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Abstract 

The world’s leading economies including EU, US and China have set ambitious goals 
to achieve carbon-neutral societies by 2050 to 2060, which require large-scale 
implementation of clean energy systems. Building Integrated Photovoltaics (BIPV) is 
one of the most promising strategies to facilitate the clean energy demands. Besides the 
limited roof areas, the façade areas also demonstrated potential for solar energy capture 
and should be utilized for PV integration as well.  
 
Façade integrated photovoltaic (FIPV) designs in urban contexts usually have high 
visibility for the public, and thus require holistic architectural integration. However, the 
number of current studies in this field is limited and most of them are focusing on the 
energy aspects. Aesthetic consideration like PV façade colors, texture and pattern is 
severely lacking. Therefore, this study seeks to explore advanced methods for FIPV 
from an architectural point of view. The environmental aesthetic is the main theoretical 
basis of this study, and mixed methods are employed as the research strategy 
throughout this study. Conducted as a PhD by publication, this study consists of 7 
publications focusing on different topics related to architectural methods of FIPV, 
together with the overarching essay.  
 
In the first stage, the focus was at the FIPV design criteria. Research gaps were 
sketched out, a series of aesthetic evaluation criteria for FIPV were proposed at both, 
building and urban levels. Then experimental studies investigating the colour angular 
sensitivity of opaque coloured PVs were carried out in NTNU’s artificial sky lab and 
outdoors, providing an in-depth understanding of colour properties of different PVs 
and corresponding architectural strategies.  
 
In the second stage, a series of FIPV design methods were developed and tested. With 
a special focus on the colour aspect, a theoretical pixelization method for FIPV design 
was developed with Trondheim city in Norway as a case study. Local colour palette 
and colour harmony strategies were employed to generate pixelated FIPV designs-
FIPV panels with different colours are integrated into the façades in order, and the 
generated overall façade images are perceived like mosaic or Neo-Impressionism style 
works. The design proposals were tested through an online aesthetic survey and a 
theoretical energy calculation model, demonstrating that a balanced FIPV performance 
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including pleasing façade aesthetic, satisfying urban integration, and high energy 
production efficiency can be achieved. With a focusing aspect of balcony integration, 
another theoretical approach was generated to support the design of FIPV in open 
balcony areas of high-rise buildings, balancing the aspects of interior daylight, façade 
aesthetic, electricity generation and reduction of Greenhouse Gas emission. 
 
Façade integrated photovoltaics is a promising strategy to support the realization of 
carbon neutralization in society. FIPV is still in the infancy of its development, and this 
PhD study sheds new light on advanced methods of generating FIPV from an 
architectural perspective. It could serve as a departure point for the development of 
new theories and strategies to promote this growing architectural trend demanding and 
enhancing the collaboration of architects, engineers, developers and users towards a 
holistic sustainable urban development. 
 
Keywords: façade integrated photovoltaic, coloured photovoltaics, architectural 
integration, carbon-neutral, aesthetic 
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CHAPTER 1 

INTRODUCTION 
                                                                            
 
 

1.1 Motivation 

‘Photovoltaics only has a future, if it can be integrated harmoniously into 
architecture’.  

—Charles Fritts (1850–1903).  
 
As the inventor who made the world’s first working solar cell in 1883 (Fraas, 
2014), Charles Fritts expressed his visions of photovoltaics (PV) in a predictive 
way. At the time, however, his device had less than 1% efficiency, and probably 
very few people could imagine how big the impact of solar cells would be on 
the world in the 21st century. 
 
Today, we are in a great era of sustainable transition. To tackle the grand 
challenges like climate change and shortages of fossil energy, the world’s 
leading economies, including the European Union, China, United Kingdom and 
United States, have set concrete goals to achieve carbon-neutral societies by 
2050 to 2060 (International Energy Agency, 2021). The Architecture, 
Engineering and Construction (AEC) industry shares essential responsibility in 
this decarbonisation transition. Even with an increasing investment in energy 
efficiency since 2015, the total building sector still stands as a top energy 
consumer in the world. In 2020, the sector has been responsible for 36% of 
global final energy usage and nearly 40% of energy-related CO2 emissions 
(United Nations Environment Programme, 2021). There is an urgent demand to 
reduce greenhouse gas emissions and to promote the usage of clean energy 
systems in the building sector.  
 
Among many types of renewable energy systems, solar PV systems are believed 
to be the most promising; they are expected to support one-quarter of global 
energy production by the middle of this century and reach more than 60% by 
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2100 (German Advisory Council on Global Change [WBGU], 2004). As an 
ideal approach to utilising PV systems in the building sector, building-
integrated photovoltaics (BIPV) is gaining increasing interest in industry and 
academia. It is expected that the BIPV market will reach around US$6 billion 
by 2025, reaching triple the size compared with 2020 (Ballif et al., 2018). 
Currently, most of the existing BIPV projects are focusing on the building level, 
and the applications are mainly for roof areas. Thus, there is great potential and 
necessity to explore façade integrated photovoltaic (FIPV) systems as well, 
especially for multi- storey buildings or high-rise blocks with limited roof areas 
(Eder et al., 2019a). A recent study has shown that in high-density cities, the 
solar energy harvest potential on façade areas is much higher than that on roof 
areas (Cheng et al., 2020), which further supports the significance of utilising 
FIPV in urban contexts.  
 
Compared with roof-integrated PV systems, FIPV systems have higher 
visibility for the public and thus demand architectural integration with a special 
focus on aesthetic (formal) quality, in addition to the integration into functional 
and constructive aspects (Frontini et al., 2012; Sánchez-Pantoja et al., 2018a). 
At the urban level, the application of novel FIPV systems should also be 
consistent with the existing urban environment, especially in contexts with 
medium and high sensitivity (Munari Probst and Roecker, 2019). However, 
systematic research carried out with an architectural perspective is limited in 
this field. Most of the precedent studies related to FIPV mainly focus on the 
energy aspect, and most of the current tools used for BIPV modelling are from 
the PV-engineering domain; consequently, they lack the essential features of 
architectural integration, especially for vertical BIPV systems (Brito et al., 2017; 
Costanzo et al., 2018; Jakica et al., 2019). There is an urgent need for advanced 
design methods and tools supporting architects in applying FIPV in 
architectural and urban design practices (Farkas and Horvat, 2012; Frontini et 
al., 2022). Aesthetic design aspects, such as PV façade colours, texture, pattern, 
and glare, should be considered to improve integration into the urban 
environment (Sánchez-Pantoja et al., 2018b). 
 
Driven by the ambitious carbon-neutral policies and great demand for clean 
energy, and supported by the rapid improvement of PV technologies and the 
decreasing price of PV-generated electricity, the era for FIPV has already 
started. Today’s best solar cell efficiency in laboratory conditions can reach 
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47% (NREL, 2021), and this rate continues to increase; coloured solar cells 
with novel technologies are also emerging in the market, ready to be used for 
large-scale FIPV applications with integrative methods (Jolissaint et al., 2017). 
The dream of achieving harmonious integration of PVs into architecture is to be 
realised in the coming decades. The trend of massive FIPV application in urban 
contexts can lead to revolutionary impacts in the AEC industry. It is a 
movement in which architects should actively participate and share the 
responsibility as key players to promote the sustainable carbon-neutral urban 
transition. All these drivers together forge the core motivation of this research—
to create a more pleasing, more sustainable and better world. 
 

1.2 Research objectives and research questions 

1.2.1 Research objective 

The main objective of this research is to contribute to the body of knowledge in 
the fields of BIPV and sustainable architectural design, as well as to provide 
new knowledge about FIPV design in building scale and urban context from an 
architectural point of view. The research scope of this PhD project is set to 
focus on opaque PV, since the cooperating Norwegian industrial partners are 
mainly developing advanced opaque PV products. The main research objective 
can be divided into several sub-objectives: 

1. To identify and describe the most advanced experimental methods used 
during the last 10 years for FIPV design and applications and 
categorise the methods according to scales (building scale and urban 
context scale). 
 

2. To identify the important factors influencing the aesthetic perception of 
FIPV systems and to generate aesthetic evaluation criteria supporting 
the design of FIPV from an architectural perspective. 
 

3. To identify the aesthetic properties of advanced opaque coloured PV 
products from architectural perspectives and to develop general 
application proposals for different urban contexts. 
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4. To provide and test architectural design methods/strategies for FIPV 
applications in urban contexts, meeting the demands from multiple 
aspects, such as aesthetic, energy and interior daylight. 

1.2.2 Research questions 

The main research question is as follows: ‘How can PV be integrated 
harmoniously into façades in the urban context?’ This aims to solve the 
general challenges of FIPV application from an architectural perspective. 
According to the sub-objectives listed in Section 1.1.1, the following series of 
sub-questions have been generated to help solve the main research question via 
specific steps: 
 

1. Which advanced experimental methods have been used to support 
the design and application of FIPV in an urban context? 

 
2. What are the architectural evaluation criteria that are applicable 

for FIPV in an urban context?  
 

3. What are the colour properties of the currently commercialised 
promising opaque coloured PV products, and how can they be 
utilised for architectural integration in different urban contexts 
based on their colour characteristics? 

 
4. What promising architectural design strategies can be developed 

and utilised for FIPV applications in the urban context? 
 
Answering the first three sub-questions will contribute to building a solid 
research foundation for FIPV design research, supporting the exploration of 
answers to the fourth sub-question, which deals with the most central research 
object of this study—investigating systematic design methods to promote 
harmonious FIPV applications in the urban context. 
 
The first sub-question investigates the state of the art of FIPV design and 
practical applications with a focus on methods in experimental research, which 
is an empirical evaluation approach that has been widely used for scientific 
research and could serve as a powerful strategy for architectural studies 
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covering various topics, such as performance tests and evaluations with 
participants (Groat and Wang, 2002).  
 
Aesthetic factors and design and evaluation criteria are essential frameworks 
supporting the FIPV design and integration quality assessment. The second sub-
question attempts to explore the state-of-the-art design and aesthetic evaluation 
criteria for FIPV design and applications at both building and urban levels.  
 
PV products made for façade integration can be viewed as novel building 
envelope materials with functions of solar energy harvest. To better utilise them 
as new architectural vocabularies for aesthetically pleasing design expression fit 
into the urban contexts, architects need to have a better understanding of the 
aesthetic properties, such as colour, texture and gloss, of the emerging PV in the 
markets. Since colour is one of the crucial key factors that determine the 
aesthetic performance of FIPV systems (Femenias et al., 2017; Munari Probst 
and Roecker, 2019), the third sub-question seeks to identify the colour 
properties of current promising coloured PV products via experimental studies; 
moreover, it aims to provide general suggestions for contextual integration 
design based on the findings.  
 
Stemming from the findings of the first three sub-questions, the final sub-
question deals with the essential challenges to fulfilling multi-aspect 
performance demands, including façade aesthetic, urban integration, energy 
productivity and interior daylight, while implementing novel FIPV systems. 
Integrative design methods are expected to be developed as design tools and 
references for architects, urban designers and engineers by solving the final 
sub-question.   
 

1.3 Research methodology  

Architectural activities have demanded holistic consideration across different 
fields since their origination. In his famous treatise titled Ten Books on the 
Architecture (De architectura), the Roman architect Vitruvius Pollio stated, 
‘[T]he architect should be equipped with knowledge of many branches of study’ 
and ‘all architecture should be built with due reference to durability, 
convenience, and beauty’ (Vitruvius et al., 1914). Vitruvius’ philosophy of 
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architecture has had a profound impact on the development of Western 
architecture. Li Jie, an architect in ancient China, expressed similar concepts in 
an official building treatise titled Yingzao Fashi published in 1100. The imperial 
treatise acted as a building standard and influenced the development of 
traditional Chinese architecture for more than 1000 years. It clearly 
demonstrated that traditional Chinese architectures are balanced interplays of 
culture, arts and craftsmanship (Feng, 2012; Guo, 1998).  
 
According to James Snyder’s widely accepted definition, ‘research’ is a 
‘systematic inquiry directed toward the creation of knowledge’ (Snyder, 1984). 
Following the intrinsic cross-disciplinary nature of architecture, this research 
project integrates knowledge from multiple aspects and fields, including 
environmental aesthetics, colour science, daylight design and techniques for 
coloured PVs.  
 

1.3.1 Philosophical worldviews  

In their book titled Architectural Research Methods, Groat and Wang (2002) 
describe a conceptual framework for the research process with four 
methodology levels—namely, system of inquiry/paradigm/worldview, school of 
thought, strategies and tactics. Worldview is the broadest level, and it represents 
the researcher’s philosophical view of the research. According to Creswell and 
Plano Clark (2011), there are four main worldviews—post-positivism, 
constructivism, advocacy/participatory and pragmatism. Post-positivism is the 
form of scientific research most appropriate for quantitative studies. Post-
positivists mainly explore knowledge through empirical studies like 
experiments; they claim that knowledge is conjectural, the causes probably 
determine the outcomes and there is no absolute truth because all results found 
in research are imperfect and fallible. Therefore, researchers with a post-
positivist worldview tend to reject hypotheses other than to find perfect 
evidence to prove a hypothesis (Phillips and Burbules, 2000). In contrast to 
post-positivists, who prefer deductive empirical research approaches, 
researchers who believe in constructivism or social constructivism tend to 
conduct qualitative research with open-ended questions to collect participants’ 
ideas. Constructionists state that meanings are constructed by human beings 
during interactions with society, and they aim to interpret the subjective 
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meanings others have developed towards certain objects or the world (Crotty, 
1998). The advocacy/participatory worldview pays special attention to 
marginalised people or issues of social justice. The participants may actively 
join the research as collaborators by helping with question design, data 
collection and so on. The advocacy/participatory paradigm is usually applied in 
qualitative studies. Originating during the late 19th century, pragmatism is a 
problem-centred and practice-oriented worldview that emphasises actions and 
consequences other than particular approaches. The term pragmatism comes 
from the Greek word pragma, which means ‘a thing done’. In pragmatism, the 
value and truth of ideas are defined by their practical consequences. This 
worldview is based on the proposition that researchers should employ 
approaches that work best for specific research problems (Tashakkori and 
Teddlie, 1998). In other words, instead of being committed to a certain system 
of philosophy, pragmatic researchers can utilise all available methods to tackle 
the research problems, such as combining the advantages of post-positivism, 
constructivism and advocacy/participatory with mixed methods to explore the 
most efficient and holistic solution for solving problems (Creswell and Plano 
Clark, 2011). 
 
My philosophical view in this research project aligns with pragmatism. This 
PhD project is oriented towards real-world architectural practice; it aims to 
generate new knowledge from architectural perspectives and to develop 
systematic FIPV design methods that could work practically in complex urban 
contextual scenarios and achieve satisfying consequences. The results or 
consequences of the developed FIPV design methods are crucial for validating 
their value in this research. Because of the interdisciplinary nature of 
architectural study and its deep roots in the interaction of humans and 
environments, either qualitative or quantitative strategies alone are not adequate 
to tackle complex research questions. Mixed methods or combined strategies 
utilising the strengths of both qualitative and quantitative approaches are the 
most suitable for this project. Therefore, with the pragmatic view, this research 
can use all suitable approaches to generate new knowledge and have flexibility 
in choosing research strategies in different research stages and for different 
research questions. 
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1.3.2 Research strategies and tactics 

As described in the abstract, this PhD project can be viewed as having two 
stages. The studies tackling the first three research sub-questions could be 
viewed as the first stage, and the investigation for the fourth research sub-
question is the second stage. Mixed methods combining both quantitative and 
qualitative approaches are applied in both stages. Different approaches are 
integrated into the development of the research process, and their strengths are 
utilised to address different aspects of the research objects.  
 
Guided by pragmatism philosophy, detailed tactics are developed to solve 
research questions 1–4, via a step-by-step process. To answer the first sub-
question, ‘Which advanced experimental methods have been used to support the 
design and application of FIPV in an urban context?’, a systematic literature 
review is chosen to investigate frontier experimental studies and applications 
related to FIPV. Similarly, to tackle the second sub-question, ‘What are the 
architectural evaluation criteria that are applicable for FIPV in an urban 
context?’, literature studies are employed to build a research foundation; based 
on this, multiple aesthetic evaluation criteria for FIPV designs are proposed. For 
the third sub-question related to colour properties of advanced coloured PV 
products, quantitative research through experimental exploration in controlled 
(laboratory scenario) and semi-controlled (outdoor scenario) environments is 
chosen as the main method, with qualitative architectural interpretation as the 
embedded supplementary tactic. To tackle the fourth sub-question, ‘What 
promising architectural design strategies can be developed and utilised for 
FIPV application in the urban context?’, and to develop cross-disciplinary 
FIPV design methods, quantitative tactics and qualitative tactics are integrated 
throughout the steps in research processes—including case study, computer 
simulation, aesthetic survey and analysis and energy modelling—covering 
different aspects of the research objects. Figure 1.1 lists the main research 
tactics employed in this research.  
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Figure 1.1: Research Tactics (QUAN refers to the quantitative approaches are primary tactics, and qual 

refers to the qualitative approaches are secondary tactics in weight) 

 

1.4 Outline of the dissertation 

This dissertation is structured as an article-based thesis consisting of 
summarising chapters (Kappa) and eight scientific papers (journal articles and 
conference papers), following the current PhD regulations in § 10.1. Thesis 
requirements of the Norwegian University of Science and Technology. 
 
