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Abstract
Building envelopes are extremely significant in providing adequate indoor environment. They havetremendous impact on the energy requirements of buildings. The design methodology associatedwith building envelopes primarily addresses optimization for improving indoor environmental quality andenergy efficiency of the buildings. This process does not account for the variance between occupantpreferences and their importance on the various indoor environmental quality domains. The design ofa building envelope has been found to significantly impact the well being of building occupants. Thisresearch proposes a user-centered design approach that evaluates the factors influencing occupantcomfort and preferences. To achieve this, facade user-archetypes are employed to personalize buildingshading systems for users.
The multi-domain impact of building envelopes and external shades is studied to determine theenvironmental domains associated with shading systems. A classification scheme is developed forshading systems on the basis of their operation, placement, interaction and permeability. Next, shadingsystem parameters are evaluated through geometry, materiality and control to understand which designparameters have the highest influence on occupant comfort and energy performance. To accuratelycapture the multi-domain influence of shading systems, the shading systems are simulated within amodel space using the EnergyPlus and Radiance engines. The simulation results are stored in a data-setthat cross evaluates shading system performance across 8 orientations and for occupants at specificspacing from the window.
A systematic literature review is conducted to identify factors impacting occupant preferences andcurrent clustering methods for user archetypes. Based on this, an occupant preference frameworkis created and used to design a questionnaire. The questionnaire is distributed to office workersand individuals in different settings to evaluate their preferences. The responses received from thequestionnaire are analysed using correlation and ANOVA test is used to evaluate which occupantcharacteristics show a higher correlation to certain preferences and environmental preferences. Basedon the results, feature set iterations are developed which are processed further for dimensionalityreduction. The feature set that captures the maximum occupant characteristics with a reliable explainedvariance is clustered using hierarchical clustering and K-means clustering algorithms.
The clusters resulting from the analysis form the archetypes, which are then utilized in design scenarios.The weights and preferences of the archetypes are incorporated to determine the most suitable shadingsystem for the occupants. Scenarios are developed to use supervised / semi-supervised learningmethods to predict the archetype of new users based on existing archetypes formed.
The findings demonstrate a high accuracy of the archetypes in recommending shading systems basedon the assigned environmental importance and visual preferences of individual users. The researchhighlights that each user has unique preferences, which can lead to different design recommendationsbased on their responses. Furthermore, the research showcases the practical implementation ofarchetypes in designing spaces and emphasizes their potential application in future facade design andcontrol systems.
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Nomenclature
AEP - Annual Energy PerformanceANOVA - Analysis of VarianceBSDF - Bidirectional Scattering Distribution FunctionCSV - Comma-Separated ValuesDGP - Daylight Glare ProbabilityEPW - EnergyPlus Weather FileIAQ - Indoor Air QualityIDF - Intermediate Data FormatIEQ - Indoor Environmental QualityKNN - K Nearest NeighborKPI - Key Performance IndicatorPCA - Principle Component AnalysisPMV - Standard Predicted Mean VotePOE - Post Occupancy EvaluationRMSE - Root Mean Square ErrorSDA - Spatial Daylight AutonomyUDI - Useful Daylight IlluminanceRB_05_L - Roller Shades, 5% openness factor, light shadeRB_05_M - Roller Shades, 5% openness factor, medium shadeRB_05_D - Roller Shades, 5% openness factor, dark shadeRB_10_L - Roller Shades, 5% openness factor, light shadeRB_10_M - Roller Shades, 5% openness factor, medium shadeRB_10_D - Roller Shades, 5% openness factor, dark shadeVB_25_L - Venetian Blinds, 25mm slat width, light shadeVB_25_M - Venetian Blinds, 25mm slat width, medium shadeVB_25_D - Venetian Blinds, 25mm slat width, dark shadeVB_50_L - Venetian Blinds, 50mm slat width, light shadeVB_50_M - Venetian Blinds, 50mm slat width, medium shadeVB_50_D - Venetian Blinds, 50mm slat width, dark shade
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Definitions
Illuminance level - The physical quantity usually adopted to quantify the amount of light that reaches agiven point of a given surface or work plane.
luminance level - The amount of light emitted or reflected by a surface in a given direction.
Glare - The sensation produced by luminances within the visual field that are sufficiently greater thanthe luminance to which the eyes are adapted, which causes annoyance, discomfort, or loss in visualperformance and visibility.
Daylight Factor - The ratio of the internal illuminance at a point in a building to the unshaded, externalhorizontal illuminance under a CIE overcast sky.
Daylight Autonomy - The percentage of the occupied hours of the year when a minimum illuminancethreshold is met by the sole daylight.
Spatial Daylight Autonomy - The annual percentage of occupied hours where at least 50 percent of thefloor area reached to a certain illuminance threshold.
View Content - The sum of the visual features seen in the window view, for example, natural or urbanfeatures or the sky.
View Access - The amount of the view an occupant can see from the viewing position. Access primarilydepends on the geometric relationships between the occupant and the window.
View Clarity - Clarity of the content appears in the window view when seen by an occupant. It refersto both the design and the properties of the glazing and the shades that may change how the view isperceived through the window.
Horizontal stratification - The distinct boundaries seen across the horizontal axis of a view, creatingvisible layers between the ground, landscape, and sky.
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1Introduction
The introduction chapter explores the design of building envelopes and their impact on multi-domainoccupant comfort and energy performance of buildings. The existing scenario of occupant centereddesign is explored and the primary research question and sub questions are stated. Next, and theresearch objective and relevance are determined for the same. Finally, the research methodology,outline and schedule is organised to evaluate the time frame of the research and the proposed methodto complete the same.
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1.1 Background

1.1.1 Occupant Comfort andWell-being in Offices
As per Klepeis et al. (2001), people spend 90% of their time indoors. Considering the amount of timespent indoors within work spaces and residences, it is necessary to address the impact of Indoorenvironmental quality and other contextual factors on occupant comfort. In an office building, theusers’ satisfaction is crucial since it has an impact on user’s well-being which can also influence howproductive they are at work. An additional investment into a climate with lesser discomfort can beregarded as cost effective. This is due to the fact that annual benefits of productivity improvementexceed the additional investment over due time (Roelofsen 2002). Dissatisfied users tend to miss workmore frequently than usual, take longer than usual to complete tasks, and complain frequently abouthow their surroundings impair the happiness of other users (Sant’Anna et al. 2018).
Changes in office buildings over the last few decades by means of “tighter” construction structures,increased use of air conditioning and mechanical ventilation, increased use of electronic equipment,replacement of cellular offices by open-plan offices have altered the relations between IEQ and comfort(Sakellaris et al. 2016). The reliance on mechanical heating and air conditioning, has made buildingsthe largest energy consumers worldwide (Cao, Dai, and Liu 2016)(Fig:1.1).The open plan office hasbeen often sold with the pretext of consuming lesser floor space, greater flexibility, and higher accessto daylight than a conventional workspace. It is estimated that 82% of the overall costs associatedwith a typical office building can be attributed to the presence of building occupants, encompassingemployee salaries and benefits. The remaining expenses encompass various aspects such as buildingconstruction and arrangement, technology support, as well as maintenance and operations (Inalhan2003). Thus, it is imperative to take proactive steps to ensure occupant satisfaction.

Figure 1.1: Sector wise energy use (Source: IEA (2019))
Along with the planning of the spaces, building envelopes influence occupant comfort. Results haveshown that altering the design of façade openings can have considerable influence on our experiences,even with brief exposure in a Virtual Reality (VR) context. They also highlight a very attractive areafor research and application in architecture, lighting, and environmental psychology (Chamilothoriet al. 2022). The provision of daylight through building openings permits views to the outdoors,which concurrently contributes to visual, psychological comforts, health, and productivity (Eisazadeh,Allacker, and De Troyer 2019) (Edwards and Torcellini 2002) (Veitch and Galasiu 2011). Similar to this,scaled qualities including reported brightness, spaciousness, and happiness with the amount of viewin the scene were affected by the façade shape. It is evident that façade design not only plays asignificant role in shaping the occupants’ experience of the space and their comfort but also serves asa crucial factor in determining the building’s energy consumption.
22 User Archetypes for Facades



1.1.2 Energy efficiency and building envelope shading systems
Regulations and policies (Fig: 1.2)have been developed by the United Nations, the United States,IEA with the aim of significantly reducing energy consumption and CO2 emissions in all industries,particularly in the building industry, which is responsible for about 40% of the total energy consumptionworldwide (Heydarian et al. 2017) (Lee 2021).

Figure 1.2: Enhancing Building Envelope Performance: Strategies for Improving Energy Efficiency (Source:International Energy Agency (IEA) (2022))
Although they consume over 40% of total global primary energy globally, existing buildings still sufferfrom poor indoor air quality (Cao, Dai, and Liu 2016).Energy efficiency and savings measures havebecome a top focus for energy policies in most nations due to the proliferation of energy use and CO2emissions in the built environment (Pérez-Lombard, Ortiz, and Pout 2008). The use of an energy-efficient facade is indispensable for reducing carbon emissions during the operational phase of abuilding (Ihara, Gustavsen, and Jelle 2015). The recent design of office buildings is characterised bylarge amounts of glazed surfaces. This can pose challenges to energy performance and occupantcomfort. Shading systems provide opportunity to reduce thermal discomfort in cooling dominatedclimates. In both heating and cooling dominated climates, they also impact the lighting energy demandand the occupants visual comfort (Atzeri, Cappelletti, and Gasparella 2014).
The usage of perforated façade features in modern architecture is demonstrating a move toward thecreation of varied daylight patterns by mediating the incoming light. However, our understanding ofhow façade opening qualities and associated daylight patterns affect inhabitants is limited (KynthiaChamilothori et al. 2022). Therefore, planning a healthy and comfortable work environment is asimportant as reducing energy use in a building.The design of building shades similar to the other buildingenvelope aspects has been dominated by optimisation but fails to often understand the needs andpreferences of the individual users (Grynning et al. 2017). Users in various situations may be concernedwith certain environmental parameters due to climate-specific environmental stressors. Additionally,beyond performance, users could visually prefer the look of a certain shade over another. This can leadto misoperation of shades or their under use in buildings due to occupant dissatisfaction. Consequently,there is need to address the implementation of user-centered design for shading systems.
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1.1.3 Problem Statement
Current design methodologies, which predominantly prioritize energy and optimization, often overlookthe varying needs and preferences of occupants during the initial phases of the design process.Designing energy-efficient structures with simply economic considerations in mind does not alwaysresult in occupants having a comfortable indoor environment. In reality, if energy conservationmeasures were optimized for these goals, they could be able to improve occupant comfort in additionto cost savings (Andargie, Touchie, and O’Brien 2019). Since shading systems influence not onlycomfort but also the spatial feel of the room, they need to be personalised for occupants. The effectsof occupant comfort on their productivity, creates a necessity to address occupant preferences inbuilding envelope design to achieve the energy efficiency the building is designed for. Currently, nomethodology exists that can incorporate user preference with the indoor environment into the designprocess (Fig:1.3). Here, the research summarises the current design methods,
’Existing building shade design methods prioritize energy performance and comfort metrics but
fail to consider the users’ personal preferences for environmental factors and visual aesthetics.’

Figure 1.3: Design consideration features (Source: Author)
Individual preferences must be integrated into a user-centered design framework. Offices in contem-porary commercial buildings are quickly evolving into multi-user settings that encourage a collaborativeworking style. Open offices, low partitioned spaces, or flex work spaces are created from closedoffices where users do not have designated workstations (Despenic et al. 2017). Clustering of usersinto Archetypes can help understand the preferences of different user archetypes. This needs tobe achieved through profiling of a data-set of existing users, encompasses a series of strong toolsand socio-cultural perspectives through the use of character profiles, scenarios, and storyboardingto teach designers how to engage more in the background, perception, and behaviour of differentuser groups when developing their design solutions (Tvedebrink and Jelic 2018). There are manyguidelines that address user perception and behaviour with respect to indoor comfort but they oftengeneralises comfort standards (Heydarian et al. 2017) (Bennetts et al. 2020). Hence, archetypesneed to be incorporated into a user-centered design workflow to understand user comfort requirement,preferences and to further personalise building shading systems for indoor environmental quality andenergy performance.
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1.2 Research Question

1.2.1 Primary Research Question
Design of building envelopes shows high influence on indoor environmental quality. The indoorenvironmental quality has a subsequent effect on the comfort of occupants where in the occupantsengage with the building envelopes to acquire comfort when confronted with any environmentalstressor. This relation of multiple factors affects the way building shades are operated.
The operation of shades is extremely dependent on the occupant preferences and liking for the shadingsystem itself. Hence, there is a need for personalisation of designs for occupants by evaluating themultiple factors that can influence their preferences. The primary question must hence incorporate themulti-faceted design process to optimise for occupant preferences, indoor environmental quality andenergy performance (Fig: 1.4).The thesis hence asks,
’How can shading solutions be personalized to provide occupant comfort and improve energy

performance of buildings? ’

Figure 1.4: Features of User-Centered Design for shading systems (Source: Author)
In order to facilitate a possible methodology to research this multi-faceted topic, a set of research subquestions are presented that also help answer the main research question.
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1.2.2 Research Sub-Questions
As mentioned previously, sub-questions are formed to inform the broader research methodology. Thesub-questions also assist in chronologically organising the research progress by using the results ofthe previous sub-question as a starting point for the subsequent sub-questions. The sub-questionsare mentioned below:
1. What factors (personal and external) should be considered when evaluating user preferences forbuilding shading systems?
2. What are the important shade parameters that need to be evaluated based on their effect on Indoorenvironmental quality and energy performance?
3. What are the methods used to understand the impact of shading technologies on occupant comfortand energy performance?
4. Can archetypes be designed to describe user demands with respect to building shading systems?
5. How can archetypes be incorporated into the design and selection process of shading devices?
6. What is the potential of using the developed Archetypes within design scenarios for new users ?
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1.3 Objective

1.3.1 Limitations
The scope of this research is limited to develop user Archetypes shading systems. The evaluation ofshading systems requires a multi-domain evaluation of each shading system through a grid evaluationof the selected shade parameters. The simulation results of the classified shading systems will belimited to manually operated external shades. The archetypes formed do not represent any standarduser-case but rather a methodology to personalise for individual users.
1.3.2 Primary Objective
The primary objective of the research is to design facade user archetypes for personalisation of shadingsystems. The facade user archetypes will help to categorise occupants into clusters with similarbackground, perceptions, preferences and behaviours. As a result of the research, there is a clearunderstanding of the implications of placing people’s preferences and beliefs at the center of the designprocess further enabling creative building solutions to be evaluated for different groups. This processfurther stimulates a design process that addresses not only multi-domain environmental impact ofshading systems and the energy performance of the building but also incorporates the comfort andwell-being of occupants.
1.3.3 Secondary Objectives
1. The first objective of the research is to explore existing shading systems available in the market.Once shading systems are found, they are evaluated by methods explored in the literature review.
2. The research requires that the complex shading systems be evaluated accurately. In order to do this,the a simulation methodology is designed that can give a multi-domain understanding of the behaviourof external shades.
3.The research then attempts to explore the hierarchical relation of users with their surroundings inorder to be able to personalise shading systems. The relation of internal and external factors and howthese help stratify user information within the personal, environmental and contextual factors helpsunderstand the important features that influence occupant preferences.
4. In order to understand the internal and external factors, a survey is designed and floated. The surveyhelps identify common trends within the user groups with respect to the various design parameters ofshading systems. These will be used to then design the facade user archetypes.
5. Finally, based on the key Archetype forming factors, the archetypes formed will be implemented intovarious design scenarios while assessing the multi-domain influence of the selected shades.
1.3.4 Result
The final outcome of the research entails the development of a design framework that incorporatesuser archetypes to personalize shading systems. This is achieved by employing a questionnaireto identify and cluster users based on their responses. Utilizing supervised learning methods,new users are then categorized into archetypes. Once the archetypes are established, the designpreferences of individual users are assigned according to their respective archetype, encompassingboth environmental performance and subjective preferences. This user-centered design approachintegrates energy and environmental performance, resulting in personalized solutions that cater to thespecific needs and preferences of users.
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1.4 Relevance

1.4.1 Environmental Relevance
Urban environments and buildings undoubtedly contribute to global development, but they also presentchances for transformation and are likely to serve as the pivot around which sustainable developmentmay be realized in the future. When buildings are well planned, they can provide a setting thatencourages behaviors that are economically, socially, and environmentally viable. Optimizing buildingperformance requires a deep understanding of occupants’ behavior and preferences (Anik, Gao, andMeng 2022). In Europe, office buildings are the second largest category of the non-residential buildingstock with a floor space corresponding to one-quarter of the total non-residential area (fig:1.5). Duringthe last 20 years, the electricity consumed by the non-residential buildings has increased by 74percent (Economidou et al. 2011).Building facades have always been important in the fields of indoorenvironmental quality and energy research due to their significant responsibility for ensuring suitableindoor environmental conditions. Currently, the design of facade technologies is achieved on the basisof Multi-domain performance and energy savings. The research pushes for energy performance offacade technologies in symbiosis with occupant comfort.

Figure 1.5: Global final energy consumption by fuel and end-use application in buildings in the NZE (Source:Bouckaert et al. (2021))

1.4.2 Social Relevance
The relation between the design of office spaces and their impact on occupant comfort and well beinghas always been researched (P. Bluyssen et al. 2016) (Mulville, Callaghan, and Isaac 2016) (Al Horret al. 2016) (Minyoung 2020). Although user perspectives are an important part of worldwide greenbuilding grading systems, which address these studies, there are few guidelines and resources thatconcentrate on user happiness in building design (Minyoung 2020). The relation between user andspaces they use has not been understood well due to the subjectivity of spatial perception. Users couldbe influenced by the design in ways that are not necessarily the most energy efficient. That is not toforget the difference in opinion on the the various Indoor environmental quality aspects of a space. Thismay impact the the performance of the facade in Post Occupancy Scenarios due to misoperation ofoffice and facade systems by occupants. Additionally, the prevalence of sick building syndrome (SBS)symptoms, or acute health issues among office workers, has been connected to characteristics ofbuildings facade and interior settings. These signs and symptoms include skin, nose, and eye irritationas well as headache, exhaustion, and trouble breathing (Fisk 1990).
Conversely, occupants who often enjoy their office and its façade may have a positive perception oftheir overall comfort for a wider range of environmental circumstances due to seasonal ForgivenessFactor and the pleasantness of a space as well as the appreciation of a façade have a strong correlation
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(Pastore and Andersen 2022). In order to achieve this, there is need to address two factors: userperspective on the one hand, and a rich body of knowledge from various body-environment researchdisciplines can be interlinked through the facade-user archetype method in order to help encourage in-depth immersion in user perspective understanding of diverse user groups in complex building projectslike healthcare environments (Tvedebrink and Jelic 2018).
1.4.3 Scientific Relevance
According to Yoshino, Hong, and Nord (2017), building energy consumption is mainly influenced bysix factors: (1) climate, (2) building envelope, (3) building services and energy systems, (4) buildingoperation and maintenance, (5) occupant activities and behavior and (6) indoor environmental qualityprovided (Fig:1.6). Building envelopes are a primary cause for concern not only because of their designbut also due to how they are interconnected with occupant behaviour and the indoor environmentalquality.Often, Facade Shading technologies provide the occupants to adapt the indoor environmentalquality of a space to restore their comfort and environmental satisfaction. In other situations, fixedshading systems serve well to provide shade through the year in regions with adequate daylight hoursthrough the year. Occupant preferences towards shading systems can help in solving complex designscenarios as a shading system incorporated without occupant preference might not be operated asdesired leading to inefficient energy performance of the facade systems. Hence, it is extremelyimportant to account for individual occupant preference while designing to achieve optimal indoorcomfort and positive perception of the designed shades.

Figure 1.6: Primary factors influencing building energy performance (Source: Author)
Statistical analysis of users before design is challenging due to uncertain user information and multiplereasons: our natural self-centeredness hinders user-centered design, users are complex and varied,understanding their needs and desires requires effort, and conflicts can arise when trying to pleasedifferent user groups. Additionally, market researchers are typically not the ones involved in productdesign, leading design teams to rely on their own assumptions when user information is lacking ordifficult to comprehend (Pruitt and Adlin 2010). Grynning et al. (2017) shows how evaluation of usersets on the basis of different contexts can help in understanding the needs and requirements on thebasis of varying contexts through statistical analysis and interviews. Further, clustering of user sets asArchetypes, we can better understand the user set along with their preferences. Hence, Personas andarchetypes have huge opportunities of becoming a part of the design process by giving the designeran insight into the background, perceptions, behaviours, aspirations and requirements.
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1.5 Research Methodology

The research consists of 4 parts. The first part involves conducting of a systematic literature reviewto understand the simulation tools that can be used to compare shading systems objectively and tounderstand the user characteristics and external factors that play a role in influencing the preferencesof individual users. The second part is a controlled simulation of shading systems for performanceevaluation. The third part involves design of an occupant preference framework along with design andimplementation of a facade user archetype survey. The final part processes the survey results and usesthe results to form archetypes to re-evaluate the performance of shading systems.

1.5.1 Literature Review

The literature review aims to address two major sub questions. The first part of the literature reviewreviews the shading systems available in the market currently. The available shading systems areclassified on the basis of design characteristics. Next, key parameters of the selected shadingsystems are determined to evaluate the aspects within shading systems that could be personalisedfor users. In order to evaluate the performance of building shades parameters, a summary of theperformance metrics and the simulation tools associated with the same are reviewed. This establishesthe simulations and tools required to evaluate the multi-domain performance of building shades.
The next part of the literature review addresses the factors that affect occupant preferences. Basedon the initial review of literature pertaining to the topic of interest, 3 major factors affecting occupantpreferences are determined: Personal factors, contextual factors and environmental factors. With this,a systematic literature review is conducted through Scopus with key words relating to users, indoorenvironmental quality, comfort, building envelopes and archetypes. The systematic literature reviewestablishes sub-factors that affect occupant preferences. As a conclusion to the literature review, abuilding shade classification is achieved where the shades to be personalised for users is determined.For the second part of the literature review, a conceptual framework of occupant preference andbehaviour structure is designed. Finally, the literature review provides a broad idea of the types ofuser clustering and profiling methods used in the built environment.

1.5.2 Simulation

The simulation part of the research attempts to objectively rate shading systems on their multi-domainperformance. The shading systems are evaluated in 4 major domains: Energy performance, thermalperformance, daylighting performance and finally view quality. Further, important metrics and therelating key performance indicators are determined within the individual domains. Within the individualshades, variable parameters (dependent on time of year and day), test parameters(shade parametersto be evaluated for performance) and fixed parameters(shade placement and type of operation) arecategorised. The test parameters such as size of shade element, color, openness factor amongstother solar and optical properties are determined to be systematically simulated. Energyplus andRadiance engines are used as they offer a possibility to accurately assess the performance of complexfenestration’s. The systematic simulation for the selected shade types at multiple orientations iteratesthrough the building shade test parameter variables. The results from the individual simulations arestored for 8 orientations at a distance of 1m, 3m and 5m from the building envelope. The results from thesimulations are first evaluated on the basis of performance of the individual key performance indicators.Next, the key results for the individual shades are normalised and the shades are rated on the basis ofthe simulation results.
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1.5.3 Survey design and data collection
The conceptual framework developed at the end of the literature review helps create a hierarchy offactors that influence occupant preferences. A questionnaire is designed using Qualtrics to assessrespondent personal factors, respondent environmental importance, respondent contextual factors andfinally the respondent shading system importance, beliefs and visual preferences. This would assist toprocess preferences by relating the likert scale to a normalised quantitative scale. This method allowsfor numerical comparisons between different respondents for the same variable. The questionnairemakes use of images of roller blinds and venetian blinds with varying openness factors and slat sizeswhile asking respondents to rate the same on a 5 point likert scale. The same is done for different colorof shading systems and also the impact to the interiors by various shading systems. On receivingresults to the survey, the results are processed, survey results that are below 80% complete areexcluded from further review. The remaining responses are taken forward for processing. The surveyresults are initially analysed to evaluate the responses and understand the distribution of responsesreceived. A correlation and ANOVA test is conducted to explore any possible relations between therespondents personal and contextual factors their beliefs, preference and importance towards theindoor environment and shading systems. The outstanding features are noted as potential user featuresto be used when forming facade user archetypes.
1.5.4 Facade user Archetypes
Based on initial statistical analysis of the survey responses user characteristics are used to developvarious feature set combinations. The feature set combinations are then evaluated using PrincipleComponent Analysis and the results analysed using Root mean square error and explained variance.This process determines the best explained feature set along with the ideal number of dimensionsto be used for clustering. Unsupervised clustering methods are used to cluster the samples withina low dimensional feature space. The resulting clusters are evaluated through visual inspection andsilhouette score. The ideal number of clusters with the highest silhouette score are taken forward aspotential facade user Archetypes. The designed archetypes are analysed for mean value, median valueand standard deviation within the designed archetypes.
1.5.5 Implementation of Archetypes in Design
To evaluate the use of the designed archetypes in various design scenarios, a python algorithm isdeveloped that assigns weights to the simulation results of the shading systems on the basis of therespondents individual responses and the archetype responses that the individual user is assignedto. The script loops through the individual user archetype to assign scores for visual preferencesand weights to the environmental performance indicators of the individual shades. The scores of thearchetypes are compared with the scores of the individual users to determine if the archetypes can wellinfer the preferences of the users. The accuracy of the individual facade user archetypes is evaluatedto conclude how well the individual archetypes perform.
1.5.6 Facade user Archetypes for New Users
The archetypes developed in the research are situation based and not universal to design of all buildingenvelope elements. In order to evaluate how well defined the archetypes are, new sample points aretaken from the survey data set that is previously unseen by the clustering model. A semi-supervisedlearning model is used to infer which archetype best defined the new sample points. The allocation ofthe new users to the previously defined archetypes is tested by comparing of feature scores withthe feature scores defined for the individual archetypes. This process defines whether designedarchetypes can be used to infer the preferences and weights of new users or not.
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1.6 Research Outline
The methodology section outlines the necessary steps to address the research questions and developa process. The literature review to evaluate shade parameters and the factors that affect occupantpreferences is executed first to realise the state of the art and also create a conceptual framework offactors that affect occupant preferences. The objective evaluation and clustering of occupants intoarchetypes are treated as independent parallel processes. Initially, the questionnaire framework isdesigned and the questionnaire is distributed amongst office workers. Simultaneously, the evaluationof shade parameters, simulation, and data management takes place as questionnaire responses arecollected. The shade evaluation involves normalizing results and providing an objective rating based oncumulative scores for key performance indicators. The results are then assessed objectively for shadingsystems and separately as data sets for further analysis based on user preferences. Once a sufficientnumber of responses are gathered, the survey results are analyzed. The archetype development followsthe analysis of survey responses, focusing on assessing archetype weights and scores in terms ofenvironmental and design preferences. Subsequently, the two parallel processes are integrated intodesign scenarios for both existing and new users. The execution of personalized shading systemdesigns addresses the research questions, which are ultimately answered in the conclusion chapterof the research.
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2Literature Review
Chapter 2 serves the purpose of addressing two subquestions. Firstly, it focuses on the classificationand evaluation of existing shading system design parameters. This involves an exploration of differentmetrics and simulation tools and methods utilized for assessing the performance of these shadingsystems. Secondly, the chapter presents a systematic literature review conducted to examine thefactors influencing occupant comfort, behaviour preferences. Based on the findings of the literaturereview, a conceptual framework of occupant perception towards design is developed.
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2.1 Building Facades
Building envelopes have always functioned as climatic barriers, protecting the inhabitants within againstthe harsh and and unpredictable weather. The functionality and resilience of building envelopes wasdependent on the climate type that it was built for. Over the years, building envelopes have becomeeven more significant in providing adequate indoor comfort. For a larger part of history, in additionto creating enclosures, facades also acted as a load bearing element where they transfer dead loads,live loads and wind loads. Facades have now transformed into integrated building envelopes wherethey provide daylight, ventilation, view to the outside(fig:2.1). They have transformed into multi-domainenvironmental regulators, providing the protection and access to external elements as per demand(Herzog, Krippner, and Lang 2012).Additionally, facades provide daylight while preventing glare. Theyprotect against rain and moderate the humidity between the inside and outside. The façade can helpwith energy production and offers insulation from heat, cold, and noise (Knaack et al. 2014).

Figure 2.1: Influence of Facades on indoor environmental quality (Source: Knaack et al. (2014))
Since energy saving goals began to govern building design and operation in the 1970s, the climateand environmental performance of glass facades has become more significant. As a result, specialcoatings or the use of insulated glazing systems began to enhance the environmental performanceof glass facades. High-performance glazing can currently be produced using a variety of specializedmethods to satisfy a variety of multi-functional requirements (Carmody et al. 2004). The framing ismost commonly constructed in timber, aluminium, steel, PVC, bio-composites amongst others.
With respect to installation, current glazed facade systems are divided into stick system and unitisedsystem (fig:2.2). Within a systemic categorisation, these systems can include varied types of facade
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(a) Stick system (b) Unitised system
Figure 2.2: Types of current general facade installation system (Source: Herzog, Krippner, and Lang (2012))

systems such as system facades, double skin facades, box window facades, corridor facades, shaft-box facades, alternating facades and integrated facades amongst others. These contain manual, semi-automatic or automatic shading and operating system based where these are designed and on userpreferences.
The European HOPE project (Philomena M Bluyssen et al. 2003) states that the building envelopehas basic roles of protection with respect to the local external climate, intrusions, air pollution andnoise (the biological first skin), but today can also include active, reactive and adaptive systemsof energy production (simultaneous production of hot/cold water and photovoltaic electricity) anddistribution (assisted natural ventilation and lighting) (the second skin). This section explores howfacades impact the various indoor environmental quality parameters. The importance of buildingfaçades in IEQ and energy studies has long been attributed to their crucial role in establishing adequateindoor environmental conditions.Studies on user comfort and behavior in relation to façade designand operation have traditionally focused on the preferred physical and luminous conditions in officeenvironments, as well as occupant satisfaction and behavior toward the control of windows and shadingdevices(Galasiu and Veitch 2006). As per Luna-Navarro (2021) and Fabi, Spigliantini, and Corgnati(2017), occupants comfort and satisfaction is multi-domain and these physical environmental featuresare interrelated with each other (fig:2.3).
Furthermore, a significant relationship between the "Seasonal Forgiveness Factor" and a space’spleasantness and appreciation of a façade was discovered. Consequently, people who like their office
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Figure 2.3: Occupant multi-sensorial requirements for holistic environmental satisfaction: Thermal comfort,Visual comfort, View, Indoor Air Quality (IAQ), Personal control and Interaction, Vibration control and Acousticcomfort (Source: Drawn by author based on Luna-Navarro (2021) and Fabi, Spigliantini, and Corgnati (2017))
and its façade may perceive their overall comfort as being good across a wider range of environmentalconditions. This would confirm that the development of a more or less forgiving behavior is necessaryto determine the eventual level of comfort and acceptability of the indoor environment and showa potential relationship between occupant contentment and building facade design (Pastore andAndersen 2022).
2.1.1 Influence of Facades on Thermal Comfort
Building envelopes have opaque and transparent types based on location and climate of the building(Taghizade, Heidari, and Noorzai 2019). The opaque part of a facade often contains layers of masonry,insulation, plastering, metal framing, and sometimes windows whereas curtain wall facades are glazedenvelopes in transparent and/or translucent materials with a metal frame system. Opaque facadesperform better in terms of thermal and acoustic performance and privacy whereas glazed facadesoffer views to the outside and daylighting (Emmerich, McDowell, Anis, et al. 2005).
According to Huizenga et al. (2006), facades can influence thermal comfort in a space by threemethods, namely - solar radiation from the sun (shortwave radiation), longwave radiation from warm orcold facade surfaces or by a convective loop created by a difference in glass air temperature and theadjacent air temperature (fig:2.4) (Huizenga et al. 2006). It is therefore evident that facades can affectthe thermal comfort of spaces based on outdoor conditions.
Since heating and cooling loads continue to be the largest energy consumers in buildings, improving thethermal behavior of the building envelope will primarily be used to reduce energy demand in buildings(e.g.reduction of heat losses, increase of thermal mass, management of solar gains, and developmentof daylighting technologies) (Bluyssen 2009). In addition, As per the Net Zero Pathways recentlypublished by the IEA (Bouckaert et al. 2021), it is stated that building envelope improvements in zero-
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Figure 2.4: Window impacts on thermal comfort: solar radiation, long-wave radiation, convective drafts (Source:Huizenga et al. (2006))
carbon-ready retrofit and new buildings account for the majority of heating and cooling energy intensityreductions in the net zero energy buildings. The main conclusion regarding Window to Wall ration byAlghoul, Rijabo, and Mashena (2017) was that increasing WWR results in increasing cooling energyconsumption and decreasing heating energy consumption (fig:2.5).
The position of the occupants and the appropriate solar gain incidence angle have a significant impacton the effects of direct solar radiation (Luna-Navarro et al. 2020).Hence, occupants placement withrespect to facades and their control can affect thermal comfort by means of natural ventilation andheat infiltration. According to Luna-Navarro (2021), due to the facade’s inadequate on-site installation,air penetration through the facade can have a significant impact on thermal comfort. The impact ofinfiltration relies on the temperature differential between interior and outdoor spaces, the exact HVACsystem set-up, air flow patterns, and whether or not the environment is under pressure. Additionally,external shading reduces a building’s solar heat gain with insignificant effect on its aesthetic appeal(Kumar et al. 2022). The length of the shadow is influenced by window position, time, and weather. Forexample, the south/north wall must have the shortest shading while the west/east wall must have thelongest shading (Wu et al. 2017).Overall, the solar radiation, energy savings, cost benefits, and emissionreduction depend on glazing type, area, room location, orientation, and weathering parameters (Ozel2019).

