovations 

and marketing sub-contest for the 1st, 2nd, 3rd, 4th and 5th rank houses were described. Lastly, the 

relationships between affordability, marketing and the overall ranking of the houses were presented.  In 

terms of the sociology of the Solar Decathlon entries, the houses were divided according to standalone, 

social (communal) and hybrid housing.  Hence the innovations were developed according to separate 

social requirements, and this analysis shows that overall, the innovations for Solar Decathlon tend 

towards making products to fit in with private, standalone houses. 

Chapter 5 answered the main research question of this thesis through the specific case study of the UOW 

Solar Decathlon entry, Desert Rose.  It answered the question with respect to the innovations framework 

for sustainable housing that best serves to integrate and implement the findings of the previous chapters.  

The innovations framework was assigned a multi-disciplinary diagrammatic structure with feedback 

loops illustrating the push-pull nature of innovation development.  Furthermore, human-centred design 

was integrated into the innovations framework. 

Chapter 6 answered the main research question with respect to innovation in sustainable housing by 

developing and optimising a specific sustainability-oriented innovation (PCM TES). As such, the 

experimental based optimisation methodology for an innovative technology as part of the feasibility of 

the discipline of engineering was designed. Included in this methodology, was multi- and single-

objective design optimisation of temperature set points, flow rates and storage capacity of water-based 

PCM thermal energy storage coupled with an air to water heat pump was performed. 
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In combination, these answers produce the key contribution of the innovations framework of Chapter 

5, which also took into account what is known in the field (Chapter 2), and the interdisciplinary nature 

of sustainable housing. As such, this thesis demonstrates innovation in action through its 

interdisciplinary mode of working, and by imaginatively putting different methods to work. 

The answer to the main research question of this thesis is that innovation is a set of interconnected ideas 

that tend towards the solution of practical problems, in the case of this thesis and the technologies 

associated with the Solar Decathlon competition, how to make housing sustainable.  Innovation works 

as a flow in terms of the arrows and connections in the framework of this thesis (Figure 5-10) that has 

been reached after the real experience of being an Innovations Coordinator on the build site of a Solar 

Decathlon entry, as well as analysing the literature on innovation frameworks, the innovations of 

previous Solar Decathlon entries, and in a specific example of a sustainability-oriented innovation 

(through development of the Phase Change Material Thermal Energy Storage).  Further, innovation 

depends on stakeholders, having the necessary requisite knowledge to progress an idea, funding, and 

being able to conceive of and construct solutions to the problems that have been set in real time.  As 

such, the observation and comments on human-centred design of this thesis 

(feasibility/viability/desirability) act as constraints and funnels to the flow of innovation, so that, for 

example, new technologies are not just serially injected into the houses, but are limited, adjusted and 

aligned according to the overall running of the house, and the specifics of its engineering, marketing 

and sociology, or human-centred design. 

7.2 Integration with Real Working Practices 

The Solar Decathlon is a student-led competition that aims to produce prototypes that succeed in 

accumulating points in the 10 categories defined in advance by the judges. Solar Decathlon competition 

has a specific ranking criteria. This thesis used the Solar Decathlon competitions’ entries as a knowledge 

source, and as such, the conclusions derived need to be considered in context of the limitations of the 

study on the Solar Decathlon. Additionally, usage of only The Desert Rose house as the main case study 

for the development of the innovations framework, increases this restrictions. However, the real 

building industry is much more complex, and points to the complicated nature of innovation, that can 

happen spontaneously, or unpredictably, given new and variant circumstances that can occur on site. 

As such, the innovations framework that this thesis has evolved sits best between the design and 

execution stages of a new build, once the architects and planners have done their work, and before the 

building manager and the builders have put the plans into action. Hence, the innovations framework of 

this thesis works as a human-centred design constraint, and yet, at the same time as a push towards 

enhanced innovation, that works to focus the innovations as suggested by the designers and to put them 

into practice by the builders. The innovations framework of this thesis sits to align the imaginations of 

the designers with sustainability, through the specific examples of sustainability-oriented innovation 

that have figured in this thesis, i.e., in Chapters 4 and 6, and with the practical and onsite reality of 
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working with these innovations as experienced by the builders, that was depicted in terms of the case 

study of the Desert Rose house in Chapter 5. 