In Chapter 1: Introduction, the research motivation for this PhD project is 
introduced. Then, the research objects and research questions are elaborated, 
followed by the section of research worldview and methodology, the outline of 
the dissertation and the list of scientific papers selected for this thesis.  

 
Chapter 2: Theoretical Background presents the main theories and key 
knowledge employed as foundations in this PhD project, including the aspects 
of environmental aesthetics, daylight, colour space, colour harmony principles, 
advanced techniques for coloured PVs and theoretical energy estimation models 
for coloured PVs.  
 
In Chapter 3: Research Methods, the main methods employed in the two 
research stages are described. In the first research stage, systematic literature 
studies and experimental methods are deployed to answer the first three 
research sub-questions. Case studies with Trondheim city as background are 
applied for the second research stage to tackle the fourth research sub-question. 
Mixed methods, including computer simulation, and online aesthetic surveys, 
are integrated in the case studies.  
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The main findings of this PhD study—systematic FIPV design methods—are 
presented in Chapter 4: Research Outcomes in the form of three journal articles 
presenting two advanced FIPV design methods. The first FIPV design method, 
which addresses the aesthetic performance from a colour perspective, is called 
the ‘pixelization method’. The second FIPV design method demonstrates a 
holistic approach that balances the performance in interior daylight, aesthetics 
and energy productivity.  
 
Chapter 5: General Conclusion generalises the whole process of this PhD 
project and its contribution to the body of knowledge in the field of FIPV study. 
Interesting and meaningful aspects for future studies are also discussed.  
 
 

1.5 List of papers 

The full versions of the seven scientific papers are embedded in this thesis. 
Following the embedded order, the list below describes the detailed publication 
information and the roles of the co-authors of them. 
 
 
Paper I     Journal Article-Level 1 
                                                                    
 
�  Reference information 
 
Xiang, C., Matusiak, B.C. 2019. Façade Integrated Photovoltaic, state of the art 
of Experimental Methodology. IOP Conf. Ser.: Earth Environ. Sci. 352 012062 
https://iopscience.iop.org/article/10.1088/1755-1315/352/1/012062 
 
(Originally published in the 1st Nordic conference on Zero Emission and Plus 
Energy Buildings) 
 
�  Status: Peer review. Published.  
�  Roles of the co-author: The second co-author contributed by providing 
quality assurance and proofreading. 
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Paper II     Conference Paper 
                                                                    
 
�  Reference information 
 
Xiang, C., Matusiak, B.C. 2021. A State of the Art of Design Criteria for 
Façade Integrated Photovoltaics. EU PVSEC 2021, the 38th European 
Photovoltaic Solar Energy Conference and Exhibition. 2021-09-08 
 
�  Status: Peer review. Published. 
�  Roles of the co-author: The second co-author contributed by providing 
quality assurance and proofreading. 
 
 
 
Paper III     Conference Paper 
                                                                    
 
�  Reference information 
Xiang, C., Moscoso, P. C., Matusiak, B.C. 2021. Aesthetic Evaluation Criteria 
for Façade Integrated PVs in Urban Context. EU PVSEC 2021, the 38th 
European Photovoltaic Solar Energy Conference and Exhibition. 2021-09-08 
 
�  Status: Peer review. Published. 
�  Roles of the co-authors: The second and third co-author helped with 
defining the research scope, gave feedback on the content, and contributed by 
providing quality assurance and proofreading. 
 
 
 
Paper IV    Journal Article-Level 1 
                                                                    
 
�  Reference information 

 
Xiang, C., Green, P., Matusiak, B.S., 2021. The impact of surface properties on 
photovoltaics’ colour angular sensitivity: A comparison study for façade 
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integration. Color Res. Appl. vol. 46 (3). https://doi.org/10.1002/col.22639 
 
�  Status: Peer-reviewed. Published. 
�  Roles of the co-authors: The second co-author helped with design and 
improvement of the experiments, gave feedback on the content, and contributed 
by providing quality assurance and proofreading. The third co-author helped 
with the experimental facility and materials, gave feedback on the content and 
contributed by performing quality assurance and proofreading. 
 
 
 
Paper V    Journal Article-level 2 
                                                                           
 
�  Reference information 
 
Xiang, C., Matusiak, B.S., Røyset, A., Kolås, T., 2021. Pixelization approach 
for façade integrated coloured photovoltaics-with architectural proposals in city 
context of Trondheim, Norway. Sol. Energy 224, 1222–1246. 
https://doi.org/10.1016/J.SOLENER.2021.06.079 
 
�  Status: Peer-reviewed. Published. 
�  Roles of the co-authors: The second co-author helped with the defining of 
study scope and research plans, gave feedback on the content and contribute by 
performing quality assurance and proofreading. The third and fourth co-authors 
contributed by providing energy modeling simulation, quality assurance and 
proofreading. 
 
 
 
Paper VI   Journal Article-Level 1 
                                                                    
 
�  Reference information 
 
Xiang, C., Matusiak, B.S., 2022. Aesthetic evaluation of façade integrated 
coloured photovoltaics designs – an international online survey. J. Int. Colour 
Assoc. 28, 24–30 
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�  Status: Peer-reviewed. Published. 
�  Roles of the co-author: The second co-author helped with the survey design, 
gave feedback on the content and contribute by performing quality assurance 
and proofreading. 
 
 
 
Paper VII   Journal Article-level 1 
                                                                    
 
�  Reference information 
 
Xiang, C.; Matusiak, B.S. 2022. Façade Integrated Photovoltaics design for 
high-rise buildings with balconies in the Nordic Climate, Balancing Daylight, 
Aesthetic and Energy Productivity Performance. Building Engineering  
 
�  Status: Under revision. 
�  Roles of the co-author: The second co-author helped define the study scope 
and research plans, gave feedback on the content and contribute by performing 
quality assurance and proofreading. 
 

1.6 Summary 

The first chapter explained the motives and drivers of this PhD research. With 
the ambition to contribute to the sustainable urban transition towards carbon-
neutral cities, this research aims to shed new light on FIPV design in an urban 
context from an architectural point of view. A series of research questions were 
given to explore the research objectives in relation to the state of the art of FIPV 
design and applications, design and aesthetic evaluation criteria of FIPV, colour 
properties of advanced PV products and integrative design methods promoting 
FIPV application in urban environments.  
 
The author’s philosophical perspective aligns with the worldview of 
pragmatism. Because of the cross-disciplinary nature of architectural research, a 
mixed-method strategy has been chosen for this PhD project to investigate 
multiple aspects of FIPV design, including aesthetic, architectural engineering, 
urban design, nanotechnology for coloured PVs and so on. Detailed research 



14 
 

tactics that combine the strengths of both quantitative and qualitative studies are 
developed to solve the research questions. 
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CHAPTER 2 

THEORETICAL BACKGROUND 
                                                                            
 
 

2.1 Environmental aesthetics 

Not only is aesthetics essential for architects but it also plays a key role in 
benefiting people’s well-being (Cold, 1998; Manning, 1991). With the aesthetic 
aspect of FIPV design as the key focus throughout the whole project, this 
research employs environmental aesthetics as the main theoretical background. 
 
The word aesthetics is described as ‘a branch of the philosophy dealing with the 
nature of beauty and taste, and the principles concerning the nature and 
understanding of beauty’ in the Penguin English Dictionary (Allen, 2000). In 
the philosophical sense, an ‘aesthetic experience’ is considered to be based on a 
feeling of pleasure or admiration in response to the perceptual qualities, forms 
and meanings of an object (Levinson, 1996; Stecker, 2006). Distinct from the 
traditional aesthetic investigation of arts and artefacts, environmental aesthetics 
is a relatively new sub-field of philosophical aesthetics that emerged in the 
1960s. It addresses the aesthetic appreciation of both natural and human 
environments and explores the interaction between humans and the 
environment (Brady and Prior, 2020; Carlson, 2020).  
 

2.1.1 Roots in nature 

Many researchers think that environmental aesthetic preferences have roots in 
the early human evolutionary process. According to the ‘prospect and refuge’ 
theory by Appleton (1975), people tend to prefer environments that can meet 
basic human psychological needs, including the possibility of observing and 
understanding the surroundings (prospect) while maintaining a feeling of safety 
(refuge). Thus, the modern human experience of aesthetic satisfaction is a 
response to qualities in the surroundings with real or symbolic meanings for 
survival. Another widely studied environmental preference model developed by 
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Stephen Kaplan conveys comparable concepts (Kaplan, 1987). In this model, 
the predictors of people’s preferences are categorised into two groups—
understanding and exploration—thought to be essential for the survival of our 
human ancestors. People can understand an environment with coherence and 
legibility, while their interests in exploration can be aroused by the 
environmental characteristics of complexity and mystery. Figure 2.1 illustrates 
Kaplan’s cognitive preference model. 

 
Figure 2.1: S.Kaplan’s preference model, ‘‘Framework for Predictors of Preference’’(Kaplan, 1987).1 

In addition to having close bonds with nature, people’s environmental aesthetic 
preferences are also believed to be influenced by many other factors, such as 
cultural background, individual experience and interests (Appleton, 1975; 
Küller, 1991). As Yi-Fu Tuan wrote about aesthetics in his book Passing 
Strange and Wonderful Aesthetics, Nature, and Culture, ‘‘The aesthetic 
impulse…directs attention to its roots in nature. Though rooted in nature, it is 
directed and coloured by culture. Indeed, the ability to appreciate beauty is 
commonly understood as a specialized cultural competence, which varies from 
individual to individual and from group to group’ (Tuan, 1995, p 7).  

  

2.1.2 Environmental aesthetics in the built environment 

Many researchers have given a general picture of the interactive process of 
people’s subjective environmental appreciation. Based on neuropsychological 

 
1 Used by permission. Permission to use this image granted by SAGE Publishing, USA; On the 7th March 2022. 



19 
 

evidence, Rikard Küller (1991) states that people’s assessment of an 
environment is supported by a basic emotional process with the four following 
steps: arousal/activation, attention/orientation, reward/evaluation and 
coping/control. This basic emotional process is partially influenced by the input 
of physical and social environments and engaged personal activities. 
Furthermore, the process is affected by the input of individual resources, which 
also fluctuate over time. In reaction to the inputs, people’s output strategies 
through the emotional process can be defined as adaptation, compensation, 
control and so on.  
 
Küller’s human-environment interaction model (Figure 2.2) has been widely 
adopted and employed by studies related to environmental aesthetics. David 
Canter claims that the goal of good environmental design is to create ‘space’ 
with identification and clarification. For Canter, the quality of an urban space or 
‘the sense of place’ is the result of a relationship between three key 
compositions—the physical attributes of the place (forms), people’s behaviour 
and actions in the place (activities) and people’s conceptions or thinking about 
the place (imagination; Canter, 1991). The three intertwined key parts form 
Canter’s well-known model of ‘sense of space’ for the design and exploration of 
urban spaces (Canter, 1977).  

 
Figure 2.2: The human-environment interaction model, adapted from Küller (1991)2 

 
2 Used by permission. Permission to use and adapt this image granted by Oxford Publishing Limited, UK; On the 7th March 2022. 
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Many other studies, from more concrete perspectives, have explored the key 
factors that influence and support pleasing environmental designs. According to 
Jack L. Nasar (1988), the main attributes influencing aesthetic perceptions can 
be categorised into two groups—namely, formal (including size, shape, colour, 
complexity, balance, etc.) and symbolic. Steven Holl (1994)claims that space, 
light, colour, geometry, detail and materials constitute the ‘complete perception’, 
whereas the expression of meaning is also important for the aesthetic of 
architecture from the ‘inner perception’ aspect.  
 
The perception of harmony and a satisfying amount of complexity are 
suggested as the most influential factors supporting aesthetically successful 
forms (Cold, 1998; Weber, 1995). As an architect, Birgit Cold’s view of 
environmental aesthetics shares similarities with Kaplan’s concept. Cold states 
that environmental coherence is essential for understanding the surroundings, 
whereas environmental complexity supports people’s desire to explore more 
about the environment (Cold, 1998). In addition, based on her many years of 
experience of sketching, which she treats as a method to capture the dominant 
environmental characteristics and sharpen the understanding of perceived 
aesthetic qualities worth remembering, Cold identifies structure and variety as 
the two main environmental preferences. Cold defines structure as 
‘recognizable repetition and patterns of ordered lines, form, types elements or 
colours which create an understandable wholeness and coherence’, whereas she 
characterises variety as ‘difference within an assortment of structural elements, 
forms, lines, light, shadow, details and colours’ (Cold, 1998). Empirical studies 
have also shown that architects/designers and laypersons can have different 
tastes in their appreciation of environmental aesthetics. This phenomenon can 
be explained by the different knowledge backgrounds and aesthetic experiences 
of different groups (Devlin, 1990; Devlin and Nasar, 1989; Gifford et al., 2002). 
Although aesthetic preference distinctions do exist among groups, Nasar (2000) 
summarises six positive qualities for people’s common preference in the built 
environment and presents them in hierarchical order as follows: 

1. Order, coherence, wholeness 
2. Moderate complexity 
3. Report of natural elements 
4. Good maintenance and hygiene 
5. View, openness and daylight 
6. Historical significance 
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In sum, a pleasing environmental design is both important and necessary for 
people’s well-being, other than a luxury. Human environmental aesthetic 
preferences are influenced by inherited evolutionary roots and acquired 
knowledge (culture, social and individual experience, etc.). The aesthetic 
appreciation of a build environment is a process intertwining physical 
environments, social factors and individual activities. A general coherence with 
a certain amount of complexity is suggested as a key characteristic supporting a 
satisfying environmental aesthetic performance. Other factors, such as the 
symbolism of nature, historical significance and so on, are also important. The 
above discussed environmental aesthetic models, concepts and findings serve as 
the key theoretical background of this PhD project. 
 
The perception of the built environment is highly dependent on vision, which is 
the most developed human sense (Knoop et al., 2019). Therefore, the 
environmental aesthetic exploration of this study focuses on visual perceptual 
aspects, including light, colour and shape. 
 
 

2.2 Daylight in architecture 

2.2.1 Human perception of daylight 

Solar radiation warms our planet and plays a vital role in sustaining the whole 
ecosystem on Earth. From the electromagnetic radiation energy from the sun, a 
continuous part of the spectra ranging from ~380 to ~780 nm can stimulate the 
photoreceptive cells in the retina of our eyes and thus enable us to see and 
perceive the world visually. This part of electromagnetic radiation is defined as 
light based on our human biological response to it (Commission Internationale 
de l’Eclairage [CIE], 2011). As the visible part of solar radiation, daylight is a 
combination of direct sunlight, skylight and their reflections during the daytime. 
The rest of the invisible solar radiation can be divided into the ultraviolet (UV) 
part, with wavelengths below 380 nm, and the infrared (IR) part, with 
wavelengths above 780 nm. Solar radiation varies throughout the day and with 
location, the ASTM G173-03 spectra (ASTM, 2022) presented by the American 
Society for Testing and Materials are widely employed as a standard for 
terrestrial use (e.g. to allow the energy productivity performance comparison of 
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PV). Figure 2.3 illustrates the parts of UV radiation, visible daylight and IR 
radiation in the diagram of ASTM G173-03 spectra.  

 
Figure 2.3: Wavelengths ranges of UV radiation, daylight, IR radiation in the solar radiation spectrum, 

data obtained from NREL (2022) 

 
Daylight has already affected our genes through millions of years of human 
evolution. When light reaches the human eye, the lens helps to focus images on 
the retinas in the back of the eyeball. There are two main types of photoreceptor 
cells in our retinas, which serve to absorb light quanta and transfer the 
information to the neuron systems; these are rod cells and cone cells. These two 
types of cells function differently for our perception of light (Figure 2.4).  