(a) Cooling energy consumption (kWh/m2) (b) Heating energy consumption (kWh/m2)
Figure 2.5: Impact on heating and cooling load in respective orientation of building facades (Source: Alghoul,Rijabo, and Mashena (2017))

2.1.2 Influence of Facades on Visual Comfort
Facades fulfil the important function of providing views to the outside and allowing daylighting indoors.Visual discomfort can be caused by either too low or too high level of daylight (Luna-Navarro 2021).
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Side-lighting in buildings (lighting through facade apertures) provides light with a strong directionality,which diminishes as the distance from the aperture increases (Alrubaih et al. 2013). The measurementmethods for daylight in interior spaces take into account three components: the light being reflecteddirectly from the sky (diffuse scattered light), or the sky component (SC); the light that comes fromexternal surfaces, or the external reflected component (ERC); and the light reflected from surfaceswithin the room, or the internally reflected component (IRC) (Fontoynont 2014). For good visibility,some degree of uniformity across the task plane is desirable. Poor visibility and visual discomfort mayresult if the eye is forced to adapt too quickly to a wide range of light levels (Ruck, Aschehoug, andAydinli 2000).

Figure 2.6: The primary variables for driving view quality: content, access, and clarity (Source: Ko et al. (2022))
Excess or lack of daylight within the indoor environment can affect the visual comfort factors. Facadesnot designed correctly can lead to visual discomfort. An emperical study by Lim et al. (2012)for daylighting performance by analysis of external illuminance and internal work plane illuminanceof a typical officers south west facing room demonstrated that the internal daylighting levels wereinadequate despite abundance of external daylight. Improvement in the quantity and quality of internaldaylight by a simple modification of the external shading device and glazing type was demonstratedas a solution. Conversely, Due to high contrast ratios between the aperture and surrounding surfacesand the illuminating region being in the occupants’ field of view, facade-based daylighting has thepotential to generate glare (Reinhart and Wienold 2011).Discomfort glare caused due to non-uniformluminance distribution may initially seem to not affect occupant comfort at first, but may experiencecertain physiological symptoms, such as headaches (Osterhaus 2005).
The emerging field of "Biophilia" has identified the importance of access to nature to occupant well-being. Facades can be a means to connect occupants to outdoor views, daylight, sunlight, freshair, breezes, access to outdoor spaces and activities, circadian rhythms, seasonal and daily climatevariations, natural sounds, smells and habitats (Hartkopf, Aziz, and Loftness 2020). Furthermore,visually, facades can offer visual comfort considering the requirement of sunlight for human metabolismand the circadian rhythm. People sitting close to a window(within 4.6 m) and in single offices expressedsignificantly higher workspace satisfaction compared with those sitting further from a window and inshared offices and cubicles. Satisfaction with almost all indoor environmental parameters and buildingfeatures was also higher in single offices and close to a window than in shared offices and cubiclesand far from a window (Frontczak et al. 2012). The View quality can be broken down into three majorparameters, namely; (1)View content is the sum of the visual features seen in the window view, (2)Viewaccess is the amount of the view an occupant can see from the viewing position and (3)View clarityaddresses how clearly the content appears in the window view when seen by an occupant (fig:2.6)(Koet al. 2022).
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2.1.3 Influence of Facades on Acoustic Comfort
The effectiveness of a building’s sound insulation depends on how well it reduces airborne and impactsound transmitted by all sound channels, both direct and indirect (McMullan 2017). As per Luna-Navarro(2021), facades can impact the acoustical quality of a space in 3 scenarios; (1) They can act as a filter orbarrier to the external noise and reduce the amount of sound that is transmitted to the indoor spaces.(2)They absorb and reflect sound to and from the interiors that can affect the reverberation time ofthe indoor environment. (3) Motorised facade technologies such as automatic motorised blinds canalso be source of noise to the indoor spaces and cause disturbance to the acoustic comfort. Manualcontrol of building facades have proven to cause less acoustic discomfort (Bakker et al. 2014). In orderto study the acoustical characteristics of a facade, numerical tools including finite element method,used in traditional vibroacoustics are generally applied. FEM can hence be used to understand SoundReduction index (SRI) of a building envelope (Hu, Zayed, and Cheng 2022).
Numerical methods to study the acoustic characteristics of a given facade use the Finite ElementMethod toos. The most common analysis of acoustical quality of a facade in a glazed building isexecuted on the glass component itself. This is because the glazing is the most vulnerable acousticaspect of a facade. One reason could be poor installation of facades during construction. Alternatively,damage to the facade, bad insulation property of the material and , Acoustic insulation of windowshas shown a dependence on parameters, such as PVB for coincidence reduction, overall glass andgas gap(s) thickness to improve middle and, in some case, low frequencies insulation (Granzotto et al.2017). The acoustical property of a glazed facade is also shown to improve by use of laminated, doubleand triple laminated glass with a variation of air gaps (Granzotto et al. 2017). The acoustical quality ofthe facade also improved by the use of wooden framing system.
In scenarios where the shading systems are automatically operating based on the amount of incidentdaylight, they can also be a source of distraction for the occupants because of operational noise. Itis also noted that in certain situations, facade shades or shutters can create acoustical discomfort orcompromise on the acoustical quality of the building facade. This is because the window glazing andshutters that define the enclosed space provide a resonant acoustic system that increases the soundenergy at specific vibrational modes (Patrıécio and Bragança 2004).
2.1.4 Influence of Facades on Air Quality
Building facades can affect the Indoor Air quality by protecting the indoor environment againstpollutants (fungi and mold, Volatile Organic Compounds, Formaldehyde, Radon, Landfill Gas andParticulate matter) but also act as a mediator to allow in fresh air (Zender-Świercz 2021). They alsoelaborate on how facades Both the air humidity and the carbon dioxide content rise when the airexchange is too low. However, boosting the airflow in naturally ventilated buildings is not the bestoption because it poses a threat to the internal temperature. Similar to most other comfort parameters,occupants sitting closer to windows have reported better IAQ considering proximity to window andeasy interaction. In an experiment concerning the IAQ of schools by Telejko and Zender-Świercz (2017)it was found that the air quality and temperature had improved due to the building envelopes. Theclassroom’s students who were seated at tables close to the window thought the micro-climate beingcool.
Even with the ability to improve the IAQ by operating the window. Cornaro, Paravicini, and Cimini (2013)concluded that even with trickle ventilators, poor performance was observed due to multiple factorssuch as facade not being directed in the predominant wind direction, trickle ventilation too small andtrickle ventilators not opened as per designed calculation. They also concluded that opening all thefacades can help reaching adequate IAQ. Furthermore, design of indoor elements such as ceiling fansin location of the trickle vents can help in getting better ventilation rates. Understanding user interactionwith facades can also help in a better understanding of how facades can affect IAQ.
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2.1.5 Influence of User-Facade Interaction on Occupant Comfort

Personal control and interaction is a primary requirement for the building occupants. However, humanbehavior in both residential and commercial buildings has a variety of effects on energy use. Hence,Relevant driving factors for energy-related occupant behavior must be identified (Yoshino, Hong, andNord 2017). As per Luna-Navarro (2021) the occupant control classification scheme identifies fourmain physical components: the Occupant (O), as single or group, the control Logic or “Operatingsystem” of the Intelligent Façade and automation system (L), the hardware or physical array of façadecomponents (F) and the Building Services (B). “B” includes artificial lighting, heating, cooling andventilation management systems (fig:2.7). A distinction is made between conventional rule-basedLogics (L) and learning ones (Lm), which correspond to automation systems without and with AI-enhanced capabilities respectively .

Figure 2.7: Interaction diagram and classification scheme of occupant façade interaction (Source: Luna-Navarro(2021))
As per Tabadkani et al. (2021), an automated facade system must take into account 6 visual andthermal comfort parameters including: (1) sufficient daylight on a task plane; (2) appropriate daylightdistribution; (3) glare-free field of view; (4) view to outside; (5) control of solar heat gains with regardsto indoor temperature, heating and cooling loads in winter or summer respectively; and (6) reductionof electric lighting energy consumption through the use of a daylight harvesting system. Similarly,some literature suggests that occupant behaviour is defined by human-building interactions relatedto energy use, i.e., it can be described by occupancy and the control of devices and systems, suchas window control, blind control, lighting system control and heating, ventilation, and air conditioningsystem control (Balvedi, Ghisi, and Lamberts 2018). Within these comfort parameters, it is evident,not all users interact with the building envelope the same. As per Tabadkani et al. (2021), active andpassive occupant behaviors frequently entail their interactions with set-points for the HVAC system,windows, shades, and lights. The review also states that a clear correlation is found between controlability and occupant reactions, with users who have manual or user-oriented control demonstratinghigher satisfaction than in situations where they have no control or only partial control. Additionally,when the controller is easy to use, people are more likely to manage a shade system based on presentenvironmental conditions than on long-term perception and future situations. An experiment by Masosoand Grobler (2010), concluded that users frequently interact with facades by various methods. It also
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claims that the interaction between facades and user has a significant impact on their experience butit can also cause a discrepancy between the buildings predicted and actual performance.
2.1.6 Summary of Influence of Facade Systems
The existing body of literature highlights the extensive impact of building envelopes across multipledomains. Beyond their inherent design, building envelopes also possess operational characteristics thatcontribute to their multi-domain influence. The research by Luna-Navarro (2021) extensively exploresthis phenomenon, shedding light on the various ways building envelopes affect different aspects.For instance, the study delves into the connection between indoor air quality and thermal comfort,revealing their interdependent relationship. Additionally, the research investigates the correlationsbetween glare and the view to the outside, further emphasizing the multi-domain nature of buildingenvelopes. Similarly, Korniyenko (2021) explores the influence of adaptive facades on daylighting,control and natural ventilation. The review by Schweiker et al. (2020) further highlights motivationalbackgrounds, methods, findings and multi-domain investigations of occupant perception and behaviourin indoor environments. The subsection concludes that the design and personalization of buildingenvelopes should take into account the multi-domain influence of facade parameters. This holisticunderstanding is crucial for comprehending the impact of building envelopes on energy performanceand indoor environmental quality.

Figure 2.8: Summary of multi-domain influence of facades (Source: Illustrated by Author based on literaturereview and Luna-Navarro (2021))
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2.2 Shading Technologies

2.2.1 Relevance of Shading Systems
A flat glazed facade can act as a divider between the interior and exterior climate whereas modulatorsand shading systems are an intermediate for flows of energy between the inside and the outside. Depending on the indoor requirements and the outdoor conditions the characteristics of facades,which are the primary means of exchanging light, heat, sound and moisture, can be altered (Figure:2.9).Considering how solar gain values can significantly affect a building’s thermal energy balance in bothsummer and winter, the lighting energy demand, and both the thermal and visual comfort, the presenceof large transparent components and the application of shading devices have typically been the subjectof analysis (Atzeri et al. 2013). Shading devices can included a variety of solar and light control elementsthat modulate the amount of solar radiation transmitted through the facade (Luna-Navarro 2021). Thesecome in the form of venetian blinds, roller blinds, louvres, light shelves, fixed shades and/or shutters(fig:2.9).

(a) Stone shutters, Torcello (b) Facade with shutters, Montagnana

(c) Translucent panels, Takayama (d) Procuratie Vecchie, St. Mark’s Square, Venice
Figure 2.9: Shading systems and building envelope manipulators through history (Source: Herzog, Krippner, andLang (2012))
Heating and cooling needs of occupants based on the characteristics of shading systems havealways been a point of analysis for various researchers based on their weave type, weave pattern,solar absorptance, comfort, energy performance, outside view etc (Eskin and Türkmen 2008) (IasonKonstantzos and Athanasios Tzempelikos 2017). Venetian blinds and light shelves are two of the mostoften used glare control tools as of right now. The most frequent use of automatic blinds and a lack ofcommunication between lighting and blind controls cause the most problems. It has been demonstratedthat manual blinds are only partially transparent due to tenant behavior (Alrubaih et al. 2013).
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Figure 2.10: Shading systems in the current scenario (Source: Herzog, Krippner, and Lang (2012))
field results by show that external movable solar shades can reduce solar transmittance to about 8percent compared to bare windows and control daylighting to a suitable level for occupants. Thebuilding simulation study indicates that movable solar shade not only improves indoor thermal comfortin summer but also reduces dramatically extremely uncomfortable risks. Diffusing shading systemsimprove best the quality of the indoor conditions, especially in buildings with large transparent areasand unfavorable orientations, because they reduce direct radiation on sensitive body parts andlocal discomfort (Hoffmann, Jedek, and Arens 2012).External solar protection can be useful and itsimportance is higher if the glazed area is larger. For both solar protection types studied, energydemand is lower than for cases without protection. Similarly, utilization of solar selective glazing gainsimportance if more glazing is used in the facade (Pino et al. 2012).
2.2.2 Classification of Shading Systems
As mentioned in the previous chapter, In addition to increasing the interior’s visual and acoustic comfort,a well-designed shading device must be able to maximize heat gains in winter conditions and reduceradiant heat in summer situations. Hence, Building shading technologies can have an impact on themulti-domain comfort and performance of the indoor space. This can be affected by the design of theshading system. Seen how these are seen as modulators between the inside and the outside, Herzog,Krippner, and Lang (2012) state that these can be classified into three major parameters namely: (1)Permeability of the shading systems; (2) Movability of the elements; (3) Subdivision and storage of theelements (fig:2.11).
Additionally, Cellai et al. (2014) mention broader categories that shading systems can be categorisedinto such as fixed shades, mobile shades, roller blinds, curtains, intermediate and internal shadingsystems. Whereas Knaack et al. (2014) state that sun and glare protection systems can be categorisedinto interior shades, exterior shades, fixed sun shades, movable sun shades, customised shades andlight redirecting systems. Based on the available classifications seen, an overarching classification ofshading systems is formed including all the variable parameters as seen in fig.2.12.
Based on the various parameters, it can be determined that the most common strategies of solarshades addresses two major parameters: Movement Criteria (dynamic or static); and Placement criteria(external, intermediate or internal). This provides broad categories of external static shades, externaldynamic, intermediate dynamic and internal dynamic. On the other hand, there are personalisationcriteria such as permeability criteria (impermeable, semi-permeable, permeable or switchable) and
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Figure 2.11: Influence of Facades (Source: Herzog, Krippner, and Lang (2012))
interaction criteria (automatic, semi-automatic or manual).
Static External Shadings

Static external shadings can include building overhangs and fixed screen systems. These shade thebuildings throughout the year. Fixed external shading devices can incorporate vertical, horizontaland/or angular screen elements that are parallel or perpendicular to the building envelope screen.Due to being fixed, they have limitations due to low adaptability during various times of the day anddo not offer occupants the interaction that dynamic shading systems do. These are more durablein comparison to dynamic shades due to no moving parts. They can come in the form of egg-crate,overhang, light-shelf and louvre shades.
Venetian Blinds

Venetian blinds come under the dynamic shading system category that can be installed externally,internally or within the glazing component of the facade (Xie, Wei, and Huang 2018). Venetian blindsare designed of separate horizontal louvres of 2.5 cm width and 2.2cm vertical space and are used toadjust or prevent daylight penetration through the glass into the room. Standard louvres are installed2.5 cm away from the glass surface (fig:2.13). The optical performance of venetian blinds vary due toshape, size, configuration, rotation of blades, color and incident angle of solar radiation (Luna-Navarro2021; Xie, Wei, and Huang 2018).
Roller Shades

Roller blinds are fabric shades placed internally or externally to control the ingress of solar radiation tothe inside. These are designed as either full height systems or designed until door lintel level to allow
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Figure 2.12: Shading system Classification (Source: Author)
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for daylight to enter from the top portion of the building envelope (fig:2.15). According to Tzempelikos(2013), solar shade act as perfect diffusers. Unlike venetian blinds, they are commonly unaffected bythe incident angle of solar radiation.
Vertical Blinds

Vertical blinds are shading devices that are composed of vertical modules that can slide and/or fold onrails. These can have a louvred infill or a perforated metal sheet. They are made up of various typesof fabric, plastic, wood, or metal materials, with wide range options of texture, color, and design (Xie,Wei, and Huang 2018).Due to their mechanism, they can leave most of the facade open for views tothe outside when folded close.
2.2.3 Varying Parameters of Shading Systems
From the variety of shading systems available, this research will evaluate the two most commonshading systems: Venetian blinds and roller blinds. To begin with, the most important factors thatdifferentiates the various shading systems, the optical properties which have a decisive impact on thethermal and daylighting performance of the peripheral spaces. The following sub-section describespossible variables regarding interior daylighting conditions and control of blinds without including theiroptical/thermal properties.
Venetian Blinds

Venetian blinds are relatively complex systems to evaluate in terms of optical and thermal properties.As per Shahid and Naylor (2005), the window energy performance can be greatly improved by theintegrated of venetian blinds.Atzeri et al. (2013) simulated various shading devices for the sameglazing type, orientation and window size resulting in venetian blinds with low reflectivity slats showingbest performance. Whereas, Tzempelikos (2013) experimented with varying incident angles of solarradiation against varying angles and interfaces of blind slats (fig:2.14).

(a) External Venetian blinds. (b) Internal Venetian blinds.
Figure 2.13: Venetian blind system varieties (Source: Bandalux)

Similarly, Carletti et al. (2016) studied the varying effects of external venetian blinds based on theirposition and angle of the individual blades.Four motorized blinds were monitored: completely packedblind, closed sheets in horizontal position, closed sheets tilted at 45 , closed sheets in vertical position;the fifth is a venetian blind equipped with an automatic control system. Significant thermal and lightinginternal and external variations were found for the above mentioned venetian blind configurations.The spacing between the blind and the window has a significant impact on the energy performanceof the window. When the blind is positioned close to the window and the louvers are fully closed, itproduces the maximum effects on energy performance (Shahid and Naylor 2005).
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Figure 2.14: Varying angle of Venetian blind slats (Source: Tzempelikos (2013))
To enhance the energy-saving potential of venetian blinds, adjustments to material parameters can bemade. In cooling-dominated climates, increasing the values of outer emissivity and solar reflectancewhile decreasing other parameters can improve energy performance by up to 44 percent. Similarly, inheating-dominated climates, increasing solar transmittance and thermal infrared transmittance whiledecreasing other parameters can lead to a 65 percent increase in energy performance (Tan et al. 2022).
Furthermore, the emissivity of the blind slats has been found to influence the annual energy perfor-mance for heating and cooling Zaniboni, Pernigotto, and Gasparella (2019). In simulations, it wasdetermined that placing venetian blinds on the outside of windows resulted in higher annual energysavings compared to blinds placed on the inside, as they effectively reduced solar radiation enteringthe space.
Venetian blinds are an effective energy improvement measure. Based on the literature reviewed, thereare evident parameters that could be varied to experiment with the energy and comfort performanceof the shading systems. The parametric variables discovered through review are slat width, tilt angle,placement, angle of incidence, reflectance, shape, color, position and movability.
Roller Shades

An important focus when considering roller blinds available in the market is to ensure accurate charac-terization of their energy performance, enabling optimal use and enhancing visual comfort. Importantoptical characteristics of roller blinds includes the openness factor (OF), the visible transmittance(TV) and the front and back reflectivity (RV) (Konstantzos and Tzempelikos 2017). Garretón et al.(2021) characterised the performance of shading systems on the basis of their performance withrespect to glare, daylight availability and view outside. In According to the research conducted, it wasconcluded that the fabric color is an important parameter in preventing glare within the indoor spaces.Conventionally, roller blinds operate from top to bottom. Garretón et al. (2021) simulates a bottom upstrategy to conclude that it can provide better privacy to occupants while allowing for useful daylightfrom the top portion of the window.
With respect to varying parameters, it was found that shading systems with low reflectance and highabsorptance used more energy for cooling. More energy in this case is absorbed and emitted to theinterior environment. Alternatively, high reflectance and low absorptance has shown to provide bettercooling energy performance (Kunwar et al. 2019). Moreover, it has been recommended that opennessfactors should be maintained at or below 2% to ensure visual comfort throughout the year. Visibletransmittance upper limits vary based on the orientation of the facade, with values ranging from 8%for southern facades to 10% for eastern facades (Konstantzos and Tzempelikos 2017). While rollershades may possess specular components and directional features, studies indicate that their function
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(a) External Venetian blinds. (b) Internal Venetian blinds.
Figure 2.15: Roller blind system varieties (Source: Soltex and Warema)

as perfect diffusers is contingent upon their construction and material composition (Tzempelikos 2013).Therefore, the diffusion properties of roller shades may vary.
Misiopecki, Gustavsen, and Jelle (2013) investigated the alignment of roller blinds (internal or external)and their impact on the thermal performance of building envelopes. They concluded that external rollerblinds had the most impact on thermal performance. The study also concludes that the emisivity ofthe material of the fabric can also have an impact on the thermal performance similar to low emissivitycoating in DGU modules. Hence, it can be concluded that openness factor, color, reflectance, position,size, geometry, area of window covered and operation have a great impact on the performance of rollershades.
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2.2.4 Summary of Shading System Parameters
The review of shading systems examines a comprehensive set of parameters that influence theperformance of such systems. These parameters can be broadly classified into three categories:geometrical parameters, control parameters, and material parameters.
Geometrical parameters primarily pertain to the overall design decisions at the module level or larger,such as the placement of shades, the area covered by the shading system module, blind position/angle,and the slat width or cross-sectional design. These features directly impact the visual geometry of theshading system, thereby influencing its effectiveness with respect to optical and thermal properties.Control parameters encompass factors related to the control system and movability of the shadingsystem. This includes considerations of the mechanism used to control the shades, such as manualor automated systems, and the degree of movability or adjustability offered to the users. Theseparameters are crucial in determining the flexibility and ease of use of the shading system. Materialparameters refer to characteristics associated with the materials used in the shading system. Thisincludes the openness factor, which relates to the density of the shading material and its abilityto control the amount of light and heat transmitted. Additionally, parameters such as absorptance,reflectance, and transmittance play a vital role in determining the system’s energy performance and itsinteraction with incoming solar radiation.
By evaluating these parameters, it becomes possible to personalize shading systems according tospecific requirements. To narrow the scope, the review focuses on manually operated external shadesas the primary design objective. Roller shades and venetian blinds are selected as the shading systemsfor personalization and design based on their performance characteristics and occupant preferences .

Figure 2.16: Geometrical, control and material parameters of shading systems (Source: Author)
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2.3 Methods to evaluate shading systems
As mentioned previously, shading technologies are used primarily to modulate the heat and light thushelping achieve thermal and visual comfort internally. Users can modify the interior climate in responseto outdoor climate and occupant requirements. Hence the appropriate use of shading systems canhelp drastically reduce the energy required for heating, cooling and lighting. It is therefore necessaryto summarise the relevant simulation tools and metrics used to assess the performance of shadingtechnologies.
2.3.1 Thermal Performance
According to s review by Pomponi et al. (2016), It appears that simulation results are closer toexperimental outcomes than mathematical methods. In more detail, the inter-quartile range ofsimulation findings accurately captures the whole range of experimental data. Thermal models areoften simulated along with the energy demands of buildings for heating and/or cooling. Certainexperiments use EnergyPlus simulation engine interfaced by Archism on Grasshopper (Charpentier etal. 2020). Ashrafian and Moazzen (2019) also uses EnergyPlus for the modelling of energy and comfortperformance of the spaces. Additionally, since modelling the geometries is complex on EnergyPlus,the research makes use of Sketchup, Openstudio and DesignBuilder to model in the spaces for a bettervisual understanding.
In order to understand the thermal comfort of the space, multiple experiments make use of the fangermethod in the simulation of the space which provides the PMV (Predicted Mean Vote) and the PPD(Predicted Percentage of Dissatisfied) values (Ashrafian and Moazzen 2019). Here, the glazing designaffects PPD values under a clear sky by roughly 10%, and the window arrangement has a significantimpact on occupant comfort PMV is calculated as -

PMV = (0.303e−2.100M + 0.028)× [(M −W )−H − Ec − Cres − Eres] (2.1)
where
M : Metabolic rate (W/m2);
W : Effective mechanical power (W/m2);
H : Sensitive heat losses;
Ec : Evaporative heat losses on the skin;
Cres : Heat exchange by convection in breathing;
Eres : Evaporative heat exchange in breathing.

Additionally, PMV and PDD are related as follows

PDD = 100− 95exp[−(0.03353PMV 4 + 0.2179PMV 2)] (2.2)
where
PPD : Percentage Person Dissatisfied;
PMV : Predicted Mean Vote.

Alternatively, Arens et al. (2015) brings forth the SolarCal model based on the effective radiant field(ERF), a measure of the net radiant energy flux to or from the human body as -
ERF =

asw

alw
Esolar (2.3)

∆MRT =
ERF

feffhr
(2.4)

MRT ∗ = ∆MRT +MRT (2.5)
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where
ERF : The additional (positive or negative) longwave radiation energy at the body surface whensurrounding surface temperatures are different from the air temperature (W/m2);
MRT : Mean Radiant Temperature as the surrounding surface temperature of a space;
feff : the fraction of the body surface exposed to radiation from the environment (0.696 for aseated person and 0.725 for a standing person);
alw : The skin long wave absorptivity;
asw : the skin short wave absorptivity;
MRT ∗ : The overall adjusted Mean Radiant Temperature;
hr : The radiation heat transfer coefficient (W/m2K).

Here, the effect of direct solar radiation Esolar on the occupant skin and thermal sensation and comfortis computed as an equivalent increase of Effective Radiant Field and subsequently, of Mean RadiantTemperature (Luna-Navarro et al. 2020). Measuring the surface temperature of the glazing and facadesurface at one or more points is a method to understand the emperical measurements of the long-wave thermal effects of facade and shading technologies (Luna-Navarro 2021). This is especially trueif the shading technologies are placed on the inside. Additionally, the long wave thermal effects can beevaluated by measuring air velocity, Mean Radiant Temperature and the Operational Temperature (DeDear 2011). Whereas, emperical measurements of the effect of transmitted solar radiation for thermalcomfort considers the increase in air temperature and the transmitted solar radiation.
2.3.2 Visual Performance

Visual Comfort

As per Luna-Navarro (2021), the most commonly used simulation tool is Radiance Daysim (50%),followed by Energy Plus (16%), bespoke analytical models (10%), Radiance and EnergyPlus throughGrasshopper (10%), Diva for Rhino (5%) and other tools (10%). How quickly, safely, and comfortablysomeone perceives and completes a visual job depends greatly on the illumination and its distributionon the task area and its surroundings. According to Cibse (2007) the frequency (e.g., percentage ofthe working year) at which a 500 lx minimum work plane illuminance threshold may be maintained onlyby daylight is known as daylight autonomy. The UDI plan, in contrast, is based on a measurement ofhow frequently during the year daylight illuminances within a range are obtained (Nabil and Mardaljevic2006). Illuminance (lx) is simply calculated as
E =

Φ

A
(2.6)

where
E : Illuminance;
Φ : Luminous Flux;
A : Area.

Useful daylight illuminances are defined as those illuminances that fall within the range 100–2000 lx.Whereas, spatial Daylight Autonomy (sDA) is defined as “the percent of an analysis area that meets aminimum daylight illuminance level for a specified fraction of the operating hours per year” (IES 2012).For simulation based experiments to understand the previously mentioned metrics, a 0.5m grid is usedwith a height of 0.8m for desks (Luna-Navarro 2021). Another important metric to be understood isglare. According to NEN (2021) the daylight glare probability DGP is an approach to determine theproportion of unsatisfied people, one must take into account both the illuminance at eye level andspecific glare sources of high brightness. This is calculated by the following formula
DGP = (5.87× 10−5 × Ev) + 9.18× 10−2log

(
1 +

∑
i

L2
s,iωs,i

E1.87
V P 2

i

)
+ 0.16 (2.7)

where
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Ev : Vertical illuminance at eye level, measured on a plane perpendicular to the line of sight. Thisvalue plays the main role in experiencing glare at daylight orientated positions in a space. Inaddition, this value is also used as adaptation level;
Ls : Luminance of glare source;
P : Position index, it describes the reduction of the glare perception by the angular displacementof the source from the occupant’s line of sight. In the case of daylight openings, the position ofthe visible sky within the field of view describe the magnitude of the position index; thefurther from the centre of vision, the lower the position index;
ωs : Solid angle subtended by the glare source. In the case daylight openings, the apparent size ofthe visible area of sky at the observer’s eyes describe the magnitude of the solid angle; thelarger the area, the higher is the solid angle;
i : Number of glare sources.

Figure 2.17: Continuous Daylight autonomy and Useful Daylight Illuminance with the current and the alternativesolution (Source: Zaniboni, Pernigotto, and Gasparella (2019))
In an experiment by Zaniboni, Pernigotto, and Gasparella (2019), the impact of two types of shadingsystems was simulated on EnergyPlus using an EPW weather file to get 3 outputs namely: (1)DaylightAvailability; (2) Daylight Glare Probability and (3) Total solar gains to conclude that venetian blinds couldprovide the same performance with respect to these parameters with 693 movements as compared to1054 movements by roller blinds (fig:2.17). Konstantzos, Tzempelikos, and Chan (2015)mentions thatThe key factor towards achieving visual comfort appears to be successful control of vertical illuminance,as this is a parameter that may dramatically decrease glare without significantly affecting daylightavailability.
View Quality

Compared to other indoor environmental quality characteristics like thermal comfort and air quality,there are fewer rules and recommendations that take the design of windows into account. One possibleexplanation for this is because some regulations prioritize energy efficiency objectives over occupanthealth and well being, which is a topic of considerable scientific interest. A primary issue to be tackledin this process it that view content is highly subjective, hence it is challenging to quantify an evaluationcriteria.
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Some window view visual features’ classification is not entirely apparent. Ko et al. (2022) developeda conceptual framework of the View Quality Index based on literature review (fig:2.18). The compre-hensive assessment framework to assess the view quality attempts to meet the holistic requirementsof occupants and it proposes new directions of study that can bridge the gaps between research anddesign using the formula -
V QI = Vcontent × Vclarity × Vaccess (2.8)

where
Vcontent : View Content (Affected by natural features, urban features, horizontal layers, contentdistance, dynamic features);
Vaccess : View Access (Affected by view angle, alternative access and spatial assessment);
Vclarity : Window design, glazing material, shading material, temporal attributes.