Further, the take up and use of the innovations framework depends upon the commercialisation and 

extension of the innovative practises of the Solar Decathlon in real construction sites. As has been 

stated, one of the main ways that this happens is through modularisation, and innovation in 

modularisation involves being able to reconceive of the building at the design stage as being separable 

into sections and these divisions as being more cost and environmentally effective than bringing 

everything together onsite. Hence, the nature of the Solar Decathlon competition, wherein the houses 

have to be prebuilt at the university of college where the team come from, disassembled, then shipped 

to the competition site, and reassembled for competition before being taken apart again and shipped 

back to their places of origin; makes the innovation of modularisation a critical consideration in the 

Solar Decathlon builds. Further, the cost of the innovative practises in the Solar Decathlon has to be 

taken into account, if they are to be commercialised. The same could be said about every sustainability-

oriented innovation in Chapter 4, that has to be cost effective (viable) and add to the quality of living 

that the houses afford (desirable). As such, the innovations framework of this thesis adds human-centred 

design to the construction industry through sustainability-oriented innovation. 

7.3 Future Work 

This thesis has come about in the context of climate change and the building industry having to make 

adjustments because of climate change and other related challenges that the industry faces.  This thesis 

does not suggest that the sustainability-oriented innovation that has been drawn out and analysed from 

the Solar Decathlon data sets are enough to reverse climate change, or to change the nature of the 

building industry overnight. Rather, the data and analysis that is included in this thesis is a vehicle for 

future work (with respect to climate change and a changing building industry). The innovations 

framework of this thesis and the gamut of sustainability-oriented innovation and different technologies 

for tackling climate change will be implemented incrementally by the construction industry over time 

as they become commercially viable. Hence, the future work that has been initiated by this thesis is to 

make the sets of sustainability-oriented innovations contained in this thesis visible and comprehensible, 

and to set up a logic for their use alongside and within the context of the innovations framework. The 

future work will need to align with the particular technologies and their innovations with the goal of 

making the building industry more sustainable, both environmentally and economically. 

This brings us to the fundamental question: Who will do this future work as designated and set up by 

this thesis?  Of course, a doctoral study is primarily an original contribution to knowledge, and this has 

been achieved in this thesis by the analysis of the Solar Decathlon data sets, the optimisation of the 

phase change material thermal energy storage and the development of a new innovations framework 

through the case study of the Desert Rose house. Pointedly, the future-orientation of this thesis points 
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to individuals and groups such as the Solar Decathlon teams, as being capable of making a difference 

in the building industry, through their voices as advocates of sustainable building practices, and as the 

building designers and workers of tomorrow. The attributes that have been demonstrated throughout 

this thesis, such as the willingness to take risks, the collaborative nature of construction, the ability to 

work in an interdisciplinary manner, and the flexibility to comprehend and incorporate new 

technologies into a build, are all necessary parts of the future of a sustainable construction industry. 

This thesis has invented a new innovations framework for sustainability-oriented innovation in the 

building industry.  The recommendations that follow from this thesis include: 

• Purposefully using the innovations framework as a bridge between the creative and imaginative 

work of the designers and architects of sustainable housing and the builders who have to 

construct their visions.  The innovations framework of this thesis acts as a constraint on the 

over reliance on SOI, and a push to meaningfully enhance innovation for sustainability. 

• Marking out and extending the lineages of SOI as contained in this thesis, e.g. in Chapters 4 

and 6, for real construction sites and the future of building. To this extent, innovation for 

sustainability has to be continuous and future-driven. 

• Taking the process and optimisation methodology as was described and analysed for PCM TES 

in Chapter 6 and using it for other thermal mass storage devices in houses (active and passive).  

Further, the streamlining and rationalisation of water-based PCM TES has to be taken further 

to reduce costs, and to make it commercially viable for the HVAC systems in homes. 

• Introducing engineers to the marketing and sociological considerations of sustainable housing, 

as was presented in Chapter 4. This action would enable types of interdisciplinary conversations 

to take the building industry forward and help to integrate SOI into building more productively. 

• Make the link between the Solar Decathlon competition and the commercial building industry 

more explicit and well-grounded by enabling pathways between the SOI that has emerged from 

the Solar Decathlon, and companies that are building houses today. 