 
Figure 2.4: Photoreceptors in the retina3 

 
3  ‘‘Overview of the retina photoreceptors’’ by Christine Blume, Corrado Garbazza & Manuel Spitschan -
https://commons.wikimedia.org/wiki/File:Overview_of_the_retina_photoreceptors_(a).png. Licensed under CC BY-SA 4.0 via 
Wikimedia Commons-https://creativecommons.org/licenses/by/4.0/legalcode 
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Rod cells, which account for 95% of total photoreceptor cells of our eyes, are 
sensitive to a very low levels of light and can support our vision in dark 
scenarios, such as at night with faint light. Cones, in contrast, are in the central 
areas of the retinas and require much stronger light (e.g. light in daytime) to be 
active. There are three different types of cones, L-, M- and S-cones, which are 
sensitive to long (maximum 560 nm), medium (maximum 530 nm) and short 
wavelengths (maximum 425 nm), respectively. These three types of cones 
create trichromatic colour vision, which helps us to see different colours 
(Valberg, 2005). 
   
It may be a surprise to many that there are no direct relationships between the 
amount of energy of light and how intensively we perceive it (Anter and Klarén, 
2017a). In the Psychophysics branch if science, researchers try to bridge the 
gaps between the physical world and the perceived world by investigating 
human sensations and the stimuli that produce them. In the lighting field, the 
science of photometry measures visible light in units that are weighted 
according to the sensitivity of the human eye. In 1924, a theoretical model 
called V-lambda (V(λ)) curve (Figure 2.5) was formulated by the International 
Illumination Commission (CIE) to represent the average spectral sensitivity of 
human visual perception of light. Although the V-lambda curve is not absolutely 
true and has been questioned and revised later (Liljefors et al., 2014), it is still 
acknowledged as the best method today for photometric technology (Anter and 
Klarén, 2017a).  

 
Figure 2.5: The V-lambda (V(λ)) curve used for daylight vision (photopic vision), from Arnkil et al. 

(2012)4 

 
4 Used by permission. Permission to use this image granted by Karin Fridell Anter; On the 21st February 2022. 
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The electromagnetic radiation that contributes to our light and colour 
experience can be measured with photometric equipment. A lux meter is a 
typical device used to measure how much light falls on each square metre of an 
illuminated surface (the Illuminance level), with the unit of lux (lx). Table 2.1 
lists the generally used photometric quantities and units defined by the 
International Commission on Illumination. The interior illuminance 
performance is an important criterion integrated into the architectural design 
process of this research, which is elaborated in paper VII in Chapter 4. 

Table 2.1: General photometric quantities and units, adapted from Ohno et al. (2020) 

Photometric 
quantity 

Description Unit 

Luminous 
flux (Φ) 

Change of luminous energy with time; 
used to describe the perceived amount of 
light energy emitted by a light source 

Lumen (lm) 

Luminous 
intensity (I) 

Density of luminous flux with respect to a 
solid angle in a specified direction 

Candela (cd) 

Luminance 
(L)  

Density of luminous intensity with respect 
to projected area in a specified direction at 
a specified point on a real or imaginary 
surface 

Candela per 
square metre 
(cd/m2) 

Illuminance 
(E) 

Density of incident luminous flux with 
respect to area at a point on a real or 
imaginary surface 

Lux (lx): 1 lux 
equals 1 lumen 
per square metre 

 
Daylight has essential impacts on human health and well-being. When 
interacting with human skin, daylight can support vitamin D photosynthesis, 
which benefits bone health; through the visual system, daylight can influence 
people’s metabolism and endocrinal system (Boubekri, 2008; Mead, 2008). In 
the retina, there is another type of light-sensitive cell besides the photoreceptor 
cells of rods and cones; these are called intrinsically photosensitive retinal 
ganglion cells (ipRGCs; Figure 2.4), and they have been found to have a strong 
impact on people’s physiological and behavioural circadian rhythms, including 
the sleep–wake cycle and generation of the steroid hormone cortisol. Therefore, 
people should be exposed to sufficient daylight in the daytime and sleep in 
darkness at night to keep their internal biological clock functioning regularly 
(Anter and Klarén, 2017a; Christoffersen, 2011). Moreover, empirical studies 
have shown that daylight can positively affect people’s mood, attitudes, support 
academic performance and working productivity when in interior environments; 
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these benefits cannot be achieved by artificial lighting (Borisuit et al., 2014; 
Boubekri et al., 2014; Johnson et al., 2009). 
 
With its continuous spectra and flicker-free characteristic, daylight functions as 
an ideal light source to support people’s environmental visual perception of 
colours, geometries, textures and details. From the architectural perspective, 
sufficient interior daylight illuminance is necessary, whereas excessive direct 
sunlight and glare issues should also be controlled. 
 

2.2.2 Daylight factor 

The long-established Daylight factor (D or DF) is currently recommended by 
design guidelines worldwide as a means of rating interior daylighting 
performance. D is defined as the ratio of interior horizontal illuminance level 
Ein to the exterior horizontal illuminance level Eout, under a completely overcast 
sky condition. According to International Commission for Illumination (CIE), 
the luminance of a standard overcast sky is symmetric about the zenith. The D 
value demonstrates theoretically how much or what percentages of daylight that 
can reach a specific interior space. Since direct sunlight is not considered, 
building location, orientation and any design strategies related with solar angle 
or redirection of sunlight will be insensitive to the D value (Matusiak and Anter, 
2012): 

                                                                        (f. 2.1) 

The D value of a specified place can be obtained with simultaneous illuminance 
measurement of the designated interior spot and the unobstructed outside 
environment in the heavy overcast condition. For an ordinary room, a mean D 
value over 5% is considered brightly daylit (Baker and Steemers, 2002), 
whereas a mean D value of 1% is referred to as dark (Matusiak, 2008). The 
current enforced Norwegian building regulation TEK 17 (Direktoratet for 
byggkvalitet, 2017) requires the average D in the room to be a minimum of 
2.0%.  
 
Littlefair (2011) proposed a simple method to estimate the average daylight 
factor (ADF) of a room: 
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                                                             (f. 2.2) 

where T is the diffuse transmittance of glazing; M is the maintenance factor, 
considering the dirt on glazing; Aw refers to the net glazing area of the room 
(m2); A is the total interior surface area of the room, including the walls, ceiling, 
floor and windows (m2); R is the area-weighted average interior reflectance; and 
Θ is the angle of visible angle of sky, which should be measured from the 
central point of the window and consider the outside shielding objects, in the 
vertical plane perpendicular to the window. 
 
For a given point in a room (i.e. a spot location on the surface of a working 
desk), its DF can be considered a to have three contributing parts, which are as 
follows: the sky component (SC), the externally reflected component (ERC) 
and the internally reflected component (IRC). The SC refers to the diffuse 
daylight that comes directly from the sky, which can be reduced by outside 
obstructions, such as nearby buildings. The ERC is the daylight reflected from 
outside objects and reaching the given point. Because of the light absorption by 
outside objects, the light from the ERC part is usually weak; however, it should 
not be ignored, especially in the high-density urban context, where the area of 
the sky visible from the inside is limited. The IRC illuminates the given point 
by light reflected from the interior surfaces. Unlike the SC, which decreases 
rapidly when it gets further away from the windows, the IRC is quite stable all 
over the room (Baker and Steemers, 2002). Matusiak (2008) developed a 
graphic method to help designers quickly calculate the SC and evaluate the 
risks of glare and overheating for typical rooms with vertical glazing. The DF 
of a specific point can be obtained by simply summing the three components 
together: 

                                              (f.2.3) 

In addition to the traditional manual calculation methods, various professional 
software programs—such as Velux Daylight Visualizer (VELUX Group, 2021); 
Diva for Rhino, now updated as ClimateStudio (Solemma, 2021); and 
DesignBuilder (DesignBuilder Software Ltd, 2022)—are now available for 
architects and engineers to obtain more accurate D values (either of a specific 
interior point or the average value of the room) efficiently through computer 
simulations. 
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On the one hand, daylight factor is one of the most practical and widely used 
evaluation criterion for scientific studies, building regulations and especially 
architectural practices. Designers can employ it as a simple tool to integrate 
daylight design into early architectural design stages or to validate whether a 
room meets building regulations. On the other hand, daylight factor as a static 
metric, daylight factor has its limitation; it only provides basic ratio information 
about the illuminance, and a design meeting the minimum average D 
requirement of the building regulations does not guarantee good interior 
daylight performance. Instead, the performance of interior daylight spatial 
distribution, glare and many other aspects also need to be taken into 
consideration. In this study, daylight factor is applied in the process of 
developing advanced FIPV design methods, which are elaborated in paper VII 
in Chapter 4. 
 

2.2.3 Dynamic daylight evaluation metrics 

Daylight is a dynamic source, and interior illuminance varies daily and 
seasonally. To unveil the dynamic details of interior daylight performance, 
many climate-based evaluation metrics have emerged in the last decades, 
including Daylight Autonomy, Continuous Daylight Autonomy, Useful Daylight 
Illuminance, Spatial Daylight Autonomy, Annual Sunlight Exposure.  
 
Daylight Autonomy (DA) is considered one of the first daylight metrics; it 
encompasses local climate conditions of the geographic location on an annual 
basis (Reinhart and Walkenhorst, 2001). It represents the percentage of annual 
occupied daytime hours that the illuminance of a given point has achieved a 
target level (e.g. 300 lux). Continuous Daylight Autonomy (cDA ) was proposed 
in 2006 as an updated version of Daylight Autonomy (Reinhart et al., 2006); it 
also gives partial credit linearly to values below the user-defined threshold 
illuminance level. For instance, if the targeting level is set as 300 lux, a spot 
achieving only 150 lux during the occupied period will be credited 0.5 with the 
cDA metric. Useful Daylight Illuminance (UDI), was proposed by Nabil and 
Mardaljevic (2006) in 2006 as a replacement for daylight factor. It gives 
information on both useful levels of daylight illuminance and the excessive 
levels of daylight that often lead to discomfort by setting a useful range of 100–
2000 lux. 
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Spatial Daylight Autonomy (sDA) was also developed based on DA, but it 
reports a percentage of floor area that exceeds a specified illuminance level (e.g. 
300 lux) for a specified amount of annual hours (e.g. 50% of the hours from 8 
am–6 pm; Illuminating Engineering Society [IES], 2012). The main advantage 
of the sDA metric is that it encompasses both spatial and temporal aspects. In 
addition, its value can be considered an indicator of occupants’ satisfaction with 
indoor illuminance (Lee et al., 2019; Mardaljevic et al., 2009). For instance, a 
place with an sDA value above 75% can be predicted as ‘preferred’ by users 
and well daylit without supplementary artificial lighting. As one of the most 
developed lighting metrics, sDA has been built in many of the world’s leading 
assessment systems for green or sustainable buildings, such as Leadership in 
Energy and Environmental Design (LEED) and the WELL Building Standard 
(WELL). The current European Daylight Standard EN-17037:2018 ‘‘Daylight 
in buildings’’ (European Committee for Standardization, 2018) also shares the 
concept of sDA when setting daylight recommendations. For instance, the 
daylight provision of space with vertical and inclined openings is recommended 
as follows:  

� Minimum level: a minimum target illuminance ETM of 100 lux (50% 
of daylight hours and 95% of the area); 

� Medium level: a minimum target illuminance ETM of 300 lux (50% 
of daylight hours and 95% of the area); and 

� High level: a minimum target illuminance ETM of 500 lux (50% of 
daylight hours and 95% of the area). 

 
sDA is employed in this study (paper VII in Chaper 4) for the development of 
design optimisation strategies due to its advantages and its alignment with the 
current European Daylight Standard EN-17037:2018. 
 
Annual Sunlight Exposure (aSE), which differs from most other daylight 
metrics, focuses on the potential source of visual discomfort—direct sunlight. It 
measures the fraction of floor area that receives at least 1000 lux for at least 250 
occupied hours annually (Illuminating Engineering Society (IES), 2012). 
Prevention of interior glare, overheating and other discomforts caused by 
excessive direct sunlight is important; however, these points are not explored in 
the present PhD project because its main focuses relate to environmental 
aesthetic studies of exterior façade in the urban context. 
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2.2.4 Daylight in Nordic regions 

In Nordic countries, where most of the large towns are close to 60°N, people 
perceive significantly different daylight compared with other regions (Matusiak 
and Anter, 2012). A unique characteristic of daylight in the Nordic climate is the 
very low mean solar angle throughout the year. For example, in the city of 
Trondheim (latitude 63°250N and longitude 10°270E), Norway, the sun stays 
below 10° for more than one-third of the entire daytime period of the year. Only 
in a few days of June (around June 19–22), the sun can reach 50° (Figure 2.6) 
and stay for just a few minutes. Another feature related to daylight in high-
latitude regions is the large seasonal variation. In summer, the northern towns in 
the south of the Arctic Circle can experience long periods of daytime and 
twilight (a condition where the sun is no more than 6° beneath the horizon), 
whereas the places located inside the Arctic Circle bask in midnight sun around 
the summer solstice. In the winter months, the Nordic climate then shifts to a 
short daytime with scarce sunshine. In addition, there are other special features 
of daylight in Nordic regions, such as the high frequency of cloudy skies 
(Figure 2.7; around 60% all year round) and the relatively clear atmosphere 
(Arnesen et al., 2011; Matusiak and Anter, 2012). 

 
Figure 2.6: Sun path chart program of Trondheim city in Norway (63°25′N,10°23′E), data generated from 

(University of Oregon, 2022)   
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Figure 2.7: A typical cloudy day in Trondheim (taken by author on 21st May 2019) 

The low solar angle in high latitude regions indicates the importance of utilising 
the façade areas for PV integration to harvest solar energy in Nordic countries, 
where the sun never reaches the zenith of the sky (Figure 2.8).  

 
Figure 2.8: Low angle sunshine shining on the façades and casting long shadows of the trees (taken by the 

author on 8th April 2019) 
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The long winters with cloudy skies make people long for sunshine and well-
designed urban colours. The lack of bright comforting colours is thought to be a 
contributor to winter depression for people living in northern cities (Persinger, 
1980). In Nordic countries, there is a long history of using various chromatic 
paints for buildings, and the traditional colourful façades in many Nordic cities 
form a key part of the local urban identity (Angelo and Booker, 2018a). There is 
a demand for architects and urban designers to integrate proper colour design 
strategies in the early design and planning stages to preserve local colour 
images that manifest pleasing creativity. 
 

2.3 Colour in architecture and the urban context 

Colour plays an essential role in people’s aesthetical perceptions of the built 
environment. According to Anter and Klarén (2017b), there are three different 
approaches to exploring colour (and light)—namely, the physical, perceptual 
and psychophysical approaches. The physical aspects of colour can be 
investigated by measuring the radiation wavelengths of visible light, either 
reflected from an object’s surface or emitted directly from a light source as a 
visual stimulus. The perceptual aspects of colour describe our objective 
experience of perceived light stimuli from surrounding environments. The 
psychophysical approach to colour study explores the relationship between 
physical aspects and the perceptual domain of colours. 
 
Many colour-related words, such as ‘bright’, ‘dark’, ‘a red apple’ or ‘a yellow 
lemon’—are commonly used in everyday life. However, these terms can be 
ambiguous in different conditions, and they lack precise information for 
scientific and professional communication. Therefore, in the last centuries, 
various colour systems have been developed with different foundations to 
describe, arrange and explore colours for different purposes. For instance, the 
CMYK system is employed for paper printing, and the RBG colour system is 
often used in display and representation on electrical screens. To support the 
colour study of FIPV application in an urban context, two well-developed and 
widely used colours systems—the CIE (International Commission on 
Illumination) colour system and the Natural Colour System (NCS)—are 
employed in this PhD project, covering both physical and perceptual aspects. 
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2.3.1 The CIE colour system and colour spaces 

The CIE colour system is widely used for colour specification and colour 
matching. It is based on a branch of colour science called colorimetry with 
psychophysical methods. Colorimetry describes the subjective visual response 
of colours with an objective numeric system and supports the quantification of 
perceived colour differences between colour stimuli (Anter and Klarén, 2017b; 
Gilchrist and Nobbs, 2017). As described in Section 2.2.1, the human 
perception of colour is the result of three types of cones (S, M and L) 
responding to light with various wavelengths (short, medium and long). When 
two different light stimuli lead to the same cone signals in our eyes, it is called 
metamerism, and the two colours are perceived as matching by our visual 
systems. Similarly, CIE’s colorimetric model is based on radiation data that 
have been processed mathematically, simulating the colour matching principles 
of human visual perception. 
 