Figure 2.18: Conceptual calculations of view quality (Source: Ko et al. (2022))
Wienold et al. (2011) calculates the view contact within a space using the view point of the workplacetoward the façade, this method calculates two images. The first image has no shading, whereas thesecond image has activated shading and is positioned at a specified angle. Only the portion of theimage where the view is unrestricted by the blinds is non-zero since inter reflections are not calculated.Then, for the two photos, the number of non-zero pixels is tallied. This study quantifies the opinion bydividing these two numbers by a fraction. There have been other view quality calculations based onview depth (distance), view angle and view factor(visibility due to angular view) to develop a viewmetric to the outside (Pilechiha et al. 2020).
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2.3.3 Summary of Methods to Evaluate Manual Shading Systems
Based on the available literature and clear understanding of the impact of exterior shading systemson the indoor environmental quality and energy performance, 6 objectives are identified to evaluateshading systems. In order to evaluate the energy performance of the shading systems, the end useintensity is evaluated for heating, cooling and lighting. Energyplus is selected as the ideal simulation toolas it offers the option of modelling complex facade components. In order to evaluate Thermal comfortoffered due to shading systems, the PMV rating is selected. Python packages such as Pythermalcomfort use EnergyPlus results such as operative temperature to provide the thermal comfort rating.
Next, in order to evaluate visual comfort, Useful Daylight Illuminance and Daylight Glare Probability areselected. The two metrics help evaluate the percentage of occupied hours that the lighting levels fallwithin the comfortable range and also help evaluate the probability of glare to the users within.
Finally, view clarity preference and interior spatial influence help determine the subjective visualpreferences of occupants for the individual shading systems. As no literature clearly evaluated thesame using an objective method, this rating was solely allocated to be rated by users instead of ratingusing a universal system.
With these six metrics and the identified simulation/evaluation tools, various manually operated shadingsystems can be analyzed to assess their multi-domain influence. The EnergyPlus and Radiance enginesare specifically chosen for their ability to accurately model the behavior of complex fenestration’s,making them suitable for further analysis.

Figure 2.19: Domains and metrics to evaluate manual shading systems (Source: Author)
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2.4 User Archetypes for Design
Building envelopes provide shelter from the outside environment and act as an intermediate betweenthe climate indoor and outdoor and by extension address the various occupant comfort parameters thatthe occupant may be directly or indirectly affected by. Hence, the facade has a dual role of maintaininga set point climate in the interiors in an energy efficient way while allowing the user to achieve comfortby addressing the ways in which it may directly/indirectly affect the user. With the complexities ofoccupant control and spatial preferences influence by individual user needs, it is essential to addresshow human-centered can be an essential tool for the future.
Frontczak et al. (2012) states that despite a lot of facades systems and shades being automated anddemanding less occupant control, there is a gap between the expected and achieved indoor comfort.One evidence of this fact is that, despite the high energy design requirements, both the buildingsaddressed in case studies seem to perform poorly in meeting users’ expectation with comfort andinteraction.Hence, it is relevant to receive feedback from all users within the approach of User-CenteredDesign. By taking a research led approach, the thesis addresses an in-between expert and participatorymindset to address both environmental factors and personal factors respectively that may act triggersfor an occupants use of spaces.
The motivations behind comfort-related behaviors and the variations in energy usage among residentswith various behavioral patterns were investigated by Ortiz and Bluyssen (2019). The authors dividedthe residents into five groups based on their psychological and behavioral models, including locus ofcontrol, feelings toward their living space, and how much weight they place on comfort affordances.The results demonstrate that each archetype has a unique set of perspectives when posed questionsabout energy use, energy awareness, general comfort, and affordances, but what they verbally expressis not necessarily consistent with the overall conclusions of their self-reported answers (fig:2.20).As per Ortiz and Bluyssen (2019), Once these new systems, services, or products are available onthe market and a model of a "archetype environment" has been created, architects, engineers, orcontractors can ask the future occupant a series of questions to determine which archetype they fallunder before implementing the new systems, services, or products in the residences where the futureoccupants will reside.

Figure 2.20: Ranking of Archetypes for energy use and comfort affordance needs (Source: Ortiz and Bluyssen(2019))
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2.5 Factors that affect Occupant Preferences

2.5.1 Introduction of Systematic Literature Review

An extensive literature review is performed in the topics of occupant profiling, Indoor Environmentalquality parameters, spatial preferences, energy use and if available, facade systems with a focus onthe profiling of occupants based on their responses in surveys or questionnaires. The first step ofthe literature review is to use a variety of databases and search terms to find relevant literature onthe topic. The Scopus Search engine was used to conduct the literature review. In order to get acontrollable quantity of search results, the literature review was broken into 2 search term clusters. Inthe first search query, The primary key terms used were user, preferences, archetypes, IEQ and buildingfacade. This was done by including all possible synonyms and/ or related terminology. The differenttags used for the research fields are shown in Table:2.1

Table 2.1: Literature Review - First Search Cluster
367 documents are found through the Scopus search engine. Next, a second search is conducted toexplore additional papers that may be related to forming clusters or archetypes of users with respectto a holistic understanding of human senses, behaviours, interactions with not only the facade but alsothe indoor environment. Hence, in the second search, the terms related to the search phrase ’facade’is replaced with the term ’indoor’. To assist in narrowing down the scope of the research, the number ofsynonyms / similar interest area terms are limited in the second search. Next, inclusion and exclusioncriteria are used to screen the 478 research papers and select relevant studies for review. Afterexcluding irrelevant papers, the remaining 36 papers form the structured literature review pertaining tooccupant preferences with respect to building envelopes and indoor environment (fig:2.21).

Figure 2.21: Exclusion and Inclusion Procedure for the literature review (Source: Author)
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2.5.2 Overview of Systematic Literature Review
The shortlisted papers are first reviewed to understand the broad distribution of the type of datacollected, data collection method used, data processing method and the domain of research adopted.The data collection methods included online surveys in 20 studies, face-to-face surveys in 3 studies,and a combination of surveys and control groups in 13 studies.
The studies on shading systems employed various data types: two studies focused on categoricaldata, 21 studies used a combination of continuous and categorical data, six studies incorporateddescriptive analysis, and five studies utilized visual representations alongside continuous, categorical,and descriptive data. In two studies, the specific data types used were not mentioned.

Figure 2.22: Count of number of papers that investigate the influence of multiple factors (vertical) and theirinfluence on the multi domain factors that affect occupant comfort (horizontal) (Source: Author)
The evaluation domains of the studies varied. Sixteen studies primarily focused on assessing the impactof shading systems on indoor environmental quality (IEQ). Four studies specifically addressed thermalcomfort. Five studies examined the influence of shading systems on visual comfort. Some studiesconsidered the combined effects of shading systems on IEQ and energy, thermal and energy, or visualand energy. There was also one study that explored the combined effects of multiple factors on thermaland visual comfort, and another that examined the connection between contextual factors and bothIEQ and occupant health.
In terms of analysis methods, only 2 studies utilized machine learning methods. 5 studies used IBMSPSS for statistical analysis. Not all methods used advanced data processing methods. Heuristicmethods were employed in three studies to generate practical solutions. Five studies did not mentionthe specific analysis techniques used.
A matrix is plotted to evaluate the parameters that are included within the analysis against the multipleindoor environmental domains and energy performance. High amount of research has been executedto evaluate the relation of occupant characteristics and contextual factors against thermal and visual
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preferences. Some research is available that evaluate the impact of the factors on occupant perceptionand preferences towards acoustical comfort, IAQ, energy, design and control of building envelopes orbuilding systems. Few to no research is executed to evaluate the influence of occupant characteristicsand contextual factors for vibration. With this overview, it is evident that some amount of relevantinformation is available to evaluate which occupant factors affect their thermal and visual preferences.Next, the literature review elaborates on the various factors which show relation with their preferencesto the multi-domain environment.

Figure 2.23: Count of researches with parameters against environmental domains (Source: Author)

2.5.3 Personal Factors
According to Ortiz and Bluyssen (2022), it is hypothesized that the pursuit of homeostasis (a neutralstate, absence of physical and psychological stress or discomfort) is the cause of "energy use," andmore specifically the interactions between occupants and energy-consuming technologies. Hence, itcan be hypothesised that personal factors play an important role to understand the preferences andbehaviors of occupants. The personal factors included in the questionnaires can be broken down into3 sub-factors, namely: (1)Occupant Descriptors;(2) Psychological Factors and (3) Lifestyle & HealthFactors. Within the research papers evaluated, these factors have been evaluated by the use of faceto face surveys, online surveys and a hybrid experiment survey feedback. This has helped identifythe perception of spaces in occupants’ responses helping them to describe the personas (Sokol et al.2023).
2.5.2.1 Occupant Descriptors

Occupant Descriptors are collected in most of the reviews as a method to understand larger categoriesthat can inform user preferences. This includes age, gender, education level, occupation, familyinformation, health, nationality and / or country of residence. As per Bluyssen, Zhang, and Ortiz (2022),there were relations between certain socio-demographic factors (gender and age) and their relationwith emotions of irritation, tension, sadness or boredom which affected their indoor comfort.
AgeAge is shown to have a major impact on the perception of IEQ parameters. This could be due to thechange in spatial perception with age, age related physiological factors or even loss of sensation tocertain IEQ parameters. As per Chen et al. (2020), age has a significant on the perception of air and
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lighting quality of a space. In the analysis, occupants older than 62 stated that air and lighting qualityinfluenced their productivtiy more positively in comparison to the younger age groups. Similarly, astudy by Cheung, Graham, and Schiavon (2022) found that older participants were more likely satisfiedwith the thermal and air quality of their workplaces but less satisfied with the visual comfort andglare compared to their younger counterparts. Another study by Thach et al. (2020) investigatedthe association of perceived IEQ with stress at work concluding that younger and female workershad a higher prevalence of stress at work. There have been studies that also state otherwise whereolder participants are more likely to be dissatisfied group with respect to their younger counterparts(Newsham, Veitch, and Charles 2008). Based on the available literature, it is evident that age is animportant criteria to help better understand an occupants IEQ preferences.
GenderThe review of papers also draw strong correlation between reported discomfort, indoor environmentrelated symptoms and gender distribution through the clusters of users. A multivariate logisticregression analysis by Kim and Bluyssen (2020) investigated the associations between the 10 highestprevalent health symptoms and confounding factors . The outcome of the study showed that femaleworkers in the Netherlands had significantly more symptoms due to the spatial discomfort and lowfeelings towards IEQ parameters compared to their male counterparts. Similarly, Favero, Sartori, andCarlucci (2021) states in their thermal perception model that since gender is a influencer for BMI whichcould affect occupant comfort perception with respect to thermal sensation, thermal comfort, thermalpreference and thermal acceptability. Overall, IEQ-productivity belief was more positive for men thanfor women (fig:2.24)(Chen et al. 2020). The reviewed studies also state that gender plays an importantrole on the perception that indoor environmental quality had a more positive impact on their productivity(Indraganti and Humphreys 2021; Chen et al. 2020).

(a) Means and standard deviations of age onIEQ/productivity belief (b) Means and standard deviations of gender onIEQ/productivity belief
Figure 2.24: Means and standard deviation analysis (Source: Chen et al. (2020))

Occupant BackgroundLooking into other occupant descriptors, occupant background and country of residence has showto also have an impact on influence of perceived IEQ on productivity. A study by Chen et al. (2020)examined the effects on IEQ on productivity to find out that occupants from Taiwan and the UnitedStates had the highest positive perception on IEQ and its impact on their productivity. However, thebelief that certain IEQ parameters impact their comfort and productivity was lowest in Brazil. Thesedifferences could be due to the varying building characteristics and climates in different regions. It canalso be stated that the occupant background can influence their IEQ perception. A survey by Favero,Sartori, and Carlucci (2021) found that participants who had been in Norway for more than three yearshad accustomed to various indoor environmental quality ranges.
Education
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There isnt too much literature that correlates IEQ perception with occupant education level. Only onestudy by Chen et al. (2020) stated that graduate students believed the highest positive influence ofnatural lighting on their productivity and mood.
Lifestyle and HealthLifestyle factors include cleanliness, exercise frequency, Smoking, Alcohol, consumption, mode oftransport to work space, clothing style, type of work and so on (Ortiz and Bluyssen 2019). Thesehave shown to affect occupants health and well-being leading to affect occupant perception of indoorspaces and possibility of discomfort (Bluyssen, Zhang, and Ortiz 2022). Whereas, the relation of visualcomfort within a space is said to be greatly affected by age. Adverse conditions with respect to eyesightdue to age have prompted negative response to visual comfort (Gerhardsson and Laike 2021; Cheung,Graham, and Schiavon 2022).The change in shape of lenses due to aging can cause scattered incidentlight rather than focused light on the retina causing a higher probability of glare. Castaldo et al. (2018)also concludes the importance of health conditions in affecting people sensations and perceptionsmaking it an important factor to consider. In addition to health and lifestyle scenarios, Indraganti andHumphreys (2021) discusses the impact of clothing level on the perceived comfort of occupants.
2.5.2.2 Psychological Factors

Psychological factors and internal well-being have shown a strong relation to the believe of spatialpreference and perception. The state of occupant well-being is influenced by psychological andsocial aspects. Psychological factors include expectations, needs, lifestyle and habit, awareness,affordances, accessibility to comfort, IEQ, energy attitude and satisfaction (fig:2.25).

Figure 2.25: Circumplex model in office comfort factors (Source: Sugimoto et al. (2020))
It can also be noted that user comfort to the same indoor parameters could be different. The subjectivityof occupant comfort with respect to various IEQ parameters and their resultant productivity is noted bySugimoto et al. (2020) in a research involving office spaces and thermal comfort. Thach et al. (2020)found that the occurrence of stress if work environments also have a negative consequence on thecomfort of occupants followed by decreased work performance and increased sick leaves.Job satisfaction has shown to be an influence in occupants comfort and perception of spaces (fig:2.26).Meaning that occupants who are more satisfied with their job, are also more likely to be satisfied withthe workspace environment (Cheung, Graham, and Schiavon 2022). An analysis by Thach et al. (2020)found significant associations between the domains of perceived IEQ and stress in office environments.Similarly, in another survey, Kim and Bluyssen (2020) concludes that the psychosocial environment inthe workspace and the presence of other employees in the workspace can affect user comfort. Thiscan be attributed to individual preferences of occupants.Operability and control of indoor environment has also shown to improve the occupant comfort dueto easy accessibility to comfort. This will be further explored in the contextual and environmental
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Figure 2.26: Spearmans correlation coefficients of 18 IEQ satisfaction parameters in the workspace correlatedwith life satisfaction, job satisfaction and the Big Five personality traits (Extraversion, Agreeableness,Conscientiousness, Emotional Stability and Openness to Experience) (Source: Cheung, Graham, and Schiavon(2022))
factors in the chapter. In a survey and experiment by Castaldo et al. (2018), there were detecteddiscrepancies between the monitored indoor environment data and the reported comfort from theoccupants. This was due to the belief of occupants that the company had taken measures to maintaina healthy environment with pleasant aesthetics, view to the outside, green policies and a healthy diet.This leads us to believe that the design and maintenance of a space can have impact on the perceptionof the users that will be explored in the contextual factor sub chapter. In the method used by Ortiz andBluyssen (2019) to form home occupant archetypes, various psychobehavorial aspects were used todifferentiate between occupants indoor comfort and energy preferences including emotions, locus ofcontrol, affordance sensitivity, energy attitude, sentiments and experiences. There have also found tobe a correlation of worker satisfaction with certain factors such as colors or textures of the surrounding,privacy, interaction with co-workers, adjustability of furniture and cleanliness (fig:2.27).
2.5.4 Environmental Factors
Environmental factors include all comfort parameters such as thermal comfort, visual comfort, acousticcomfort, air quality, interaction and view to the outside. In a survey by Eijkelenboom and Bluyssen(2020), those who were dissatisfied with indoor air-related aspects and preferred control of ventilation,were more likely to suffer from building related symptoms, to take sick-leave days, to stay longer at theirworkplace, to work in enclosed rooms. As opposed to The people in another wing who were the mostat ease; they valued decent acoustics, aesthetics, a window view, and an adequate workspace sizemore than the others. They frequently had greater job demands, experienced fewer symptoms, andused fewer sick days. They had more than others a window in the façade and a device to manuallycontrol the warmth of their office, and they worked in freshly constructed or refurbished buildings(wings)(fig:2.28).In an analysis by Sadeghi et al. (2018), the model with work plane illumination was found to performbetter than the one with vertical illumination, which may be because vertical illumination is morefrequently linked to uncomfortable glare while the field investigation was carried out in glare-freeenvironments. There was a positive correlation between illuminance and learning efficiency in anotherscenario (Weng et al. 2023). Additionally, the presence of natural light was considered the highestpositive influence on productivity of office workers (Chen et al. 2020). Frontczak et al. (2012) statesthat several indoor environmental quality parameters such as noise level, temperature, light, air qualityand visual comfort are important to the office workers in addition to other factors (fig:2.29). Additionally,office workers were more satisfied when they were sitting within 4.6m distance from the window. This
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Figure 2.27: Results for ’The meaning of energy at home’ questionnaire to developed Archetypes (Source: Ortizand Bluyssen (2019))

could be due to the influence of the building envelope on the visual and thermal comfort factors on theoccupant. Bluyssen, Zhang, and Ortiz (2022) surveyed students on their perception of IEQ parametersto gather data on their discomforts with respect to various Health related issues. This data not onlyhelped to cluster the various type of IEQ environments of the students, but also helped to correlate theimpact of these environment on the students’ health issues through a multivariate logistic regressionmodel.
Sugimoto et al. (2020) confirmed that the Indoor environmental quality can affect occupant produc-tivity. It’s not always easy to tell when the view is different from daylight. The vastness of the roomwas cited as a desirable attribute by many participants, however it is unclear if lighting or the view hasa bigger impact. Given that windows are valued even in the evening during daylight hours, it may beinferred that felt spaciousness is more closely related to having a view of the outside, whether it be ofa wall or of nature (Gerhardsson and Laike 2021).
As mentioned previously, occupant interaction and control also have an impact on occupant comfortperception. It was found that having access to lighting controls affected the perceived light quality,indoor temperature, air quality perception (Chen et al. 2020). Impact on IEQ parameters in offices dueto workstation design has also shown risk of discomfort. For example, Newsham, Veitch, and Charles(2008) found that smaller workstations put occupants closer to windows leading to higher risk of glare.In the same study, Horizontal to vertical illumination also impacted occupant visual comfort. Hence,the impact of indoor environmental parameters has shown to affect occupant perception of spaces.
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Figure 2.28: Perception of environmental conditions in the past three months per cluster (p-value forChi-square analysis of different clusters in brackets) (Source: Bluyssen, Zhang, and Ortiz (2022))
2.5.5 Contextual Factors
The literature review also covers the contextual factors that can affect occupant perception of comfortand spaces. In this regard, three major contextual factors are discussed, namely: Time, weather andCountry; Internal Building Parameters; External Building Parameters.
2.5.4.1 Time, weather and country

Time of day can impact the adjustability of building shades. Some findings demonstrate numerousstrong relationships between meteorological variables and the variety and amount of blind adjustments.For instance, user-triggered blind lowering was negatively correlated with cloud cover while beingpositively correlated with sunshine duration (Meerbeek et al. 2014). In certain countries, due to theirplacement, inadequate natural lighting was a common identified cause of visual discomfort. This couldbe due to obstruction of view or low daylight hours in countries like the United States and Switzerland.Conversely, Brazilian occupants reported that window glare was the primary source of their visualdiscomfort (Chen et al. 2020).
2.5.4.2 Internal Building Parameters

Systematic building design methods that take into consideration interactions between various buildingfunctions have the ability to increase occupant comfort and provide buildings with optimal performance.The spatial layout and design can also influence not only comfort preferences but also inform healthrelated risks in certain scenarios. In comparison to those working in a "single person office," thosewho reported working in a "open environment without partitions" reported considerably greater ratesof four symptoms (headache, dry/irritated throat, dry eyes, and dry skin) (Kim and Bluyssen 2020).Additionally, When compared to single person offices, open space without partitions was stronglyconnected with greater rates of obvious discontent on numerous criteria including "Overall thermalcomfort" and "draughty air movement". Hence, the typology of the office spaces themselves canaddress user preferences. Workspace satisfaction and satisfaction with the building were stronglycorrelated (Spearman’s rank correlation q= 0.7,P< 0.001) indicating that one could be used instead of
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Figure 2.29: Odds ratios together with 95 percent confidence intervals for satisfaction with indoorenvironmental parameters and building features in the group of respondents who were satisfied (left) anddissatisfied (right) with the workspace (Source: Frontczak et al. (2012))
the other as per Frontczak et al. (2012). Although, This study ranked workplace happiness with variousindoor environmental factors and architectural aspects in terms of how important they were to totalworkplace satisfaction, although it did not give much detail on the work space’s physical attributes.Particularly, compared to people who work in shared offices and cubicles, people who work in privateoffices are more likely to believe that indoor air quality has a beneficial effect on their productivity.Similarly, people working in private offices felt that the quality of natural lighting had a greater effecton their productivity than people working in shared offices and cubicles did (Chen et al. 2020).The effects of window shade location and electric light ratio on perceived lighting conditions weredetected, along with complex interactions between occupant electric light and daylighting perception.The window unshaded portion, which affects how clearly residents can see the outside, was incor-porated in the model building as a noteworthy feature (Sadeghi et al. 2018). Higher level of shadingsystem control was also found to provide higher acceptance of comfort to the occupants (Meerbeek etal. 2014). Accessibility and proximity of windows also resulted in lower occurrence of SBS in studentscompared to those seated in the middle of the classroom in another case study (Weng et al. 2023).Bluyssen, Zhang, and Ortiz (2022) mentions the relation of spatial factors such as urban context, housecleanliness, plants, window opening and air conditioning on the self-reported rhinitis, stuffy nose,migraine and headache in student profiles. In conclusion, The models of two clusters and the models ofall respondents did not share many common building-related risk factors for rhinitis, although they didfor headache. This could conclude the relation of certain spatial factors on the comfort of occupants.
2.5.4.3 External Building Parameters

In one scenario, occupants who enjoyed the view to the outside installed motor driven window awningto shield sunlight and glare in the afternoon produced due to the white walls of the opposite buildingsvisible from their houses (Gerhardsson and Laike 2021). Subjective assessments showed that residentsof green buildings reported feeling better about their indoor environment and had fewer self-reportedacute health problems than residents of non-green buildings. (Weerasinghe, Rasheed, and Rotimi2020).Although windows are typically seen as desirable office furnishings, they also have a detrimental impacton satisfaction with seclusion and acoustics. This can be due to worries about visual privacy brought onby views from outside the building. It could also be explained by acoustical problems, since windowsoffer a solid surface for sound to reflect off of when separating two workstations. This problem is
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made worse by the fact that there is frequently a big space between the window and the furniturepanel (Newsham, Veitch, and Charles 2008).Eijkelenboom and Bluyssen (2020) concludes that In asurvey to outpatient staff, there was a contrast between those in a certain cluster, who tended todeal with patients and another cluster of staff who preferred a quiet environment and worked moreintently in the office. Understanding occupant preferences and traits can assist create work spacesthat promote good health and increase general comfort (Borsos et al. 2021). Understanding the impactof the contextual factors of the buildings can have help in developing spaces that are comfortable tothe occupants.
2.5.6 Clustering and Analysis
The clustering technique used within the shortlisted literature review papers helps in determining theavailable methods to conduct the clustering within this research. Out of 36 papers, 2 papers useMachine Learning and Hierarchical Clustering to understand user preferences (Arakawa Martins etal. 2022; Bavaresco et al. 2021). 5 papers used 2-Step Clustering method available on the SPSSsoftware to form occupant clusters given that the 2-Step Clustering method can be achieved by usingboth continuous and categorical variables. Most papers (19 papers) use Pearsons Correlation Analysis,Multiple Logistic Regression Analysis, Conjoint Analysis or Bayesian Classification. These methodsdo not necessarily form cluster but offer useful insights to what factors have the maximum impact ofoccupant preferences on spaces. 3 papers use Heuristic methods to form occupant comfort. Theremaining 7 papers do not mention the analysis and/or clustering technique used. This analysis ofexisting research methodologies helps understand the trend in clustering techniques. The final methodused in the research will be explored further.
2.5.7 Summary of Systematic Literature Review
The literature review helps bridge the gap between Facade Technologies and occupant comfortby using quantitative methods and qualitative exploration of designs to help assess the occupantperception of building performance. The review has helped support the assumption that personaldescriptors (age, gender, background), psychological factors, health and lifestyle of the occupants havean impact on their perception of indoor comfort and spatial preferences. These variables are assessedwithin static/dynamic contextual and environmental factors. In order to interpret the same within asingle system, a occupant perception framework is developed by integrating technological, attitudinal,behavioral, contextual and environmental factors within the occupant and the built environment.
Personal factors have shown to be an important intermediate on the pathway to perceived occupantcomfort and the resultant stress arising due to the same (Thach et al. 2020). The conceptual frameworkhas certain limitations and simplifies occupant behaviour as compared to the one presented by Ortizand Bluyssen (2019) by excluding the role of homeostasis in impacting occupant perception andbehaviour. This is also primarily because the research is focused towards user perception on designsand less towards behaviour of the users. The environmental and contextual factors are assumed toinclude the loss of Homeostasis. This conceptual framework including the various factors surroundingoccupants can be taken as a tool to develop the questionnaire formed to ascertain User Archetypes.
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3Evaluation of Shading Technologies
The third chapter explains the process adopted for simulating and evaluating building shading systems.Firstly, key variable parameters are established with respect to the chosen shading systems, next, thesimulation methodology is designed along with identification of key performance indicators. Finally, theresults are evaluated and processed to be ranked on the basis of performance and user preferences.
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3.1 Shading system parameter
In order to conduct a quantitative comparison of the shading systems selected in 2.2, the key varyingparameters of roller shades and venetian blinds are be established, namely: Geometry, control andmaterial. These subcategories are common for both types of shading systems. The geometricalparameters deal with placement, position and size and geometry. Control parameters define the systemof operability. Finally, the material parameters are driven by the shade material chosen along with shadespecific openness factor / slat size.

Figure 3.1: Key variables identification for Venetian Blinds (Source: Author)

Figure 3.2: Key variables identification for Roller Shades (Source: Author)
In order to assess the performance of the two shading systems, 3 classifications are designed withrespect to shading system variables:• Fixed: These parameters are kept fixed within the simulation experiment as a control in order to limit
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the scope of the research.• Dynamic: These parameters are varied as per the simulation time, location and climate and hence willnot be entered as a fixed parameter within the simulation.• Test: These parameters which are identified as the key parameters that contribute towards thepersonalisation of shading systems are assessed in a loop in order to be able to correctly comparethe impact of changing the parameter on the performance of the shading system.
3.1.1 Geometry Parameters
Size and material specifications for the roller shade and venetian blind types are chosen from thewebsite of shade brands such as Warema and Hunter Douglas for typical external shading systems.Within the simulation space, each window is shaded by a single co-planar shade system such that theshade will cover the entire window when opened. The size of the window (0.8m x 1.2m) falls well withinthe maximum shade module size restriction. Since the thesis addresses energy performance of theshading system, all simulations of shading systems are done with respect to exterior shades. Hence,the shade placement is assumed as a fixed parameter. The blind position in case of both shades and theslat angle in the case of venetian blinds is defined as a dynamic variable depending on outdoor conditionand spatial use. Finally, slat width, which is a geometrical parameter of venetian blinds exclusively istested. Hence, based on products available in the market and specific shade slat angles, 2 slat widthsare used for simulation purposes.

Table 3.1: Geometrical variable strategy for simulation workflow (Source: Author)
’
3.1.2 Control Parameters
In terms of operability which is a fixed parameter, all shade types are modelled as dynamic systemsinstead of fixed systems. This involves opening and closing and rotating of individual componentswithin blind systems. Finally, in terms of control system, shading systems are assumed to be manuallyoperated instead of automatic operation. This would neglect the impact of operational noise on theacoustic comfort of the users. Often, shading systems are associated with acoustic discomfort inscenarios where in they are operated automatically. The process of modelling the shade control willbe discussed further in the chapter dealing with simulation workflows. Both shading systems havethe dynamic nature of opening and closing based on user demand. Additionally, Venetian blindshave the special feature of rotation, which enables the simultaneous provision of daylight and glareprotection. They also enable some views of the outside, which are becoming more attractive instructures. The rotation angle and blind geometry, which both have an impact on the window-blindsystem’s transmittance and reflectance, determine how much of the outside view is visible (Tzempelikos2008).
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Table 3.2: Control variable strategy for simulation workflow (Source: Author)
3.1.3 Material Parameters

All Material Parameters mentioned in fig.3.1 and fig.3.2 above have a direct influence on the multi-domain performance of the shading system. Material selection defines the reflectivity, absorptanceand transmittance. Similarly, the g-value of the shades are decided based on Within the case of theroller shades, the permeability defines the openness factor of the shade fabric further influencing theperformance of the shade in terms of solar and light transmittance. (Tan et al. 2022) states thatthe energy-saving potential of venetian blind can be improved by adjusting the material parameters.AEPc can be improved by 44% by increasing the values of outer emissivity and solar reflectance, whiledecreasing other parameters. As for AEPh, it can be increased by 65% by increasing solar transmittanceand thermal infrared transmittance, while decreasing the other parameters.

Table 3.3: Material parameter strategy for simulation workflow (Source: Author)
Additionally, Tzempelikos and Chan (2016) explores the variables within roller shades made of variousfabrics with varying degrees of openness and light transmission characteristics (weave design, colour,etc.), which affect direct and diffuse light transmission and, in turn, daylight availability, visual comfort,and energy consumption. Hence, the shade material properties are taken from the Warema websitewhich offers solar and optical properties of the shading systems. In addition to the slat size mentionedin the geometrical parameters, these will be tested systematically in order to assess their performance.
The material parameters are the primary variables here that decide the performance of the shades indifferent orientations. Hence, in order to better evaluate the performance, all other parameters are keptconstant to be able to observe the impact of the test parameters on building performance.
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3.1.4 Shade Types
Based on the previous section, the following test parameters are combined with each other to makespecific shading systems:1. Shade Type (Venetian blinds and roller shades)2. Permeability (Slat size or openness factor)3. Color (Color of shading system between light, medium and dark)
Once these variables are combined based on all possible size and color combinations, 12 differentshading systems are finalised for further assessment. In order to evaluate shades that have materialspecifications and detailed test parameters, these shades are chosen from the Warema databasecontaining all shade and blind specifications specific to external shades. The data has been determinedwith the simulation program WINSLT based on DIN EN 13363-2/DIN EN ISO 52022-3 or DIN EN 410 forexternal venetian blinds and external roller shades.
This sub-chapter focuses on identifying parameters that are tested and evaluated to determine theimpact on the energy performance of building envelopes in both hot and cold climates. One of theparameters identified is the color of the shading system, which affects the optical and solar propertiesof the building envelope. In heat-dominated climates, darker shades may be more effective at absorbingsolar radiation, while in cooler-dominated climates, lighter shades may be more effective at reflectingsolar radiation and reducing heat gain. It may be effective.
Another parameter identified is the physical properties of the blinds, especially their optical propertiessuch as transmission, reflection and absorption. These properties often interact. This means thatchanging one property can affect the performance of other properties. Therefore, it is important toassess the overall impact of these properties on the energy performance of building envelopes.
To assess the impact of these parameters on the overall energy performance of building envelopes,the average annual overall energy performance (AEP) for cooling and heating was proposed as ameasure. This metric takes into account the interactions between various parameters to provide acomprehensive assessment of the impact of a building envelope on overall energy performance. Bytesting and evaluating these parameters, we can identify the most effective shading systems and blindsfor different climatic conditions and optimize the energy efficiency of the building envelope.

Table 3.4: Shade combinations for analysis (Source: Author)
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3.2 Workflow

When it comes to the modelling of complex shading systems, there are major barriers to determine howa shading system would influence the space, namely:• Thermal properties of complex shades with respect to varying incident angles leading to multidimen-sional heat transfer due to the complexity of the shading.• Optical properties of complex shades with respect to varying incident angles leading to similarmultidimensional solar transmittance to the interiors due to the complexity of the shading system.• Modelling of the dynamic nature of facade shading technologies in terms of opening/closing andchanging the slat angles which can have an impact on the aforementioned thermal and opticalproperties of the complex shading system.
3.2.1 Key Performance indicators

A buildings thermal and optical environments, as well as the energy needed to maintain them for thecomfort of its occupants, are significantly influenced by the building envelope systems.