• One method to achieve the pathways between the Solar Decathlon competition and its SOI and 

the commercial building industry is through education. Specific trade and university courses 

could include modules taken from the SOIs of the Solar Decathlon that would encourage 

students and apprentice workers to take sustainability seriously in construction, and to 

implement it in their plans. 

• Encourage innovation at all levels of the construction industry by making the Solar Decathlon 

data sets and innovations framework public and part of the real working practices of the 

building industry. 
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• Using the case study methodology of this thesis (Chapter 5), as a research method applicable 

to real building sites, to understand the nature of innovation for sustainability as it happens in 

these contexts in real time. 

This thesis has endeavoured to explore the nature of innovation to the benefit of sustainability in the 

building sector.  There are many resistances and potential pitfalls to the approach as has been articulated, 

e.g. going from a student-led competition to a commercial industry, and the different value-systems that 

this leap can provoke. However, the leap from experimentation, genuine innovation, and sustainability 

in the building industry, to commercial reality, is a deliberate and necessary step forward in the 

rationalisation of construction along new environmental lines. This thesis suggests that engineers need 

to be innovative and consider the marketing and sociology of a sustainable build before developing 

specific innovative technologies. This involves interdisciplinary teamwork and next generation, 

sustainable construction techniques. 
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Appendices 

Appendix 1 

Exclusive technological innovations in Solar Decathlon Middle East 2018 

In November 2018 the Solar Decathlon competition was held for the first time in the Middle East. This 

competition was different from other Solar Decathlon competitions in terms of its location, where it 

was in the dry and humid climate of the desert. In the following section, some of the outstanding 

innovations of this competition are exclusively reviewed. 

In Solar Decathlon Middle East 2018, Virginia Tech University received first overall rank by presenting 

FutureHAUS, a prototype smart house built with smart construction techniques. The house was made 

of prefabricated modular structures that were pre-wired and pre-plumbed. These cartridges were 

designed in a way to be finished off-site and hooked up on-site using a plug-and-play assembly method 

[90]. The suites of the cartridges are shown in Figure a. This assembly method using prefabricated 

cartridges could provide a construction project with minimal site pollution, fast construction, and 

accurate scheduling, timeline, and pricing. 

    
Figure a: FutureHAUS. (Left) Suite of cartridges. (Right) Office and living room flex-space with 

rotating AV wall, which could be moved mechanically [206]. 

The bathroom cartridge contained innovative features such as a smart mirror interface, a one-piece 3-D 

printed sink and countertop, and the toilet and vanity were height adjustable. 

Team Virginia Tech implemented creative spatial flexibility in FutureHAUS called Flex-space. In this 

space, three program spaces of a home office, a bedroom, and a living room could be created through 

movable walls. The walls were powered by DC through the conductive rail integrated to the house 

central spine cartridge contained all home-run communication and electrical lines and all ductwork of 

the HVAC system. In the flex-space, the rotating AV wall shown in Figure a, allowed the user to share 

the television and audio-visual technology between the living room and home office modes [206]. 
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BaityKool house, which won 3rd place in the competition, had a similar envelope around it. This façade 

was made of ultra-high performance fibre-reinforced concrete [204]. The biomimetic solar cells [279] 

of this house were integrated into two different ways into the building. The first integration was within 

the façade and the second innovative way was the integration of the PV in a movable roof over the 

patio. As shown in Figure b, this movable roof could be closed and act as a shading element throughout 

the day. 

 
Figure b: Movable PV integrated roof over of BaityKool house [204] 

A hybrid innovation was implemented in the water recycling system (Figure c) of the BaityKool house. 

The greywater could go through two ecological processes for filtration. The first stage was waste 

filtration through earthworms called lumbri-filtration, followed by treatment via UV rays from the sun 

(bio-solar purification) [204]. The recycled water fed the ecosystems of the house, including the 

aquaponics system of the house for growing vegetables and raising edible fish. 

 

 
Figure c: Greywater filtration of house [204]. 

The EFdeN team won 4th overall rank in Solar Decathlon Middle East 2018. They implemented hybrid 

innovative home automation based on energy efficiency and user experience. The automation system 

integrated the entire equipment into a Programming Logic Controller (PLC) which runs the logic behind 

the automation scenarios. Integration of gateways for converting DALI to KNX and EnOcean to 

Modbus module made DALI and EnOcean compatible with the controller. A voice support system 
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through which the occupants could use simple voice commands to find out the temperature and humidity 

of the house, access the lighting control system or operate the doors/windows open/closing mechanisms. 