The CIE 1931 Standard Colorimetric System was introduced by the CIE in 
1931, together with a corresponding colour matching function with reference 
stimuli [X], [Y] and [Z] based on a 2° visual angle viewing condition. The 
employed 2° visual angle viewing condition is known as the 2° standard 
observer (Ohta and Robertson, 2005). In 1964, the CIE defined an additional 
standard 10° observer based on a 10° visual angle. The 10° standard observer 
has a firmer statistical foundation with more participating observers compared 
with the 2° standard observer, and it is more suitable for larger field colour 
matching. The colour-matching functions for the 10° standard observer from 
1964 are slightly different from those for the 2° standard observer from 1931 
(see Figure 2.9). A given object’s colour can be specified in the CIE 1931 
Standard Colorimetric System by multiplying the relative power S λ of the 
illuminant, the spectral reflectance factor R λ (or transmittance) of the object 
and the colour matching function . The result is called the 
tristimulus value of X, Y and Z (see f 4): 
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(f.2.4) 
 

where the total calculated wavelength range is from 380 nm to 780 nm (human-
perceivable spectrum), K is a normalising constant and Δλ is the measurement 
wavelength interval (e.g., 10 nm or 20 nm). For the 10° observer, X10, Y10, Z10 
are used instead of XYZ. (Y also represents the brightness, where Y10 is roughly 
the brightness).  
 
The three-dimensional colour space associated with the tristimulus values is 
called the CIE 1931 XYZ colour space. Through two sequential projections, a 
two-dimensional CIE xy chromaticity diagram (Figure 2.10) can be obtained. 
All colours in the CIE system can be plotted in the horseshoe-shaped 
chromaticity diagram according to its chromaticity coordinates x and y. The 
relationship between chromaticity coordinates (x, y, z) and tristimulus values (X, 
Y, Z) are described as  

x=       y=      z=  

(f. 2. 5) 
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Figure 2.9 : 1931 2° observer colour-matching 
functions (solid lines) and 1964 10° observer colour-
matching functions (dashed lines), from (Berns, 
2000)5 

Figure 2.10: MacAdam ellipses (10 times of the 
scale) plotted in CIE 1931 (x,y) chromaticity 
diagram (CIE, 2014)6 

 
However, the CIE 1931 XYZ colour space has a disadvantage of visual 
nonuniformity when presenting colour differences. To specify colours with 
different illuminance factors in a uniformed space, two 3-dimensional colour 
spaces were introduced by the CIE in 1976—the CIE 1976 L*, u*, v* colour 
space (CIELUV; see Figure 2.11) and the CIE 1976 L*a*b* colour space 
(CIELAB).  
 
For the CIELUV colour space, its chromaticity coordinates (u’, v’) can be 
transformed from CIE 1931 (x,y,z) chromaticity coordinates using formulas (f 
6)–(f 7) (Figure 2.12): 

              

(f. 2. 6) 
And 

L* = 116f(Y/Yn) – 16      
u* = 13L*(u’ – u’n)       
v* = 13L*(v’ – v’n ) 

 
 

5 Used by permission. Permission to use this image granted by Roy Berns on the 4th March 2022. 
6 Used by permission. Permission to use this image granted by CIE Central Bureau; On the 7th March 2022. The source link is : 
https://cie.co.at/publications/chromaticity-difference-specification-light-sources. 
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Where:              f(Y/Yn) = (Y/Yn)1/3                                              for Y/Yn > (6/29)3  
f(Y/Yn) = (841/108) (Y/Yn) + 4/29      for Y/Yn ≤ (6/29)3  

(f.2.7) 
 

L* represents lightness, and u’n, v’n are values of u’, v’ for the reference white 
point. For a given illuminant, its white point is unique; however, a given white 
point can be related to more than one illuminant. 

 
Figure 2.11: The three-dimensional CIELUV colour 
space. From (Hunt and Pointer, 2011)7 

 

Figure 2.12: MacAdam ellipses (10 times of 
the scale) plotted in CIE 1976 (u',v') 
chromaticity diagram (CIE, 2014)8 

 
In addition, u* and v* together can demonstrate two other important properties 
of a colour—namely, hue (huv) and chroma (C*uv):  
 

        (v’ - v’n)/ (u’ – u’n) = v*/u*=hue angle 
huv = arctan(v*/u*).                       
C*uv = (u*2+ v*2)1/2                                          (f. 2.8) 
 

With the help of the uniform three-dimensional colour spaces of CIELUV, there 
is the possibility of demonstrating the colour difference between different 
specimens. The colour difference E*uv between two colours in the CIELUV 
space can be calculated as follows: 

E*uv = (( *)2 + *)2 *)2)1/2                                     (f. 2.9) 
 

7 Used by permission. Permission to use this image granted by John Wiley & Sons -Books; On the 4th March 2022. 
8 Used by permission. Permission to use this image granted by CIE Central Bureau; On the 7th March 2022. The source link is : 
https://cie.co.at/publications/chromaticity-difference-specification-light-sources. 
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The main difference between the two colour spaces CIELUV and CIELAB is 
that CIELUV correlates with saturation, whereas CIELAB does not correlate 
with saturation. In this PhD project, the CIELUV colour space is employed for 
the colour angular sensitivity investigation of colour PV products and for the 
energy productivity investigation of coloured FIPV designs. The main 
difference between the two colour spaces CIELUV and CIELAB is that 
CIELUV has a correlate with saturation while CIELAB do not have a correlate 
with saturation. In this PhD project, the CIELUV colour space are employed for 
the colour angular sensitivity investigation of colour PV products and also in 
the part of energy productivity investigation of coloured FIPV designs. 

2.3.2 NCS  

NCS, the Natural Colour System, is a model built entirely on visual perception 
and not on colour mixing (Hård et al., 1996). Since the first NCS Colour Atlas 
was introduced in 1979, this coherent colour system has been widely used 
internationally for colour description, communication and colour perception 
studies, and so on. It has been adopted as the national standard in Norway, 
Sweden, the United States, Spain and South Africa. 
 

Originating from Hering’s colour opponent theory, NCS has six elementary 
colours that are perceived by human beings as ‘pure’ percepts—yellow, red, 
blue, green, white and black (Tonnquist et al., 2016). The six elementary 
colours form the NCS colour space (Figure 2.13), and all the perceived colours 
can be described from their relationships to these elementary percepts. In NCS, 
a colour is defined via two parts—hue and nuance. A given colour’s hue refers 
to its relative similarity to two of the chromatic elementary percepts—blue (B), 
green (G), red (R) and yellow (Y). In contrast, its nuance is denoted as its 
blackness (the degree of similarity to black or white) and its chromaticness (the 
relationship to the maximally chromatic level that has no resemblance to white 
or black; Anter and Klarén, 2017b). 

 
Figure 2.13 : the six elementary colours of NCS, from (NCS Colour AB, 2022)9 

 
9 Used by permission. Permission to use this image granted by NCS AB; On the 17th February 2022. 
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The hues in the NCS are illustrated on the NCS colour circle, which can be 
viewed as a horizontal section through the three-dimensional NCS colour space 
(NCS Colour AB, 2022). The circle has the chromatic elementary colours as the 
four reference points, with yellow (Y) on the top, green (G) on the left, blue (B) 
on the bottom and red (R) on the right (Figure 2.14); other hues are displayed in 
between. The NCS colour circle is always read in a clockwise direction. The 
denotation of each hue consists of two letters and a two-digit number, 
representing its location on the colour circle and its perceived similarity to the 
elementary colour references. For instance, the notation G30Y refers to a hue 
on the quarter between the reference elementary colour green (G) and yellow 
(Y), possessing 30% yellowness (and thus 70% greenness).  
 

          
Figure 2.14: NCS colour circle, from NCS Colour 

AB (2022)10 
Figure 2.15 : NCS colour triangle, from Anter and 

Klarén (2017b)11 

The nuances can be illustrated in the NCS colour triangle. The three edges of 
the triangle are the scales for blackness, whiteness and chromaticness (Figure 
2.15). The nuance notation starts with letter S (refer to the second edition) and a 
two-digit number showing the information of blackness level, then another two-
digit number showing the chromaticness. Information on whiteness levels is not 
presented directly but can be calculated based on knowledge that the sum of 
blackness, chromaticness and whiteness is always 100%. For instance, the 
notation of S 7020 refers to a nuance with 70% blackness, 20% chromaticness 
and 10% whiteness. Based on the NCS colour circle and NCS colour triangle, 

 
10 Used by permission. Permission to use this image granted by NCS AB; On the 17th February 2022. 
11 Used by permission. Permission to use this image granted by Karin Fridell Anter on the 21st February 2022. 
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the NCS colour space can be illustrated as shown in Figure 2.16. 

 
Figure 2.16: NCS colour space, from NCS Colour AB (2022)12 

NCS is employed as a key colour system for this PhD project in the aspects of 
architectural design, aesthetic perception evaluation and energy production 
investigation of coloured FIPV designs. 

2.3.3 Colour design for architecture and the urban context 

Theories and concepts of colour combination 
The main purpose of colour design for façades is to create a pleasing 
architectural expression. As described in Section 2.1.2, harmony or coherence is 
thought to be closely associated with beauty or aesthetic appreciation. Colour 
harmony is one of the most influential colour design concepts; it has been 
explored by famous artists, scientists and designers since the ages of the 
Renaissance. In the colour field, when two or more colours in a neighbourhood 
are seen together and can create an aesthetically pleasing effect, it is described 
as colour harmony (Burchett, 2002; Judd and Wyszecki, 1975). There are 
various claims about the laws or principles of colour harmony. Some think that 
the contrast of opposing colours on the colour wheels can create harmony 
(Chevreul, 1855; Chuang and Ou, 2001; Goethe, 1810; Whitford, 1984). Others, 
such as Munsell and Ostwald, state that certain similarities in hue or chroma 
can contribute to beauty (Munsell, 1969; Ostwald, 1969).  
 
None of the single colour harmony theories can be demonstrated as complete 
and fundamental. However, Westland et al. (2007) summarised four 
predominant themes from the colour harmony concepts in art and design 
textbooks:  

 
12 Used by permission. Permission to use this image granted by NCS AB; On the 17th February 2022. 
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1. Monochromatic colour harmony (colours in the same or nearly the same 
hue) 

2. Complementary colour harmony (two opposing colours on the hue circle) 
3. Analogous harmony (colour combinations in neighbouring hues) 
4. Split-complementary harmony (colour set with three colours: one colour 

and the two neighbouring colours of its complementary hue; see also Figure 
2.17). 

 
Figure 2.17: Diagram of four typical colour harmony: monochromatic (a), complementary colour (b), 

analogous (c), split-complimentary (d), from Westland et al. (2007)13 

 
In NCS, the following colour combinations are suggested (NCS, 2022):  
1. Neighbouring colours within 10 steps in the NCS colour circle 
2. Colours with saturation similarity 
3. Colours with lightness similarity 
4. Complementary colours. 
 
Saturation in the NCS refers to the colour attribute presenting the relationship 
between the colour’s chromaticness and whiteness. Human visual systems are 

 
13 Used by permission. Permission to use this image granted by Stephen Westland on the 20th February 2022. 
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sensitive to lightness differences in colours. In NCS, lightness is not whiteness, 
but it can be determined through measurement or comparison with a greyscale 
(e.g. the NCS lightness meter). In the NCS colour atlas, colours with similar 
lightness levels are indicated with lines in the NCS triangles (Figure 2.18).  

   
Figure 2.18: Lines connecting colours with similar 
lightness on the NCS triangle (Hue Y10R). From NCS 
( 2019)14 

Figure 2.19:  NCS colour circle presenting the 
complementary hue groups. From NCS ( 2019)15 

 

The complementary colours in NCS refer to the colour combinations that can 
present all four chromatic elementary percepts simultaneously, for instance, one 
colour has the yellowness and redness, while the other contains the blueness 
and greenness. On the NCS colour circle, the lines connecting different pairs of 
complementary colours do not interact in the circle centre. The approximate 
interaction point is at the point of chromaticness = 20, hue = R75B (Figure 
2.19). In addition, hues in some areas of the NCS circle do not have unique 
opposites because they can only present three elementary colours when coupled 
together.  For instance, the part of Y-Y20R and the corresponding part of B-
R90B, the part of G-B70G and the corresponding R-R30B (Figure 2.19). 
 
Colour palettes and colour guidance for urban design 
At the urban level, colour is one of the most vital elements forming the 
perceived urban image. In his famous book titled The Image of the City, Kevin 

 
14 Used by permission. Permission to use this image granted by NCS AB; On the 17th February 2022. 
15 Used by permission. Permission to use this image granted by NCS AB; On the 17th February 2022. 
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Lynch (1960) writes about the role of colour in building an urban image: ‘It is 
that shape, color, or arrangement which facilitates the making of vividly 
identified, powerfully structured, highly useful mental images of the 
environment’. Similarly, from the perspective of promoting local urban identity, 
Norman Pressman suggests that colour should be considered a key component 
in urban design (Pressman, 1994). Proper colour design strategies at the urban 
level can positively support the ‘sense of place’ of an urban environment and 
enhance the environmental quality and citizens’ experience. Contemporarily, 
utilising colours from the colour palettes and colour plans that contain typical 
chromatic characteristics from a local context is a promising strategy that has 
been tested in many European countries, including Italy, France and 
Switzerland (Brino, 2009). The colour palette or plan functions as a database 
from which architects, urban designers and public authorities can easily obtain 
the general colour profile of the entire city, the detailed colour portrait of 
important buildings, historical changes of colour spaces and so on (Sibillano, 
2011). 
 
A systematic NCS colour palette of Trondheim city in Norway has been 
established by researchers at the Norwegian University of Science and 
Technology through registration of nominal colour of around 2000 buildings in 
the city. Colours of the main façades were registered with the NCS index and 
NCS scanner. The obtained colour palette represents Trondheim’s colour 
signature and can serve as a basis for colour design guidance (Figure 2.20). For 
instance, the typical hue range in Trondheim is G30Y-R; bluish colours are very 
rare. For both new construction and renovation projects, the suggested 
chromaticness levels are in the range of 10% to 50%, while the proper 
blackness levels are from 3–5% to 70% (Angelo and Booker, 2016). Most 
importantly, a strategy for a harmonious colour gestalt in Trondheim’s context 
was proposed based on the analysis of existing façade colours, where S>C (the 
colours’ blackness levels should be larger than the chromaticness levels; Angelo 
and Booker, 2018b). The colour palette of Trondheim and the synthesised 
colour guidance serve as a practical toolkit for designers and Trondheim’s 
authorities.   
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Figure 2.20: Colour palette of Trondheim’s city center, from Angelo and Booker (2018b).16 

The concepts of colour combination, colour harmony themes and the colour 
palette (of Trondheim) discussed in this section are employed in this PhD 
project for generating aesthetically pleasing and contextual coherent coloured 
FIPV designs. Details are elaborated in the paper V in Chapter 4. 

2.4 Opaque coloured PV 

Architects demand high freedom when choosing façade materials, and this also 
applies to FIPV. In 2010, an international survey among architects showed that 
the lack of suitable solar thermal and PV products and related information were 
key barriers to architectural integration (Farkas et al., 2010). Currently, with the 
rapid development of the PV industry, different coloured PV products and 
technologies are emerging. The International Energy Agency (IEA) report 
PVPS T15-07: 2019 (Eder et al., 2019b) about coloured BIPV has listed five 
main techniques used for current customised coloured PV products:   

a. Anti-reflection coatings on solar cells 
b. Coloured and or semi-transparent PV-active layers  
c. Special solar filters as layers, coatings or interlayers with colours or 

patterns 
d. Coloured polymeric encapsulant films (for semi-transparent PV) 
e. Modified front glass by printing, coating or alternative finishing 

Three main technical routes (a, c, e) for opaque coloured PV related to this 
PhD project are described here. 

 
16 Used by permission. Permission to use this image granted by Kine Angelo the 18th February 2022. 
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A standard silicon-based PV usually has a single layer of anti-reflection 
coating/layer on top of the silicon cell to minimise reflection and thus optimise 
efficiency. The traditional anti-reflection layer always leads to a dark blue or 
black colour for the PV; by altering the anti-reflection layer and increasing the 
reflection in the visible spectra, certain colours are achievable. A typical 
example is the LOF PV from LOF company (Lof Solar Corporation, 2008), a 
typical visual feature of LOF PV is the random metallic texture (Figure 2.21). 
Some coloured LOF samples are tested for colour angular sensitivity in this 
PhD project.  
 