Figure 3.3: Identified Key Performance indicators (Source: Author)
To enhance the thermal and optical performance of window systems, numerous techniques have beenused. Complex shading systems are one of the many systems that can influence the environmentalperformance. Most of the performance indicators rely on objective comparison or simulation resultswhich can be seen in energy analysis, thermal analysis, daylight analysis and glare analysis. Few otherindicators such as view clarity and spatial effect are subjective properties and cannot be comparedobjectively. Hence, these will be evaluated through responses as received in the survey. The objectiveperformance indicators will be evaluated by means of simulations.
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Energy Performance

When it comes to the energy performance, the physical properties of venetian blinds, particularly theiroptical traits like transmittance, reflectance, and absorption, are frequently related. As a result, theaverage annual energy performance for cooling and heating was suggested as a metric to analyse theimpact of each parameter on AEP while taking into account the interactions between these elements(Tan et al. 2022). Similarly for roller shades, annual energy performance for heating and cooling areimportant indicators for performance of the space. Finally, the annual demand for lighting energy canhelp determine the impact on lighting energy based on the operation of blinds for thermal comfort.Astudy by Appelfeld, McNeil, and Svendsen (2012) indicates that it was possible to shade excessiveilluminance, while providing the savings of the lighting energy, as the clear glazing did not producedsignificantly higher savings.
In order to assess the energy performance of the shading systems, heating, cooling and lighting energyuse will be assessed. This is considering the increase in heating demand during the winter period wherein the shades will be operated due to excess solar gains / illuminance. Similarly, the shading systemswill also affect the cooling demand by providing shade against solar radiation for a larger part of the year.
There are several tools that simulate energy, each with a particular set of input requirements andoutputs, including ESP-r, eQUEST, and Energy Plus. A shading device is one of the important designelements in the determination of energy assessment, and many tools can be used to anticipate theprospective energy performance of a building in the early stages of design (Kim et al. 2012).
Thermal Performance

The thermal performance as mentioned in the earlier chapter can be assess by mean of the MeanRadiant Temperature along with an assessment of the Predicted Mean Vote that assesses thermcomfort rating on a scale of -3 to +3.
Visual Performance

Finally, Useful Daylight Illuminance, Daylight Glare Probability and View Quality Index establish theperformance of the various shading systems. Proposed by Nabil and Mardaljevic (2005), based onwork plane illuminances, the useful daylight index is a dynamic way to quantify daylight performance.As the name implies, it seeks to identify whether daylight levels are ’useful’ for the occupant, thatis, neither too dark (100 lux) nor too bright (>3000 lux). Hence, The ratio of time when the lightinglevels at the workplace are fluctuating between the two extreme values is known as the UDI. Daylightglare probability (DGP) is a measure used to evaluate the potential for discomfort caused by glare fromdaylight in buildings. It is calculated based on the position of the sun in the sky, the window size andorientation, and the characteristics of the surrounding environment. DGP is expressed as a percentageand represents the probability that an occupant will experience discomfort due to glare from daylight.A DGP of 0% means that no glare is expected, while a DGP of 100% means that glare is expected allthe time. Shading design and control play a central role in mitigating daylight glare, thus a few studieshave focused on shading control strategies. The review of the experiment’s findings reveals a stronglink between the user’s response and the DGP.
3.2.2 Climate Type
The Netherlands, located in a temperate maritime climate influenced by its proximity to the North Seaand prevailing westerly winds, is classified as Cfb according to the Köppen climate classification. Thismeans it has a temperate oceanic climate with mild summers and cool winters. The country experiencesrelatively mild temperatures year-round, with cooler winters and moderate summers. In summer, theaverage daily high temperatures range from 17°C to 20°C (63°F to 68°F), while in winter, they candrop to an average daily high of 2°C to 6°C (36°F to 43°F). Being a small country, there is littlevariation in climate from region to region, although the marine influences are less pronounced further
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inland. Rainfall is fairly evenly distributed throughout the year, with a slightly drier period from April toSeptember.
The epw file for the Netherlands was taken for running the Radiance and EnergyPlus simulations.The Dry-Bulb temperature, Direct normal Radiance and Direct normal illuminance are visualised usingLadybug tools. The dry-bulb temperature falls within the range of 32.70oC to 16.06oC between Mayto September. The dry bulb temperature between November to April falls within the range of -8.4oCCto 12.15oC. The direct normal radiance is highest from April to August. The hours with direct normalradiance reduce by half from September to March. A similar trend is observable for direct normalilluminance at 94100 lux from April to August. The direct normal illuminance value drops to a maximumvalue of 47050 lux between September to March.

Figure 3.4: Heatmap of epw data of the Netherlands for Dry-bulb Temperature, Direct Normal Radiance andDirect Normal Illuminance (Source: Author)

3.2.3 Base Model
The initial spatial model that is to be simulated is modelled using Grasshopper which is a parametricmodelling software on Rhino. Grasshopper is an ideal choice as the inputs and outputs can be easilymoved to and from the EnergyPlus and Radiance engines. The entire simulation can be executedusing the Ladybug Tools 1.6.0 barring the simulation of venetian blind slats dynamically based on solaraltitude and azimuth. This is currently a limitation of the Ladybug tools. Hence, initially, the Ladybugtools are used to define the Geometry, radiance modifiers, EnergyPlus construction sets, program andtemperature set-points.
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Figure 3.5: Setup of base model on Rhino + Grasshopper (Source: Author)
Input

The spatial dimensions, window size, window to wall ratio are plugged in to get an output geometrythat is entirely parametric and can be changed based on simulation needs. The base model is set at5m wide and 6m deep with a 3m floor height. The fenestration wall has a 50% WWR with a windowsill at 0.8 and window height of 1.2m. The default orientation of the fenestration is towards the south.All geometrical information is taken from the customised component and input individually into theHB Room component by use of HB Face component that translates geometrical information into aHoneybee Room. Next, a construction set is selected and revised based on the ASHRAE 90.1 2019standards. This construction set associates the material properties required for the thermal assessmentwith the necessary geometry by use of the HB Room component mentioned earlier. Next, in order toset the operational schedule and setpoint temperature, Grasshopper Gene Pools are used to set firstthe weekly schedule assuming occupancy from 0600 hours to 2000 hours during weekdays and nooccupancy during weekends and holidays. The occupancy schedule is used to model the number ofpeople and equipment usage into the HB-Room model. The cooling setpoint is set at 25 degrees andthe heating setpoint is set at 21 degrees with a setback at 22 degrees and 15 degrees respectively atnon operational hours / holidays. The ventilation is set at 0.063 air changes per hour and the infiltrationis set at 0.0003m3̂/s per m2 of the building envelope. Finally, the building windows are kept fixed tolimit the variables in the simulation and to be able to better assess the impact of shading systems inaffecting performance.
Output

All components are plugged into the HB Model component that uses the HB Model to OSM componentto translate the entire model into an idf that can be interpreted on Energyplus for further detailing.Additionally, the epw file taken for the Honeybee modelling is taken for the EnergyPlus simulations.Additionally, the base model without any shades will be used to model the various KPI’s in a scenariowithout shades to setup a baseline performance to compare with the shade included simulations.
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Table 3.5: Shade combinations for analysis (Source: Author)
3.2.4 Energy Model

The energy and thermal modelling is to be executed on Energyplus with the based model setup inthe subsection before. The primary inputs that need to be incorporated are the Window materials(shade and blind), shade shading control settings and the output variables that are required for furtherprocessing.
Input

In order to be able to conveniently add and dynamically change the model based on simulationrequirements, the idf file is edited using the Eppy Python package. Firstly, the idf file received fromHoneybee is opened using Pycharm. Roller shade and venetian blind specifications are added intothe model as per the details shown in the figure below. Since 12 types of shading systems will beevaluated against each other, the shade control is changed (between exterior blind and exterior shade)for the simulation dynamically based on the type of shading system that is evaluated. The primaryadditional setting required for the venetian blind is to add a slat angle control to Block beam solarmeaning automatic operation of blind slats based on irradiance. The irradiance threshold for the sameis kept at 200 W/m2. Since most of the other model settings are detailed on Honeybee, the model isassembled already. Before running the simulation, the Output: Variables are input based on the energyand thermal assessment required.
The Eppy interface offers the flexibility to change the model dynamically. Since the primary objectiveis to assess the shading systems in various directions, the simulation is setup to run in loops to firstsimulate the shading system in 8 directions by rotating the model by 315 degrees at 45 degree intervals.Once the first loop is complete, the shading system is dynamically altered along with the shading systemcontrol settings and the model is again rotated within the same range. This is run for all types of shadingsystems.
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Figure 3.6: Energy Performance simulation workflow for Energyplus(Source: Author)
Output

EnergyPlus saves the individual idfs and outputs for the individual shading system and windoworientation combinations. the outputs received from the simulation include heating energy, coolingenergy, operative temperature, occupant count, shade states and venetian blind slat angles, Meanradiant temperature and Relative humidity. These outputs will evaluate the performance of the shadesin terms of energy performance and thermal performance. The slat angles and blind states will be takento execute daylight simulations. EnergyPlus does not give dynamic lighting energy required based onshading system operation. Hence, instead, only occupancy hours are taken so that the lighting loadscan be evaluated by the use of Honeybee. Each shade + orientation model is saved as a separate csvfile.
3.2.5 Radiance

There are two main techniques to depict the optical characteristics of a window system incorporatinga complicated structure (such interstitial shading devices). In the first, the strength and directionof the direct flux are quantified. After that, the remaining flux is quantified as a single number.When directional information is not crucial, these measurements, which describe the total quantityof transmitted/reflected flux, are adequate to forecast solar gains. The second is to employ atechnique like bidirectional scattering distribution functions, which depict the magnitude and directionalcharacteristics of transmitted or reflected flux (Sun, Wu, and Wilson 2018).
The primary objective of the daylighting simulations is to accurately represent the behaviour of complexshades. The 3 dimensional modelling of venetian blinds is possible to evaluate their solar and opticalperformance but it is not as convenient to model roller shades. Hence, customised BSDF modifiers arecreated for the individual shades. Radiance can use the angular resolved transmission and reflectiondata in the LBNL format BSDF file to calculate how light incident on a surface will be distributed. It isespecially helpful for modelling the transmission of daylight by a complex fenestration system (CFS)(McNeil and Lee 2013). For this reason, the Radiance engine will be used.

Chapter 3.2 79



Figure 3.7: Diagram representing behaviour of complex shades (Source: Drawn by Author from Radiance)

Input

First, a small patch (0.2m x 0.2m) of roller blind and venetian blind types are modelled on Rhinoceros(Version 7.0) at 2 openness factors and 2 slat sizes respectively. In order to maintain consistencyin modelling, everything is modelled in meters. In order to accurately model the behaviour of venetianblinds dynamically, the slats are modelled at angles within 0 and 90 degrees at an interval of 15 degrees.All models of the shades are kept in the positive x axis and y axis and kept in the -z coordinates at aminimum of 0.001m below the origin. The models are further saved as .obj files which can be interpretedby the Radiance engine. By use of the obj2rad component, the .obj file is transformed into a .rad file.Further, the shade color information is incorporated into the .rad file manually based on shade colorsthat are selected from the brand website mentioned above. A white, grey and black shade color is usedfor both roller blinds and venetian blinds. Here, the shades are saved systematically into all possibleshade + color combinations. Finally, the .rad files are taken and a genBSDF is run on the shade patchesindividually using the similar parameters. The primary different between the various BSDF simulationsis the bounding geometry that analysis the various shade models based on their dimension to avoidany of the light
Shade type &color RGB Solarabsorptance Opticalabsorptance Solarreflectance Opticalreflectance Solartransmittance Opticaltransmittance
Roller shadelight 0.949020.949020.9294 0.20 0.18 0.55 0.60 0.25 0.20
Roller shademid 0.529410.521570.50588 0.61 0.63 0.28 0.28 0.11 0.09
Roller shadedark 0.054900.054900.06275 0.89 0.90 0.06 0.06 0.05 0.04
Venetian blindlight 0.949020.949020.9294 0.20 0.18 0.55 0.60 0.25 0.20
venetian blindmid 0.529410.521570.50588 0.61 0.63 0.28 0.28 0.11 0.09
venetian blinddark 0.054900.054900.06275 0.89 0.90 0.06 0.06 0.05 0.04

Table 3.6: Material properties used for Radiance genBSDF
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Simulation

The .rad files produced are checked using the radviewer component to check if the geometry iscorrectly placed within the coordinate system. Once the genBSDF is run, the .xml file is taken intothe Ladybug BSDF viewer to verify whether the BSDF modelled represents predictable behaviours forthe modelled .rad files.

Figure 3.8: Workflow to generate .xml files for complex fenestration’s (Source: Author)

Output

The data that details the intensity and direction of light leaving the system for each incident anglemakes up the bulk of the BSDF file. In the LBNL format, this information is referred to as "scatteringdata." A "wavelength data" that also contains xml tags that describe the attributes or the scattering datablock, such as wavelength (integral: visible or solar, discrete), direction (transmission front, reflectionfront, transmission back, reflection back), and angle basis (Klems full, Klems half, Klems quarter, ortensor tree), is what contains scattering data. The BSDF generated in this process contains a theangles basis as a Klems full scattering data. The BSDF’s once verified against BSDF’s downloaded fromLBNL Window software are catalogued and saved to a material library for use in daylighting simulations(Fig:3.9).

Figure 3.9: Visualisation of generated BSDF files for roller shades using Ladybug BSDF viewer (Source: Author)
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3.2.6 Daylight Model
In terms of daylight, two simulations are setup. One assesses the Useful Daylight Illuminance and theother assesses Daylight Glare Probability. This is achieved by the use of HB Annual Daylight componentand the Point in time Glare component respectively. The model made in the earlier subsection is used toexecute the daylight model. The components further required to execute the simulations are mentionedbelow.
Input

Considering the requirement of optical properties and performance of the room, a HB Modifiercomponent is made to specify the name, specularity, roughness and reflectance of the variouscomponents such as ceiling, flooring and walls. The Honeybee component supports a 2-phasemodelling approach instead of a 3-phase which is used to model the complex fenestration’s. Before asimulation is run, a HB Radiance Parameter component is used to calibrate the model by a convergencetest. The test consists of running multiple simulations and gradually increasing the ‘resolution’ ofthe raytracing process by changing one parameter at a time. Once satisfying results are achievedusing parameters and the result value does not change much when launching simulations, the finalparameters are found. The annual daylight simulation is run using the Colibri component that simulates96 shade and orientation combinations.
Parameter T-1 T-2 T-3 T-4 T-5 T-6 T-7 T-8 T-9 T-10

-ab 1 1 1 1 1 1 1 1 1 1

-aa 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.2 0.1 0.1

-ar 8 8 8 8 8 16 32 32 32 32 32

-ad 32 64 128 256 512 512 512 512 512 512

-as 16 32 64 128 256 256 256 256 256 256

Table 3.7: Radiance parameter convergence test (selected parameters in bold)
Annual Daylight Simulation

Initially, the base geometry setup for the Energyplus simulation is connected to the Honeybee Roomcomponent. Next, an HB Glass modifier is introduced with a transparency factor of 0.87 to simulate clearglass. Finally, in order to model the complex shading systems, .xml file are loaded from the custom-made material directory. These .xml files are linked as a list to the Modifier component which is usingthe peak extraction method which is usually used for systems with a high specular transmission. TheBSDF modifiers are connected to dynamic state geometries which associate geometries in the rhinowith the complex fenestration material. The geometries are plugged into dynamic aperture groups thatfurther associate the geometries with the individual windows. This is plugged into the HB-Room Model.In order to be able to be able to simulate the venetian blinds at 15 degree intervals, all outputs from theslat angles are labelled into integers in the range of 1 to 7 to simplify the slat angle based on incidentradiation, solar altitude and azimuth on an hourly basis. The shade states and and slat angles areimported onto Grasshopper and linked to a custom shade state Python component that will be usedto post process daylight results. HB Sensor points are assigned to the HB Model at 1m, 3m and 5mdistance from the window respectively. Now that the model is prepared, a Colibri inputs component isused to run through the Shade type and North orientation. The combination selected also alters thehourly shade state, hourly slat angles and shade modifiers.
Output

The results of the annual give the Useful Daylight Illuminance for each of the sensor grids, the customstate component is used to alter the aforementioned UDI as per the hourly shade state list for theshade type in the particular orientation. The relevant UDI percent value output is saved for 3 points at
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Figure 3.10: Workflow to generate .xml files for complex fenestration’s (Source: Author)
the along the central axis of the room at a distance of 1m, 3m and 5m from the window. The altered UDIfor each shade is then saved in loop onto a .csv file for analysis. The simulation is designed to providesimulated value for various shading systems along with a base UDI value to evaluate the positive /negative impact of the shades on the lux levels inside. Additionally, since Energyplus does not providelighting energy loads on the basis of dynamic complex fenestration’s, a percentage value is taken forthe amount of hours that the UDI is below the lower threshold (300 lux) at a distance of 3m from thebuilding fenestration. This value when analysed with respect to the amount of occupied hours providesan estimation of variation in lighting energy used for the various shading systems based on the shadestate and slat angle along with the amount of light ingress to the interiors.
Point in Time View based Analysis

In order to execute a Daylight Glare Probability analysis, it is first important to assess the worstDGP values through the year without applying any shades to the model. Here, only fenestration’sare provided with varying north orientation of the model. The same radiance parameter settings aremaintained for the simulation as set out for the complex fenestration simulation from the UDI analysisdone before. This provides the worst DGP value at 3 points within the model along with the specifichour of the worst DGP. There is probability of worst glare at the 3 points occurring at different hours ofthe year along with the frequency. The primary intent of the simulation is not to see how many times theworst glare occurs but rather how well can the building shades prevent high glare for the occupants.The occupants are kept facing perpendicular to the direction of the fenestration wall. The daylight glareprobability for the worst hour is then calculated with the shade state as per outputs from Energyplus.In case the shades are not deployed at the time of worst glare, another hour is chosen with equallyhigh DGP with the shades deployed.
output

After obtaining the initial list of hour indices and their corresponding DGP values, the hour indices arecross-referenced with the DGP values to determine if shades are deployed during those specific hoursof the year. If shades are not deployed, an equally high DGP hour is selected for the orientation where
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Figure 3.11: Workflow to generate .xml files for complex fenestration’s (Source: Author)
the shades are deployed. This approach serves two important purposes.
Firstly, it allows for the parametric testing of multiple shades with their individual state condition indexagainst multiple orientations. By selecting high DGP hours, the performance of different shades undervarious orientations and spacing from the building envelope can be compared. Secondly, this approacheliminates the need for manual modeling of shade angle/state through calculations of solar altitude andazimuth.
The final DGP is then saved for each shade and orientation combination, resulting in a total of 96 results(assuming there are 12 orientations and 8 shades being tested).
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Figure 3.12: Simulation workflow (Source: Author)
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3.3 Simulation result and evaluation
The simulation results are specific in terms of time steps, units and scale. All KPI’s are tested for 96scenarios where 12 shading systems are simulated against 8 orientations. This chapter establisheshow the Key Performance Indicators are assessed and how is the data taken forward to be used in theclustering model. The shading systems are not only compared with respect to best case shade butalso compared with respect to how they perform in various orientations.
3.3.1 Energy Performance
From the point of view of the energy efficiency of the building, the key factor to be evaluated is theamount of energy used for heating, cooling and lighting. The use of shading systems can help reducethe energy needed for heating and cooling by regulating the amount of solar radiation entering thebuilding through its frames (windows, skylights, etc.).
In addition to controlling solar radiation, shading systems can also affect the amount of daylight enteringa room. Daylight is a valuable source of natural light that can help reduce the need for artificial light,which in turn can reduce energy consumption. EnergyPlus is a software tool that can estimate lightingneeds based on control point light levels, but does not consider the effect of dynamic shading systemson light levels. To overcome this limitation, a daylight simulation was performed to find out how manyhours the table’s lighting falls below the threshold of 500 lux. This list was then used to calculate theamount of energy that would be required to light the space during those hours using a light load of 5watts/m2. This calculation of lighting energy requirement is added to heating and cooling energy useto get an estimate of total energy use with respect to various shading systems.
Shading systems are first compared in terms of plots to understand how do different shades workwith respect to energy consumption in various orientations. The plot shows annual space energyconsumption in the range of 113kWh/m2 to 117kWh/m2. This helps to infer the consequencesof choosing shades in scenarios where more than one fenestration orientation is involved. Asseen in the multiple plots, venetian blinds show low overall energy consumption in all directions.Next, heat maps are created to compare the performance of different shading systems in differentorientations. In this case, shading systems were modelled in 8 orientations, and the resulting heatmaps were used to compare the performance of the shading systems in each orientation. This helpsensure the effectiveness of shading systems in reducing energy consumption in various scenarios.Finally, as visible below, parallel line plots are drawn to compare the performance of various shadingsystems across 8 orientations. This helps evaluate consistency of performance and validity of shadeperformance based on the particular orientation.

Figure 3.13: Parallel plot of total energy requirement(Source: Author)
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Figure 3.14: Heatmap showing Heating, cooling and lighting energy demand (Source: Author)
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Figure 3.15: Total energy demand with base energy use intensity in red dotted line (Source: Author)
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Heating energy

The heating energy demand of the 12 shade types varies as per the orientations. Within the 96scenarios, the heating energy demand is within the range of 96 to 102 kWh/m2. Towards the northernorientations, there is no drastic impact of shades on the overall heating energy demand. Towards theremaining directions the lighter shades show lower heating demand as compared to darker shades. Theshade performance is most crucial towards the south, south east and south west orientations where ahigher heating demand difference is visible.
Cooling energy

The cooling demand shows a similar performance pattern to the heating demand with respect to thenorthern orientations wherein the cooling demand within the space is irrespective of the type of shadeimplemented within the space. Similarly, a higher impact of various shades is observed towards thesouth east, south and south west orientation facades. Due to the simulations being done within aheating dominated climate, the cooling energy demand is relatively low within the range of 2kWh/m2̂to 4kWh/m2̂. Here, the different in performance between shades is visible where in darker shadesrequire lower cooling energy. Additionally, darker roller blinds show best performance for reducingcooling energy demand.
Lighting energy

Finally, in terms of lighting loads, a clear distinction can be seen between venetian blinds and rollerblinds. Lighting energy demand towards the northern direction is the same for all shades due to theshades not being deployed due to lack of excess solar radiation on the building envelope. In terms oflighting energy demands, roller blinds require a higher amount of energy annually to provide adequatedaylighting levels as compared to venetian blinds. The slat angle modelling assumes blocking of directsolar radiation but allows a higher illuminance to the interiors as will be shown within the daylightperformance sub-section.
3.3.2 Thermal Performance
The thermal performance is evaluated using Energyplus outputs. From the simulation output, whichworks with orientation and shade type variables, multiple variables are evaluated, namely: dry bulbtemperature, relative humidity, occupancy, mean radiant temperature and operative temperature. Inorder to evaluate the thermal performance of shades, two major Key Performance indicators areassessed, PMV (Predicted Mean Vote) and PPD (Percentage People Dissatisfied). By using thePythermal comfort Package on Python, the shade specific outputs are input to calculate the PMV andPPD based on ASHRAE Standard 55-2020. This translates hourly data from EnergyPlus into hourlyvalues for PPD and PMV. This is translated for analysis in the sections below. While the PMV equationis the same for both the ISO and ASHRAE standards, in the ASHRAE 55 PMV equation, the SET isused to calculate the cooling effect first, this is then subtracted from both the air and mean radianttemperatures, and the differences are used as input to the PMV model, while the airspeed is set to0.1m/s. The weighted score of PMV and PPD is visualised in Figure:3.18
Predicted Mean Vote

The predicted mean vote is defined as the index that predicts the average value of the (self-reported)votes of a group of people on a thermal sensation scale under certain combinations of environmentaland personal parameters conditioned by the indoor environment. The rating is on a scale of -3 to+3 (too cold to too hot). In order to evaluate the performance of the shades, the absolute differencebetween the PMV and 0 is calculated and added for the amount of occupied hours as exported fromEnergyplus. This results in providing an assessment of a total PMV (annual) on the basis of occupiedhours only in order to avoid adding the times of the year when the office is unoccupied / holidays.As seen in the figure, the PMV for the various orientations can be correlated against the shade types.Similar to energy performance, the thermal performance of the shades where the windows are facing
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north are inconsequential as they do not impact performance. Overall, annual performance reflects thatlighter shades are more beneficial in the simulated climate type as they help minimise the Predictedmean vote. This is an assessment which only addresses the predicted mean vote while not taking intoaccount the energy demands.
Within cooling demand climate scenarios, the impact of shading systems can help reduce the amountof solar radiation on the building envelope through the year. Within the heating dominated climate ofthe simulation, the shading systems can have a two fold impact on the thermal comfort where in first,they help reduce the cooling demand in the summer period and second, they have potential to increaseheating demand in the winter time if deployed for multi-domain environmental factors. Here, the latterseems to have a higher impact where in shades lead to over cooling in winter period which is alsoa possible outcome of deploying shades leading to increase in discomfort. The final performance interms of the PMV can be seen in figure 3.18 where the thermal discomfort index of the lighter shadesis consistently lower than that of the darker shades. Lighter shades reduce the total annual discomfortrating total by 200 points. Similar to energy demand analysis, not much variation is observed in the northwest, north and north east orientations. A higher thermal discomfort towards the north could also bean impact of over cooling due to lack of solar radiation on the northern oriented building envelopes.The remaining orientations show a higher impact of the various shades. The relevance of shade typeand color is higher towards these orientations.

Figure 3.16: Parallel plot of dissatisfaction rating (Source: Author)

Figure 3.17: Parallel plot of Percentage People Dissatisfied rating (Source: Author)
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Figure 3.18: Thermal discomfort index with base energy use intensity in red dotted line (Source: Author)
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3.3.3 Daylight
The daylighting performance is evaluated by the use of 2 major Key performance indicators. Usefuldaylight illuminance performance will show how the shades affect the illuminance levels indoors whendeployed through the year and to what extent do they increase / decrease the amount of daylight tothe interiors. Daylight glare probability analysis will show how much do the shading systems reduce theprobability of glare when deployed at the worst glare hour in the year. Since the performance of shadingsystems would be reflected differently based on the distance of the user from the building envelope,3 analysis are made for each key performance indicator which provide resulting performance at 1m,3m and 5m. This would serve the purpose of clearly evaluating the ideal shade for the user dependingon their distance from the building envelope and also help understand the consistency in the shadeperformance at various distances from the building envelope.
Useful Daylight Illuminance

Since the useful daylight illuminance is a percentage of hours that the lux levels on the work desk isfalling within the suitable range, hourly data is not analysed. Instead, here the shade-orientation resultsare transposed to form the shade-orientation matrix similar to the previous evaluation procedures. Theorientations of the buildings can be evaluated as separate categories and hence, a parallel plot is usedto evaluate the cross orientation performance.
On a broad analysis, the impact of shades can be beneficial in scenarios based on the users distancefrom the window. The distance matrix can then be observed in the parallel line plot in figure 3.21, 3.22,3.23. The useful daylight illuminance of the norther orientations similar to the other key performanceindicators is least impacted by the type of shade and color of shade used. The illuminance provided bythe shades is visibly different where in venetian blinds show a higher percentage of UDI as comparedto roller blinds. Where the roller blinds are perfect diffusers allowing only some part of the illuminanceto be taken into the space, venetian blinds work at various slat angles to allow reflection of light to theinteriors while blocking the solar radiation on the building envelope.
In addition to this, when observing the behaviour of shades at different spacing, the lighter buildingshades provide a higher percentage of UDI at a distance of 5m from the building envelope. Thebehaviour is different at 1m from the building envelope where the darker venetian blinds visibly providea higher value of UDI within the space.
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Figure 3.19: Useful daylight illuminance at 1m across all orientations (Source: Author)
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Figure 3.20: Useful daylight illuminance at 1m across all orientations (Source: Author)

Figure 3.21: Useful daylight illuminance at 3m across all orientations (Source: Author)

Figure 3.22: Useful daylight illuminance at 5m across all orientations (Source: Author)
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Daylight Glare Probability

The Daylight Glare probability analysis takes the shade states from the energy performance andanalysis the way the shade behaves at the hour of the worst possible glare. Similar to the uniformdaylight illuminance, glare is specific to the location of the user and direction of view. In all conditionsexcept the North east, North and North west, the existing DGP without shades can be upto themaximum rating of 1.
The performance of roller blinds as perfect diffusers is consistently effective in reducing the glareprobability in all orientations at all times of the year irrespective of building orientations. Venetianblinds on the other hand do not universally perform well. The slat angle and shade of the venetianblinds greatly impact their performance against glare. First, the slat angle is modelled annually to blockdirect radiation but can lead to reflected light causing glare to the occupants within. Secondly, thelighter shades reflecting more light have a higher DGP rating as compared to darker shades wherein the darker shades perform relatively well in most scenarios as compared to lighter shades when itcomes to venetian blinds. In the case of roller blinds, the DGP rating is low enough within the range of0.0 to 0.2 that the impact of the shade color is negligible in reducing the DGP.
The range of glare observed decreases as the distance of the occupant from the window increases. Ata distance of 1m from the building envelope, the DGP can vary within the range of 0 to 0.8. At a distanceof 3m from the building envelope, only the lighter venetian blinds breach into DGP values above 0.4.The remaining shading systems stay under the 0.4 threshold. Finally, at a distance of 5m, all shadesare within the threshold of 0.4. Most of the roller blinds show no glare through the year at a distanceof 5m from the building envelope.
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Figure 3.23: Useful daylight illuminance at 1m across all orientations (Source: Author)
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Figure 3.24: Daylight glare probability at 1m across all orientations (Source: Author)

Figure 3.25: Daylight glare probability at 3m across all orientations (Source: Author)

Figure 3.26: Daylight glare probability at 5m across all orientations (Source: Author)
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3.4 Result processing
The shading systems are initially evaluated based on their performance in individual domains, includingenergy, daylighting, glare, and thermal comfort. However, to assess the shading systems holistically,it is crucial to evaluate their cross-domain performance using a normalized scale. Normalizing theperformance allows for a visually and numerically comparable assessment of the shading systems,despite the varying scales of results obtained in each domain.
3.4.1 Normalisation
To enhance the evaluation of performance between energy demand and thermal discomfort factors, anormalization process is employed. The original range of values for energy demand (0 to 120 kWh/m²)and thermal discomfort ratings (0 to 6000) is transformed to a standardized range of 0 to 1 using amaximization scheme.In this scheme, the lowest values for energy demand and thermal discomfort areassigned a rating of 1. The remaining results are proportionally normalized to values lower than 1. Thisapproach ensures that the performance ratings are scaled in proportion to each other while avoidingextreme ratings such as 0.