This voice system was integrated into the automation via MQTT protocol. A Smart Mirror that 

displayed news, date, and time, the weather forecast was developed. However, the most interesting 

feature about this mirror was the face recognition and understanding of the person’s mood [205] 

The University of Rome Sapienza implemented the concept of “innovation within tradition” by 

designing and building their smart solar house blended in with the Arab tradition and heritage. They 

combined a traditional internal patio with a green wall and a smart wall fountain integrated with the 

home automation system. Also, innovative augmentation of a towering wind (Figure d) with an active 

air conditioning system was used. These combinations of modernity and tradition were implemented 

through an innovative building construction system with Cross Laminated Timber augmented with post-

tensioning technique (Press-Lam), ventilated floor-wall connection technology, and innovative 

selective windows with advanced aluminium-wood frames enriched with aerogel thermal breaks [227]. 

The adaptive shading system with automated semitransparent light-reflective blinds and the car shading 

were other aesthetic innovative features of this house [227]. his electrical car canopy included a 

demonstrative off-grid PV system based on LSC [410] technology. 

 
Figure d: Sapienza house with semitransparent blinds and the wind tower.  

The above review showed that innovation has become an essential component in Solar Decathlon 

competitions to demonstrate how to use and implement innovative solutions and technologies to achieve 

net-zero energy consumption of solar-powered houses and how innovations assisted student teams in 

winning the competition. 

Team UOW had a strong aim to change the way the world views homes for the elderly, and along with 

providing occupants with age-related disabilities and diseases including dementia with independent 

living, lead to the design and development of the Desert Rose house. Desert Rose house contains many 
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architectural, construction, and building services innovations which are briefly explained in the 

following. 

The adaptability of the building to both Australian and Middle Eastern culture is another architectural 

innovative solution. The layout provides both open plans living suitable to Australia but is easily 

adapted to meet the three levels of privacy expected in the host country: dual-use spaces. Flatpack built-

in wardrobes, removable chairs, furniture that can be “hidden” in plain sight to not be an obvious 

addition to the room, height-adjustable storage and benches in kitchen, doors suitable for passing 

wheelchair and hospice bed are other innovative features of the Desert Rose from adaptability point of 

view. 

In the field of innovative material used within the building, Desert Rose’s second skin wall was made 

of an innovative lightweight, foamed concrete, which utilised recycled crushed glass as a cement 

replacement. This specific mix design was developed at the University of Wollongong and is being 

tested and developed by students. Also, as opposed to polyvinyl chloride (PVC), usage of the 100% 

recyclable Raupiano drainage which contains no toxic material as well as crossed linked polyethylene 

(XLPE) insulated cables were also an innovation. 

Integrating technology within the design of the building through the usage of a Building Photovoltaic- 

Thermal (BIPV-T) system is a step forward in the field of architecture. Model Predictive Control battery 

management system is the principal energy strategy of the Desert Rose house. Based on this control 

system, Desert Rose relies on as little on-grid energy as possible and maximise the self-consumption of 

renewables. Also, BIPV-T contributes to solar pre-heating of water, triple glazed windows and smart 

mesh with electrochromic glass (only switches as required), Electronic thermostatic mixing valves. 

Controlled via BMS, Minimal energy usage of the innovative greywater treatment system, Active solar 

panel cooling and intelligent lighting are other innovative solutions which result in energy-efficient 

Desert Rose. The building control and automation system of the Desert Rose house is mainly based on 

KNX. In this design, the innovative linkage of the KNX with the Internet of Things (IoT) is noteworthy. 

IoT-based lighting for promoting health and well-being throughout the house. Electronic thermostatic 

mixing valves (smart taps) which are developed by student and industry partner, is controlled through 

the usage of the building management system is another innovative feature of the Desert Rose house.  

The Graywater treatment system is another engineering innovation within the Desert Rose. This system 

called Recycled Vertical Flow Constructed Wetland (RVFCW) is based on Dubai and Australian design 

aspects. The reduced size of the system in comparison with the conventional systems was considered 

its innovation. 