Special solar filters are an economical method for creating desired colours for 
BIPV products. With a coloured (semi-transparent) interlayer encapsulated in 
the PV module, different colours or even white appearances are achievable. For 
instance, the ISSOL/SOLAXESS white solar technology (ISSOL, 2016) 
developed by Swiss firms ISSOL and SOLARXESS together applies a 
nanotechnology film to the front of cover glass, reflecting the visible spectra to 
produce a perceived white colour while letting through the infrared solar 
radiation to a monocrystalline solar cell for electricity generation. However, the 
efficiency is only about 60% of that of traditional PV.  

 
Figure 2.21 : LOF PVs in different colours, from Lof Solar Corporation (Lof Solar Cooperation, 2022)17 

 
17 Used by permission. Permission to use this image granted by Lof solar; On the 18th February 2022. 
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For the technical route of ‘modified front glass by printing, coating or 
alternative finishing’, there are several representative methods or products, 
including mineral coating, thin-film interference layer and digital glass 
printing. SUNCOL PVs from the Swiss company Sunage SA use a mineral 
coating technique in the second layer of the front glass to add various colours 
for monocrystalline silicon cells (Eder et al., 2019a; Sunage, 2019). According 
to the company, the products have good colour stability over time and can be 
customised for colour, texture, size and shape. Figure 2.22 shows a realised 
(operational) carbon-neutral residential project with red-brown SUNCOL FIPV 
products in Männedorf, Switzerland. The project won the Watt d’Or prize in 
2021, awarded by the Swiss Confederation (Luzi and Canosci, 2021). Several 
SUNCOL PV samples are investigated and tested for colour angular sensitivity 
performance in this PhD project. 

   
Figure 2.22: Left: Perspective view of SUNCOL Männedorf project; Right: FIPV façade details. From 
Sunage SA (2022)18 
 
Thin-film interference layers (or spectral selected coatings) are a promising 
method that attracts growing attention in both the industry and research fields. 
This approach can bring various colour choices for PV products while limiting 
the reduction of energy productivity. Differing from the colours due to pigments 
and dyes, which absorb and reflect certain light wavelengths, the interference 
colours are caused by the interference of light reflected from the upper and 
lower boundaries of the film. The colours of butterflies and soap bubbles are 
typical natural phenomena of light interference (Kubota, 1961). Schüler et al. 
( 2005) presented a method of applying colours on solar thermal and PV with 
interference coating. The principle is to have multi-layer thin films deposited on 

 
18 Used by permission. Permission to use this image granted by Sunage SA; On the 19th February 2022. 
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the inner side or outer side (or both sides) of the front glazing. Small fractions 
of the solar radiation will be reflected by the thin-film layers and create colours 
through the interference effect; at the same time, a large fraction of transmitted 
solar radiation can be harvested for energy generation (Schüler et al., 2005). 
The Kromatix™ glass (SwissINSO, 2022) produced by SwissINSO in 
Switzerland is a successful commercialised example of utilising the interference 
effect. With different multi-layered coatings on the inner surface of the front 
glass (Figure 2.23), Kromatix™ PV products in six different colours are 
realised. One special feature of the Kromatix™ products is that the perceived 
colours can be obviously different when viewing from different directions (in 
other words, with large colour angular sensitivity), which should be considered 
during architectural applications. Scientists from the Fraunhofer Institute in 
Germany have applied a similar method and produced a series of MorphoColor 
(inspired by the bright colours of the morpho butterfly) PV modules (Figure 
2.24) with a novel thin-film layer stack beneath the front glass and an anti-
reflection layer on top of the front glass. The efficiencies of the MorphoColor 
PV modules are around 94% of a traditional black PV (Blasi et al., 2021). 
Besides, this novel product is also promising in economic aspect. According to 
Kutter (2018), the manufacturing cost of MorphoColor PV modules is 93–160 
€/m2, which lies within the range of cost of brick (60–100 €/m²) and wood (50–
180 €/m²). 
 

        
Figure 2.23 : Left: diagram of the working principles of Kromatix™ glass; Right: diagram of blue-green 
Kromatix™ glass on top of solar cell, from (SwissINSO, 2022)19 

During this PhD process, our partner researchers from the Institute for Energy 

 
19 Used by permission. Permission to use this image granted by SwissINSO; On the 18th February 2022. 
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Technology in Norway (IFE) have also been working on coloured solar cells. 
Together, we have developed coloured silicon-based PV prototypes matching 
the chosen NCS colours from Trondheim’s colour palette with similar 
interference concepts. The original idea was to use the produced a certain 
number of novel coloured PVs to equip scaled building models and conduct 
aesthetic tests. However, because of the impact of the Covid-19 pandemic, the 
IFE production ended up behind the schedule; nevertheless, we made some 
interesting prototypes (Figure 2.25), demonstrating the possibility of producing 
tailored FIPV products for architects with almost no limitations on colours.  

  
Figure 2.24: Demonstrator coloured modules by Fraunhofer 
Institute for Solar Energy Systems ISE. From Bläsi et al. 
(2021)20  

Figure 2.25: Coloured prototypes with 
thin-films applied on top of flat Si 
wafer solar cells, from Ørnulf 
Nordseth.21 

The author believes that the many customised colours employed for the 
theoretical FIPV design proposals in this PhD project could be realised through 
one or more advanced colour techniques described above, for example, the 
interference colour principles and the mineral coating technique. 
 
PV colour and energy productivity 
Although many coloured PVs have lower efficiency when compared with 
traditional dark blue or black PVs, they are still feasible for FIPV applications 
because of their advantages related to aesthetic performance. It is claimed that 
the SUNCOL project in Männedorf has achieved the CO2 neutral operations 
goal (Luzi and Canosci, 2021). Table 2.2 lists the efficiencies of the above-

 
20 Used by permission. Permission to use this image granted by Benedikt Bläsi on the 18th February 2022. The image is also under 
Creative Commons Attribution 4.0 License, which permits readers to distribute, reuse, modify, and build upon the work. Source link: 
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=9475075 
21 Used by permission. Permission to use this image granted by Ørnulf Nordseth on the 21st February 2022. 
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discussed representative commercialised opaque coloured PVs. 
Table 2.2 : Efficiency of selected commercialized opaque coloured PVs 

PV brand Company Techniques Efficiency 
LOF PV Lof Solar 

Corporation 
Anti-reflection coating 14.5-18% 

SOLAXESS Solaxess & ISSOL Special solar filters 11-15% 
SUNCOL Sunage SA Mineral coating 13-14.5 % 
Kromatix™  SwissINSO Thin-film interference 

layers 
11.9-18% 

 
The PhD project’s partner researchers from SINTEF have developed a 
theoretical model (the model will also be presented in Chapter 4, paper V and 
VII) for the estimation of relative energy efficiency of opaque crystalline 
silicon-based coloured PVs with interference colour techniques (Røyset et al., 
2020). In this theoretical model, a standard black PV with 5% reflectance is set 
as a reference; three flat-top spectral reflectance λ1, λ2, and λ3 (at the 
wavelengths of 450 nm, 550 nm, and 600 nm, respectively) are used to simulate 
the coloured opaque PV’s visible reflectance spectrum; and the concepts of 
relative efficiency E and relative energy loss P are introduced, where E equals 
the ratio of efficiency of coloured opaque PV divided by the efficiency of 
standard black PV, and P equals 1 minus E. According to Røyset et al. (2020), 
the relative energy loss P is associated with the PV’s CIE chromaticity values X, 
Y, Z and can be obtained through a transfer matrix: 

P= *  

Where          dP/dX = 0.198, dP/dY = 0.125, and dP/dZ = 0.066             (f.2. 10) 
 
Thus, if we know a given coloured opaque PV’s CIE chromaticity values X, Y, 
Z (which could be obtained by instrumental measurement or transfer from other 
colour spaces), the relative energy loss and relative efficiency can be efficiently 
calculated. According to Røyset et al. (2020), lightness is a key factor 
influencing the relative efficiency of coloured PVs; lower lightness leads to 
higher relative efficiency; in addition, greenish PVs have theoretically higher 
efficiency than PVs in other colours do while they maintain the same lightness 
level. For instance, for a greenish opaque PV with a medium lightness of L* = 
0.5 (Y = 0.18) has a promising high relative efficiency of 96%. In this PhD 
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study, the theoretical model is applied for estimation of the energy productivity 
of coloured FIPV design proposals, which utilise a large number of colours 
originating from Trondheim’s local context.  
 
Currently, most of the forerunners of opaque coloured PVs are silicon based. To 
date, in laboratory conditions, the highest efficiency of crystalline silicon cells 
is around 26%, whereas the efficiency of multi-junction PV cells can reach 47% 
(NREL, 2022). The author thinks that in the near future, many other PV 
technical routes will be available for generating coloured PVs, greatly 
benefiting the energy productivity enhancement of coloured FIPV. 

2.5 Summary 

This chapter presented the theoretical backgrounds, including various aspects 
from different disciplines. Environmental aesthetic theories are the main 
foundation of aesthetic studies in this project. Principles of daylight and 
representative colour spaces were presented, and these are closely related to 
FIPV design and applications. Colour harmony theories and concepts for 
architectural and urban design were also introduced, and these will be 
integrated into the development of FIPV design methods. In addition, current 
promising techniques for coloured PVs were demonstrated, followed by the 
introduction of the theoretical coloured PV energy estimation model employed 
in this PhD research. 
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CHAPTER 3 

RESEARCH METHODS 
                                                                           
 
The first stage of this PhD project consists of a literature study, aesthetic 
evaluation criteria development and experimental exploration of colour 
properties of advanced PV products. The second stage is the key stage built on 
the first one, developing advanced architectural design methods for FIPV 
application in an urban context. In these two stages, different research methods 
are employed, tackling the research questions and developing the research 
project step by step.  
 
In this chapter, the main research methods applied in the two stages of this PhD 
project, including the literature study, experimental study, case study, computer 
simulation and online survey, are demonstrated (Figure 3.1). Moreover, 
scientific publications developed during the first stage are embedded to better 
present both the research methods and the development process of this PhD 
project. 

 
Figure 3.1: The research methods applied in this PhD project 

3.1 Literature study  

As the stepping-stones in the first stage of this PhD project, systematic 
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literature studies build a solid foundation for further steps and help define 
concrete research questions with specific focuses. Closely related and up-to-
date studies from other researchers in different corners of the world are selected, 
collected, analysed and synthesised. The literature studies consist of a review 
and analysis from two perspectives—the experimental and aesthetic perspective. 
From the experimental perspective, a review study (paper I) has been conducted 
to explore the advanced experimental methods used in both research and 
projects related to FIPV application. From the aesthetic perspective, two studies 
are carried out, with one reviewing the architectural design criteria of FIPV 
(paper II) and the other combining both review and development of aesthetic 
evaluation criteria (paper III).  

3.1.1 Literature review  

The two pure review studies (paper I and paper II) are presented here to show 
both their literature review methods, processes and findings (which serve as 
basic foundations for further research steps).  
  

PAPER I.    Façade Integrated Photovoltaic, state of the art of 
Experimental Methodology  

Level 1 Journal article, published in OP Conf. Ser.: Earth Environ. Sci. 352 
012062 (Originally published in the 1st Nordic conference on Zero Emission 
and Plus Energy Buildings), open access. 
 
This paper reviews the advanced experimental methods for FIPV application 
with an architectural perspective, from literature in recent 10 years. The 
selected methods are categorized according to the levels (building level and 
urban level) and the transparency types of PV investigated (opaque and 
translucent). The findings of this paper answer the first research sub-question 
‘Which advanced experimental methods have been used to support the design 
and applications of FIPV in the urban context?’. 
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PAPER II.   A State of the Art of Design Criteria for Façade Integrated 
Photovoltaics.  

Conference paper, published in EU PVSEC 2021, the 38th European 
Photovoltaic Solar Energy Conference and Exhibition. 2021-09-08, open access. 
 
This paper reviews the existing design criteria related to FIPV design and 
application in recent 10 years. Promising design criteria that could be used as 
references for further research and design guidelines are analyzed and grouped 
according to their main application levels: building level and urban context 
level. The research findings serve as a foundation for further FIPV aesthetic 
evaluation criteria study and could be employed as references for the 
development of FIPV design methods. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



67 
 



68 
 



69 
 



70 
 



71 
 



72 
 

 



73 
 

3.1.2 Establishment of aesthetic evaluation criteria  

As Groat and Wang stated in the book Architectural Research Methods: ‘‘… 
literature reviews synthesize themes within that literature. These syntheses 
entail assessment and critique of existing perspectives, but also offer new 
ideas.’’ (Groat and Wang, 2002, p 142). Literature study in the first stage not 
only collects the most relevant existing knowledge as a basis but new 
knowledge is also generated to serve the specific further research steps. The 
findings of Paper I and Paper II revealed that there is a lack of rating or 
evaluation criteria/systems to support FIPV design, especially in the urban 
context. Thus, a series of aesthetic evaluation criteria are proposed based on a 
comprehensive literature study and synthesis. The following paper III presents 
the study of the development of aesthetic evaluation criteria for FIPV, and also 
answers the second research sub-question ‘What are the architectural evaluation 
criteria of FIPV in urban context?’. 
 
 

PAPER III.  Aesthetic Evaluation Criteria for Façade Integrated 
Photovoltaics in Urban Context.  

Conference paper, published in the proceeding of EU PVSEC 2021, the 38th 
European Photovoltaic Solar Energy Conference and Exhibition. 2021-09-08, 
open access. 
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3.2 Experimental study 

An international survey study conducted by Farkas et al. (2010) shows that the 
lack of sufficient knowledge about PV is a key barrier hindering architects’ 
utilisation of BIPV. Coloured PVs are novel building materials for architects; 
although technical information, such as efficiency, voltage and linear decay is 
given precisely in professional engineering language, such aesthetic information 
as that about colours and surface texture is usually provided in conventional 
words and can suggest ambiguous meanings. For instance, one brand can 
produce PV in ‘red tile’ colour, another brand offers ‘terracotta’ PVs. How 
‘similar’ or ‘different’ are they? Moreover, some PVs’ colours may vary in 
different viewing directions. How ‘large’ are the colour differences? To what 
extent can the variations be noticed visually and influence design decision 
making?  
 
To provide an in-depth understanding of coloured PVs’ surface properties 
(mainly in colour aspect), scientifically, psychophysical explorations are needed. 
As a reductive method, experiments can help researchers identify the causal 
effects of key variables via instrumental measurements. With this as a point of 
departure, a series of experimental measurements are conducted, and the 
perceived colour appearances of selected opaque PVs are registered, described 
and compared in CIE colour spaces. 
 
According to Shadish et al. (2002), the characteristics defining the experimental 
method include the following: the usage of treatment or independent variable; 
the measurement of the outcome variable(s); a unit of assignment to the 
treatment; the employment of a comparison (or control) group; and an emphasis 
on cause–effect relationship. With experimental methods, researchers can 
establish causality (Groat and Wang, 2013). Although some claim that the 
experimental method is ‘the best method-indeed the only fully compelling 
method’ (Moore and McCabe, 2003); however, controversial arguments state 
that experimental methods have deficits because of the following attributes: 

1. Simplified experimental measurements cannot represent a complex real-
life scenario;  

2. Potential for misapplication (e.g. in gender or racial aspects); and 
3. Potential ethical issues (Groat and Wang, 2013).  
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The last two issues are not related to experimental studies with colour PVs. To 
avoid the first issue, which could be caused by the simplified or ideal conditions 
in the laboratory, semi-controlled experiments in outdoor real climate 
conditions are also conducted. The following paper IV presents the 
experimental studies conducted in the first stage of this PhD project, with a 
focus on exploring opaque PVs’ surface properties.  
 

PAPER IV.  The Impact of Surface Properties on Photovoltaics Colour 
Angular Sensitivity- A Comparison Study for Façade Integration. 

Level 1 Journal article, published in the Journal of Color Research and 
Application vol. 46 (3), open access. 
 
The paper findings also answer the third research sub-question ‘what are the 
colour properties of the currently commercialized promising opaque coloured 
PV products and how to utilize them for architectural integration in different 
urban contexts based on their colour characteristics?’ 
 
 
Note: For a better reading experience, apart from the abstract, the presented 
paper has the same content but in different format than the published version, 
since the journal format makes some pictures not adjacent to related texts. 
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1. INTRODUCTION 

Façade Integrated Photovoltaics (FIPVs) belongs to one of the most promising 
strategies to employ renewable energy in the building environment and to 
reduce greenhouse gas emissions. Traditional PV panels are not ideal for façade 
integration in many circumstances due to their black or dark blue colors, which 
are outside of the colour palette of most urban settlements. Recently, advanced 
techniques have been developed that can provide more colour options for 
opaque PVs, including (a) coloured anti-reflective coatings on solar cells, (b) 
products with special solar filters, (c) products with spectrally selective coatings, 
(d) products with mineral coatings etc. (Eder et al., 2019b).  
 