Es = Eheating + Ecooling + Elighting (3.1)
Escore =

Emax − Es

Emax − Emin
(3.2)

where
Escore : Energy Score;
Emax : Maximum energy use amongst all shades for specific orientation (W/m2);
Es : Energy use of shade to be rated (W/m2);
Emin : Minimum energy use amongst all shades for specific orientation (W/m2);

With respect to daylight glare probability, the values are already normalised as the values fall within therange of 0 to 1. Even so, DGP is also a KPI that is to be minimised. This indicates that the shades whichprovide the shade with the lowest DGP value is given a rating of 1 and the remaining shades are ratedproportionately lower. This is proportionate to the scores for DGP but inversed to be able to comparerating with the other key performance indicators.
Dscore = 1− Dmax −D(s)

Dmax
(3.3)

where
Uscore : Glare score;
Us : Daylight Glare Probability for specific shade (%);
Uunshaded : Daylight Glare Probability without any shade (%)

Finally, Useful Daylight Illuminance values fall within the range of 0% to 100% where a rating of 100%signifies that the illuminance values fall within the range of 300 and 3000 throughout the occupiedhours of the year. Since UDI is a key performance indicator that needs to be maximised, shadingresults are simply scaled by 0.01 to get a value of the UDI within the range of 0 and 1. Similar to the
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remaining values, UDI is scaled proportionately to their performance instead of introducing biases.
Uscore =

Us

Uunshaded
(3.4)

where
Uscore : Daylight Score;
Us : Useful Daylight Illuminance for specific shade (%);
Uunshaded : Useful Daylight Illuminance without any shade (%)

Figure 3.27: Normalisation and pre-processing of Key Performance Indicators (Source: Author)
3.4.2 Multi-Domain Comparison
The resulting values are recomposed into 3 dataframes ( 1 dataframe per simulated distance fromthe building envelope) of 8 rows (orientations) by 12 columns (shades). On overall performance, it isevident that performances are well distributed across various orientations. At a distance of 1m, In mostorientations, the lighter shades have a better performance. Only towards the northern directions, thedarker shades show better performance. A similar trend is observable at the performance matrix at 3mand 5m where the lighter shades show a better performance as compared to the darker shades. On abroader angle, it is evident that roller blinds with 10% openness factor and venetian blinds with 50mmslats perform slightly better than roller blinds with 5% openness factor and venetian blinds with 25mmwide slats respectively.
The heatmap was used to evaluate the influence of the various shades across different orientationsand spacing from the building envelope. Additionally, the individual normalised scores are stored in

Chapter 3.4 99



separate data frames for objective comparison of shading systems. This method helps evaluate thescore of the shade on the 4 evaluated Key Performance Indicators and also store the results untilthey can be used for further personalisation based on occupant preferences. The radial plot shown inFigure:3.28 evaluates the cross domain behaviour of shades for 4 of the 6 initial performance indicators.This rating evaluation helps understand how well the shades perform across domains.

Figure 3.28: Multi-domain performance of shades for East orientation at 1m from building envelope (Source:Author)
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Figure 3.29: Shade - orientation rating matrix at 1m(top), 3m(middle) and 5m(bottom) (Source: Author)
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4Facade - User Archetype Survey
The fourth chapter presents the inferred framework designed in the second chapter as an occupant-perception framework that is used to design the facade-user archetype survey. The chapter presentsthe methodology used to design, distribute and ultimately analyse the results received. The data isanalysed through distribution analysis, correlation analysis, ANOVA test and processed to be usedfurther in the formation of Facade user Archetypes. Finally, the chapter presents the most relevantsurvey responses as possible features to be used in the implementation of facade-user Archetypes.
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4.1 Framework of occupant Preferences
Based on the literature review, a framework of occupant preferences, comfort and energy attitude isformed in the chapter 2.5. From here-on, the aforementioned conceptual framework is taken further asa methodological framework that addresses the various factors. A robust methodological frameworkthat accounts for participants’ perceptions is crucial for generating high-quality data that can be usedto draw meaningful conclusions regarding occupant preferences with respect to shading systems.
While personal factors include user characteristics and occupant descriptors, they also includepsychological factors that are affected by the previous two. As per Ortiz and Bluyssen (2019) thebehaviour of occupants indoors is to achieve a neutral state. When studied these factors from theperspective of facade design, the energy attitude, comfort attitude and affordances play an importantrole in establishing individual preferences.

Figure 4.1: Conceptual Framework of Occupant Perception (Source: Author)
Shading systems offer comfort as well as energy saving opportunities to buildings. According to astudy, even while energy efficiency and indoor comfort are unquestionably important considerationsin contemporary façade design, solutions that are more suited to offering tailored aesthetic featurescall for greater research to ascertain how they affect building occupants (Pastore and Andersen2019b).Pastore and Andersen (2019a) emphasises how green certification should focus on the at-tainment on sustainable design and energy efficiency without compromising occupants’ comfort. Weinterpret and make sense of the information we get from the environment around us through the processof perception. Perception is important in research because it influences how participants react toquestions and stimuli. Many things, such as culture, individual views, prior experiences, and cognitivebiases, can affect how something is perceived. Consequently, it is crucial to comprehend participants’perspectives in order to ensure the effectiveness and reliability of research tools like surveys.
The diagram adapted from Trochim (1989) displays the theoretical mode of the cause and effectrelationship between user characteristics and their consequent preferences. The need for theobservational box below is to evaluate the theoretical model. The observational model would addressthe factors mentioned in the methodological framework by use of continuous and categorical variables.
With the current methodological framework and an understanding of cause-effect relationship, a broadset of variables to be included in the evaluation are determined. In order to develop a meaningfulrelationship between the same, the responses received from the survey must be analysed with the
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Figure 4.2: Cause - effect framework (Source: Author)
use of statistical analysis tools in order to establish the importance of specific features that must beincluded within the archetype formation process.
In conclusion, understanding various factors is essential for developing a well-designed question-naire that yields accurate and meaningful data pertaining to occupant preference and perception.Additionally, the questionnaire must address user characteristics that may influence the occupants’preferences. The framework established in this chapter would be taken forward as a methodologicalframework to better understand user characteristics, the resulting beliefs and preferences, and theresulting preferences with respect to shading system characteristics. The next chapter addresses thespecific questions that are designed based on the literature review and additional references pertainingto occupant preferences.

Figure 4.3: Facade-User Archetype Survey execution process (Source: Author)
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4.2 Questionnaire Development
The structure of the questionnaire takes clues from the previous methodological framework. In addition,the personal factors, environmental factors and contextual factors are sub-categorised based onconfounding factors, exposure and the resulting outcome. An understanding of occupants comfortin a situation is often restricted to a single comfort domain. This ignores the interactions between thefactors as well as the differences between users. In order to better understand In spite of technologicaladvancements, energy consumption does not seem to decrease at the rate it should. Hence, the mainconcerns addressed within the design of the questionnaire were to 1) Explore how people’s attitudes,behaviors, and psychological factors influence their preferences at their place of work. In addition, 2)to investigate whether it is possible to identify distinct groups or clusters of respondents based on theirattitudes towards energy, emotions related to the home environment, locus of control (the extent towhich individuals believe they have control over their home environment), and needs.
4.2.1 Ethical Approval
To ensure the ethical collection and protection of personal data from occupants, the survey’s implemen-tation involves several necessary steps and approvals. First, a Data Management Plan is submitted forapproval to the Data Steward at the faculty of Architecture at TU Delft, considering the sensitive natureof the information being collected. Upon approval of the Data Management Plan, an application is madefor approval from the Human Research Ethics Committee (HREC). At TU Delft, in accordance with theTU Delft Regulations on Human Trials (2016), HREC approval is mandatory for all research involvingdata obtained from Human Research Subjects. The HREC approval process requires the submission ofa completed HREC checklist, signed by the responsible supervisor, along with the completed consentform and the approved Data Management Plan. Once the HREC approval is received, the survey canbe published to gather responses from users. This process was conducted simultaneously with theliterature review in the initial phase of the research.
4.2.2 Questionnaire Framework
The structure of the survey was evolved around the goal of understanding users’ preferences interms of their experience with the façade, in work environments. The questionnaire was designedusing a combination of several studies, surveys and questionnaires that dealt with the factors thataffect occupant perception in the context of the workplace. The initial questions dealing withoccupant descriptors within the category of personal factors are produced with the use of pre-validated questionnaires produced by Ortiz and Bluyssen (2019) and Eijkelenboom and Bluyssen(2020). Questions dealing with lifestyle of the occupants were developed partially on the basis thequestionnaire by Eijkelenboom, Ortiz, and Bluyssen (2021) and new questions were incorporated tobetter understand the clothing preferences of the users which had shown a high correlation to thethermal comfort of the occupants. Questions pertaining to health related issues, discomfort at placeof work and believed cause for discomfort were designed while referring to the survey designed byBluyssen, Zhang, and Ortiz (2022).The survey then moves to occupants psychological factors. Their energy awareness, comfort priorities,affordances to comfort and sustainability beliefs are questioned based on a 5 point likert scale. Thelikert scale used often in the literature reviews are a good technique to offer the readers to rate thequestions in a scale manner instead of a true or false binary. Similarly, the occupants’ perceivedimportance of their environmental factors and the resulting perceived productivity were questioned bymeans of a likert scale. The scale was to be rated on the basis of thermal, visual, air quality, acousticsand control parameters to understand better what were the factors that affected the users the most.These questions were developed on the basis of questionnaires developed by Sakellaris et al. (2016)and Frontczak et al. (2012).In order to evaluate the contextual factors that contribute to the occupant preferences, workplacetypology, worktype and information about the respondents’ location of work were included in thequestionnaire. The contextual factor questions were inspired by the surveys conducted by L. Neves
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et al. (2018) and Kim and Bluyssen (2020). Additional questions like orientation of building envelope,distance from window and location were included to be used as design scenarios in the latter half ofthe research.The final part of the questionnaire that is developed to understand the preferences of users with respectto design factors for shading system such as view clarity, variability of preference based on viewcontent, openness factors, modules size and shade color preferences are novel questions developedto better understand how users respond to the visual parameters of shading systems. Similar to thequestion structure earlier, the individual aspects are to be rated on a 5 point likert scale instead of atrue or false response.

Figure 4.4: Questionnaire factor and sub-factor design (Source: Author)
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Figure 4.5: Questionnaire factor and sub-factor design (Source: Author)
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Figure 4.6: Questionnaire factor and sub-factor design (Source: Author)
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4.3 Data Collection and Clustering
The questionnaire was distributed through various channels, including social networking websites, QRcodes, and by sharing it with office workers worldwide. The first page of the questionnaire containedessential information such as the research name, the purpose of the questionnaire, an overview of theexpected questions, and an estimate of the time required to complete it.
To ensure transparency and protect the respondents’ privacy, they were provided with detailedinformation about how their data would be processed, stored, used, and potentially published. Theywere explicitly informed that their personal information and any health-related data would not be sharedor made public. Additionally, respondents were made aware of their rights, including the option torequest the deletion of their information and prevent further processing for research purposes.
Participants were given a two-month time frame to complete the survey. If their responses werenot received within this period, the system automatically saved their progress in the database,capturing the answers they had provided up until that point. At the end of the questionnaire, userswere also requested for feedback regarding the questionnaire. The responses received could bypotentially helpful in fixing minor bugs within the questionnaire and also helpful in designing of futurequestionnaires.
4.3.1 Data Management
The respondents were given the allocated time of 2 months to fill out the questionnaire. All receivedresponses were saved in the Qualtrics database. For the initial analysis and clustering, 235 responseswere received out of which 171 were completed more than 80%. The 171 responses received were usedfor the initial analysis and clustering. During this time period, 30 additional response were received outof which 18 responses were completed more than 80% of the entire survey. These were used foruser design scenarios and further archetype allocation. In the entire data collection process, the userresponses were downloaded in the form of text data (unencoded) and saved to the project drive. Allinformation provided by Qualtrics that could be used to identify the respondents was deleted beforeany data analysis or data processing was to be executed.
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4.4 Data Analysis
In order to first understand the response received on the survey, a quantitative analysis was executedon the various questions to visualise the distribution of responses received. The distribution analysisis a pre-processing step taken before evaluating the features using ANOVA and correlation analysis.
4.4.1 Personal Factors

Occupant Descriptors

From the total number of 171 recorded responses, a total of 77 respondents were male, 91 were female,1 Non-binary / third gender and 2 responses preferred not to say. Out of the total number of people whohad filled out the survey, the gender distribution can be seen in diagram. Additionally, a distributioncan be seen within the survey respondents with respect to the education level (insert figure numberof education) where in 90 respondents had a graduate degree, 50 respondents had a masters degree,19 respondents had a doctoral degree and 9 respondents had an associate degree or high schooleducation.

Figure 4.7: Gender distribution(left) and education distribution(right) (Source: Author)

Figure 4.8: kde plot of body mass index(left) and age(right) (Source: Author)
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Figure 4.9: Histogram plot of country related information of respondents (Source: Author)
The age of the respondents filling the survey ranged in between 18 to 59 with a mean and standarddeviation of 28.06 and 6.05 respectively. The general age group of the respondents who had receivedthe survey was such due to sending of the survey to working professionals and students around thecampus who could fill the survey with respect to their work space / studios. The height and weightdata on the users was taken forward to process the BMI of the users to better assess their preferencesof environmental conditions with respect to their characteristics. Similarly, in terms of BMI (Body MassIndex), the values ranged in between 13.75 to 40.0 with a mean and standard deviation of 22.90 and3.82 respectively.
It was also necessary to establish how counties can play a role in the occupant preferences andperceived importance. For this reason, country of origin, country of residence and country mostassociated with was plotted.India showed a highest count for country of origin and country mostassociated with by a count of 86 and 76 respectively. The Netherlands received the highest countfor country of current residence with a count of 100.
Lifestyle

A joint plot of the amount of hours spent indoors versus amount of hours spent at place of works showsthe minimum and maximum amount of hours spent indoors in between 2 and 24 (mean and standarddeviation of 17.86 and 3.78 respectively). This could be due to the confusion whether the amount ofhours not necessarily including time spent at home sleeping. The minimum and maximum amount ofhours spent indoors at their place of work was between 15 and 0 hours (mean and standard deviationof 8.24 and 1.99 respectively). In terms of The clothing preferences, users preferred a higher clothinglevel in the winter as compared to the preferred clothing level in the summer period. The distributionof clothing in summer peaked at 0.25 ( half sleeve t-shirt, low length shoes, pants) with a count of123. The distribution of clothing preference in the winter peaked at 0.75 (sweater, cardigans, boots,scarf) with a count of 70. This shows a more consistent preference in the summers of the users indoors.
The questionnaire also asks respondents further information about their activities, cleanliness levelsand their backgrounds. In terms of cleanliness, 149 respondents out of the entire respondents gave anextremely important or very important in terms of importance of cleanliness. 81 respondents claimed to
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be having sport / exercise activity alternate days a week, 47 respondents claimed to be having exerciseactivity once a week and 28 respondents claimed to having exercise activity on a daily basis.

Figure 4.10: Joint plot of time spent indoors (left) and histogram plot of preferred clothing levels (right) (Source:Author)

Figure 4.11: Histogram plot of cleanliness preferences (left) and activity levels (right) (Source: Author)
Health Factors

The influence of health factors and discomforts on the users can be observed in two ways. Firstly,individuals’ health-related issues and discomforts can impact their sensitivity to environmental factorsand potential causes of discomfort. Secondly, occupants may have preferences or biases againstcertain aspects due to previous distress and discomfort experiences. Three histograms have beenvisualized to provide insights into these factors. The first histogram focuses on underlying healthconditions, revealing that most respondents reported experiencing symptoms of claustrophobia, eyesensitivity, and migraines less frequently or never. Eye sensitivity appears to be a common healthcondition among users, as they reported experiencing discomfort due to it on a daily basis. Additionally,47 respondents claimed to experience symptoms related to migraines, while only 28 users reportedsymptoms of claustrophobia. Although it would be ideal to include a broader analysis of health-relatedfactors, the survey focused on issues potentially associated with the performance of building shadesor their impact.
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Figure 4.12: Health issues and discomfort place of work (Source: Author)
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To assess discomforts experienced at the place of work, ratings were obtained for blurred vision,burning eyes, eye tearing, eye redness, eye dryness, headaches, body pain, and lethargy within thehealth issue section of the survey. Discomforts were frequently reported by occupants, occurring atleast once a week or once every 3-4 days. On average, 40 out of 171 respondents identified theirplace of work as a significant factor contributing to their discomforts. Among these discomforts,neck/shoulder pain and lethargy were more commonly reported by respondents who claimed toexperience them compared to other discomforts.
The final histogram illustrates the positive perceived relation for the individual users between variousdiscomforts and the place of work. Neck and shoulder pain, headaches, and lethargy were identifiedas the most commonly attributed aspects affecting individuals at their place of work.
Psychological Factors

The psychological factors within the questionnaire explore 3 major factors within the occupant mindsetnamely: Energy attitude, comfort and environment and comfort affordances. The energy attitudeassesses importance of sustainability, willingness to compromise for sustainability and willingness tochange behaviour for the sake of sustainability.
In terms of energy attitude, which forms an important part of assessing the importance of shades for theoccupant shade personalisation. The distribution of responses as received from the users on the basisof energy attitude shows an energy conscious attitude from the respondents. 121 Respondents eitherStrongly agreed or somewhat agreed to be consciously sustainable at their place of work. Additionally,around 145 of the respondents claimed to be ready to change their behaviour in order to be moresustainable. Finally, 88 respondents claimed to be ready to compromise on their comfort for the sakeof sustainability.
The next section enquires about the respondents opinions on comfort and the impact of their immediateenvironment on productivity. The questions address the importance of comfort at place of work,importance of interior features, importance of environmental factors and their importance of comfort.Out of the total number, 153 respondents claimed to agree with the fact that their comfort at their placeof work is of utmost importance. Similarly, 156 respondents claimed to agree with that fact that theircomfort at their place of work has a strong impact on their productivity at their place of work. In terms ofimpact of the interiors, only 36 respondents claimed that their interior space in their place of work hasan impact on their perceived comfort. A larger variance is seen here as the interior features were notso much important to them as other aspects. Finally, 150 respondents claimed that their environmenthas an impact on their comfort.
The final section analyses the affordance attitude of occupants and what aspects are most importantto them when they face discomfort at their place of work. The question addresses the possibility ofchanging various aspects of their immediate environment / their position (clothing, workspace, buildingsystems, building envelopes, view direction) to get comfortable in times of discomfort. Out of the totalnumber of respondents, 137 respondents claimed to change their clothing item when experiencingthermal discomfort. Similarly, 110 respondents claimed to change their view direction in the situationsof thermal discomfort or glare. 127 respondents claimed to adjust their place of work in times of thermal/ visual discomfort. Only 93 respondents claimed to engage with the building envelope in times ofdiscomfort at their place of work. Finally, 108 respondents claimed to adjust the building systems intimes of discomfort. The psychological factors provide opportunity to give a rating to certain aspectswith respects to energy performance of the shading systems. Additionally, they offer the opportunityto understand if there are any larger weights that correlate with their preferences and beliefs.
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Figure 4.13: Occupant energy behaviours, comfort preferences and affordances (Source: Author)
4.4.2 Contextual Factors
The contextual aspects of the survey aim to address the scenarios of the users as well as understandingany categorical variables that could contribute in relating to environmental preferences. In the work116 User Archetypes for Facades



context, the survey revealed that the largest group of respondents, totaling 85 individuals, were fromthe creative field. Following closely behind were respondents involved in technical work, with a countof 62 individuals.

Figure 4.14: Histogram of type of work (left) and workspace typology (right) (Source: Author)

Figure 4.15: Respondent workplace satisfaction (Source: Author)
Regarding workspace layout, open plan offices were found to be the most prevalent, with a countof 72 respondents. This suggests that a significant number of participants worked in environmentscharacterized by a shared, collaborative space. In contrast, only 12 respondents reported working insingle-person offices, indicating a smaller proportion of individuals who had dedicated, private workspaces.
Within the contextual factor brief of the survey, respondents were also asked about satisfactionat their place of work with respect to the atmosphere, concentration and productivity. In termsof workplace atmosphere and concentration, 90 respondents reported being somewhat satisfied /extremely satisfied. Whereas, in terms of perceived productivity, 108 respondents claimed that theyare satisfied with their productivity at their place of work.With respect to the distance from window of the respondents, two questions are asked, one beingthe current distance from window and their preferred distance from the window. The present distancefrom the window is highest at 92 counts within the range of 0 to 2m. The preferred distance from the
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Figure 4.16: Respondent distance from window (left) and preferred distance from window (right) (Source:Author)

window shows a count of 105 within the range of 0 to 2m. Whereas one of the questions is an objectiverelation of users with the building envelope, the second question takes the user preferences. The overalldistribution shows maximum number of users within the range of 0 to 2m and 2 to 4m from the window.

Figure 4.17: Respondent orientation of window (left) and current shading system at place of work(right) (Source:Author)

Finally, questions are asked to the users pertaining to the facade orientation at their place of work andpresence of building shades at their place of work. The orientation of window shows a distribution ofresponses within the range of 8 to 32, with the highest number of building envelope being orientedtowards the west(32), north(30) and south west(27). With respect to current shading systems, mostof the respondents claim to have roller blinds at their place of work with a count of 74. 34 respondentsclaimed to have interior curtains and 33 respondents claimed to have venetian blinds at their place ofwork.
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4.4.3 Environmental Factors

The environmental factors within the survey evaluate the perceived importance of various environ-mental factors for the respondents. The primary objective of this is to understand which aspects oftheir immediate environment has an impact on their comfort and if any of the factors has a relationto their perceived productivity at their place of work. The rating of user preferences for the variousenvironmental factors will be primarily used to associate the weights to score shading systems. Thelikert scale is plotted on a stacked chart as seen in figure:4.18 to better understand the distributionof importance ratings. Out of all factors, thermal comfort, indoor air quality and adequate daylighthas shown a highest importance with a count between 150 to 155 respondents. View to the outside,personal control of shades, quiet workplace and artificial lighting have shown to be lesser in importancewith a count of 130 to 135. Finally, respondents claimed that privacy, personal control of air conditioningand building vents to be least important to them. Overall, the general distribution of responses showsa higher level of importance of the environmental factors for the respondents.

Figure 4.18: Importance of environmental aspects (Source: Author)
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The likert scale data for importance of environmental factors is correlated with the effect of theseenvironmental factors on occupants’ productivity at their place of work to evaluate whether thesefactors influence the comfort of occupants at their place of work.
Environmental factor Mean Standard error Lower CI Upper CI
Temperature 0.874269 0.015707 0.843263 0.905275
View 0.714912 0.021681 0.672114 0.757710
Acoustics 0.808480 0.018468 0.772023 0.844936
PC lights 0.714912 0.020351 0.674739 0.755085
PC vents 0.679825 0.021873 0.636647 0.723002
PC aircon 0.638889 0.022726 0.594027 0.683751
IAQ 0.872807 0.016376 0.840480 0.905134
Daylight 0.868421 0.016105 0.836630 0.900212
Silence 0.790936 0.017188 0.757006 0.824866
PC shades 0.691520 0.021681 0.648721 0.734320
Art. Light 0.764620 0.018629 0.727846 0.801394
Glare 0.846491 0.015828 0.815246 0.877736
Privacy 0.619883 0.024034 0.572439 0.667327

Table 4.1: Literature Review Shortlist

4.4.4 Shading Systems
The final part of the questionnaire assesses the importance, beliefs and preferences regarding shadingsystems for the individual respondents. The first few questions assess assess if the respondentsare aware what shading systems are. A total of 129 respondents responded being aware, somewhataware or neutral about their awareness of shading systems. At this stage, if the respondents declaredbeing unaware or somewhat unaware about shading systems, they were presented with a definition ofbuilding shading systems and its use cases.

Figure 4.19: Importance of environmental aspects (Source: Author)
The next part asses the perceived importance and current uses of the respondents for shading systems.For instance, in order to evaluate perceived importance, respondents are asked to rate on a five point
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likert scale their perceived importance of shades with respect to preventing discomfort, providingthermal comfort and save building energy respectively. This question showed an overall agreementin terms of response as 140 to 150 respondents claimed to be find building shades important for thethree aspect mentioned. This shows a high perceived importance of shades as none of the respondentsclaimed to strongly disagree with the statement.

Figure 4.20: Importance of environmental aspects (Source: Author)
Respondents were asked about the frequency of engaging with building shades and the situationsleading to the same. The responses here are distributed within the range of using shades everyday toless often than two weeks or never. A higher use is relflected to avoid thermal discomfort, mitigate glareand to get adequate daylight to the interiors. A lower frequency in use of building shades is reflectedto adjust interior environment, to increase privacy and to modulate view to the outside. This helpsascertain the link of modulating the building shades in order to adjust their indoor environment in termsof look, performance and comfort affordances.

Figure 4.21: Importance of environmental aspects (Source: Author)
The next part deals with subjective preferences of users with respect to the visual aspect of shadingsystems and the view they offer to the outside. In order to do this, the view preference of shades arebroken into view clarity to the outside, color preference of shading systems, internal patterns.
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View Clarity Preference

The view quality index of a space is depending on the view clarity, view access and finally view contentto the outside. Within the 3 features, view clarity is greatly impacted by shading systems that are used.View access is determined by the distance of the respondent from the window and the size of thewindow. View content is influenced by the factors on the outside. In order to evaluate the preferencewith respect to view clarity for varying view content on the outside, 4 shades are taken (2 roller shadesand 2 venetian blinds) for evaluation against changing backgrounds to test whether occupants prefercertain images over the others. This is to test the preference validity of shades with varying viewcontent to the outside in order to make the score universally acceptable in various view case scenariosfor that particular respondent.

Figure 4.22: Images from survey for view clarity preference rating (Source: Author)
An average of scores of the 3 views for a single shade would give the mean score for that shadeopenness factor. Respondents were asked to rate the views on a 5 point likert scale ranging from leastpreferred to most preferred. Within the responses, it is clearly visible that more respondents preferredthe view clarity through venetian blinds as compared to the roller blinds. Venetian blinds within theimages provide a view to the outside at various slat angles providing a visual connectivity to the outside.
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Figure 4.23: Stacked bar plot showing view clarity preference rating (Source: Author)
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Shade Color Preference

Shade color preferences are questioned to the respondents which has shown to affect both visual feelof the space, view clarity index and energy performance. Here, 5 images are shown to the respondentsdisplaying roller shades and venetian blinds in different colors. Similar to view clarity, roller blinds showa lower preference in terms of shade preferences. This is also reflected in the various colors of theroller blinds. This shows a higher visual preference for venetian blinds as opposed to roller blinds forthe users.

Figure 4.24: Images from survey for shade color preference rating (Source: Author)

Figure 4.25: Stacked bar plot showing shade color preference rating (Source: Author)
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Interior Preferences

Shading systems have a significant impact on office interiors due to the amount of light they allowand the patterns they create. In this regard, users responses have shown a stronger preference forroller shades over venetian blinds. Surprisingly, the interior preference for roller blinds contradicts thepreferences observed in terms of view clarity. This highlights the multi-domain effect of shades andemphasizes the importance of considering all factors associated with facade shading. The reason forlower preferences of venetian blinds could be due to the patterns created within the space due to thevenetian blind shadows.

Figure 4.26: Images from survey for interior preference rating (Source: Author)

Figure 4.27: Stacked bar plot showing interior preference rating (Source: Author)
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4.5 Data-set processing
The survey results are first analysed to understand the broad distribution of user responses tovarious categories of questions. Next, the survey data is broken into evaluated categorical usercharacteristics, continuous user characteristics and finally their environmental importance ratings anddesign preferences. Initially, a Pearsons correlation is executed on the continuous variables withinthe user response data set. Based on the correlation test, stronger correlation is found betweenenvironmental factors, importance of shades, lifestyle, energy attitude and affordances. ANOVA testis conducted to evaluate the p-value of various categories against the continuous variables showinghighest correlations.

Figure 4.28: Correlation matrix of continuous variables (Source: Author)
Based on the result of the statistical analysis, the user responses were organised into user profileinformation, contextual information, user beliefs, user importance to environmental factors and finallyuser preferences. The latter three categories were processed for Principle Component Analysis beforeany clustering could be executed. The survey distribution analysis and statistical tests prove a highercorrelation between user beliefs, importance to environmental factors and user design preferencesshowing the ideal factors that should be included while forming archetypes. Figure 4.36 shows therestructured user responses which will be processed further. The section further elaborates on theresults from the statistical analysis. This is done through discussion of the results of the ANOVA andPearsons correlation test of selected segments of the entire dataset.
An ANOVA test was conducted to examine the relationship between user characteristics and en-vironmental importance rating. The results indicated significant p-values (< 0.05) for gender and
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country of residence, showing that more than three environmental factors were affected by thesevariables (Fig:4.29). Another ANOVA test was performed to analyze the association between usercontextual factors and environmental importance rating, revealing a significant p-value for the typeof work . Similarly, shade preference was assessed in relation to the same user characteristics, andsignificant p-values were found for gender and workplace typology (Fig:4.30). Furthermore, whenexamining spatial quality and shade color, a significant p-value was observed for country of origin,gender, and type of work (Fig:4.31). Finally, psychological factors were evaluated against the sameuser characteristics, and a significant p-value was obtained for gender, country of residence, type ofwork, and window orientation (Fig:4.32). It is important to note that while the ANOVA test does notestablish direct correlations between all categories and specific continuous features, it helps identifyif certain categorical features have significantly different means compared to others. Therefore, theANOVA test provides insights into which user characteristics stand out in comparison to the rest, ratherthan providing conclusive features for the clustering process.
A correlation test was conducted to examine the relationship between the same continuous variablesand user characteristics, including personal descriptors, health issues, and awareness and useof shades (Fig:4.33). The results revealed significant correlations between respondents’ shadeimportance for multiple domains and their overall importance of indoor environmental quality. Thisimplies that individuals who prioritize indoor environmental quality also value shading systems for theirability to regulate thermal comfort, energy use, and visual comfort in a space. Additionally, a significantcorrelation (> 0.20) was found between the use of shades and the importance of indoor environmentalquality. This suggests that occupants who use shades for reasons related to multi-domain comfort alsoconsider indoor environmental quality to be crucial for their well-being.
The correlation test between the same user characteristics and view clarity preferences for differentshades and views revealed a lower count of significant correlation values (Fig:4.34). Interestingly,a significant correlation was observed between users who considered shades important for thermalcomfort, visual comfort, and energy performance, and their ratings for roller blinds. Users whoexpressed a dislike for roller blinds tended to prioritize shading systems for indoor environmental qualityand energy performance.
Furthermore, the correlation test conducted for user characteristics against energy attitude showedsignificant correlations for cleanliness, importance of shades, and use of shades in relation tosustainable energy attitude and affordances (Fig:4.35). This suggests that respondents who placedimportance on maintaining a clean indoor environment, considered shades essential for comfort andenergy savings, and utilized shades for multi-domain comfort were more inclined towards sustainableenergy attitudes. Additionally, these individuals displayed a preference for higher comfort levels at theirworkplace through factors such as clothing, workstation parameters, building envelope, and buildingsystems.
The ANOVA test consistently yielded significant p-values for gender, country of residence, workplacetypology, type of work, and window orientation. These factors will be further evaluated when clusteringusers into archetypes. On the other hand, the correlation test revealed significant correlations forshade importance, shade use, energy attitude, affordances, comfort behaviors, and certain personaldescriptors. These features, which showed significant results in both statistical tests, will be subjectedto further analysis using a multivariate analysis tool, such as Principal Component Analysis (PCA). Thisanalysis will help determine how the selected occupant features contribute to clustering users intoarchetypes.
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Figure 4.29: ANOVA Test between user characteristics and environmental importance rating (Source: Author)

Figure 4.30: ANOVA Test between user characteristics and shade system rating (Source: Author)
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Figure 4.31: ANOVA Test between user characteristics and view clarity preference (Source: Author)

Figure 4.32: ANOVA Test between user characteristics and energy attitude, affordance and comfort behaviour(Source: Author)
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Figure 4.33: Pearsons correlation Test between user characteristics and environmental importance rating(Source: Author)
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Figure 4.34: Pearsons correlation Test between user characteristics and view clarity preference (Source:Author)
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Figure 4.35: Pearsons correlation test between user characteristics and energy attitude, affordance andcomfort behaviour (Source: Author)
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Figure 4.36: Data set restructuring (Source: Author)
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5Archetype development
The fifth chapter explores the implementation of unsupervised learning methods to cluster users onthe basis of shortlisted feature-sets that are presented in the previous chapter. Before the clusteringis executed, the user characteristics are first processed using feature engineering methods. Next,hierarchical clustering methods are implemented to decided the most optimal cluster count on the basisof the silhouette score. The optimal cluster count and feature sets are then finally used to developfacade user archetypes. The archetypes help infer which is the ideal shading system for them onthe basis of their weights, biases and preferences. A supervised learning / semi-supervised learningmethod is recommended and partially implemented to infer the archetype of new users on the basis ofthe archetypes designed in the process.
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5.1 Clustering and Archetypes
The responses from the Facade-user Archetype survey are shortlisted in the previous chapter by useof statistical analysis tools. In order to cluster the occupants into archetypes, first the feature setsare segmented into user characteristics, user context, user beliefs, importance of surroundings andpreferences. The purpose of this was to identify the user features that had the highest correlation andthe most influence on their decision in picking a shading system. The methodology used in the chapteris mentioned in the sub-section.
5.1.1 Methodology
The shortlisted features are selected to form combination of feature sets. In order to limit the amountof variables, all user responses with respect to their energy attitude, environmental preferences andgeneral preferences with respect to the images are taken. Since all the data for the aforementionedfactors is saved in the format of a 5 point likert scale, the data is translated into a range between 0 and1 (0.25 intervals) where 1 represents high satisfaction or preference. Next, new feature columns werecreated by average of the values of the shortlisted feature set in order to carry forward the informationwhile reducing the number of feature columns. By this, the features are cut down from an original setof 39 features, 9 environmental importance rating features are removed as they do not affect occupantpreferences for shading systems and 21 features are purged by using their average to create 10 newfeature columns. The remaining 19 features are presented as the essential features that are requiredto evaluate occupant preferences for shading systems.