Usage of the thermal energy storage in the form of PCM tank can improve the overall efficiency of the 

system as well as shift the Load of the HVAC system from the middle of the day to late at night. The 

HVAC system provides the key technological innovation development of this thesis. 
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Appendix 2 

Interview Questions 

With respect to your role in SDME 2018 UOW team: 

• What do you think about the Desert Rose house design idea as a dementia-friendly sustainable 

innovative house? 

• What did you know about Illawarra Flame House (China solar Decathlon, 2013) before joining 

team UOW for SDME 2018? 

• Do you think the Illawarra Flame House (Chine Solar Decathlon, 2013) experience had an 

influence on the team UOW’s application to participate in SDME 2018? 

• When was the first wave of innovation, or the first spark or idea that you can remember (either 

from yourself or any other team member you can remember) for Desert Rose? 

• As a team leader, when did your sub-team members start to think about innovative solutions 

regarding the Desert Rose house? If you are not a team leader what are your general thoughts 

on how innovation was managed? 

• Did you have an innovative idea? In which of these categories will you put your innovative 

idea? 

 
 

• What problem were you solving through your innovation? 

In
n

o
v

a
ti

o
n

s
 i
n

 S
o

la
r 

D
e

c
a

th
lo

n

Building 

Services

HVAC & Hot Water

Home Automation 

Lighting

Water System

Others

Architectural 

Design and 

Construction

Adaptability

Material 

Façade/Envelope/Structure

Architectural Design/Concept

Modularity/Prefabrication/ Construct, 
Deconstruct and Reconstruct

Integration

Building

Furniture/ Appliances

Building

Furniture/ Appliances

Others

Green Roof or Wall/ Planting



   
 

200 

 

• How did you come about with your idea? (Based on your research, or you have seen it in before 

the market)?  

• When did you have your innovative idea? i.e. before or after the DR model was built? For 

example: In early meetings? In workshops with experts?  

• Did you get help, or any ideas from the Illawarra Flame House regarding your innovative 

solutions? How was this achieved? 

• Is your innovation a sustainability-oriented development? Could you please briefly explain. 

• Did you think about the sociology or marketing of your sustainable innovative technology? 

Could you please complete the tables below? (Please explain) 

Marketing :  

Green design  Sustainable 

construction  

Renewable  General marketing   

 

Sociology :  

Sociology of 

housing   

Socio-cultural 

influence on 

housing 

Standalone, 

private housing  

Communal, 

public housing  

Hybrid (private -

communal) 

 

• Innovation sub-contest within the SDME 2018 was pointed based on five sub-sections: do you 

think your technology had any impact on Desert Rose to achieve 1st rank in innovation sub-

contest? If yes, in which sub-sections of (architecture, engineering and construction, energy 

efficiency, communication and sustainability) was the impact? 

• What do you think about your innovation after the competition? 

• What would you change from the genesis of your innovation to its development and 

implementation? (Considering Solar Decathlon Middle East finished and based on your 

experience) 

• What were the enabler/barriers for your specific innovative technology (if you have had one)? 

• What were the enabler/barriers regarding the Desert Rose as an innovative building? 
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• Did you have any problem while collaborating with other engineers? Did this collaboration 

have benefits? Please explain … 

• Did you have any problems relating to interdisciplinary work during the design or build of the 

Desert Rose house? Did interdisciplinary collaboration have any benefits? Please explain … 

• Were there any innovations that you or any other team members have come up with was an on-

site solutions during competition? 

• As an engineer, do you think that a road map regarding the development processes for specific 

technologies should be provided and standardised? What would it look like? What would it do?  

E.g.: as a process for PCM TES coupled within HVAC system.  

 
 

 

• In the design of Desert Rose house as a dementia -friendly house, did you consider the 

feasibility (engineering), desirability (sociology), and viability (business: marketing-focused) 

regarding A) Desert Rose house as a whole innovative solution (the whole building and its 

modules ) B) Your sustainability-oriented innovative technology. 

 

Thank you for your time. 

Yours sincerely, 

Yeganeh 

Comission in  R&D laboratory before application of the 
developed technology in real world

Calculated optimised values for optimal KPI 

(design and/or operational optimisation)

What are the input/output system variables?

Active/passive application?

Select the suitable technology and type (i.e., which 
PCM)?

Calculate the cooling load of the building via simulation
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