From the architectural perspective, colour is a key factor of FIPVs that 
influences the aesthetic quality of building façades and urban images (Femenias 
et al., 2017; Munari Probst and Roecker, 2019b). It is essential for architects to 
understand the colour properties of these newly emerging façade materials and 
to be able to predict their potential colour appearance in different viewing 
scenarios illuminated by natural daylight. When integrated into the façades, 
opaque colour PVs will be seen from a wide range of observation locations, 
giving rise to different viewing angles and viewing distances, under different 
weather conditions. To have a better insight into the colour properties of current 
colour PVs and to promote the architectural application of FIPVs, 10 novel 
opaque coloured PV samples from 4 brands were collected (Table 1 and Figure 
1) and examined in this study. From them 6 representative coloured PVs are 
studied with a focus on their colour angular sensitivities. 

Table1. List of 10 PV samples 
Name Colour technique Finishing  Numbers 

in figure 1  

ISSOL white  Selective scattering and 
reflection filter 

Low-medium glossy 
rough glass 

1 

Kromatix green Spectrally selective coating Low glossy transparent 
front cover 

2 

LOF Metallic 
gold 

Coloured anti-reflective coatings 
showing metallic texture 

High glossy glass 3 

LOF Tile red Coloured anti-reflective coatings 
hiding metallic texture 

High glossy glass 4 

LOF Disco pink Coloured anti-reflective coatings High glossy glass 5 
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showing metallic texture 

LOF Lavender Coloured anti-reflective coatings 
hiding metallic texture 

High glossy glass 6 

Sunage 
terracotta 
glossy 

Coloured mineral coating Low-medium glossy glass 7 

Sunage 
terracotta matt 

Coloured mineral coating Matte glass 8 

Sunage Light 
grey glossy 

Coloured mineral coating Low-medium glossy glass 9 

Sunage 
Anthracite matt 

Coloured mineral coating Matte glass 10 

 
Figure 1. PV samples 

The ISSOL white PV employs a technology developed by the Solaxess 
company. Kromatix green PV from company Swissinso uses a multi-layered 
coating with the interference effect to obtain a greenish colour. LOF PV 
samples are from the company LOF Solar: LOF Metallic gold and LOF Disco 
pink PVs have a highly directional, metallic texture while the Tile red and 
Lavender PVs have a more evenly distributed brown colour appearances. For 
the Sunage brand PV products a mineral coating technique is applied to obtain 
different colours with a matt or a glossy surface(Eder et al., 2019b). 
 

2. RESEARCH QUESTIONS 

Choosing the right FIPVs and harmoniously integrating them into façades to 
match design visions is a challenge for architects. Architects need to know the 
colour characteristics of coloured PVs and to predict their colour performance 
in different viewing conditions, including the various viewing angles and 
distances from which they may be seen. This study aims to answer the 
following research questions: 
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1. For the collected opaque PV samples, how do the optical surface properties 
influence PVs angular colour sensitivities?  

2. Is the angular colour sensitivity dependent on the viewing distance? 

3. How can architects utilize these PVs for different façade integration 
scenarios?  

 

3. METHODS 

3.1 Literature review 
Previous research shows that specular reflection properties of a surface (i.e. 
gloss) can influence the colour appearance of traditional building materials such 
as wood. A wooden surface with a glossy coating can appear to have greater 
colour saturation than a one with a rough surface (Choudhury, 2014). 
Goniochromism (iridescence) is also an interesting phenomenon in which the 
observed colours of some surfaces change dramatically as the viewing angle 
changes. When a metallic flake pigment, pearlescent pigment, or light 
interference pigment is used in the material or coating, goniochromism can 
occur and may result in a variation of hue, lightness and saturation (McCamy, 
1996). Ji et al. (2019) present a novel approach of creating bright-coloured 
photovoltaics panels with excellent angular insensitivity by topping solar panels 
with a 5-layer transreflective color filter. However, this type of PV product is 
not yet commercialized. Our review of the literature shows a paucity of research 
specifically addressing the relationship between the surface properties and the 
colour appearance of opaque coloured PVs for façade integration. 
 
3.2 Experimental methods 
Through a series of measurements made in the laboratory and outdoors 
(summarized in Table 2), this study investigates the colorimetric properties of 
collected opaque colour PVs samples with changing parameters including 
viewing angles and viewing distance. In the first stage, measurements in well-
controlled artificial skylight laboratory are conducted. In the second stage, 
semi-controlled outdoor experiments are carried out in overcast and sunny 
weather in Trondheim, Norway (63° N, 10° E).  
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Table 2. Experiments list. 

Experiments Date  Place Lighting 
condition 

Measuring 
devices 

Measuring 
distance & angles 

NTNU 
daylight lab 
experiment   

Mar. 2019 

Jan. 2021 

NTNU 
Daylight lab  

Artificial light 
mimics overcast 
diffusing daylight 

RP-655 

Lux meter 

0.55m 

45° 

Outdoor 
experiment 1 

11:00-13:30 

14/07/2019 

Urban open 
space, 
Trondheim, 
Norway 

Overcast daylight RP-655 

Lux meter 

0.55/1.75/3.5/7m 

45° 

Outdoor 
experiment 2 

13:40-17:46 

17/07/2019 

Urban open 
space, 
Trondheim, 
Norway 

Direct sunlight RP-655 

Lux meter 

0.55/1.75/3.5/7m 

45° degree 

A PhotoResearch PR-655 Spectroradiometer is used as the main measurement 
device. The aperture of the instrument has an angular subtense 1°, and thus the 
area of the surface which is sampled varies with the measurement distance.  

Spectral radiance measurements of the panels in different conditions were made 
with the PR-655. In each condition a white reflectance standard (RS-3 
Reflectance Standard) was also measured, and this measurement used to 
provide a reference white in colorimetric calculations, using the CIE 1964 
standard colorimetric observer. CIE X10, Y10, Z10, and CIELUV L10, u’ and v’ 
values were obtained directly from the PR-655 interface, while CIELUV L*, u*, 
v*, hue, chroma and ΔE*uv values were calculated with equations 1-3 below. 
 

 L* = 116f(Y/Yn) – 16; u* = 13L*(u’ – u’n); v* = 13L*(v’ – v’n )            (1) 
huv = arctan(v*/u*); C*uv = (u*2+ v*2)1/2.                                             (2) 

E*uv = (( *)2 + *)2  *)2)1/2                                                                              (3) 

Where:   L*, huv, C* represents lightness, hue and chroma respectively. 

f(Y/Yn) = (Y/Yn)1/3 for Y/Yn > (6/29)3 or f(Y/Yn) = (841/108) (Y/Yn) + 4/29 for 
Y/Yn ≤ (6/29)3; u’n, v’n are values of u’, v’ for the reference white.     
 
When colour difference E*≤2, colours can be said to match visually. When 

E* >5, two samples can be perceived as two different colours with a 
noticeable difference between them (Mokrzycki and Tatol, 2011). However, it 
should be noted that colour difference experiments normally use different 
viewing conditions than those that apply in our study.  
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3.2.1 NTNU Daylight Lab experiment 
Well-controlled experiments were carried out in the Daylight Laboratory in the 
Department of Architecture and Technology, NTNU. The Daylight Laboratory 
has a mirror box-type artificial sky, which can mimic evenly illuminated 
overcast daylight conditions (Figure 2). The ceiling of the artificial sky is made 
of regularly distributed RGBW LED-chips on top of two layers of diffusing 
canopy, and below the ceiling is an octagonal space where experiments can be 
carried out. The upper part of the octagonal space is equipped with mirrors to 
reflect light and the lower part is covered with black curtains to avoid any 
leakage of light between the interior and exterior. According to Matusiak and 
Braczkowski (2014), this artificial sky can simulate CCT skylight in the range 
of 2000-18000K with a high fit to Planck’s curve and possesses a high Colour 
Rendering Index, i.e. Ra>85 in the illuminance range of 2000-10000K. In the 
present study, the CCT was set at 6500K to simulate overcast daylight. PV 
samples were mounted on a rotatable stage on the top of the operation table 
situated at the centre of the artificial sky, such that change of measurement 
angle can be achieved by rotation of the stage. The PR-655 was mounted on a 
tripod, levelled at the same height as the centre of the PV panels and was 
oriented with the optical axis pointed towards this centre (Figure 3). The 
measurement distance was 0.55m. By rotation of the stage, measurements were 
made at 0° and 45° to the normal of the panel. 
 

  

Figure 2. Artificial sky in Daylight lab of NTNU Figure 3. Inside the artificial skylight octagonal 
cylinder 

 
3.2.2 Outdoor experiments in overcast and sunny weather 
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Figure 4. Outdoor experiment location (red square).     Figure 5. Experiment measurement diagram 

 
Outdoor measurements in overcast weather were carried out at a park near 
Kristiansten Festning in Trondheim, Norway on 14th of July 2019 (Figure 4). 
These measurements were made from 11AM to 13:30PM (windspeed approx. 
2-3m/s, horizontal illumination level gradually rising from 20100 lux to 37000 
lux). The PV panels were placed vertically on a tripod facing south at 1.35m 
above the ground. The measurement distances were 0.55m, 1.75m, 3.5m, and 
7m. Three different measurement angles were used as variable parameters: 0-
degree, 45-degree southwest (45SW) and 45-degree southeast (45SE) (Figure 5).  
 
Outdoor measurements in sunny weather were also made on 17th of July 2019 
in Trondheim city, Norway. The measurement period was from 15:40 to 17:46. 
The experimental setup was the same as for the outdoor experiment in overcast 
sky condition, with measuring angles of 0° and 45°, while the measuring 
distance changes from 0.55m to 7m (Figure 5). 
 

4. RESULTS 

4.1 Laboratory condition  

Before the colour angular sensitivity investigation, short-term repeatability, 
reproducibility and the colour uniformity of 10 PV samples are tested. The 
mean colour difference from the mean (MCDM) (Billmeyer and Alessi, 1981) 
is used for reporting instrumental short-term repeatability. All PV samples are 
measured continuously 25 times at 0.55m distance in 6500K CCT artificial 
skylight, with a measurement time interval between 5 to 10 seconds. Figure 6 
shows the MCDM values of the 10 coloured PVs with measurement angles of 
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0-degree and 45-degree. The measurement instruments show reasonable short-
term repeatability with all MCDMs less than 0.4 and most of them are less than 
0.1. Then the colour reproducibility of the PVs and the light source is also 
tested. The PR-655 and artificial sky have been setup multiple times to measure 
the same spots on PV samples, Figure 7 shows the ΔE*uv values between 
different measurements. 

   
Figure 6. MCDM value for short-term repeatability   Figure 7. ΔE*uv values for PV colour reproductivity 

 

The reproducibility of the artificial sky source and its measurement was tested 
by measuring the RS-3 Reflectance Standard eight times at a 45-degree angle 
and 0.55m distance, resulting in an MCDM of 0.2072.  The spectral radiance of 
multiple source measurements is demonstrated in Figure 8. The small ΔE*uv 
values and MCDM values show reasonable colour reproducibility in this 
experiment. 

  
Figure 8. Spectral radiances of artificial sky source  
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      Figure 9. MCDM of PV samples’ colour uniformity 

 
Table 3. MCDM value for PV colour uniformity   

PV ISSOL 
White 

Kromati
x Green 

LOF 
Disco 
Pink 

LOF 
Lavender 

LOF 
Metallic 
gold 

LOF 
red 
tile  

Sunage 
Anthracite 
matt 

Sunage 
light grey 
glossy 

Sunage 
Terrac
otta 
glossy 

Sunage 
Terracot
ta matt 

MCDM  
0- 
degree 

0.088 0.371 1.324 0.289 3.685 0.512 0.132 0.127 0.206 0.020 

MCDM  
45-
degree 

0.056 0.267 6.153 0.560 12.188 0.671 0.070 0.387 0.193 0.025 

 
In the colour uniformity tests, colours of 5 locations on each panel are measured 
and the MCDM values calculated (Figure 9 and Table 3). All PVs show good 
colour uniformity except the LOF PVs with metallic texture: LOF Disco pink 
PV and LOF Metallic gold PV share obvious colour non-uniformity. Sunage 
glossy PVs have very good colour uniformity but the matt ones present even 
better colour uniformity. The colour uniformity test shows that, for various 
coloured PVs from LOF and Sunage brand, PVs’ surface colour uniformity is 
largely dependent on their surface texture and gloss properties other than colour, 
therefore, LOF metallic gold PV and LOF red tile PV could be used to represent 
the two typical LOF PVs, while Sunage Terracotta glossy PV and Terracotta 
matt PV are suitable to represent the Sunage brand. 
 
Based on the results from the short-term repeatability, reproducibility and 
colour uniformity tests, 6 coloured PVs from 10 samples were chosen for 
detailed colour angular sensitivity investigation: ISSOL White PV, Kromatix 
Green PV, LOF metallic gold PV, LOF red tile PV, Sunage Terracotta glossy PV 



90 
 

and Sunage Terracotta matt PV. Table 3 shows the colorimetric values of the PV 
samples measured at 0.55m in 6500K CCT artificial skylight (Figure 10), and 
the colour difference between 45-degree and 0-degree measurements of all PV 
samples are illustrated in Figure 11. 
 

Table 4. Colorimetric values of PV samples specified in Daylight lab  
0.55m  
distance 

Measur 
-ing 
degree Y10 u' v' L*  u*  v*  Hue 

Chro-
ma ΔE*uv 

ISSOL 0 585.8 0.185 0.47 79.49 -11.99 -3.62 16.79 12.52 0.00 
45 560.3 0.1855 0.47 78.09 -11.27 -3.76 18.43 11.88 1.59 

Kromatix 
green 

0 225.1 0.1343 0.51 53.43 -43.27 25.49 -30.50 50.22 0.00 
45 163.7 0.1453 0.50 46.43 -30.97 16.78 -28.45 35.22 16.62 

LOF 
Metallic 
gold          

0 119.7 0.2535 0.50 40.25 29.77 15.96 28.19 33.78 0.00 

45 135.7 0.2207 0.51 42.65 13.36 22.12 58.87 25.84 17.69 
LOF red 
tile 

0 7.601 0.2468 0.50 6.44 4.20 2.90 34.65 5.11 0.00 
45 7.496 0.2362 0.51 6.34 3.26 2.98 42.43 4.42 0.95 

Sunage  
Terracotta-
glossy 

0 49.17 0.2592 0.48 25.81 21.01 4.36 11.73 21.45 0.00 

45 53.43 0.2579 0.48 26.99 21.50 4.88 12.78 22.05 1.38 
Sunage  
Terracotta-
matt 

0 81.04 0.2403 0.48 33.39 18.97 4.17 12.39 19.42 0.00 

45 88.07 0.2416 0.48 34.78 20.34 4.66 12.89 20.87 2.02 

 

   

Figure 10. SPD of artificial daylight at 6500 K         Figure 11. Daylight Lab 0.55m ΔE*45-0 at 6500K 

 

In the Daylight Lab at 0.55m measuring distance and measuring angle of 0° and 
45°, Kromatix Green PV and LOF metallic gold PV show goniochromatic 
phenomena with high colour angular sensitivity (colour difference ΔE*uv ≥ 10), 
while other PV samples demonstrate stable colours (colour difference ΔE*uv 
less or close to 2). The detailed results are as below: 
1) ISSOL white PV is stable in lightness, hue and chroma values.  
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2) Kromatix Green PV shows a small hue shift in a greenish direction and 
large decreases in chroma (see Figure 12-13). 

3) LOF metallic gold PV shows a hue shift to yellowish direction, a small 
chroma decrease (see Figure 14-15). 

4) LOF red tile PV shows stable hue and chroma values. 

5) Both Sunage terracotta PVs show stable hue and chroma values. 