Figure 5.1: Clustering workflow (Source: Author)
Once the features are segregated, a standard scalar algorithm is run on the data set to scale the variousfeatures within a similar range. The shortlisted scaled data-set is then reduced in dimensions by the useof Principle component analysis. This provides a summary of the large feature table within a reduceddimension. PCA also helps to represent a multivariate data table as smaller set of variables in orderto observe trends, jumps, clusters and outliers. The number of dimensions to be used are decidedon the basis of an optimisation that reduced the residual variance within the data set. The reduceddata-set is pre-clustered by the use of hierarchical cluster analysis. To achieve this, wards approach isused within the agglomerative clustering algorithm of Scikit Learn. A silhouette analysis is conducted
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to finalise the ideal number of clusters for a given data. With the cluster size and transformed data,a K-means cluster algorithm is run to check whether the number of cluster works for the given data-set. Here, based on the number of clusters, a first centroid is randomly selected and the remainingare selected from remaining data points with a probability proportional to the square of the calculateddistance encouraging point selection that are further apart. This is repeated until the remaining pointsare initialised.The clustering process involves three major steps. Step 1: Feature engineering is performed to selectrelevant features based on prior knowledge and correlation tests. Step 2: The data set is scaled andreduced in dimensionality using standard scalar and Principal Component Analysis (PCA). Hierarchicalclustering is applied to pre-cluster the data, and the optimal number of clusters is determined usingsilhouette analysis. Step 3: K-means clustering is performed with the determined number of clusters.The resulting clusters are inspected, and if necessary, refined based on the distribution of featureswithin each cluster.
5.1.2 Feature Engineering
The user characteristics reclassification in the previous chapter addresses the features that would beimportant to determine user preferences for shading systems. Based on the correlation analysis, thereis stronger observable correlation between features.First, all categorical features are converted intobinary vectors by means of one hot encoding where in each category becomes a binary feature. Thedistribution of the 4 sets of features are shown in the table below

Figure 5.2: Feature set iterations (Source: Author)
Based on the shortlisted feature sets, a Principle Component analysis is run. The PCA test helpsascertain the following aspects of the feature sets:1. Ideal number of components: Based on the RMSE (Root mean square error) and explained varianceof the various combinations of feature sets and component counts, an ideal feature set and componentcount can be fixed.2. Important features: When a Principle Component Analysis is applied to a feature set, the importantfeatures that explain the maximum amount of variance within the data can be discovered andengineered further.
Once the ideal number of components and important features are decided based on the abovementioned analysis, the feature set can be taken forward for clustering. Before a Principle componentanalysis is done, feature responses of the respondents that dealt with similar themes was used to makenew feature columns which would use a mean value to multiple correlated columns. This would reduce
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the number of components before a PCA test is conducted and also add a meaningful value to thataspect with respect to the user. The extra feature columns are removed from their respective featuresets.
Component Count

The user characteristics are complex and not necessarily easily to cluster. Hence, an iterative processis adopted that uses various feature sets out of which the most optimal one is to be selected for furtherprocessing and us as Archetypes. Principle Component Analysis is a multivariate analysis method usedto reduce the dimensions of a data-set while also determining the importance of the individual features.To determine the optimal number of components, PCA is performed in a loop ranging from 2 dimensionsto the maximum possible dimension count. The results are plotted in a line plot, depicting the explainedvariance and root mean square error (RMSE) against the component count.
As observed in the line plot, the RMSE tends to increase as the number of components increases.This suggests that including more components may lead to overfitting or capturing noise in the data.Therefore, a balance needs to be struck to achieve a suitable trade-off between reducing RMSE andmaximizing explained variance.

Figure 5.3: Feature set iterations (Source: Author)
There is a noticeable difference in the gradient of feature sets 3 and 4 compared to feature sets 1and 2 up to a component count of 3. The reduction in residual variance increases as the number ofcomponents increases. After reaching a component count of around 3 to 5, the slope gradually flattens,indicating diminishing returns in terms of explained variance.
Feature sets 1 and 2 exhibit similar performance in terms of root mean square error (RMSE) and residualvariance, suggesting that the inclusion of shade use preference does not significantly impact theirperformance. Similarly, feature sets 3 and 4 show comparable results in RMSE and residual variance.Although feature sets 1 and 2 perform better overall, it is essential to assess which features contributethe most to their performance.
Based on these observations, four feature sets are obtained in a lower dimension for further analysisand feature engineering. As far as the component count is concerned, the ideal component count is 2for feature set 1 and 2 whereas the ideal component count is 3 for the feature sets 3 and 4.
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(a) Feature set 1 (b) Feature set 2

(c) Feature set 3 (d) Feature set 4
Figure 5.4: Feature sets in 3 dimensional space (Source: Author)

Feature Importance

To assess the importance of features in the lower dimensions, a detailed feature importance review isperformed using the PCA test. The same model used in the previous section is applied here to evaluatefeature importance. This process is conducted for all four feature sets to determine if any features havea higher loading value in multiple columns. A three-component count is used to evaluate the featureloadings.
In feature sets 1 and 2, the importance of features is relatively evenly distributed. However, for featuresets 3 and 4, certain features exhibit higher loadings. Specifically, energy attitude, view importance,
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and daylight are found to have higher loadings in these feature sets. Moreover, interior rating, colorrating, and shade view clarity also demonstrate higher loadings in specific components.
By identifying the features with higher loadings in the lower dimensions, this analysis helps determinewhich features contribute the most to the formation of archetypes. It provides insights into the keyfactors influencing user preferences and ratings in the context of personalized shading systems.

Feature set 1 Feature set 2 Feature set 3 Feature set 4
Feature PC-1 PC-2 PC-3 PC-1 PC-2 PC-3 PC-1 PC-2 PC-3 PC-1 PC-2 PC-3
Energy -0.13 -0.17 0.47 -0.10 0.19 -0.95 -0.01 -0.12 -0.09 -0.01 -0.11 -0.06
Thermal -0.40 -0.17 0.35 -0.47 -0.02 -0.06 -0.05 -0.16 -0.29 -0.07 -0.16 -0.36
Daylight -0.44 -0.16 0.25 -0.45 0.21 0.06 -0.05 -0.19 -0.31 -0.09 -0.16 -0.37
Glare -0.39 -0.15 0.22 -0.44 0.24 0.05 -0.015 -0.19 -0.28 -0.06 -0.16 -0.37
View -0.55 -0.27 0.73 -0.54 0.08 0.21 0.05 -0.19 -0.53 -0.01 -0.22 -0.47
Interior 0.40 -0.91 -0.02 -0.27 -0.92 -0.15 0.05 0.25 0.17 0.06 0.26 0.15
Int-1 - - - - - - 0.18 -0.06 -0.07 -0.18 -0.05 -0.03
Int-2 - - - - - - -0.18 -0.02 -0.22 -0.19 -0.12 -0.20
Int-3 - - - - - - -0.21 0.01 -0.37 -0.22 0.30 -0.26
Int-4 - - - - - - -0.17 0.07 -0.18 -0.17 0.07 -0.13
Color-1 - - - - - - -0.04 0.4 -0.09 -0.03 0.41 -0.08
Color-2 - - - - - - 0.03 0.02 0.46 0.03 0.46 -0.24
Color-3 - - - - - - 0.01 0.38 -0.20 -0.01 0.38 0.20
Color-4 - - - - - - -0.49 0.07 0.07 -0.49 0.08 0.08
Color-5 - - - - - - -0.47 0.13 0.13 -0.47 0.029 0.16
Shade-1 - - - - - - 0.01 0.26 -0.10 0.01 0.27 -0.09
Shade-2 - - - - - - 0.01 0.41 -0.19 0.02 0.41 -0.21
Shade-3 - - - - - - -0.43 0.01 0.09 -0.43 0.10 0.11
Shade-4 - - - - - - -0.42 -0.03 0.10 -0.41 -0.02 0.12

Table 5.1: Principle component analysis loadings for various feature sets

5.1.3 Clustering

Hierarchical Clustering

Hierarchical clustering classifies the feature-set into clusters that have the highest homogeneity withinthe cluster and the highest heterogeneity between clusters. To achieve this, the ward linkage methodis used within the Sci-kit learn clustering package.
The clustering is executed for clusters within the range of 2 to 11 in order to clearly compare thesilhouette score. Based on the feature sets, hierarchical clustering is executed on all feature sets whichincludes user characteristics such as beliefs, affordances and subjective preferences. Agglomerative/ hierarchical clustering provides silhouette scores for various clusters built on the agglomerativeclustering algorithm to help decide which cluster is the most ideal. The results of the hierarchicalclustering show the small feature sets 1 and 2 of showing a maximum silhouette score of around 0.30and 0.32 respectively at 3 number of clusters. Additionally, for feature sets 3 and 4 show a maximumsilhouette score of around 0.31 and 0.27 at 4 number of clusters. In order to visualise the clustering ofthe 2 higher scenarios (feature set 1 at cluster count of 3 and feature set 3 at a cluster count of 4, adendogram is used to better understand the inter cluster distances and cluster matrix.
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Figure 5.5: Hierarchical clustering on feature set iterations (Source: Author)

Figure 5.6: Hierarchical clustering dendrogram for Feature set 3 (Source: Author)
K-means Clustering

The K-means clustering algorithm is applied to cluster the processed data for feature set 3, using acluster count of 4. To explore various solutions, the k-means++ initialization with 10 initializations isutilized. Feature set 3, which incorporates more user characteristics compared to feature set 1, ischosen for the clustering process to design archetypes. The respondents’ opinion on shade use isignored as it does not improve the clustering model’s performance significantly.
Visually inspecting the distribution of cluster centers and spread, the hierarchical clustering and k-means clustering display similar distributions. However, the k-means clustering exhibits a greaterdistance between centroids. The hierarchical clustering results in a silhouette score of 0.31, while the k-means clustering yields a silhouette score of 0.33. Although k-means++ provides an optimized centroidlayout, it needs to be validated through inspection with the cluster data due to the low explainedvariance score obtained in the initial Principal Component Analysis (PCA) procedure.
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The K-means clustering generates a within-cluster sum of squares (WCSS) score of 669.09 for theclusters. These clusters are then evaluated to examine their properties and their relationship with thecentroids. This analysis aims to identify which features can be considered as user preferences andratings when personalizing shading systems.

(a) Agglomerative clustering (b) K-means clustering
Figure 5.7: hierarchical clustering and K-means clustering of shortlisted feature set (Source: Author)

Based on analysis methods and visual inspection, clusters are developed that can be interpreted asarchetypes. The 4 clusters formed are further inspected and designed with in the further chapters.The feature set 3 forms the ideal feature set that shows a a clear method of personalising shadingsystems by means of environmental importance and design preferences while including the energyattitude of the individuals within the clusters.
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5.2 Archetype Analysis
The clusters formed in the previous chapter break the survey data-set into 4 clusters with differentrange of feature rating within a range of 0 to 1. To better evaluate the distribution of responses, themean, median and standard deviation is calculated for the feature set with respect to the designedArchetypes. The median is used as it works better where the data has outlier samples. Hence, allcluster sets are analysed with respect to the median.
5.2.1 Distribution of Importance and Preferences

Archetype 1 Archetype 2 Archetype 3 Archetype 4
Feature Mean Median std Mean Median std Mean Median std Mean Median std
Thermal 0.91 1.00 0.14 0.53 0.62 0.30 0.89 1.00 0.14 0.90 1.00 0.16
Energy 0.67 0.67 0.20 0.54 0.58 0.25 0.74 0.75 0.15 0.71 0.75 0.16
Daylight 0.89 1.00 0.14 0.43 0.50 0.22 0.89 0.88 0.12 0.90 1.00 0.13
View 0.72 0.75 0.18 0.32 0.25 0.26 0.66 0.75 0.26 0.75 0.75 0.22
Interiors 0.40 0.25 0.31 0.51 0.50 0.26 0.32 0.25 0.29 0.33 0.25 0.27
Glare 0.86 0.88 0.13 0.44 0.50 0.15 0.87 0.88 0.14 0.89 1.00 0.13
Int. view 1 0.55 0.50 0.25 0.51 0.50 0.21 0.64 0.75 0.23 0.49 0.50 0.30
Int. view 2 0.55 0.50 0.30 0.50 0.50 0.28 0.67 0.75 0.25 0.53 0.50 0.29
Int. view 3 0.64 0.75 0.23 0.38 0.50 0.22 0.57 0.50 0.26 0.40 0.50 0.25
Int. view 4 0.36 0.25 0.32 0.26 0.25 0.21 0.25 0.25 0.23 0.19 0.00 0.24
RB_05 0.28 0.25 0.21 0.24 0.25 0.14 0.03 0.00 0.08 0.02 0.00 0.05
RB_10 0.50 0.50 0.21 0.32 0.33 0.16 0.12 0.08 0.12 0.12 0.00 0.17
VB_25 0.55 0.50 0.20 0.50 0.50 0.27 0.70 0.75 0.15 0.28 0.25 0.19
VB_50 0.56 0.58 0.19 0.50 0.50 0.27 0.72 0.75 0.16 0.33 0.33 0.20
RB_05_L 0.40 0.25 0.21 0.37 0.50 0.24 0.12 0.00 0.17 0.06 0.00 0.16
RB_05_M 0.49 0.50 0.24 0.29 0.25 0.22 0.07 0.00 0.13 0.05 0.00 0.14
RB_05_D 0.45 0.50 0.26 0.19 0.25 0.21 0.06 0.00 0.13 0.05 0.00 0.13
VB_25_L 0.61 0.75 0.24 0.50 0.50 0.32 0.70 0.75 0.18 0.25 0.25 0.18
VB_25_D 0.52 0.50 0.21 0.50 0.50 0.29 0.68 0.75 0.16 0.26 0.25 0.26

Table 5.2: Mean, median and standard deviation of clustered data-set
Based on the table above, the median of the Archetype-1 shows a higher median value for importance ofthermal comfort, energy concerns, daylight, glare and interior features as compared to the Archetypes2, 3 and 4. Additionally, Archetype-1 is neutral towards most shading parameters and their impacton the interiors of the space except for interiors due to venetian blinds of 25mm slat width and lightvenetian blind shades where they rate it at 0.75 (somewhat preferred). Archetype 2 gives mostly neutralrating to importance of the various environmental features with the exception of view where theyrate the importance of view at 0.25 (somewhat unimportant). With respect to the subjective designaspects, Archetype 2 rates most of the aspects neutrally. Certain aspects such as interior views ofvenetian blinds, view clarity through roller blinds and the different shades of roller blinds are rated at0.25 (somewhat unpreferred) by them.
Archetype 3 has a higher median value for most environmental features within the range of 0.75 and1 with the exception of importance of interior features. Archetype 3 also has a higher preferencetowards venetian blinds in terms of view clarity and the color of venetian blinds but with respect to howthey affect the interiors, Archetype 3 rates venetian blinds lower around 0.25 (somewhat unpreferred).Archetype 3 also rates the view clarity and color of roller blinds at 0 (least preferred). Finally, Archetype
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4 similar to Archetype 3 give a high rating to all the environmental features where in Archetype 4 alsodoes not find interior features as important with respect to their experience or productivity. Additionally,Archetype 4 provides similar rating to the images as compared to Archetype 3 with the exception of theinterior views, views through venetian blinds and the color of venetian blinds where the Archetype-4does not rate the interior views as low as Archetype 3.
5.2.2 Comparison with K-means
The K-means clustering executed to achieve the clusters also provides cluster centroids. Inversetransformation of the scalar and the Principle component analysis give a list of feature values of thecentroids of the k-means. The results achieved here are evaluated and compared with the mean ofthe feature sets within the data-set on the basis of the archetypes. Since the centroid represents theaverage values of the features within a clusterm the values should be comparable to the mean of theclustered samples. A close centroid feature output can give a better idea so as to how representativethe centroid is of the samples within that cluster.
The comparison of mean values between the values calculated from the clustered data set and themean values as received from the k-means centroids indicates high for all features. The low explainedvariance along with presence of outliers can possibly lead to a variation in values between the data-setcluster means and the centroid feature values. Additionally, reconstruction error of the centroid havea possibility of affecting the cenntroid feature values. For the same reason, mean and median valuesfrom the data-set are taken forward to evaluate the cluster features for comparison and rating. Thiswould help better evaluate the cluster properties and the variations in between the Archetypes.

Archetype 1 Archetype 2 Archetype 3 Archetype 4
Feature Mean Mean(K) Mean Mean(K) Mean Mean(K) Mean Mean(K)
Thermal 0.91 0.74 0.53 0.26 0.89 0.66 0.90 0.76
Energy 0.67 0.42 0.54 0.56 0.74 0.31 0.71 0.33
Daylight 0.89 0.28 0.43 0.21 0.89 0.03 0.90 0.02
View 0.72 0.54 0.32 0.51 0.66 0.69 0.75 0.30
Interiors 0.40 0.55 0.51 0.52 0.32 0.72 0.33 0.34
Glare 0.86 0.51 0.44 0.34 0.87 0.12 0.89 0.12
Interior-1 0.55 0.58 0.51 0.48 0.64 0.64 0.49 0.49
Interior-2 0.55 0.65 0.50 0.44 0.67 0.65 0.53 0.51
Interior-3 0.64 0.63 0.38 0.35 0.57 0.58 0.40 0.41
Interior-4 0.36 0.34 0.26 0.23 0.25 0.28 0.19 0.14
RB_05 0.28 0.67 0.24 0.54 0.03 0.72 0.02 0.75
RB_10 0.50 0.91 0.32 0.51 0.12 0.90 0.12 0.89
VB_25 0.55 0.88 0.50 0.47 0.70 0.89 0.28 0.89
VB_50 0.56 0.85 0.50 0.48 0.72 0.87 0.33 0.90
RB_05_L 0.40 0.43 0.37 0.35 0.12 0.11 0.06 0.06
RB_05_M 0.49 0.48 0.29 0.30 0.07 0.06 0.05 0.07
RB_05_D 0.45 0.41 0.19 0.25 0.06 0.06 0.05 0.05
VB_25_L 0.61 0.59 0.50 0.52 0.70 0.70 0.25 0.26
VB_25_D 0.52 0.52 0.50 0.51 0.68 0.68 0.26 0.25

Table 5.3: Mean comparison of cluster set and K-means centroid
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5.2.3 Intercluster Comparison
The median values of the clusters are cross evaluated to visualise the environmental factors in a multi-domain method. As there could be relation in between environmental importance and preferences. Thefour plots address the distribution of preferences and beliefs of the 4 archetypes. In terms of beliefsand importance of environmental factors, the radial plot conveys similar environmental preferencesbetween the archetypes where the energy beliefs and environmental factors except view to the outsideare important to archetype 1, archetype 3 and archetype 4. Compared to these, archetype 2 is neutralabout energy beliefs and environmental factors. The overall importance of view to the outside is highercompared to the other 3 archetypes. Intercluster variances are not the highest and most of the clustersshow similar attitudes.

Figure 5.8: Radial plots representing multi-domain preferences for developed Archetypes (Source: Author)
The next 3 plots deal with mostly subjective preferences with respect to the various images shownto the respondents in terms of interior views, view clarity to the outside and colors. In terms of viewclarity, archetype 4 prefers the view clarity for all types of shades the least except with respect tovenetian blinds that are rated 0.2 to 0.3. Archetype 3 rates the view clarity similarly except that thevenetian blind scores are 1.0. Archetype 1 and 2 have similar scores for the view clarity. Archetype 2prefers the view clarity through the 10% roller blinds and 50mm slat width venetian blinds lesser thanArchetype 1. A major difference in preference distribution is observed here where archetypes 1 and 2have a drastically different preference than archetype 3 and 4. In terms of color preferences, archetype3 and 4 show similar preferences where both do not prefer the roller blind shade colors. Archetype 3also rates venetian blinds extremely low at a score of 0.15 whereas Archetype 4 rates venetian blindsat a high score of 1.0. Archetype 1 rates the light venetian blinds and dark roller blinds higher whereasarchetype 2 rates all colors with a neutral score. The variance in shade color preference shows higharchetype characteristic difference. Finally, in terms of interiors, archetype 4 scores all the interiors
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(a) Beliefs (b) View clarity

(c) Color preference (d) Interior preference
Figure 5.9: Radial plots representing user archetype preferences and beliefs (Source: Author)

with a score of around 0.5 except for the interior view of 50mm wide venetian blinds where archetype4 rates the view 0. Archetype 2 has similar ratings to archetype 4 except that they give the interior viewof 50mm wide venetian blinds at 0.25. Archetype 1 and 3 have similar scores for the view of the 50mmwide venetian blinds although archetype 3 gives the roller blind view a rating of 1 whereas archetype 1give the view of the 25mm wide venetian blinds at a rating of 1.
The distribution of beliefs and preferences within the 4 archetypes shows high variation. Thedescriptive analysis of the individual archetypes helps understand the users and to group them with thearchetype weights and preferences. Since the features are multi-domain in nature and the preferencesranges between multiple shade parameters, there is visual similarity within the Archetypes radial plotwith respect to certain features. This signifies that the archetypes don’t necessarily represent everypossible combination of rating the environmental features but rather try to capture the most commonoccurring maximum variance in between the selected feature set. The archetypes formed here will beused as test samples for whom personalised shading systems need to be designed. The next sectionwithin the chapter explores a weightage based method to assign visual scores and weights to theshading systems in order to rank them on the basis of user responses.
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5.2.4 Archetype Description
The research goes beyond an inter-cluster comparison and delves into an analysis of the clustersthemselves. It aims to provide a comprehensive description of the archetypes by examining the meanvalues associated with their energy attitudes, comfort behaviors, and preferences regarding shadeparameters, specifically view clarity and indoor spatial effect. By studying these mean values, theresearch seeks to uncover distinctive patterns and characteristics within each archetype.
Archetype 1

Archetype 1 embodies a moderate energy-saving attitude (0.65) while placing great importance onthermal comfort and ample daylight within the interiors (1.0). They value a work environment freefrom glare to a certain extent (0.85). However, they do not consider the interior design of theirworkplace (0.25) as a significant factor affecting their productivity. They moderately appreciate havinga satisfactory view of the outdoors (0.75).
Regarding the clarity of view, Archetype 1 holds a moderate preference (0.5) for roller blinds with a10% openness factor, venetian blinds with a slat width of 25mm, and venetian blinds with a slat widthof 50mm. However, they slightly disfavor (0.25) the view clarity provided by roller blinds with a 5%openness factor. When it comes to roller blinds, they lean towards darker shades (0.5) rather thanlighter ones (0.25). Conversely, for venetian blinds, they prefer lighter shades (1.0) over darker ones(0.5).
In terms of interior spatial effect, Archetype 1 strongly favors the spatial effect created by venetianblinds with a 25mm slat width (1.0). They hold a neutral preference towards the spatial effect of rollerblinds (0.5) and slightly disfavor the spatial effect of venetian blinds with a 50mm slat width (0.25).
Archetype 2

Archetype 2 maintains a neutral preference (0.5) when it comes to the multi-domain performance ofmanual shading systems. They express a neutral stance (0.5) regarding daylight levels, interiors, andglare within their workplace. While they consider energy performance and thermal comfort somewhatimportant (0.6), they do not prioritize the view towards the outside (0.25).
Regarding the view clarity to the outside, Archetype 2 maintains a neutral position (0.5) towards theview clarity offered by venetian blinds. They slightly disfavor the view clarity provided by roller blinds(0.25 and 0.35). When it comes to roller shades, Archetype 2 prefers lighter shades (0.5) compared todarker and medium-colored roller shades (0.25). However, they remain neutral (0.5) towards venetianblinds of all colors.
In terms of the spatial effect of shades, Archetype 2 holds a neutral stance (0.5) towards the spatialeffect of roller shades with different openness factors. They highly prefer the spatial effect created byvenetian blinds with a slat width of 25mm (1.0), while slightly disfavoring the spatial effect of venetianblinds with a slat width of 50mm (0.25).
Archetype 3

Archetype 3 places the utmost importance on thermal comfort at their workplace (1.0). They considerthe energy performance of the building somewhat important (0.75). Adequate daylight levels and aglare-free environment also hold some importance for them (0.70). However, they do not attribute anysignificance to the interiors of their workplace (0.25).
In terms of view clarity, archetype 3 strongly prefers the view clarity provided by venetian blinds (1.0).They have an extremely strong low preference for the view clarity achieved through roller blinds with
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10% and 5% openness factors (0.1 and 0). Archetype 3 dislikes all shades of roller blinds (0) and favorsthe shade color of all venetian blinds (1.0).
Conversely, they have a strong preference for the interior spatial effect created by roller blinds of allopenness factors (1.0). They hold a moderate liking for the indoor spatial effect resulting from venetianblinds with a slat size of 25mm (0.5) and have a low preference for the interior spatial effect due tovenetian blinds with a slat width of 50mm (0.25).
Archetype 4

Archetype 4 exhibits the highest values in nearly all feature importance ratings. They consider adequatedaylight, a glare-free environment, and thermal comfort as extremely important (1.0). Additionally, theydisplay an energy-conscious attitude (0.75). However, Archetype 4 does not attach much importanceto the interiors of their space (0.25).
When it comes to view clarity, Archetype 4 has a slight dispreference for the view clarity provided byvenetian blinds of all slat widths (0.25). They strongly disfavor the view clarity achieved through rollerblinds (0). Similarly, in terms of shade color preferences, Archetype 4 has a slight dispreference for theshade colors of various venetian blinds of all slat widths (0.25). They strongly disfavor the shade colorsof all types of roller blinds (0).
Lastly, concerning the indoor spatial effect, Archetype 4 holds a neutral stance towards the indoorspatial effect resulting from venetian blinds with a slat width of 25mm, roller shades with a 10%openness factor, and roller shades with a 5% openness factor. They strongly unprefer the spatial effectcreated by venetian blinds with a slat width of 50mm.

Archetype 1 Archetype 2 Archetype 3 Archetype 4
Feature Mean sd Mean sd Mean sd Mean sd
Age 28.23 6.08 29.12 6.97 27.69 5.32 27.44 5.02
BMI 22.88 4.02 22.54 3.67 23.56 3.62 22.59 3.88
Time spent indoor 17.90 3.65 18.21 3.38 17.74 4.33 17.06 4.33
Time spent outdoor 0.66 0.22 0.67 0.23 0.71 0.20 0.61 0.22
Time spent at workplace 8.16 1.86 8.09 2.04 8.66 1.88 8.19 2.71
Summer clothing level 0.22 0.12 0.22 0.16 0.23 0.13 0.22 0.20
Winter clothing level 0.69 0.23 0.65 0.25 0.68 0.21 0.61 0.18
Preferred cleanliness 0.81 0.17 0.82 0.18 0.81 0.20 0.67 0.22
Health issues - Migraine 0.10 0.20 0.13 0.23 0.07 0.17 0.14 0.18
Health issues - Claustrophobia 0.05 0.15 0.08 0.20 0.04 0.14 0.14 0.20
Health issues - Sensitivity 0.35 0.32 0.30 0.32 0.27 0.29 0.31 0.34
Discomfort - Blurred vision 0.19 0.29 0.16 0.25 0.17 0.26 0.20 0.23
Discomfort - Burning eyes 0.24 0.27 0.19 0.26 0.22 0.26 0.34 0.31
Discomfort - Eye tearing 0.23 0.30 0.21 0.24 0.20 0.27 0.17 0.22
Discomfort - Eye redness 0.16 0.26 0.15 0.21 0.16 0.22 0.08 0.15
Discomfort - Eye dryness 0.26 0.30 0.25 0.33 0.24 0.30 0.16 0.26
Discomfort - Headaches 0.22 0.24 0.22 0.21 0.23 0.27 0.20 0.19
Discomfort - Body pain 0.43 0.31 0.42 0.36 0.39 0.29 0.34 0.33
Discomfort - Lethargy 0.42 0.33 0.42 0.34 0.36 0.29 0.22 0.26

Table 5.4: Distribution (Mean and sd) of Personal descriptors of developed Archetypes (Source: Author)
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Archetype 1 Archetype 2 Archetype 3 Archetype 4
Feature Mean sd Mean sd Mean sd Mean sd
Energy - Consciously sustainable 0.73 0.22 0.76 0.21 0.69 0.21 0.45 0.26
Energy - Change for sustainable 0.83 0.18 0.84 0.20 0.76 0.24 0.55 0.23
Energy - Compromise comfort 0.66 0.28 0.58 0.27 0.56 0.28 0.52 0.30
Comfort - Importance 0.86 0.17 0.85 0.21 0.89 0.15 0.64 0.32
Comfort - Effect on productivity 0.94 0.11 0.90 0.21 0.91 0.17 0.64 0.27
Comfort - Importance of interiors 0.32 0.29 0.33 0.26 0.41 0.32 0.52 0.25
Comfort - Importance of IEQ 0.88 0.20 0.85 0.23 0.92 0.12 0.53 0.33
Affordance - Clothing 0.81 0.22 0.76 0.29 0.80 0.23 0.56 0.27
Affordance - View direction 0.69 0.25 0.65 0.30 0.72 0.26 0.56 0.23
Affordance - Workplace 0.81 0.26 0.76 0.28 0.78 0.26 0.52 0.27
Affordance - Building envelope 0.65 0.31 0.66 0.28 0.70 0.24 0.48 0.17
Affordance - Building systems 0.69 0.28 0.74 0.22 0.71 0.27 0.44 0.21

Table 5.5: Distribution (Mean and sd) of Psychological factors of developed Archetypes (Source: Author)
Archetype 1 Archetype 2 Archetype 3 Archetype 4

Feature Mean sd Mean sd Mean sd Mean sd
Importance - Thermal comfort 0.92 0.13 0.89 0.21 0.91 0.13 0.55 0.32
Importance - View 0.72 0.28 0.79 0.24 0.81 0.16 0.28 0.26
Importance - Acoustics 0.85 0.18 0.83 0.22 0.87 0.14 0.42 0.36
Importance - Control Lighting 0.75 0.22 0.73 0.26 0.76 0.27 0.41 0.29
Importance - Control Vents 0.68 0.29 0.74 0.25 0.73 0.27 0.41 0.27
Importance - Indoor air quality 0.93 0.15 0.88 0.21 0.91 0.16 0.50 0.26
Importance - Daylight 0.93 0.13 0.90 0.17 0.91 0.14 0.44 0.28
Importance - Silence 0.84 0.19 0.81 0.20 0.81 0.20 0.47 0.24
Importance - Shades 0.71 0.29 0.74 0.24 0.74 0.26 0.38 0.24
Importance - Artificial light 0.81 0.20 0.80 0.21 0.81 0.24 0.39 0.22
Importance - Glare 0.89 0.15 0.90 0.17 0.88 0.16 0.45 0.19
Importance - Privacy 0.62 0.33 0.63 0.29 0.71 0.29 0.39 0.26
Productivity - Temperature 0.87 0.18 0.88 0.18 0.92 0.13 0.44 0.32
Productivity - View 0.60 0.30 0.67 0.25 0.65 0.26 0.28 0.26
Productivity - Acoustics 0.81 0.23 0.84 0.23 0.89 0.15 0.38 0.22
Productivity - Control lighting 0.68 0.24 0.72 0.25 0.64 0.30 0.31 0.21
Productivity - Control vents 0.65 0.23 0.67 0.27 0.63 0.29 0.33 0.22
Productivity - IAQ 0.85 0.21 0.83 0.24 0.89 0.19 0.45 0.28
Productivity - Daylight 0.86 0.17 0.89 0.18 0.88 0.16 0.39 0.18
Productivity - Silence 0.83 0.18 0.85 0.18 0.84 0.19 0.50 0.26
Productivity - Control shades 0.65 0.24 0.69 0.25 0.69 0.28 0.31 0.19
Productivity - Artificial lighting 0.81 0.19 0.79 0.22 0.79 0.21 0.38 0.26
Productivity - Glare 0.84 0.18 0.88 0.16 0.85 0.18 0.42 0.20
Productivity - Privacy 0.61 0.32 0.59 0.28 0.62 0.32 0.25 0.18

