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ABSTRACT

AMIR HOSSEINZADEH ZARRABI. Integrated facade simulator: Dynamic tool to
study the impact of solar radiation on human facade interaction. (Under the

direction of DR. MONA AZARBAYJANI)

Today, people are spending more than 90% of their time indoors that have a great

influence on their well-being and visual and thermal satisfaction. In addition, the

building sector, as a major urban infrastructure, consumes about 40% of global pro-

duced energy, which is mostly used for providing comfortable conditions, yet people

are still largely dissatisfied with their environmental comfort. Recent research is

trying to leverage occupants’ demand in the building’s control loop to consider the

occupant’s well-being as well as the building’s energy savings. However, current ap-

proaches for studying the relationship between facade systems and occupants’ facade

control have remained limited since the existing tools do not take into account the

simultaneous effect of facade visual and thermal performance on human comfort per-

ception. The lack of empirical data means and methods to study Human Facade

Interaction (HFI) have led to uncertainty in occupants’ behavior models that influ-

ence the accuracy of human comfort and building energy consumption estimates. This

dissertation proposes a novel assist-tool for a human facade interaction lab consisting

of a cost-effective solar simulator in an indoor testbed to provide solar radiation at

different intensities and angles in human facade interaction studies. Three studies

covering the proposed tool are presented in order to: 1) Provide a review of meth-

ods and tools applied in Human facade interaction; 2) Development of a Low-Cost

Large-Scale Solar Simulator with Flexible Mounting; and, 3) Thermal assessment of

a testbed equipped with an indoor solar simulator to be utilized for hybrid reality

in an integrated framework with building performance simulation. The first study

reviews how different tools, means, and methods are employed to investigate human

facade interaction studies and examines recent research applications and findings.
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Throughout the study, we identify the influencing external and internal factors that

impact human behavior and the findings related to the application of those factors in

each method of the HFI investigation’s tools and mediums; namely, Physical Proto-

typing and acclimatized chamber, Immersive Virtual reality, Hybrid Reality as well

as a number of identified gaps within each method. This paper also provides insight

into current practices, trends in future methodologies, and required tools in the field

of HFI. According to this study, the impact of solar radiation energy was one of the

significant factors for human facade interaction that has been overshadowed by the

daylight and visual qualities in human facade interaction studies. In the second study,

we developed a dynamic solar simulator designed to address the aforementioned gap

in the human facade interaction and provide standard, accurate, solar radiation data

for facade studies. In order to examine the accuracy of solar simulators to provide

uniform solar intensity for varying times of day and season, a series of experiments

were conducted with regard to the solar spectrum, while uniformity in different angles

has been achieved and optimized. The third study examines the adequacy of the novel

use of a solar simulator to provide solar radiation for the (multi-sensory) hybrid en-

vironment in an integrated framework with Performance Simulations (BPS). To that

end, we compare three states of a dynamic facade on the temperature stratification

of a seated man, from ankle to head, in a physical environment, with simulated data

in building performance simulation tools. This study confirms the compatibility of

the novel indoor solar simulator as a sufficient alternative to provide thermal stimuli

for the hybrid multi-sensory environment that could be utilized as a complementary

tool with building performance tools. This dissertation is one of the first attempts

to develop a cost-effective solar simulator for an indoor, multi-sensory, hybrid real-

ity that provides precise and accurate thermal stimuli for human facade interaction

studies. The findings of this dissertation demonstrates the importance of affordable

and precise tools in the human-centric facade design approach with a goal to promote
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more sustainable and efficient building facade technologies.
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INTRODUCTION