                                           
Figure 12. Spectral reflectance distribution of 
Kromatix Green PV at 0 and 45degree 

Figure 13. Hue and chroma shift of Kromatix 
Green PV in Daylight lab 6500K condition 

                                           
Figure 14. Reflectance factor of LOF metallic gold 
PV at 0 and 45degree 

Figure 15. Hue and chroma shift of LOF metallic 
gold sample in Daylight lab 6500K condition 
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4.2 Overcast condition 
In the overcast condition, measurements from 45° SW and 45° SE are similar. 
Figure 16-17 show the colour differences between different measuring angles at 
measurement distances of 0.55m and 7m. LOF metallic gold PV and Kromatix 
Green PV have the largest colour difference (ΔE*uv close or larger than 10), 
ISSOL white PV has the smallest colour difference (ΔE*uv close to 1) while 
other PV samples have colour differences ΔE*uv in the range of 2-6. For 
measuring distances of 1.75m and 3.5m, the colour difference results have very 
similar trends to the data shown in Figure 16-17. In general, the experimental 
results in overcast daylight shows a good correlation with the results obtained in 
daylight lab, although the fluctuations of the outdoor illuminance may also 
amplify the colour angular difference.  
 
Considering the hue and chroma of the panels: LOF metallic gold PV and 
Kromatix green PV demonstrated the similar trends of hue and chroma shifts as 
in the artificial lighting condition (Figure 18-19), the LOF red tile PV shows a 
slight hue shift toward yellow, and other PV samples show stable hue and 
chroma values. When measurement distance increased to 7m, the angular 
colour difference of LOF metallic gold PV reduced significantly. This could 
possibly be an effect of sampling a larger area.  
 

 
Figure 16. ΔE*45SW and ΔE*45SE in overcast condition at 0.55m 
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Figure 17. ΔE*45SW and ΔE*45SE in overcast condition at 7m 

 
Figure 18. Hue and chroma shift of Kromatix Green PV in overcast condition 
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Figure 19. Hue and chroma shift of LOF Metallic gold PV in overcast condition 

 
 

4.3  Sunny weather condition 

In sunny weather, for all PV samples, direct sunlight incidence has a strong 
impact on the angular colour difference, and 45° SW and 45° SE measurements 
are not always similar. Figure 20–21 show the general colour difference of PV 
samples measured at different angles at 0.55m and 7m distances: all PVs show 
large colour angular difference (ΔE*uv larger than 10) in at least one measuring 
angle, which is in common with results from measuring distances of 1.75m and 
3.5m. In detail, ISSOL white PV shows excellent hue angular stability in direct 
sunlight (Figure 22), while LOF metallic gold PV, LOF red tile PV and 
Kromatix green PV share the same hue shift trend as in the overcast condition 
(Figure 23–25). Sunage terracotta glossy PV and Sunage terracotta matt PV 
show hue stability in different measurement angles but the chroma values 
fluctuate and contribute to the larger colour difference in sunny daylight 
compared with overcast condition.  
 
ISSOL PV also shows hue stability but chroma fluctuation at different viewing 
distances. Both Sunage terracotta PVs and LOF red tile PV have more stable 
hue and chroma values than PVs with higher colour angular sensitivities 
(Kromatix green PV and LOF metallic gold PV). 
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Figure 20 .ΔE* uv 45SW and ΔE* uv 45SE in sunny condition at 0.55m 

 
Figure 21 .ΔE* uv 45SW and ΔE* uv 45SE in sunny condition at 7m 

 

Figure 22. Hue and chroma shift of ISSOL PV in sunny condition 
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Figure 23. Hue and chroma shift of Kromatix green PV in sunny condition 

 

Figure 24. Hue and chroma shift of LOF metallic gold in sunny condition 
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Figure 25. Hue and chroma shift of LOF red tile PV in sunny condition 

 

5. DISCUSSION 

Regarding our first research question (how do the optical surface properties 
influence PVs angular colour sensitivities?), the measurements described above 
show that surface properties like coloration technology, texture and finishing 
glossiness have a strong impact on the panels’ colour angular sensitivity. 
Kromatix PV with spectrally selective coating technique and LOF Metallic PV 
with anti-reflective coatings showing metallic texture are strongly 
goniochromatic. The LOF Tile red PV also shows a noticeable colour difference 
in overcast conditions. Sunage PVs with mineral coating techniques show very 
low colour angular sensitivity. ISSOL white PV with selective filter technique 
and low-gloss rough finishing shows colour angular insensitivity. 
 
The answer for our second question (the impact of the viewing distance) is most 
clear for the samples having little or no angular colour sensitivity (ISSOL and 
Sunage Terracota PV) where the distance does not result in a large colour 
difference. On the other hand, products with high angular colour sensitivity may 
change the colour appearance with the viewing distance in a somewhat 
unpredictable way, and more research is needed to explore these phenomena. 
 
For our third question, for the opaque PV samples in our study, how can 
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architects utilize them for different façade integration scenarios? The following 
recommendations can be given to architects depending on the urban context: 
 
�  For façade integration in a traditional urban context (e.g. old city centres) 

where colour harmony is essential (Booker and Angelo, 2018; Cold, 2014), 
the PVs should fit into the existing urban colour palette and preferably 
possess low colour angular sensitivity to obtain a stable colour performance. 
Generally, goniochromatic PVs should be avoided (Figure 26). The only 
exception could be that the colour of the selected PV changes in a desirable 
direction, e.g., a hue shift from red toward yellow in a neighbourhood 
dominated by yellow-red houses.  

�  For façade integration in a less sensitive urban context such as suburban 
areas or districts of new development (Florio et al., 2015), PVs with 
goniochromatic phenomena can be a good solution to create some 
‘moderate complexity’(Nasar, 2000) to arouse people’s visual experience 
and create a sense of novelty (Figure 27). 

     
Figure 26. PVs with low angular sensitivity are 
suitable for traditional context  

Figure 27. PVs with high angular sensitivity are 
suitable for new development district  

For instance, the Kromatix PVs have already been applied in the International 
School in Copenhagen at new construction area of Nordhavn (Jolissaint et al., 
2017). The PVs on façades are tilted at different angles, creating moderate 
colour variations, which gives an attractive aesthetic effect. 
 
In this study, a spectroradiometer was employed to measure the colour of PV 
panels. There are possibilities to use other systems such as RGB cameras or 
multispectral imaging systems to capture an image, allowing the colorimetric 
values in a given illumination to be calculated from the obtained spectral 
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reflectance measured under uncontrolled illumination (Khan et al., 2019, 2017; 
Slavuj and Green, 2013). Similar linear methods with a cheaper RGB camera 
could also be used to estimate the spectral and colorimetric coordinates of PV 
panels in urban environments. 
With parameters of changing measuring angles and distances, this study 
explored the colour difference by analyzing hue and chroma changes of selected 
PVs. Another factor influencing colour difference that could be investigated in a 
future study is the relative brightness, which is also an interesting factor 
associated with electricity productivity (Røyset et al., 2020). 
 

6. CONCLUSION 

 
The results reported in this study provide useful information on colour angular 
sensitivity of six types of opaque colour PV products. Architects can utilize 
different PVs according to their design purposes and different urban context. 
Use of coloured PVs for façade integration is still in its infancy, and in further 
research, psychophysical experiments can be performed to explore, for example, 
the relationship between specified (nominal) colour angular difference and the 
perceived colour angular difference. The proposed design recommendations in 
this study can be applied and evaluated in an urban context. 
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3.3 Case studies  

In the second stage of this PhD, to tackle the fourth research sub-question—
‘What are the promising architectural design strategies for FIPV application in 
the urban context?’, quantitative methods and qualitative methods are 
combined and integrated into two case studies. Trondheim city in Trøndelag 
county, Norway, is selected as the urban contextual backdrop of the case studies 
(Figures 3.2–3.4).  

                      
Figure 3.2: Location of Norway on the world map22 Figure 3.3: Location of Trondheim city23  

 
Figure 3.4:  Aerial view of Trondheim city24  

 
22 ‘‘Europe-Norway’’ by Rob984-https://commons.wikimedia.org/wiki/File:Europe-Norway_(orthographic_projection).svg. Licensed 
under CC BY-SA 4.0 via Wikimedia Commons- https://creativecommons.org/licenses/by-sa/4.0/legalcode 
23 ‘‘Trondheim location’’ from Wikimedia Commons-https://commons.wikimedia.org/wiki/File:Trondheim_location.png. Licensed 
under CC BY-SA 3.0 via Wikimedia Commons- https://creativecommons.org/licenses/by-sa/3.0/legalcode 
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In the book Case Study Research: Design and Methods, Robert Yin defines a 
case study as ‘an empirical inquiry that investigates a contemporary 
phenomenon within its real-life context, especially when the boundaries 
between phenomenon and context are not clearly evident’ (Yin, 2009). Akin to 
Yin’s description, Groat and Wang (2013) state that the most significant 
advantage of case study research is its capacity to investigate a setting or 
phenomenon embedded in a real‐life context. In addition, a case study can 
explain causal relationships, generate theory through the research design phase, 
benefit from multi-source information, and be compelling and convincing when 
done well. Given these advantages, case studies are increasingly being applied 
in the field of sustainable study. In contrast, weaknesses of a case study 
approach include the potential to be overcomplicated and challenges in 
generating coherence of the study as a whole based on information from 
multiple sources. 
 
The characteristics and strengths of the case study match the nature of this PhD 
project well. FIPV designs are not isolated experiments; rather, they are 
seamlessly embedded applications in real-life urban contexts. By establishing 
theories or theoretical methods during the case study process, a key purpose of 
this PhD project—to provide FIPV design guidance for architects, urban 
designers, PV industry partners and so on—can be fulfilled. In the first case 
study, the general urban context of the city is considered, including both the 
sensitive central context with multi-storey buildings and the less sensitive 
suburb regions with high-rise buildings. Trondheim’s urban colour palette is 
employed to develop colour strategies for FIPV designs in different contexts. In 
the second case study, the focus is to develop a systematic FIPV design method 
for high-rise buildings with balconies, aiming to provide balanced performance 
in multiple ways, including the aesthetic, daylight and energy productivity 
perspectives. A series of high-rise building prototypes with various balconies as 
a design basis is derived from Trondheim’s context. Trondheim’s colour palette 
is applied for aesthetic design; local climate data are also employed for daylight 
and energy investigation. 
 

 
24 ‘‘Overview of Trondheim’’ by Åge Hojem -https://commons.wikimedia.org/wiki/File:Overview_of_Trondheim_2008_03.jpg. Licensed 
under CC BY-SA 2.0 via Wikimedia Commons-https://creativecommons.org/licenses/by-sa/2.0/legalcode 
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As described in Section 1.3.1, mixed-methods strategies are used in all research 
stages in this study. In the two case studies, qualitative and quantitative tactics 
are integrated. The less-dominant qualitative tactics include colour strategy 
development and architectural design. The dominant quantitative approaches 
consist of computer simulation, online aesthetic surveys, energy modelling and 
so on. The methods of computer simulation and online aesthetic surveys are 
elaborated on in the next sections. 
 

3.4 Computer simulation 

Groat and Wang (2002) categorise simulation as one of the seven main 
architectural research methods, where computer simulation is increasingly the 
primary mode in this field. Computer simulation provides researchers with the 
capability to acquire knowledge of possible holistic real-world conditions 
without having physical danger, ethical hindrances or financial costs in real-
world scenarios. Compared with scaled or full-scale physical model 
experiments, computer simulations can provide obvious benefits, such as saving 
time and cost. For instance, with computer power and local climate data, yearly 
based indoor climate performance data of a room can be simulated and obtained 
within a few hours. In addition, testing of various alternative architectural 
proposals becomes feasible and efficient with the support of computer 
simulation. The potential weaknesses of computer simulation include the 
challenges of accurate replication of real-world environments and limitations of 
data collection.  
 
In the second case study, a series of computer simulation investigations are 
conducted, supporting the author in exploring the daylight performance and 
solar energy harvest potential in the process of FIPV design method 
development. Two architect-friendly professional computer simulation tools are 
employed for the simulation studies—namely, Velux Daylight Visualizer and 
ClimateStudio. Both are compatible with currently prevailing architectural 
design tools like AutoCAD, Sketchup and Rhinoceros 3D.  
 
A perfect replication of real-world conditions may never be achieved using 
simulation; however, as Herbert Simon argues, what matters is whether the 
method can fulfil the intended use. When a simulation model can forecast 
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reality sufficiently well, then it can be accepted as ‘satisficing’. Velux Daylight 
Visualizer (VELUX Group, 2021) is a high-fidelity daylight simulation tool 
that supports evaluation compliance with the European Standard for Daylight in 
Buildings EN 17037. The software has passed the CIE 171:2006 test cases (the 
method of assessing the accuracy of lighting computer programs provided by 
the International Commission on Illumination) with an average error lower than 
1.53%. The ClimateStudio software (Solemma, 2021) is the improved 
successor of the popular legacy daylighting and energy modelling tool DIVA-
for-Rhino. According to its developer, Solemma LLC, ClimateStudio is 
currently one of the most accurate environmental performance analysis software 
programs for the Architecture, Engineering and Construction (AEC) sector. For 
ClimateStudio simulations in the case study of Trondheim, the climate data are 
obtained from source Climate.OneBuilding.Org, a professional repository of 
free climate data for building performance simulation. The EnergyPlus Weather 
Format (EPW) climate data file for Trondheim city is kept in Typical 
Meteorological Years (TMY), containing hourly values of solar radiation and 
meteorological elements that were generated from a data bank from 2004 to 
2018 (Climate.OneBuilding, 2022). Thus, the author thinks that the computer 
simulations embedded in the case study can sufficiently meet the demands of 
the investigation purpose of this PhD project. 
 

3.5 Aesthetic online survey 

A survey questionnaire is one of the most popular tactics to collect broad data 
(rather than in-depth information) for quantitative analysis like a correlation 
study—a method seeking to explore the naturally occurring relationships 
among two or more variables without active intervention from researchers 
(Groat and Wang, 2013). One online survey is carried out ifor each case studies, 
respectively.  
 
For the first case study, a detailed aesthetic evaluation survey is embedded as a 
validation method to test the proposed FIPV design method (pixelisation 
method; see paper V in Section 4.1). Starting with a series of demographic 
questions, the survey gathers basic information, such as age, gender and 
participant background, which can be used for later correlation analysis (i.e. 
whether there is a relationship between the visiting experience of Trondheim 
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centre and the participants’ preference towards the proposed FIPV designs). In 
the second part of the survey, a five-step semantic differential scale method is 
embedded in the questionnaire to measure and collect the data on participants’ 
subjective aesthetic preference towards presented FIPV design alternatives. 
Developed by the American psychologist Charles E. Osgood and further 
modified by Rikard Küller, the semantic differential method can serve as a 
practical tool for researchers to measure people’s emotional response or 
impression of a built environment (Küller, 1972; Osgood, 1964). People can 
express their attitude towards a perceived object by choosing one step on a 5- or 
7-step scale, which has a pair of bipolar adjectives like ‘very good–very poor’ 
on the two ends, with the middle/central step exhibiting a neutral attitude. 
Through this online survey, the aesthetic preferences of a large number of 
participants in different countries can be collected efficiently and serve as a 
database for statistical analysis.  
 
A similar but more concise version of the online aesthetic survey is conducted 
in the second case study, mainly to test a theoretical design hypothesis related to 
colour preference (paper VII in Section 4.2). The two online surveys can be 
found in Appendices I and II. 
 
In the original plan, the author aimed to conduct aesthetic evaluation tests with 
scaled FIPV physical models and to invite small groups of participants from 
local regions. However, because of the impact of the Covid-19 pandemic, the 
scaled coloured PV sample production by our industry collaborators was behind 
schedule; therefore, an alternative research method of an online aesthetic survey 
is carried out to use digital design images for aesthetic performance evaluation, 
testing the generated FIPV designs based on proposed architectural methods. 
Although some originally planned investigations could not be explored within 
the limited period of this PhD project (i.e. the impacts of gloss and texture for 
aesthetic perception), online surveys allow a large number of participants 
(several hundred) from different countries with different backgrounds to be 
involved this research activity within a limited period. This provides more 
universally reliable testing results, especially for the basic aesthetic preference 
evaluation focusing on colour. 
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3.6 Summary 

This chapter presented the main research methods supporting this project. 
Starting with literature studies, the first stage of the research investigated the 
state of the art of FIPV in terms of the experimental method, design and 
evaluation criteria. Then, a series of aesthetic evaluation criteria for FIPV 
designs were proposed. The experimental method was also applied in the first 
stage of the research. Advanced coloured PV samples were tested in both 
laboratory and outdoor scenarios. Case studies, computer simulations and 
online aesthetic surveys were integrated in the second research stage to tackle 
the fourth research sub-questions. Thus, the strengths of qualitative and 
quantitative methods are combined in this PhD project. 
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CHAPTER 4 

RESEARCH OUTCOMES 
                                                                          
 
 

4.1 Pixelization design approach for harmony integration of FIPV in 
façades and urban context  

In the second stage of the PhD project, systematic architectural strategies are 
developed to address the fourth research question: What promising architectural 
design strategies can be developed and utilised for FIPV applications in the 
urban context? The first architectural strategy focuses on the aesthetic 
integration of FIPV design in the colour performance aspect, and Trondheim 
City is used as the backdrop.  
 