Table 5.6: Distribution (Mean and sd) of Indoor environmental quality importance of developed Archetypes(Source: Author)
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Archetype 1 Archetype 2 Archetype 3 Archetype 4
Feature Mean sd Mean sd Mean sd Mean sd
Awareness of shades 0.63 0.36 0.66 0.36 0.82 0.25 0.56 0.34
Shades - Thermal comfort 0.87 0.16 0.88 0.17 0.86 0.14 0.52 0.34
Shades - Energy 0.81 0.23 0.83 0.22 0.84 0.21 0.56 0.28
Shades - Discomfort 0.88 0.17 0.88 0.18 0.87 0.16 0.47 0.33
Shade use - View 0.55 0.41 0.53 0.42 0.51 0.37 0.16 0.22
Shade use - Lighting 0.71 0.35 0.69 0.37 0.79 0.30 0.38 0.39
Shade use - Glare 0.63 0.38 0.56 0.35 0.76 0.32 0.25 0.32
Shade use - Privacy 0.55 0.43 0.44 0.43 0.53 0.42 0.33 0.35
Shade use - Thermal comfort 0.57 0.42 0.53 0.39 0.66 0.33 0.25 0.32
Shade use - Aesthetics 0.49 0.41 0.45 0.39 0.47 0.39 0.25 0.29
Clarity - V1_RB_05 0.15 0.15 0.13 0.18 0.48 0.26 0.33 0.24
Clarity - V1_RB_10 0.02 0.07 0.03 0.10 0.22 0.24 0.23 0.19
Clarity - V1_VB_25 0.73 0.20 0.38 0.25 0.58 0.23 0.53 0.33
Clarity - V1_VB_50 0.69 0.20 0.31 0.23 0.54 0.23 0.52 0.25
Clarity - V2_RB_05 0.13 0.15 0.13 0.19 0.57 0.26 0.36 0.20
Clarity - V2_RB_10 0.04 0.12 0.03 0.10 0.34 0.26 0.23 0.17
Clarity - V2_VB_25 0.73 0.17 0.33 0.21 0.51 0.26 0.53 0.27
Clarity - V2_VB_50 0.71 0.15 0.34 0.24 0.51 0.24 0.55 0.28
Clarity - V3_RB_05 0.09 0.13 0.13 0.18 0.44 0.25 0.30 0.25
Clarity - V3_RB_10 0.03 0.10 0.03 0.10 0.25 0.25 0.22 0.20
Clarity - V3_VB_50 0.74 0.19 0.35 0.25 0.56 0.25 0.53 0.33
Clarity - V3_VB_50 0.71 0.17 0.27 0.22 0.54 0.31 0.55 0.31
Shade color - V4_RB_L 0.11 0.17 0.08 0.16 0.40 0.21 0.39 0.22
Shade color - V4_RB_M 0.06 0.13 0.06 0.15 0.51 0.24 0.28 0.18
Shade color - V4_RB_D 0.06 0.13 0.05 0.13 0.44 0.25 0.23 0.25
Shade color - V4_VB_L 0.71 0.18 0.27 0.18 0.59 0.26 0.56 0.30
Shade color - V4_VB_D 0.69 0.16 0.27 0.25 0.51 0.21 0.53 0.30
Interiors - V5_RB_05 0.68 0.26 0.53 0.28 0.53 0.31 0.55 0.26
Interiors - V5_RB_10 0.65 0.23 0.48 0.29 0.55 0.25 0.52 0.21
Interiors - V5_VB_25 0.57 0.27 0.41 0.24 0.61 0.23 0.42 0.27
Interiors - V5_VB_50 0.25 0.23 0.19 0.23 0.34 0.32 0.31 0.23

Table 5.7: Distribution (Mean and sd) of Shade parameter preferences of developed Archetypes (Source:Author)
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5.3 Shading system personalisation
The designed archetypes provide insights into the users’ beliefs and preferences with respect toenvironmental factors and subjective preferences. The section explores how user preferences andweights could be used to personalise shading systems. In order to do the same, an algorithm isproduced that evaluates the user in terms of features including the archetype they are assigned andthe resulting features with the archetype.
5.3.1 Methodology
The process begins by creating two-dimensional data frames for each key performance indicator (KPI),summarizing the comparable normalized performance of each shade in different orientations. Thesedata frames consist of 8 rows for orientations and 12 columns for shade types. The KPI ratings canbe categorized into two groups: those independent of the respondent’s distance from the buildingenvelope (such as thermal performance and energy performance) and those dependent on the distance(such as daylight glare probability and useful daylight illuminance).
The algorithm selects the appropriate scores of the KPIs based on the respondent’s distance from thewindow (1m, 3m, or 5m) and then chooses the orientation row based on the respondent’s orientation.Once the external factors are used to select the scores, user weights are assigned to them. Twomethods are employed to assign weights and preferences: individual rating and archetype rating.
Individual rating: The algorithm considers the individual’s responses regarding the importance ofenvironmental features, energy behaviors, and subjective preferences. Subjective ratings for viewpreference and interior preference are assigned to the shades. The normalized scores for all KPIs andvisual aspects are obtained. The individual respondent’s weights for environmental factors and energybehaviors are transformed into a normalized rating distribution, ensuring that the scores add up to 1.These scores are then used as weights for the specific KPIs. The final weighted average of the scoresprovides a final rating for each shade, and the shade with the highest rating is recommended to thespecific user.
Archetype rating: Similar to the individual rating, the archetype rating also takes into account theimportance and subjective preferences. The archetype scores and ratings for view preference andinterior preference are normalized and used as scores for all shades. Environmental factors and energybehaviors are transformed into a normalized rating distribution, assigning weights to each aspect.A weighted average score is calculated for each shade, and the shade with the highest rating isrecommended for both the user and archetype.
By incorporating user weights and preferences through individual and archetype ratings, the algorithmprovides personalized shade recommendations based on the user’s preferences and the characteristicsof different shades.
The algorithm makes use of a basic weighted average calculation to evaluate the best possible shadingsystem in the case of the individual user and the archetype. The comparison of scenarios with varioususers and the impact of shading systems in affecting the shading system allocated gives insights intothe influence of the rating provided by the individual / the archetype towards various environmentalfactors and subjective visual preferences.
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Figure 5.10: Feature set iterations (Source: Author)
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5.3.2 Observation
Across the three rating methods (objective, individual, and archetype-based), the 25mm wide lightvenetian blinds consistently rank the highest in most scenarios, with a count of 92. They are followedby the 50mm wide light venetian blinds, which rank second. Light roller blinds with an openness factorof 5% rank third based on objective performance.
When individual user preferences are considered, the distribution of shade rankings becomes morevaried compared to objective performance. Venetian blinds tend to score relatively higher comparedto roller blinds based on user preferences.
In the case of archetype ratings, a higher distribution is observed among the venetian blinds, indicatinga higher preference for this shade type. On the other hand, there is a relatively lesser preference forroller blinds based on archetype ratings.
Overall, the 25mm wide light venetian blinds consistently perform well across the different ratingmethods, indicating their popularity and effectiveness in meeting user preferences and objectiveperformance criteria.

Objectivesimilarity (1) Cluster similarity(1) Objectivesimilarity (2) Cluster similarity(2) Objectivesimilarity (3) Cluster similarity(3)
Archetpe 1 0.51 0.60 0.43 0.49 0.31 0.17
Archetpe 2 0.41 0.41 0.41 0.29 0.41 0.06
Archetpe 3 0.55 0.65 0.47 0.50 0.14 0.35
Archetpe 4 0.62 0.62 0.46 0.46 0.28 0.26

Table 5.8: Similarity rating for preferred shade of individual with objective results and archetype based results
In order to evaluate how well the archetypes performed to capture the user performance, the shaderating based on weights and scores by the individual users are compared with the shades ratingbased on the weights and scores of the archetypes and the shade rating based on purely objectiveperformance. A tabulation of the scenarios where the archetypes show the same preference of shadeas the individual and the scenarios where the purely objective performance show the same preferenceof shade as the individual is conducted. This shows for most scenarios in the first and secondpreferences that the archetypes can well represent the users preferences and provide a higher successrate of satisfying the user weights as compared to the purely subjective preferences. Consequently,the success rate for the third preference of shading shows a decline in percentage. It can be concludedthat the personalisation of shades on the basis of user and archetype weights affects the type of shadethat is preferred.
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Figure 5.11: Distribution of top 3 preferred shading systems (Source: Author)
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5.3.3 Design Scenarios
The evaluation of personalization of shading systems for archetypes involves considering all scenariosfor each individual archetype. The highest ranked shade is determined by summing the scores ofindividual key performance indicators. This approach provides a recommendation for the most optimalshade for a particular archetype based on its orientation and distance from the window. Furthermore,overall scores at various distances are also used to assess the best shade for personalizing shadesfor archetypes. The results demonstrate that the recommended shade varies due to the influenceof multiple factors. The better performance of lighter shading systems generally leads to therecommendation of lighter shades for almost all orientations. The implications of the selected designscenarios are further examined in terms of energy performance and occupant comfort, as depictedin Figure 5.12. Based on these findings, it can be concluded that personalization of shading systemsis feasible by considering both objective performance and subjective user preferences, as well as thesignificance of multi-domain shade performance. Moving forward, the recommendation system forshades will explore the inference of archetypes for new users.

Archetype South South West West North West North North East East South East
Archetype 1 VB_50_L VB_25_L VB_50_L VB_50_L VB_50_D VB_50_L RB_10_L VB_25_L
Archetype 2 RB_10_L VB_25_L VB_25_L VB_50_L RB_05_M RB_10_L RB_10_L VB_25_L
Archetype 3 VB_50_L VB_25_L VB_50_L VB_50_L VB_50_D VB_50_L VB_50_L VB_25_L
Archetype 4 RB_10_L VB_25_L VB_50_L VB_50_L VB_50_D VB_50_L RB_05_L VB_25_L

Table 5.9: Shading system recommendation for archetypes at 1m from building envelope
Archetype South South West West North West North North East East South East
Archetype 1 VB_25_M VB_25_L VB_50_L VB_50_L VB_50_D RB_10_L RB_10_L VB_25_L
Archetype 2 VB_25_M RB_10_L VB_25_L RB_10_L VB_50_D RB_10_L RB_10_L RB_05_L
Archetype 3 VB_25_M VB_25_L VB_50_L VB_50_L VB_50_D VB_50_D VB_25_L VB_25_L
Archetype 4 VB_25_M VB_25_L VB_50_L VB_50_L VB_50_D RB_10_L RB_10_L RB_05_L

Table 5.10: Shading system recommendation for archetypes at 3m from building envelope
Archetype South South West West North West North North East East South East
Archetype 1 VB_50_L VB_25_L VB_25_L VB_50_L VB_50_D VB_50_L VB_25_L VB_25_L
Archetype 2 VB_25_L RB_10_L VB_25_L VB_25_M VB_50_D RB_10_L RB_10_L RB_10_L
Archetype 3 VB_50_L VB_25_L VB_25_L VB_50_L VB_50_D VB_50_L VB_25_L VB_25_L
Archetype 4 VB_50_L RB_10_L VB_25_L VB_50_L VB_50_D VB_50_L RB_10_L RB_10_L

Table 5.11: Shading system recommendation for archetypes at 5m from building envelope
Archetype South South West West North West North North East East South East
Archetype 1 VB_50_L VB_25_L VB_25_L VB_50_L VB_50_D VB_50_L VB_25_L VB_25_L
Archetype 2 VB_25_L RB_10_L VB_25_L VB_25_M VB_50_D RB_10_L RB_10_L RB_10_L
Archetype 3 VB_50_L VB_25_L VB_25_L VB_50_L VB_50_D VB_50_L VB_25_L VB_25_L
Archetype 4 VB_50_L RB_10_L VB_25_L VB_50_L VB_50_D VB_50_L RB_10_L RB_10_L

Table 5.12: Overall Shading system recommendation for archetypes
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Figure 5.12: Shading system recommendations for the designed archetypes (Source: Author)
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5.4 User classification Scenarios
The implementation of archetypes requires the applicability of inferring the archetypes of new users bypre-existing clustered sample points or by inferring the archetypes of new users by pre-existing clustercenter points. This requires implementation of supervised and semi-supervised models. Supervisedmodels can be trained by the clustered sample points where the archetypes are used as the label. Semi-supervised models can come in use when either low number of sample points are available or only thecluster centroids are available. Using the same, semi-supervised models can be implemented that workwith low number of labelled sample points to label new unlabelled samples. Within the research, sincea clustered sample set it available, a supervised learning model is used to infer the archetypes of theusers using the Archetypes as labels.
5.4.1 Methodology
The process begins by combining the labeled and unlabeled data into a single dataframe. This is doneto ensure consistent encoding of categorical variables and allocation of the same feature sets to bothdatasets. After encoding the categorical features, the labeled and unlabeled datasets are separated.The next step involves evaluating the labeled data using various classification models. This helps inselecting the most suitable model for the task. Different models are trained and their performance isassessed based on evaluation metrics such as accuracy, precision, recall, and F1-score.

Figure 5.13: New user classification strategy (Source: Author)
Once a classification model is identified, oversampling techniques and hyperparameter tuning areapplied. Oversampling is used to address class imbalance by randomly sampling data points wherethere are a low number of points with a specific label. This helps to improve the model’s abilityto capture patterns from minority classes. Hyperparameter tuning involves systematically exploringvarious combinations of hyperparameter values using techniques like grid search. This process helpsto identify the optimal set of hyperparameters that maximize the model’s performance. The best-performing hyperparameters are then selected for further classification.
With the selected classification model and optimized hyperparameters, the labeled data is used totrain the model. The model learns from the labeled data and builds a representation of the underlyingpatterns and relationships. Once the model is trained, it can be used to predict labels for new, unlabeledsample points. This provides a way to assign archetypes to previously unseen users based on their
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characteristics.Finally, the trained model can also be used to assess the importance of different features in theclassification task. Feature importance analysis helps to identify which user characteristics, in additionto the features used for clustering, contribute significantly to archetype identification. This analysisprovides insights into the formation of archetypes and potential areas for further exploration in futureresearch.
5.4.2 Classification Model Selection
With the available data-set of 171 samples, a classification model list it made. The available classificationmodels from Scikit learn such as Random Forest, Logistic Regression, Support Vector Machine,Gaussian Naive Bayes etc. were selected to run in a loop of 100 iterations to evaluate the precision,recall, f1-score and support.

sr. no. Model name Precision Recall f1-score Support
1 Random Forest 0.817435 0.786000 0.757851 35.0
2 Logistic Regression 0.903571 0.885714 0.871243 35.0
3 Support Vector Machine 0.683333 0.771429 0.713265 35.0
4 Gaussian Naive Bayes 0.520272 0.400000 0.377959 35.0
5 K-Nearest Neighbors 0.684354 0.628571 0.606122 35.0
6 Decision Tree 0.726763 0.754286 0.719930 35.0
7 AdaBoost 0.761111 0.685714 0.692591 35.0
8 Gradient Boosting 0.826356 0.804286 0.772632 35.0
9 Extra Trees 0.840636 0.809714 0.783812 35.0
10 Multi-layer Perceptron 0.761489 0.743714 0.732144 35.0

Table 5.13: Classification model comparison
The table (Table:5.13) provides a summary of the performance of the various implemented classificationmodels. The precision represents the ability of the model to correctly classify positive instances. It isa ratio of the true positives to the false positives. A higher precision indicates lower instances of falsepositives. Among the models evaluated, the best-performing model in terms of precision is LogisticRegression, with a precision score of 0.904. Additionally, Random Forest, gradient boosting and extratrees rank relatively higher in terms of precision with scores in the range of 0.84 to 0.81. On the otherhand, Gaussian Naive Bayes exhibits the lowest precision among the evaluated models, with a scoreof 0.520.
The recall measures the models ability to identify positive instances correctly. It is the ratio of the truepositives to the sub of true positives and false negatives. Higher recall indicates a fewer instances offalse negatives. The Logistic Regression model stands out as a better performer in terms of recall.It achieves a recall score of 0.886, indicating a high ability to correctly identify positive instances.Additionally, Support Vector Machine, Decision Tree, Gradient Boosting, Extra Trees and Multi-LayerPerceptron (Neural Networks) provide a better performance in terms of recall within a range of 0.80 to0.74. Gaussian Naive Bayes demonstrates relatively poorer performance in terms of recall, with a scoreof 0.400.
Finally, the f1-score which is a balanced measure of a models precision and recall. The F1-scoreprovides a mean of the two values and hence a higher F1-score indicates a good overall performance.Logistic regression performs well in terms of f1-score with a rating of 0.871. On the other hand GaussianNaive Bayes gets a lower F1-sore of 0.378 implying a weaker performance.
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Based on the iterations executed, Logistic Regression stands out as the best choice. It demonstrateshigh precision (0.904) and recall (0.886) values. Other models, such as Random Forest, GradientBoosting, and Extra Trees, also show promising performance. Gaussian Naive Bayes, K-NearestNeighbors, and AdaBoost exhibit lower performance compared to the rest. Considering these factors,Logistic Regression appears to be the ideal model for executing the classification of new users intoArchetypes.
5.4.3 Hyperparameter Tuning
Once the Logistic Regression classifier is selected, it is imperative to improve the accuracy of themodel through Random Oversampling and Hyperparameter Tuning. The random oversampler andSMOTE are used to generate synthetic samples for the minority class. These randomly select samplesfrom the minority class and duplicates them until the class distribution is balanced. This improvesthe f1 score for the individual archetypes beyond the prior selection of the classification model.Hyperparameter options are listed for further comparison (Fig: 5.14). A grid search is executed whichsystematically searches for the best combination of hyperparameters for a given model. The gridsearch is executed with a 5 number of folds for cross validation. This fits each Hyperparametermodel 5 times with each iteration with a different subset of the original model. After evaluating allcombinations the grid search selects the hyperparameters that resulted in the highest mean cross-validated score. On execution of the grid search, the best performing hyperparameters were identifiedas ’C’:1.0, ’class_weight’:’balanced’, ’dual’:False, ’max_iter’:2000, ’penalty’:’l1’, ’solver’:’saga’, ’tol’:1e-05. Thetuning of hyperparameters changes the average accuracy of the Logistic Regression model from 81.5%upto 89.5%. A further step is taken to improve the accuracy of the model by executing ensemblemodelling. This method uses lists to store individual logistic regression models made using the besthyperparameters. A voting classifier is then fitted using the training data. The soft function within theensemble model gives a normalised weightage to the individual models on the basis of their accuracy.This voting classifier helps improve the accuracy of the model upto 91.5%

C Penalty Solver Max iterations Dual Class weight Tolerance
0.01 l1 lib-linear 200 True None 1e-2
0.1 l2 saga 500 False Balanced 1e-3
1.0 - - 1000 - - 1e-4

10.0 - - 2000 - - 1e-5

Table 5.14: Hyperparameter tuning using grid search
5.4.4 Archetypes for New Users
The Logistic Regression model is utilized to assign archetypes to new users. This involves testing a newset of sample points on the trained model. When the model is applied to these sample points, it assignsarchetypes to them as depicted in Figure: 5.14. However, it is important to note that the implementationprocess for new users reveals that the sample points may not always conform to the same patternsobserved in the existing sample space. This highlights that archetypes are merely representations ofsimilar preferences and not absolute truths that universally apply in all scenarios.
Based on the supervised learning model, 4 samples are allocated as Archetype 1, 7 of the samplesare allocated to Archetype 2, 5 samples were allocated to Archetype 3 and 1 sample was allocatedto Archetype 4. Even though oversampling was executed on the existing sample points, very few ofthe new samples were interpreted as Archetype 4. Subsequently, the obtained archetypes are passedthrough the shade selector algorithm. This algorithm determines the optimal shading system based onthe archetype of the occupants and the resulting importance and visual preferences.
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(a) Principle Component Analysis (b) Existing clustered samples

(c) Introduction of new samples (d) Classification of new samples
Figure 5.14: Implementation of classification of new users to Archetypes (Source: Author)

5.4.5 Feature Importance

The ensemble model achieved an accuracy of approximately 91.43% on the test set, indicating its overalleffectiveness in accurately classifying the samples. When examining the feature importance values, wecan gain insights into the factors that strongly influence the classification process.
Among the features, the preferences related to views, such as "sr_view3_vb_50," "sr_view1_vb_50," andothers, exhibited high feature importance, with ratings ranging from 0.47 to 0.87. This suggests thatthe specific view preferences of the occupants play a significant role in determining their archetypeassignment. The current window orientation, as represented by the feature "cf_window_orientation_-South_East," also showed some importance with a rating of 0.35. This indicates that the orientation ofwindows in relation to the compass direction influences the archetype classification to some extent.
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The importance of indoor environmental factors and control of building envelope and services,represented by features like "ef_change_environmental_factor" and "psy_e_compromise_comfort_sus-tainabile," also demonstrated moderate importance, with ratings ranging from 0.08 to 0.17. Thesefactors suggest that the occupants’ preferences and satisfaction regarding the indoor environmentand their ability to control various aspects of the building contribute significantly to the archetypeassignment. Eye-related discomforts, as captured by the feature "pf_discomfort_eye_redness," showedsome importance with a rating of 0.14. This implies that the level of eye discomfort experienced bythe occupants can influence their archetype classification. Work-related factors, such as the type ofwork represented by features like "cf_worktype_Technical and Creative" and "cf_worktype_Managerial,"also exhibited some importance, albeit at a relatively lower level. This indicates that the nature of theoccupants’ work has a modest impact on their archetype assignment.
By considering these feature importance values, we can gain a better understanding of the factorsthat drive the archetype classification process, thereby informing decisions and strategies related toshading system allocation and other design considerations.

Feature Importance Rating
sr_view3_vb_50 0.87
sr_view1_vb_50 0.68

ef_change_environmental_factor 0.52
psy_e_compromise_comfort_sustainabile 0.51

sr_view1_rb_05_M 0.49
sr_view1_vb_25_D 0.47
sr_view1_vb_25_L 0.44

sr_view4_rb_10 0.42
sr_view2_rb_10 0.38

cf_window_orientation_South_East 0.35
sr_view3_rb_05 0.35
sr_view3_vb_25 0.28
sr_view2_rb_05 0.24

ef_importance_silence 0.18
cf_window_orientation_North_East 0.16

sr_view1_rb_05_L 0.15
cf_window_orientation_East 0.15
pf_discomfort_eye_redness 0.15

cf_worktype_Technical and Creative 0.14
sr_view4_rb_05 0.13

sr_view1_rb_05_D 0.11
ef_importance_acoustics 0.09

pf_activity_Alternate days in a week 0.08
cf_worktype_Managerial 0.07

sr_view2_vb_25 0.05

Table 5.15: Feature importance of Logistic Regression Model
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6Conclusion
The final chapter concludes the methodology followed within the research to personalise design forusers with the user for archetypes. The chapter also discusses the results at the 3 phases of researchdealing with simulations, survey and machine learning respectively. Next, conclusions are drawnfrom the results and discussions and the research questions asked in the beginning are answeredin the same order. The unforeseen limitations beyond the established ones are expressed and finallyrecommendations are presented for any form of future work within the topic.
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6.1 Discussion
The research addresses personalisation of building shading systems through a multi-faceted methodthat covers the themes of facade design, building physics and machine learning. In order to clearlydiscuss the individual aspects of the research, the discussion is broken into the subsections.
6.1.1 Building shade simulations

The identified shading systems are first defined in terms of color, material property, RGB values, solarand optical material values (absorptance, reluctance and transmittance). This information is used frommanufacturer websites and the properties and behaviours of materials are kept as test variables to becompared within various shades. A office space is initial modelled on grasshopper including materialproperties, program, schedule. This is used as a base model to evaluate the multi-domain performanceof the shades.
The results are combined for various shade types within individual data-frames for every simulation.This compares the performance of the 12 types of shades across 8 orientations at 3 spacing’s of theoccupant from the building envelope. This ultimately creates 288 design scenario results that arecombined into 8 data-frames. The results within the simulation show expected performance variance inbetween shades. Venetian blinds perform better in reducing the lighting energy demand whereas rollershades perform better in reducing heating and cooling demand. Within the cross-shade comparison,roller lighter shades are beneficial to reduce heating energy demand whereas darker shades arerelatively beneficial in reducing cooling energy demand.
The thermal performance of shadings also show variance as per different shade and color combinations.Since the simulations are executed in a heating dominated climate, the shades impact the interiorsinversely as they could lead to an increase in discomfort when deployed leading to lower amount ofirradiance indoors. In this regard, venetian blinds on average perform relatively better as compared toroller blinds. Additionally, across the various orientations, lighter shading systems perform better. Theexception to this performance is visible within the north-west, north and north east where the thermalbehaviour of the space with the shades deployed does not affect the building performance as much.
The cross orientation performance of shading systems is also observed for useful daylight illuminance.The results of daylight simulations show that venetian blinds perform slightly better than roller blindsin that they provide a higher percentage of UDI indoors. Shade colors has shown no conclusiveobservations as in the South facing facades, darker shades show a better performance as compared tolighter shades. Within the northern and eastern faces, lighter shades show slightly better performance.These results are not significantly different within different colors showing inadequate effect of shadecolor on the UDI indoors. With respect to distance from the building envelope, light venetian blindsperform better in providing adequate UDI values around the year.
Finally, point in time glare analysis is executed for individual shades at 3 spacing combinations. A broadreview of performance shows clearly that roller blinds perform drastically better than venetian blinds.Their perfect diffusing properties aid in reducing glare within. Within all shades, darker shades showlower values of DGP at the worst hour of the year. Light roller blinds with 5% OF show close to 0.00DGP value year round.
The cross domain analysis of shades shows the variance that is expected when controlling the shadedesign parameters. These affect the occupant comfort metrics and energy performance of the officemodel. The values are enough that the normalised values can be cross evaluated without introducingany biases while re scaling of values. The re scaling of the KPI values to normalise them to valuesbetween 0 and 1 offer a comparable matrix of values for shades across orientations. Within the crossorientation values, lighter shades have shown to perform better across the multiple environmental
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domains. This observation holds true for occupants at 1m, 3m and 5m from the building envelope.This can have implications on the final recommendation system leading to mostly lighter shades asthe final recommendation due to their multi-domain preference. The performance of shading systemsacross domains is also insignificant in the northern orientation due to low / no deployment of shadearound the year. The summarised performance table shows a clear method to evaluate shades andapply weights as per individual occupant preference and weights.
6.1.2 Survey

The framework of factors that affect occupant preferences is based initially on a systematic literaturereview. The review confirms that user preferences and comfort behaviours are most commonlyassociated with personal factors (occupant descriptors, health concerns, lifestyle and psychologicalfactors), contextual factors (type of work, workplace typology, hours spent at work, work contentand self-reported productivity) and environmental factors (thermal comfort, visual comfort, acousticalcomfort etc.). This systematic literature review is used to design a user-perception framework thatforms the backbone of the survey. The survey is designed to ask questions regarding the abovementioned factors and then to ask the respondents regarding shading systems (awareness of shadingsystems, uses, preference based on view clarity and finally preference based on effect to the indoorspatial aesthetics). The responses received are first processed to limit to only responses that wereatleast 80% complete.
The individual factors are processed and analysed. The average age of respondents was within therange of 20 to 35 years. The majority (85) respondents were originally from India. In terms of placecurrently living, a majority of respondents were living in the Netherlands (100). Respondents mostcommonly were spending on average 15 to 20 hours indoors and an average of 5 to 10 hours attheir place of work. With respect to health issues, eye sensitivity was the most common health issueacross the respondents where atleast 50 respondents reported to face the symptoms of eye sensitivityatleast one a week. Migraine and claustrophobia were less common. When asked about discomfortsat place of work, lethargy and neck and shoulder pain was the most common symptom that closeto 90 respondents experienced these atleast once a week if not more. Blurred vision and eye drynesswere the least common discomforts faced by the occupants as around 40 respondents reported feelingthese atleast once a week if not more. Discomforts such as headaches, neck/shoulder pain and lethargywere most commonly associated with the place of work. Eye related discomforts such as blurred vision,burning eyes, eye tearing and eye redness were least associated with the place of work.
The psychological factors showed variable responses for the energy attitude, comfort behaviour andaffordances. Most of the respondents responded being more energy conscious and showed willingnessto change their behaviour for the sake of energy performance. A high co relation was observedin self reported productivity due to comfort, importance of comfort at place of work importance ofenvironmental factors. Respondents didn’t agree to the impact of interior features on their comfort attheir place of work. The affordance related behaviour was more varied as respondents had differentmethods of dealing with discomfort at their place of work.
Most of the respondents reported to be seated at a distance of between 0 to 4m from the windowat their workplace. Workplace satisfaction showed a distribution within the 5 point likert scale thatcould be a possible descriptor of occupants. With respect to environmental factors, thermal comfort,visual comfort, glare and indoor air quality were the most common environmental factors that showedimportance to the respondents. This rating is beneficial as a method to evaluate the shade performanceby applying weights to the original shade scores.
The final part of the survey asked respondents about shading systems to understand better the beliefs,importance and usage of shading systems for individual users. On average, close to 140 respondentsfound shading systems important to prevent thermal discomfort, visual discomfort and saving energy.
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The individual uses of shades varied for users. The distribution of the uses of shades for interioraesthetics, thermal comfort, privacy, glare, daylight and allow view showed that users engaged withglares for multiple reasons. This result proves the multi-domain use of shading systems. View claritypreferences were relatively higher for venetian blinds. Respondents rated the roller blinds as leastpreferred possibly due to the low view clarity offered by roller blinds. Similarly, even shade colorpreference was higher for venetian blinds. The low view clarity established previously also has a role toplay in the lower rating given to roller blinds despite the question actually questioning color preference.Consequently, respondents preferred lighter venetian blinds and grey roller shades the most.The finalvisual question asked users to rate 4 different interior images (each interior representing the impactof the shading system on the interior look and feel). Most respondents preferred the interior views forroller blinds with 5% openness factor and 10% openness factor. Views with 50mm wide slat venetianblinds were least preferred by respondents. Finally, views with 25mm venetian blinds were somewhatpreferred as they did cause shadow patterns due to slat geometry but the effect was not as Stark asthat cause by 50mm slat width venetian blinds.
The research utilized correlation and ANOVA tests to analyze the relationships between variousvariables. The ANOVA tests focused on exploring the impact of specific categorical variables, suchas gender, type of work, and country of origin, on environmental preferences. The results indicatedthat these variables had a significant influence, as evidenced by their low p-values. Additionally,education level and workplace typology were found to be significant factors in relation to view claritypreferences, while workplace typology also showed significance in interior view and shade colorpreferences. Moreover, gender and type of work exhibited higher significance in relation to energyattitude, affordances, and comfort behavior.
Furthermore, the Pearsons Correlation test was conducted to examine the association betweenoccupant characteristics and their ratings. The test revealed a high p-value, indicating a strongrelationship between users’ perceived importance of shading systems and their perception of indoorenvironmental features. Notably, significant correlations were observed for shade importance, shadeuse, energy attitude, affordances, comfort behaviors, and certain personal descriptors.
The survey responses provided valuable insights into user trends and preferences concerning envi-ronmental factors, the perceived impact of these factors on productivity, shade preferences, shadeutilization, energy attitudes, affordances, and comfort behavior. This dataset serves as a relevantresource for clustering users based on selected features that exhibit high variance or are of particularimportance to the research.