Energy consumption in the building sector accounts for approximately 41% of total

energy consumption in the United States [1]. Heating, cooling, and ventilation are the

major contributors to energy consumption in commercial buildings and are largely

influenced by the performance of the building envelope system [1]. Despite advances

in facade systems, design processes, and the integration of new technologies such as

sensors and semi/automated shading and lighting systems, current systems are not

performing more efficiently than traditional buildings [2]. This is partly due to the lack

of incorporating human dimensions in modeling, leading to uncertainty in occupant

behavior modeling. Research has shown that human factors, such as physiology and

psychology, play a significant role in human-facade interactions. Still, this aspect

has often been overlooked in favor of focusing on external factors such as climate,

daylight, and solar radiation. To achieve more energy-efficient facades and better

integration of new technologies and sustainable design, it is crucial for architects,

design consultants, building engineers, and operators to understand the relationship

between occupant behavior and building energy consumption [2]. This dissertation

aims to address this gap by exploring how dynamic facade features, daylight, and

solar radiation can impact occupant interactions with facades, and by proposing a

new framework and tools to address gaps in human-facade interactions.

0.1 Problem Statement

Building science acknowledges that people’s internal factors significantly impact

their experiences and behaviors within the built environment. Similarly, research

in the areas of daylight and solar radiation has established a connection between

1
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physiological differences and varying perceptions and sensations of space [3]. However,

most modeling tools and metrics tend to consider external factors (e.g., sun angle,

outside weather, context, etc.) to calculate the facade performance. This trend has

been criticized and recognized as the main cause of uncertainty in occupantsâ facade-

related behavior that impacts the buildingâs energy consumption in the operation

phase life cycle [4]. In parallel, the contemporary facade design process shows a shift

towards user-centric approaches that consider humans in the loop and address well-

being, comfort, and efficiency simultaneously. While much research has focused on

the impact of daylight alone on occupant behavior in human-facade interactions, less

emphasis has been placed on the combined effects of solar radiation and daylighting

on the occupantsâ decision-making process. Given the cross-effect of daylight and

thermal impact on how occupants perceive their environment, current methodologies

in daylight research stress the significance of conducting multi-sensory experiments

[5]. This includes conducting empirical studies at varying dates and times to build

a comprehensive training data set for predicting and controlling facade performance

[?]. To achieve this, we develop and use an experimental tool designed to address

the limitations of existing methods, specifically the lack of a multi-sensory tool for

studying the impact of solar radiation on human-facade interact

0.2 Objectives and Research Questions

The overarching goal of this project is to introduce an assist tool and method

to study the impact of solar radiation on human Facade interactions by taking into

thermal stimuli along with other factors to promote a user-centric approach for a more

efficient and sustainable built facade system. This research evaluated the simulation

of solar radiation in a physical environment for the multi-sensory study of human

facade interactions. Specific objectives of the project can be separated into three

main sections: Section 1) A review of methods and tools applied in Human facade

interaction. Section 2) Development of A Low-Cost Large-Scale Solar Simulator with
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Flexible Mounting. Section 3) Thermal Assessment of testbed equipped with the

indoor solar simulator to be utilized for hybrid reality in an integrated framework

with building performance simulation.

Section 1:A review of methods and tools applied in Human facade in-

teraction assessment

In this section, we first reviewed all factors that could potentially impact human

facade interactions and then evaluated different methods and tools that use those

factors to study the impact of facades on human behavior. And finally, we illustrate

the gap in the studies that need to be addressed in a future study.

Objective 1 to investigate internal and external factors that impact occupant

behaviors.

Question 1-1: What are the significant factors that could potentially impact facade-

related behaviors?

Question 1-2: How could each factor potentially impact human facade interaction?

Objective 2: To demonstrate the application of internal and external factors in a

different method and tool. This study’s goal is to find out the current gap to study

the impact of those factors on human facade interaction,

Question 2-1: which major factors caused uncertainty and have not been studied

sufficiently?

Question 2-2: what are the most comprehensive and effective approaches that cover

most of the significant factors that impact human facade interaction?

Section 2. Development of A Low-Cost Large-Scale Solar Simulator with

Flexible Mounting

In this section, we investigate how the spatial impact of the Facade under the co-

presence of thermal and visual stimuli influences the user decision-making process in

HFI. In that sense, the users’ behavioral information (the number type, hierarchi-

cal order, occurrence probabilities, patterns, response time) are identified, and their
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correlations with physiological data (heart rate, skin temperature) are examined.