A novel design method called the ‘pixelization approach’ is developed in this 
study. The concept originates from mosaic design and Neo-Impressionism 
paintings, in which holistic images presenting the desired aesthetic expressions 
are formed from small pixels. The proposed FIPV façades are designed with 
coloured PV panels arranged in order as pixels at the module level, creating 
overall colour gestalts with smooth colour transitions and moderate 
complexities. The research method of case study is applied. Typical façade 
typologies of multi-story and high-rise buildings in the Trondheim context are 
used for the pixelization design, and a local colour palette is applied to develop 
harmonious colour choices for FIPV. The online survey method is also 
integrated in this study to test the developed pixelization approach by asking 
both individuals with architecture, urban design and artistic backgrounds and 
those without related experience to evaluate the generated FIPV design 
proposals. In addition, the energy productivity of the proposed coloured FIPV 
designs is estimated. The study’s methods and results are presented in paper V, 
which is published as an article in Solar Energy, which is the official Journal of 
the International Solar Energy Society®.  
 
The detailed online survey study is presented in the paper VI, after the paper V. 
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PAPER V.    Pixelization approach for façade integrated coloured 
photovoltaics-with architectural proposals in city context of Trondheim, 
Norway.  

Level 2-Journal article, published in the journal Solar Energy, 224, 1222–1246, 
open access. 
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PAPER VI.   Aesthetic Evaluation of Façade Integrated Coloured 
Photovoltaics Designs-an International Online Survey.  

Level-1 Journal article, published in the Journal of International Colour 
Association. Issue 28, 24–30, open access. 
 
The following paper VI presents the detailed aesthetic study with an online 
survey method, which serves as an integrated strategy to test the proposed novel 
pixelization FIPV design method.  Besides the related findings already 
elaborated in the paper V, some additional findings from the online survey are 
also presented, including the influence of participants’ genders and their visiting 
experience to Trondheim center on the evaluation results. The online survey 
forms can be found in the Appendix I. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



139 
 



140 
 



141 
 



142 
 



143 
 



144 
 



145 
 

 



146 
 

 

4.2 Integrative FIPV design strategies for high-rise buildings with 
balconies  

Another systematic architectural method is developed for FIPV applications on 
high-rise buildings with balconies to address the fourth research question. This 
is because high-rise buildings have promising large façade areas for FIPV 
integration, and balconies as common apartment elements can have significant 
impacts on the use of façades to harvest solar energy and on interior daylight 
performance. 
 
In this study, a mixed-methods research strategy is used to combine the 
strengths of case study, computer simulation and online survey, etc. Trondheim 
City is taken as the case to derive the representative local high-rise geometry, 
balcony sizes and dimensions and to apply local weather data for both daylight 
and solar energy simulations. Using five research steps, this study investigates 
the architectural strategies for high-rise buildings with balconies, covering the 
aspects of interior daylight performance, façade solar energy harvest potential, 
FIPV aesthetic performance and theoretical energy productions. Computer 
simulation methods are integrated into the interior daylight and façade solar 
energy investigations, while the previously developed pixelization method and 
colour harmony concepts, as well as the online survey, are applied for the FIPV 
aesthetic exploration. The energy production capacity of the proposed FIPV 
designs is also calculated, in which promising energy productivities are 
revealed. The study presents an advanced architectural method for FIPV 
applications in high-rise buildings, which can achieve balanced performance in 
the aspects of interior daylight, façade aesthetics and energy generation. The 
study process and results are elaborated in the following paper VII, which is a 
journal form article submitted to the Journal of Building Engineering. 
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PAPER VII.    Façade Integrated Photovoltaics design for high-rise 
buildings with balconies in the Nordic Climate, Balancing Daylight, 
Aesthetic and Energy Productivity Performance. 

Level 1-Journal of Building Engineering, under revision. Permission of usage 
of preprint granted by the journal. 
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CHAPTER 5 

GENERAL CONCLUSION 
                                                                                
                                                                                 
 
 

5.1 Main conclusion 

The main purpose of the presented research was to shed new light on the field 
of architectural design of FIPV in the urban context. There is a great demand to 
promote FIPV application in built environments to tackle the grand challenges 
of climate change and shortages of fossil energy. FIPV is a promising strategy 
for harvesting clean solar energy, and it can be utilised by architects and 
engineers on a large scale to generate new building envelope materials. 
However, research and practice on FIPV are still in their infancy, and there are 
limited systematic methods that can be used to support FIPV design and 
deployment, especially from an architectural perspective. Thus, with the 
ambition of providing new knowledge in this field, this PhD project tackled the 
research questions given in Section 1.2.2. The main research question was:  
 
How can PV be integrated harmoniously into façades in the urban context?  
 
The four sub-questions are as follows:  
 
1. Which advanced experimental methods have been used to support the 

design and application of FIPV in the urban context? 
 

2. What are the architectural evaluation criteria that are applicable for FIPV 
in an urban context?  
 

3. What are the colour properties of the currently commercialised promising 
opaque coloured PV products, and how can they be utilised for 
architectural integration in different urban contexts based on their colour 
characteristics? 
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4. What are the promising architectural design strategies for FIPV 
application in the urban context? 

 
A series of studies in two stages were conducted to find answers to the research 
questions. In the first stage, which can also be viewed as the foundational 
exploration stage, the first three research sub-questions were answered. In the 
second stage, advanced FIPV design methods were developed and tested via 
case studies. Two case studies with Trondheim city as the backdrop context 
were presented in this dissertation. From the main findings of this PhD project, 
a general conclusion related to the research questions is presented below. 
 
For the first research sub-question, the literature review revealed a lack of 
advanced experimental research and aesthetic evaluation criteria supporting 
FIPV application, especially at the urban level. There is great demand for 
holistic architectural methods that combine quantitative and qualitative 
strengths to promote FIPV research and practices. Aesthetic aspects, such as 
colour, texture and dimension, should be addressed.  
 
Through a literature study of environmental aesthetic theories and aesthetic 
research related to BIPV application, key factors influencing the aesthetic 
perception of FIPV were identified and categorised. At the urban context level, 
the key aesthetic factor groups are system materiality (dominant colour(s) of the 
FIPV system perceived from a distance, dominant material of the FIPV system, 
dominant texture of FIPV system and surface glossiness) and system geometry 
(size, shape and position of the FIPV system). At the building level, the key 
aesthetic factor groups are module materiality (colours and composition ratio of 
the FIPV module, material of the FIPV module and texture of the FIPV module), 
module geometry (shape, size and positions of the FIPV module) and details 
(joints and dummy elements). Built on this basis, a series of aesthetic evaluation 
criteria supporting the FIPV design were proposed covering both ‘perceived’ 
and ‘conceptual’ aspects at the urban context and building levels as follows: 
 
Urban context level 

1. System materiality in coherence with the urban context (perceived 
aspect);  

2. System geometry in coherence with the urban context (perceived 
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aspect); 
3. Moderate complexity and novelty (perceived aspect); and 
4. Presentation of positive conception (conceptual aspect). 

 
Building level  

1. Module materiality in coherence with the façade design logic; 
2. Module geometry in coherence with the façade design logic; 
3. Details in coherence with the façade design logic; 
4. Moderate complexity and novelty; and 
5. Presentation of a positive conception. 

 
Among the various key aesthetic factors, colour was identified as the most 
influential for the FIPV design. The proposed two-level aesthetic evaluation 
criteria consider not only the aesthetic of individual façade design but also the 
coherent integration into the contextual images. These criteria can serve as 
basic reference and guidance for FIPV design and applications in both new and 
renovation building practices.  
 
To answer the third research sub-question, several advanced commercialised 
opaque coloured PV products were investigated via laboratory and outdoor 
experimental measurements. These samples from different brands represent 
current promising colour techniques for coloured PVs. The ISSOL PV uses 
special solar filters to generate different colours; the Kromatix™ PV employs 
spectrally selective layers to obtain interference colours; LOF coloured samples 
realise various colour options through the anti-reflective coatings; and the 
Sunage brand utilises PV as a mineral coating technique. The study results 
show that PV’s surface properties, such as colouration technology, texture and 
finishing glossiness, have a strong impact on the colour angular sensitivity. 
Certain techniques, such as spectrally selective layers with the interference 
effect (Kromatix™ PV) and anti-reflective coatings showing metallic texture 
(LOF metallic series), can lead to goniochromatic phenomena (high colour 
angular sensitivity). Architects need to understand the basic principles of these 
colour techniques and their characteristics when using coloured PVs for façade 
integrations. For an urban context with high sensitivity (e.g. traditional region 
demands respect to existing colour identity), coloured PVs with low colour 
angular sensitivities are proper candidates. For low-sensitivity regions like 
suburban areas, the goniochromatic phenomena of some FIPV products could 



187 
 

be an advantage to offer medium-level complexity and novelty for designs. This 
study also revealed the importance of acquiring sufficient knowledge of PVs for 
architects to better promote the FIPV application in practice. 
 
In the second stage of this PhD project, case studies with Trondheim city as an 
urban context were carried out to tackle the fourth research sub-question, which 
can be identified as the key question. Mixed-methods research strategies were 
embedded in the research development process. Building on the findings in the 
first stage of the study, a systematic pixelization FIPV design method with a 
special focus on colour performance was developed. Two typical façade 
topologies were derived from local contexts—a multi-storey façade and a high-
rise façade. For each façade type, a set of corresponding NCS colour 
combinations was generated, and these sets served as colour palettes for the 
FIPV designs. The novel theoretical colour design approach applied in this 
process is called the ‘pixelization method’; this method organises colours on 
façades in smooth transition orders and variations. The pixelization method 
considers local contextual colour identities, environmental aesthetic principles 
and colour harmony strategies and aligns with the proposed aesthetic evaluation 
criteria from the first-stage studies. Through an online international aesthetic 
survey among experts and laypersons, the pixelization method was validated as 
a promising approach to support FIPV design with satisfying aesthetic 
performance and coherent urban contextual integration. The followed 
theoretical energy simulation also demonstrated that this method could achieve 
high relative energy productivity, at around 85%–93% of the traditional black 
PV efficiency.  
 
Another case study developed a holistic FIPV design method for high-rise 
buildings with balconies. The emphasis was on achieving satisfying 
performances with balance in the aspects of interior daylight, façade aesthetic 
and energy productivity. The Trondheim city context and its local climate data 
were employed in this case study. In a five-step research approach, various 
research tactics like computer simulation and online surveys were integrated. 
The daylight simulation and solar irradiance mapping demonstrated that a 
proper living room window design and balcony arrangement are essential for 
interior daylight quality and façade solar energy harvest, a wider living room 
window has the best performance and a side balcony strategy should be 
prioritised for high-rise balcony arrangement. From the aesthetic perspective, 
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the pixelization principles were deployed again in the façade designs, and a 
concise online survey was conducted to compare the aesthetic performance 
between different colour harmony tactics (monochromatic colour design and 
complementary colour design). The survey results revealed that FIPV designs 
with complementary colours in a medium-level complexity were most preferred, 
which could be a colour design reference for architects. The energy productivity 
of this method was also satisfactory. Based on theoretical calculations, the 
proposed FIPV designs of an 11-floor high rise can cover up to 45% of its 
annual household energy consumption. When the roof area is also utilised, the 
energy coverage ratio can be increased to around 60%. 
 
The two theoretical FIPV design methods demonstrated the feasibility of 
architectural integration of coloured opaque PVs into façades. A balance among 
aesthetics, urban integration, indoor daylight quality and energy productivity 
can be achieved with integrative design methods. This PhD study provides new 
knowledge in the BIPV field and sheds new light on FIPV design and research 
from an architectural perspective. The research findings can serve as a point of 
departure for further scientific study in this field, and the proposed aesthetic 
evaluation criteria, two systematic FIPV design methods, can function as design 
guidance for professional architects, urban designers and stakeholders in the PV 
industry.  
 

5.2 Research Contributions 

Conducted over a span of three and a half years, this study provides new 
knowledge in the field of FIPV research from an architectural perspective. 
Novel aesthetic evaluation criteria supporting FIPV design and evaluation are 
proposed, and these could serve as bases for the development of more 
systematic FIPV criteria in real practice. The colour properties of several 
advanced opaque-coloured PV brands are investigated through an experimental 
study, which unveils the rarely explored field of FIPV colour properties from 
architects’ points of view, providing a new understanding of PVs as novel 
building materials for architects. The pixelization method and the holistic 
design method for high-rise buildings with balconies fill the gap in the lack of 
systematic architectural FIPV design strategies in the urban context. The 
proposed methods can serve as valuable design references and guidelines for 
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architects and urban planners working with BIPVs. The online aesthetic survey 
results and the energy productivity modelling show the promising future of 
large-scale FIPV application in the urban context. They can also motivate more 
architects and designers to apply FIPV concepts in the early design phases. 
 
This PhD study is interdisciplinary research conducted in the Light & Colour 
Group at the Department of Architecture and Technology in Faculty of 
Architecture and Design in NTNU, and also performed within The Norwegian 
Research Center for Sustainable Solar Cell Technology (FME SUSOLTECH). 
The study process and results likewise show the importance and necessity of 
close interdisciplinary collaboration among architects, engineers and the PV 
industry for FIPV research and applications. The study results can serve as 
points of departure for architects and the PV industry to work together, 
producing novel FIPV products that are more suitable for architectural 
integration purposes and that meet the demands of multiple stakeholders. 
 

5.3 Discussion and recommendations for future research 

FIPV research is a highly cross-disciplinary field that demands systematic 
inquiries covering multiple components from architectural design, 
environmental aesthetics, architectural engineering, material science and so on. 
This PhD project mainly focused on FIPV design methods from an architectural 
perspective; not all relevant aspects were fully investigated in-depth within the 
limited research period and available resources of this project. Some topics can 
be further explored in further research. 
 
The first topic for future research could be the impact of the gloss and texture of 
FIPV on the aesthetic performance. From the literature study in this project, 
colour, gloss, texture and so on were identified as key aesthetic factors, which 
often intertwine to influence the perceived and registered PV appearances (i.e. 
findings from the experimental study in this project). In further research, 
psychophysical studies with physical FIPV could be interesting to uncover 
myths that cannot be tackled by digital designs and online surveys.   
 
Second, in future physical FIPV experiments, the proper coloured techniques, 
economic perspective (i.e. payback time) or the life cycle assessment (LCA) 
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analysis for carbon emission can be further investigated. As described in 
Section 2.4, in the current market, various colour techniques could be used to 
produce opaque coloured FIPV products. For the first case study, multiple NCS 
colours for FIPV designs were proposed in the traditional urban context. With 
high contextual sensitivity, the urban central regions need FIPV designs with 
high integration quality; thus, customised coloured PVs with low colour angular 
sensitivities are ideal choices. For instance, the Sunage PVs may be a proper 
candidate. For the high-rise designs in both case studies, FIPV products did not 
have to show low colour angular sensitivity, and energy efficiency was also an 
important aspect. Thus, novel PV products with interference colour principles 
could meet the architectural integration demand very well. The economic aspect 
was not addressed in this PhD study, but it should be considered and integrated 
into future design strategies, especially for real practices. Although coloured 
PVs are still in their infancy stage, some of them already show attractive 
economic competitiveness when compared with the cost of traditional non-
electricity-generating cladding materials. As discussed in the Section 2.4, the 
manufacturing cost of MorphoColor PV modules is 93–160 €/m2, which lies 
within the range of cost of brick (60–100 €/m²) and wood (50–180 €/m²). If 
possible, tailored colour FIPV techniques could be developed together through 
cooperation with architects, PV companies and engineers based on real project 
demands.  
 
Another promising field to be further explored is the transparency of FIPV for 
architectural integration. There are many potential candidates, such as 
perovskite PVs, luminescent solar concentrators (LSCs) and thin films, etc. 
Systematic methods from architectural perspectives are urgently needed. The 
author thinks that there is great potential to replace—at least partially if not 
altogether—traditional window glazing and curtain walls with advanced 
transparent FIPV materials. In the author’s vision, within a few decades, many 
skyscrapers in high-density metropolitans will be powered by the FIPV façades 
and achieve zero-energy performance. This can lead to revolutionary 
developments in the AEC sector and strongly support the realisation of smart, 
carbon-neutral cities.  
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