6.1.3 Archetypes

The facade-user archetype survey provided an initial data-set of 171 responses that could be usedto cluster users into archetypes. The most important part of this process is the feature selectionand feature engineering that must be executed to make sure that the archetypes carry the maximumpossible information in terms of the response variance and the least possible number of features shouldbe taken forward for clustering. An iterative process of feature sets across various dimension sizesshowed that a feature set including energy attitude, environmental preferences, shade preference andworkplace atmosphere impact performed best in terms of explained variance and RMSE. This providesa feature set within a 3-dimensional model space.
An initial agglomerative clustering on the sample showed the best silhouette score at 4 number ofclusters. This was taken forward to run a k-means clustering which showed a similar clustering with aslightly higher silhouette score. These clusters were taken to analyse further. Here, it was decided toanalyse the entire data set and take the median values of the individual clusters to define the featuresfor the archetypes. This is due to the visible presence of outliers in the clustering process. An inter-
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archetype comparison showed Archetype 2 to find indoor environmental factors not as important.Archetype 1 rated all environmental factors as most important excluding the interiors. Archetype 3rated view as high as Archetype 1 but rated the importance of daylight, glare and energy relativelylower. Finally, archetype 1 rated glare and energy performance lower as compared to the other factors.
When evaluating the archetypes along with shade preferences, archetype 4 showed highest impor-tance of the multi-domain performance but preferred the shades the least as compared to all theother archetypes. Archetype 2 showed an average rating for the multi-domain performance and alsopreferred all shades neutrally. Archetype 1 prefers view, daylight and thermal also preferred rollershades in terms of color and view clarity. Finally, Archetype 3 showed a higher rating for energyperformance, thermal and view also preferred venetian blinds in terms of view clarity and shade colorbut preferred roller blinds when it came to interior view.
The identified archetypes exhibit expected variations in their responses and importance placed onmulti-domain environmental aspects and design features. These archetypes are utilized to assignweights to the objective scores obtained in the previous section. The scoring process has beenobserved to impact users’ perception of shades. Interestingly, as lighter shades tend to perform welland are favored by a majority of users, the end result does not deviate significantly, as users’ shadeparameter preferences align with optimal energy performance.
To ensure the representativeness of the user clusters, it is important that the established clustersaccurately classify new respondents. A classification model is developed to assess the model’s abilityto assign users to the appropriate archetype based on their responses. Visually, the supervised learningmodel effectively allocates users to the relevant archetype. This approach proves valuable in designapplications and enhances our understanding of the target users. The satisfactory success rate indesign scenarios using archetypes signifies that the archetype method can effectively define the usertypes present in those scenarios.
The supervised model demonstrates that design preferences, energy behavior, importance of indoorenvironmental quality, window orientation, discomforts, type of work, and frequency of activity holdgreater importance as features for developing an accurate classification model. In addition to thefeature sets utilized, the features identified as highly important for the classification model can befurther explored in future questionnaires and investigations.
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6.2 Conclusion

6.2.1 Response to Sub-Questions
What factors (personal and external) should be considered when evaluating user preferences for
building shading systems?

The factors influencing user preferences for design was setup in a framework on the basis of anextensive literature review that researches the user preferences and comforts with respect to multi-domain environmental aspects. The most common trends of user preferences were visible within 3broad categories of personal factors, environmental factors, contextual factors. The sub categorisationof the initial factors breaks down the factors into sub-factors that includes further more aspects that canaffect occupant preferences. This breaks down the initial factors further addressing the various zonesof factors. The factors identified within the literature review are used as the structure of a questionnairewhere the research attempts to understand the range of preferences for shading systems in terms ofperformance, view clarity and indoor aesthetics of a combination of shades.
The correlation and ANOVA test resulted in a set of occupant characteristics that were found to besignificant within the shade preference evaluation. For this reason, features such as age, gender, bmi,importance of view to the outside, importance of shading system, awareness of shade were used withinthe classification model including the preferences themselves to classify new users.
When addressing the assigning of weights to the objective parameters, not all user characteristics wereused. The thesis makes use of only multi-domain environmental preferences, self-reported energyattitude and individual preferences for subjective aspects to be able to infer the user-specific shadingtechnology. The weighted average provides a means to give a higher rating to specific performanceobjectives as compared to the others.
Hence, a set of personal, contextual, environmental and design based occupant characteristics werenarrowed down on the basis of statistical tests and a mix of supervised and unsupervised models. Themodels used in this research demonstrated a high level of accuracy in correctly allocating users to theirrespective archetypes. By utilizing these models, the research was able to effectively classify usersbased on their distinctive characteristics, contributing to a more tailored and personalized approach indesigning building shading systems.
What are the important shadeparameters that need tobeevaluatedbasedon their effect on Indoor
environmental quality and energy performance?

Shading systems are multi-domain environmental modifiers. The broad category of shading systemsare available in fixed and dynamic types. Fixed shades are available as external installations that maybe designed as a facade element or a fixed cantilever. Dynamic shades are available in both externaland internal installation forms. External shades are better for energy and thermal performance as theyeffectively reduce the amount of solar radiation entering the interiors.
The thesis focuses on evaluating the performance of roller shades and venetian blinds, as these arethe most commonly used types of shades in the market. Various shade parameters are examined fortheir impact on performance. Shade color, for both venetian blinds and roller blinds, has been foundto influence their optical and solar performance. Darker shades tend to have higher energy demandcompared to lighter shades. On the other hand, lighter shades have a higher potential for glare, as theyreflect a greater amount of light into the interiors. Lighter shades also offer lower thermal discomfortin heating-dominated climates, as they reflect a portion of the light away from the interiors.
The openness factor of roller blinds has also been shown to affect shade performance. Higher openness
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factors allow more daylight to enter the space in specific orientations. The slat size of venetian blindshas an impact on glare, with wider slats reducing the probability of daylight glare.
In comparing venetian blinds and roller blinds, venetian blinds perform better in terms of energy demandand thermal comfort, while roller shades excel in reducing glare probability in the interiors. Both shadesexhibit similar performance in terms of useful daylight illuminance, with venetian blinds often performingslightly better.
In conclusion, design parameters such as shade type, shade color, and shade size or openness factorsignificantly influence occupant comfort and energy performance across multiple domains. Operationalparameters such as type of operation, shade state, and slat angles also affect performance, but theseparameters vary depending on specific situations. By simulating shading systems while simultaneouslyvarying shade size, color, and type, the research investigates the performance of shades in relationto multi-domain environmental features. The integration of EnergyPlus and Radiance engines withinthe research workflow enables accurate evaluation of complex fenestration systems. This methodfacilitates the examination of the impact of changing key design features of shades on occupantcomfort and energy performance.
What are the methods used to understand the impact of shading technologies on occupant
comfort and energy performance?

As reviewed in the chapter, they can affect occupants by modifying the spatial effect of the environ-ment, by modifying the multi-domain environmental comfort parameters and by affecting the energyperformance. An evaluation of the environmental impact of shading systems is achieved by the meansof domain specific simulations that help understand how the shades perform. Thermal comfort can beevaluated by the operative temperature or by means of PMV or PPD rating of the shading system. Incooling dominated climates, deployment of shades at various times of the year can help reduce theamount of solar radiation entering the space through the building envelope and by relation, the thermaldiscomfort. Since the simulations are executed within a heating dominated climate of the Netherlands,the shading systems have an adverse impact on the thermal comfort where they have a probability offurther increasing the thermal discomfort during the winter time. The thermal discomfort for shadesin some orientations due to this further depreciated below the limits of the base scenario without anyshading systems.
The visual aspect of shading systems is more nuanced in that it incorporates objective key performanceindicators such as daylight glare probability and useful daylight illuminance, but also includes subjectiveaspects such as view clarity and impact on interior space. The daylight glare probability of shades canbe simulated for annual simulations to see how shades help reduce glare for the occupants, but a pointin time analysis is more accurate and also evaluates the performance of the shade when the glareis worst. The useful daylight illuminance on the other hand is a percentage value of the amount ofoccupied hours that the illuminance within the space falls within the range of 300 and 3000 lx. Thisthreshold signifies the amount of hours that the shades provide adequate light to the interiors.
While addressing the subjective visual aspects of shading systems, there are two aspects:first, howmuch do the occupants like the clarity of view to the outside when the shades are deployed andsecond, how much do the occupants prefer the spatial effect of the shading systems. Whereas oneaspect addresses the view two the outside, the other addresses the view of the interior space itself.
The energy performance of shading systems is closely related to the thermal and daylight performancewhere in shading systems affect the heating, cooling and lighting energy requirement of the space.The impact of shades within the cooling and heating energy demand clearly indicates the amount ofenergy required to maintain a comfortable indoor temperature whereas the lighting energy requirementevaluates the amount of lighting energy required within the occupied hours when the illuminance level
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on the work surface reduces below the threshold of 500 lux.
In order to evaluate any shading system, these aspects must be taken into consideration. Since thethesis evaluates only manually controlled shading systems, key factors such as personal control, noiseand schedule set point which are further more factors that can affect the impact of shades on occupantsand the energy performance.
In terms of simulation tools, there are multiple numerical models available to simulate the aforemen-tioned design metrics that evaluate thermal and optical properties of shading systems. The scale ofthe shading system components for both roller blinds and venetian blinds required accurate opticalmodelling of the shade modules. For this reason, the Radiance engine was implemented to formaccurate BSDF models of shade systems that could be integrated into LBNL Window, Honeybeeand other daylight simulation software’s to evaluate optical properties. For the thermal and energyperformance, the Energyplus engine proves to be the most accurate engine to study the behaviour ofcomplex fenestration’s and how these impact the thermal and energy performance. There is currentlyno solution to accurately model lighting loads due to operation of complex shades for which handcalculations were done on the basis of the daylight model and occupancy hours. No literature indicateda clear way to rate shading systems on the basis of their performance. In order to execute the same, theresults achieved were normalised and added to give results. Accurate modelling of complex shadingsystems’ thermal behavior and a comprehensive understanding of their luminous behavior, coupled withartificial lighting control models, are essential for comprehensive studies on building energy demand.The integration of thermal characterization into software tools like EnergyPlus, along with the abilityto connect these tools with lighting simulation tools such as Radiance provided the most efficientworkflow.
Can archetypes be designed to describe user demandswith respect to building shading systems?

The design of user Archetypes here serves the primary function of being able to personalise designdecisions for specific users while optimising the performance of the external shades. In order to achievethis, the archetypes need to clearly evaluate the shades in two ways, by providing user preferencesof various design features and the user weights to the multi-domain environmental aspects that areaffected by shading systems. It is important to evaluate the archetypes on the basis of both sets offeatures where in two archetypes will possibly give the same rating towards environmental featuresbut have a different visual preference. This thesis captures the broader responses that are receivedinto clusters that feature the maximum variation in responses. In order to be able to account for allfeatures that are necessary to evaluate shading systems, also features with low variance were includedas archetype characteristics.
There are plenty of methods that can be adopted to form archetypes by determining the importantfeatures. Both dimensionality reduction and clustering have various types of method options. The PCAanalysis which a liner method of dimensionality reduction is the easiest method to inverse transformcluster characteristics. Manifold techniques such as ISOMAP, LLE and Spectral embedding show abetter view of the clusters but failed to perform well in terms of residual variance. Similarly, withrespect to clustering there are many clustering techniques used to cluster users. Similar to PCA, withK-means it is simpler to inverse transform the data and cluster centers to be able to interpret the clustermean values. The K-means cluster showed the best silhouette score as compared to other clusteringtechniques with the PCA as a dimensionality reduction method. The formulated archetypes includedenergy behaviours and affordance attitudes, importance of environmental factors, self-perceive impactof productivity due to environmental factors, preferences of individuals with respect to interior looksand finally with the view clarity to the outside, color of shade and dimensions of the shading systems.
By employing these methodologies, four distinct archetypes were identified, capturing the significantvariations within the dataset. These archetypes encompass a range of factors, including energy
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behaviors, attitudes towards affordances, the importance of environmental factors, perceived impacton productivity, interior design preferences, and aspects related to view clarity, shade color, andshading system dimensions.
With the identified archetypes, it becomes possible to gain insights into design preferences and tailorthe focus on multi-domain performance of shading systems based on features that hold varyingdegrees of significance to individuals. The shade recommendation scenarios implemented for eacharchetype demonstrated how the individual weights and preferences provided by the archetypesdiffer, leading to accurate user-specific recommendations. Furthermore, even within archetypes, therecommendations varied, emphasizing the differences in optimal shading solutions for different usertypes. Overall, the developed archetypes not only facilitate precise user recommendations but alsoenable customization of shading system performance based on individual preferences and prioritieswithin the multi-domain context.
How can archetypes be incorporated into the design and selection process of shading devices?

To validate the effectiveness of the designed archetypes in personalizing shading systems, a shadeselector algorithm was developed to assess individual and archetype preferences. The algorithmincorporated view clarity and indoor aesthetics scores along with objective performance scoresobtained from simulations. Additionally, weights were assigned to six performance indices (energy,thermal, visual, glare, view clarity, and indoor aesthetics) based on the importance ratings provided byindividuals.
Using these ratings, the algorithm generated a hierarchical list of shade system rankings. This processwas repeated for each individual’s assigned archetype based on the earlier clustering analysis. If thetop preferences of the archetype closely matched the top preferences of the individual, it indicateda higher success rate of the archetype in capturing the user’s preferences. The results demonstratedthat the archetypes were able to capture 60% of the individual users’ first preferences, with even highersuccess rates achieved for subsequent preferences. This indicates that the archetypes could suggestsuitable shade options for occupants based on their preferences.In summary, the validation methods showed that the archetypes could effectively capture userpreferences. However, the presence of outliers can impact archetype weights and biases, therebyreducing their performance. It is important to acknowledge that archetypes may not cater to all usersand only generalize user preferences to some extent. Real-world design scenarios may yield similarresults from surveys, so it is crucial to not only assess the success rate of archetypes but also evaluatescenarios where predictions were not accurate. This highlights the need for well-designed archetypenumbers and characteristics to better represent a higher percentage of users.
Furthermore, archetypes can be utilized as benchmarking methods for different user types, allowingdesigners to develop their own design solutions while considering various possible user scenarios. Theshade selector algorithm provides a means to explore and address the requirements and preferencesof different user groups.
What is the potential of using the developed Archetypes within design scenarios for new users ?

The implementation of user archetypes has significant implications in the field of design. By employinga semi-supervised learning approach, the existing labeled dataset can be leveraged to classify new,unlabeled users. Semi-supervised learning has huge opportunity to label larger data sets by the use ofsmall amount of labelled data. In the case of designing for a larger user set, the features of the userscan be taken to label them into archetype.
In the context of this research, 19 new unseen samples were used to classify them into archetypes onthe basis of their responses. Once the archetypes are determined, the shade selector algorithm is used

Chapter 6.2 171



to infer which shade would be ideal for the users based on their preferences.
The thesis attempts to explore the multi-domain user characteristics of office workers and howtheir response can help evaluate personalisation of shading systems. The broader categorisation ofuser factors determined from the systematic literature review helps capture the visible structure ofinformation and how these are related. For example, questions pertaining to the users themselvesshould be clustered together, questions regarding their place of work to be clustered together andso on. This helps user get more perspective by being able to compare better their responses. Areorganisation of the responses in the post processing of data help in better inferring the rates andscores for various aspects for the user. The evaluation method used to assess shades considered amulti-domain design perspective, normalizing and comparing individual environmental features beforeintegrating them into a comprehensive rating.
The method employed in this research can be considered more universal and applicable to variousfacade components, enabling a comprehensive evaluation of how they impact multi-domain environ-mental factors. By integrating performance metrics into a single evaluation, the approach allows for athorough assessment of different shades, facade types, facade finishes, and additional shade types.This simulation-based multi-domain shade assessment aids in identifying the specific parameters thatinfluence shade performance, providing a deeper understanding of their effects.
The clustering process used to design archetypes is just one of many available methods for dataclustering. However, this particular method effectively captures user characteristics within a largergroup of respondents, providing a clearer representation of user types. By integrating user preferencesthrough the user-centered design process, the archetypes enhance the Pareto front optimizationmethod by incorporating bias and weights derived from individual performance ratings and shadepreferences. This ultimately influences the preferred shade rankings.
Moreover, the use of these archetypes to classify new users enables the identification of their archetypeand facilitates personalized design considerations. By applying the knowledge and insights gainedfrom the formulated archetypes in other scenarios, designers, architects, and manufacturers can betterunderstand and cater to the needs and preferences of new occupants, leading to an enhanced userexperience and overall satisfaction. This approach allows for a more tailored and user-centric designprocess.

6.2.2 Response to main research question

How can shading solutions be personalized to provide occupant comfort and improve energy
performance of buildings?

The research initially raises the limitations of current design methods that use optimisation for energyperformance of buildings. This raises the question of user centered design and the need for accountingfor individual users. The thesis attempts to explore the multi-faceted individualistic user characteristicsof office workers and how their response can help evaluate personalisation of shading systems.The broader categorisation of user factors determined from the systematic literature review helpscapture the visible structure of information and how these are related. The responses received to thequestionnaire show interesting variance in responses dealing with energy behaviours, environmentalfactors, usage of shading systems and subjective preference to shade parameters including theirimpact on the spatial aesthetics. This indicates that users have distinctly different requirements andneeds, and a one-size-fits-all approach is insufficient.
The shade selector algorithm demonstrates the feasibility of personalizing shades according tooccupant preferences and the reported importance of environmental factors. The personalization
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process adopted here aims to strike a balance between reported performance and user preferences.This approach can be applied to evaluate various facade components and their impact on multi-domain environmental factors. The final aggregated scores for each shade demonstrate how differentperformance metrics can be integrated into a single evaluation.Hence, this approach can be extendedto evaluate facade types, finishes, and additional shading systems. The parametric approach takento cross evaluate shade properties across various orientations also proves to be a systematic methodwhich helps evaluate the impact of shade type, shade color and size (or openness factor) and theirimpact on various environmental features.
Since the responses received will always be different, the statistical methods chosen and the inferencesfrom the said methods were particularly used for the received data set to understand which occupantfeatures had a good possibolity to develop archetypes. In addition to the environmental preferences,design preferences, certain features such as respondent lifestyle and energy attitude showed reliablecorrelation.
The clustering process used to design archetypes is indeed one of many available methods for dataclustering. By forming archetypes as representations of user characteristics within a larger group ofrespondents, it becomes possible to gain clearer insights into the types of users present. The user-centered design process adopted in this research leverages respondents’ preferences to integrate userpreferences into a Pareto front optimization method. The assignment of weights to individual ratingsaddresses the complex requirements of users that cannot be explained solely by their liking or dislikingof the overall appearance of the shade system. By evaluating shades as a sum of their parts rather thanjust a product, a better understanding of the implications of individual variables on user preference andenvironmental performance is achieved.
Furthermore, the application of the same clusters to classify new users helps determine their archetypeand guides the design process for them. Evaluating the success rate of the algorithm in predicting thetop three shades for users reveals that certain archetypes are well-defined and accurately predict userrequirements, while others may be less effective. This highlights the potential of design personalizationbased on archetypes to significantly improve facade design for users, albeit with certain limitations.
The classification model employed in this research indicates that user features beyond those exploredin the correlation test, such as window orientation, type of work, and reported discomfort, play a crucialrole in classifying occupants into archetypes. Further research is needed to ascertain the relevance ofthese features in identifying user preferences and developing archetypes.
In other contexts and scenarios, the personalization of shades would require a similar evaluation ofmulti-domain shade performance and a comprehensive understanding of the specific user group beingdesigned for. It is important to move beyond program requirements and performance goals and delveinto a detailed comprehension of users’ priorities within the environmental domain and their designpreferences. By doing so, we can ensure the occupants’ comfort and well-being without makingassumptions about their preferences and priorities.
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6.3 Limitations

6.3.1 User response validation
The questionnaire attempts to break down the archetype on the basis of multiple factors to evaluatethe users on the basis of their energy attitude, preferences and importance of environmental factors.Next, the same weights and scores are taken forward within the shade selector algorithm the evaluatethe best shade for the particular archetype. There is currently no method to validate the reliabilityof the responses from the respondents and the responses received could be varying within the timeframe along with their moods. In order to truly evaluate these aspects of users, it would be necessaryto conduct a longitudinal study wherein users are asked questions within specific time periods toevaluate consistency of responses. Additionally, focus group discussions could help better discusswith the respondents regarding their responses. This could also help understand their motivationsbehind certain decisions. The thesis currently takes the responses as they are to evaluate the shadingsystem solution for the users.
6.3.2 Shading system data-set
The research attempts to understand the behaviour of shading systems in terms of their multi-domain performance. Since such an evaluation was novel and not executed in other researches, themethodology took more time than expected to execute the simulation. Due to this, only 12 shadingsystem combinations could be included. This offered interesting design scenario options but didnot address too many shade types that could be possibly evaluated if the simulation workflow isestablished. In addition, due to acoustical quality and user interaction not being included within thescope, automatic exterior shades were excluded from the scope of the research. Through this, thereis a clear possibility of expansion of shading systems that can be evaluated.
6.3.3 Fuzzy Archetypes
The archetypes formed in this thesis are a result of the survey conducted. The archetypes are formedout of response to the data set with respect to comforts, energy attitudes, beliefs, affordances etc.In the scenario of this thesis, the archetypes work well to evaluate shades and to account for theindividual preferences but fail to capture the possibility of evolving archetypes. This evolution triesto capture the problem in two ways. Firstly, with respect to the constantly evolving preferences andimportance to certain aspects of users. There is a possibility of responses changing within a range asthe situations that are put in front of the respondents are altered. Similarly, due to changing responses,the archetypes will also be possibly not absolute as they represent the preferences and responses ofthe users at that point.
This is not to say that the archetypes are not a useful method to evaluate preferences but that thereis a need for a longitudinal study that captures changing preferences of users. Individual responsesare completely depending on the user. The responses can be in a range that is not expected. Theclustering process somewhat ignores the individuality of the respondent by necessarily assigning themto a specific archetype. The thesis classifies distant sample points and inter cluster into archetypeclusters where in there is a possibility of the respondents preferences being overlooked due to mis-classification. This could be dealt by exploring classification through a fuzzy KNN method that assignsclass membership to a sample vector rather than assigning the vector to a particular class. This doesn’tnecessarily classify the user into one sample but rather interprets the sample point as belonging 0.7probability to one class and 0.3 probability to another. This classification could give clues into thegradient relationship of archetypes that are not necessarily absolute.
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6.4 Future Recommendations

6.4.1 Reevaluation of questionnaire

The outreach of the survey yielded a good number of initial respondents, with a total of 268 participants.However, it is worth noting that out of these, only 189 responses were considered adequately completeand included in the analysis and clustering process. The exclusion of incomplete responses may havebeen due to the length or complexity of the survey, which could have discouraged some participantsfrom completing it fully.
To improve the response rate in future surveys, it would be beneficial to redesign the survey by focusingon the most important features and questions. Streamlining the survey by including only essentialelements can help reduce respondent the time required and increase the likelihood of receiving a higherresponse count. This, in turn, can provide a more comprehensive understanding of response trends anduser preferences. In conclusion, the research has identified two sets (one from the correlation test andthe other from the supervised learning model) of occupant characteristics that show promise in formingfacade user archetypes. However, further evaluation is necessary to explore additional factors suchas occupant lifestyle, workplace factors, environmental preferences, design preferences, and energyattitudes. Incorporating these factors into a concise questionnaire can facilitate a better understandingof user preferences and behavior specifically related to shading systems.

6.4.2 Shade simulation

The complexity of modeling shading systems within the research is acknowledged, particularly due tothe scale of fenestration. While the results obtained thus far are reliable and offer predictable variance,there is room for improvement in accurately evaluating the behavior of shading systems with respectto the current weather trends.
To achieve more precise assessments, it is recommended to conduct energy and thermal simulationsusing updated or reworked .epw files that reflect current weather trends. The current .epw filesused in the research were created using historic weather data and may not accurately represent thecurrent climate conditions. Software tools such as Elements and the EnergyPlus weather file convertershow promise in integrating the latest climate trends into existing .epw files, enabling more accurateevaluations of shading system behavior.
Furthermore, a limitation of the research lies in the inclusion of only 12 shade combinations. Expandingthe methodology to incorporate a larger variety of shade combinations would allow for a broaderexploration of possibilities. Additionally, introducing new parameters such as shade placement andmodule size could provide insights into their impact not only on energy performance but also onindoor environmental quality. By addressing these aspects, future research endeavors can enhancethe precision and comprehensiveness of shading system evaluations, leading to more informed designdecisions and improved occupant comfort and energy efficiency.

6.4.3 Longitudinal study and focus groups

To ensure reliable and accurate formation of facade-user archetypes, it is important to consider thepotential variations in respondents’ mood, work/personal status, and their preferences over time.By analyzing respondents at specific time intervals and consistently collecting information on theirpreferences and importance ratings, a more comprehensive understanding of their range of responsescan be obtained, leading to more confident ratings for multiple occupant features.
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In addition to the initial inquiry of users during the archetype development process, it is crucial to verifythe results obtained from the clustering and shade selection algorithm. This can be done by presentingthe results to the respondents and evaluating their satisfaction with the design recommendations. Bygathering feedback directly from the occupants, the research can ensure that the design process alignswith their expectations and preferences.
Furthermore, it would be valuable to conduct experiments where respondents are informed about theperformance of the presented shades and compare their responses to those who are not providedwith such information. This approach can help determine if the awareness of shading systemperformance influences the respondents’ perception and satisfaction levels. Understanding the impactof performance awareness on occupant preferences can provide valuable insights into the role ofinformation and perception in shaping user experiences with shading systems.
By incorporating these considerations into the research methodology, including analyzing respondentsover time and verifying the results with user feedback, the reliability and validity of the facade-userarchetypes can be enhanced, leading to more accurate and user-centered design recommendations.
6.4.4 Case-specific archetypes
The archetypes developed in this research focus on personalizing shading systems for office envi-ronments specifically. However, in future scenarios, when designing archetypes for other buildingenvelope components, it is important to re-evaluate user characteristics and consider design featuresthat are relevant for personalizing the entire building envelope. This broader approach will ensurethat all aspects of the building envelope, including shading systems, facade types, finishes, and othercomponents, are tailored to meet user preferences and requirements.
It is important to view the design process developed in this research as a multi-criteria optimizationthat considers not only the objective performance of the building envelope system but also thesubjective user preferences and requirements that contribute to occupant well-being. By integratingboth aspects, designers can create building envelope solutions that not only meet performance goalsbut also enhance user satisfaction and comfort, resulting in a more user-centric and successful designoutcome.
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Figure 6.1: Proposed design methodology for building envelope components(Source: Author)
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A.1 Systematic Literature Review

Reference Country Data collectionProcess Data Collected Research Domain Dataset Size Analysis method
Bluyssen, Zhang,and Ortiz (2022) Netherlands Online Survey Continuous, Cat-egorical IEQ 1575 students 2-StepClustering
Sokol et al.(2023)

Poland, Norway,Brazil, Colombia,Denmark, Japan,Italy
Online Survey,Interview, SiteAnalysis

Continuous,Categorical,Descriptive,Image Lighting 480 (Students,Professionals) Heuristic
Keyvanfar,Shafaghat, andAbd Majid (2022) Malaysia Face-to-faceSurvey Continuous, Cat-egorical Thermal, Energy 120 (Students,Professionals) ABSI Framework
Favero, Sartori,and Carlucci(2021) Norway Face-to-faceSurvey Continuous, Cat-egorical Thermal 38 (Students,Professionals) MultilevelRegression
Arakawa Martinset al. (2022) Australia Face-to-faceSurvey, OnlineSurvey, SiteAnalysis

Continuous, Cat-egorical IEQ, Energy 365 (Home Oc-cupants) Hierarchical clus-tering

Agee et al. (2021) USA Online Survey,Site Analysis
Continuous,Categorical,Descriptive,Image Energy 239 (Home Oc-cupants) Heuristic

Eijkelenboomand Bluyssen(2020) Netherlands Online Survey Continuous, Cat-egorical IEQ 556 (HealthWorkers) 2-StepClustering
Kim andBluyssen (2020)

Portugal, Spain,Italy, Greece,France,Hungary,Netherlands,Finland
Online Survey Continuous,Categorical,Descriptive IEQ 1014 Profession-als 2-StepClustering

Ortiz andBluyssen (2019) Netherlands Online Survey Continuous, Cat-egorical IEQ, Energy 223 Students 2-StepClustering
Sadeghi et al.(2018) USA Online Survey Continuous, Cat-egorical Visual 365 (Students,teachers,Professionals) Bayesian Classi-fication
L. d. O. Neves etal. (2018) Brazil Face-to-faceSurvey, OnlineSurvey, SiteAnalysis

Continuous, Cat-egorical IEQ, Energy Professionals Statistical Analy-sis, Corelation
Mora, Carpino,and De Simone(2018) Italy Online Survey Continuous, Cat-egorical Energy 112 (Home Occu-pants) -
Schweiker,Hawighorst, andWagner (2016) Germany Online Survey Continuous, Cat-egorical Thermal 65 Regression Anal-ysis
Bustamante et al.(2012) Chile Face-to-faceSurvey Continuous, Cat-egorical Thermal, Visual Office Workers Heuristic
Cheung andChung (2008) China Online Survey Continuous, Cat-egorical Visual 60 Conjoint Analysis
Heydarian et al.(2017) USA Online Survey,Virtual Reality Continuous, Cat-egorical Visual, Energy 90(OfficeWorkers) Regression Anal-ysis
Eijkelenboom,Ortiz, andBluyssen (2021) Netherlands Online Survey Continuous,Categorical,Descriptive,Image IEQ 17(Health Work-ers) 2 Step Cluster

Table A.1: Literature Review Shortlist
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Reference Country Data collectionProcess Data Collected Research Domain Dataset Size Analysis method
L. d. O. Neves etal. (2018) Brazil Face-to-faceSurvey, SiteAnalysis Categorical Thermal, Energy Office Workers Corelation
Cheung andChung (2008) China Online Survey Categorical Visual 60 (Home Occu-pants) Conjoint Analysis
Jiang et al.(2020) China Online Survey Continuous,Categorical,Descriptive Energy 8481 (Home Oc-cupants) Reliability analy-sis, validity anal-ysis
Meerbeek et al.(2014) Netherlands Online Survey Continuous,Categorical,Descriptive Daylight 40 (Office Work-ers) -
Frontczak et al.(2012) USA Online Survey Continuous,Categorical,Descriptive IEQ 52980 (OfficeWorkers) Pearson Corela-tion
Weng et al.(2023) China Online Survey,Site Analysis

Continuous,Categorical,Descriptive,Visual IEQ, SBS Students Pearson Corela-tion
Sugimoto et al.(2020) Japan Online Survey,Site Analysis Continuous,Categorical,Descriptive Thermal 23 (Office Work-ers) -
Wang and Dur-mus (2022) USA Online Survey Continuous, Cat-egorical IEQ 40 (Students) PearsonsCorelation,Mann-Whitney Utest, p-values
Cheung, Graham,and Schiavon(2022) Signapore Online Survey Continuous, Cat-egorical IEQ 1168 (OfficeWorkers) Pearsons Corela-tion, Logistic Re-gression
Indraganti andHumphreys(2021) India, Qatar,Japan Online Survey Continuous, Cat-egorical IEQ Office Workers The Griffithsmethod, LinearRegression
Bavaresco et al.(2021) Brazil Online Survey - - 278 (OfficeWorkers) MachineLearning
Gerhardsson andLaike (2021) Sweden Online Survey - IEQ 20 (Home Occu-pants) -
Borsos et al.(2021) Hungary Online Survey Continuous, Cat-egorical IEQ 216 (Office Work-ers) -
Chen et al.(2020) Taiwan, Switzer-land, Brazil, Italy,Poland, USA Online Survey Continuous, Cat-egorical IEQ 2537 (OfficeWorkers) ANOVA
Thach et al.(2020) Singapore Online Survey Continuous,Categorical,Descriptive IEQ 464 (OfficeWorkers) Multiple logisticregressionanalysis
Weerasinghe,Rasheed, andRotimi (2020) Singapore Online Survey,Site Analysis Continuous, Cat-egorical, IEQ 367 (OfficeWorkers) Clustering,Regression
Castaldo et al.(2018) Italy Online Survey,Site Analysis Continuous, Cat-egorical, IEQ 150 (Office Work-ers) -
Newsham,Veitch, andCharles (2008) Canada Online Survey,Site Analysis Continuous, Cat-egorical, IEQ 779 (Office Work-ers) -

Table A.2: Literature Review Shortlist
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