Since solar radiation significantly impacts human behavior and could be utilized

with virtual reality for a hybrid lab environment as a multi-sensory environment, we

developed a solar simulator to mimic solar radiation with different intensities and

angles. Therefore, we first explain the construction of a cost-effective solar simulator,

then examine and optimize it based on the Specification for Solar Simulation stan-

dards. Finally, we developed a method to mimic solar radiation at different angles

and intensities.

Objective1: develop the cost-effective solar simulator to study the impact of solar

radiation on human-scale study

Question 2-1: how develop a solar simulator to meet minimum standards for

human-scale facade study with low-cost lights and structures?

Objective2: to investigate a method to mimic solar radiation for different times

of the day (angular radiation).

Question 2-1: how to mimic angular solar radiation and simultaneously keep the

uniformity of solar irradiance on the target surface?

Section 3: A human-scale test bed for thermal analysis of building facade

technologies in a multi sensory environment

In this study, we establish a framework for examining the interaction between ther-

mal and visual stimuli in human-facade interaction studies. Following this framework,

we introduce and evaluate a tool and test bed to study various facade technologies

on a human scale. To accomplish this, a novel solar simulator was integrated into a

controlled room to create a test bed for thermal studies of building facade technology.

To assess the thermal performance of the solar simulator within this framework, we

compare the solar radiation and air temperature at different heights to simulated data

from building performance simulations.

Objective: Investigate compatibility of the human-scale solar simulator to be
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used for thermal analysis of facade systems in an integrated framework with building

performance simulation.

Question 3-1 What is the method for replicating the solar heat gain of facade

systems in a controlled indoor multi-sensory environment?

Question 3-2 Is replicating the solar heat gain of the facade in the test comparable

to the simulated heat gain produced by building performance tools?

0.3 Research Outline

Chapter 1: This chapter starts with a comprehensive review of current knowledge

and understanding of human facade interaction. It examines the internal and exter-

nal factors that affect comfort and behavior related to facades, including visual and

thermal stimuli. The chapter also explores the methods and tools currently used to

study the impact of these factors on human facade interaction. This literature review

highlights the current gaps in knowledge related to the main research question and

underscores important elements that are crucial to the present dissertation and the

field as a whole. Chapter 2: This chapter reviews current knowledge and under-

standing of human facade interaction. It examines the internal and external factors

that impact comfort and behavior related to facades, including visual and thermal

stimuli. The chapter explores the methods and tools used to study the impact of

these factors on human facade interaction. Additionally, it identifies gaps in current

knowledge that are related to the main research question and highlights important

elements that are relevant to the present thesis and the field. Chapter 3: This chapter

focuses on the examination of dynamic solar simulators as a novel technology that

can mimic solar radiation at different times and seasons. The chapter investigates

the application of the solar simulator as a means of simulating solar radiation with

varying intensities and angles and examines its ability to be used to study facades

on a human scale. The thermal performance of the solar simulator is analyzed by

measuring its spectral match and uniformity based on industry standards and by
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optimizing its solar intensity based on the solar angle. The results of this research

introduce tools that can be used to study human behavior under the influence of

different facade systems. Chapter 4: This chapter assesses the compatibility of the

solar simulator within an integrated framework for studying the impact of solar ra-

diation as a thermal stimulus on human facade interaction. The effectiveness of the

solar simulator for thermal analysis is evaluated by comparing the solar heat gain of

the test bed, which is equipped with the solar simulator, with simulated heat gain

data from building performance tools. The results of this evaluation will indicate the

usefulness of the solar simulator as a complementary tool for studying the impact of

solar radiation on facade technologies in human facade interaction studies



A REVIEW OF METHODS AND TOOLS APPLIED IN HUMAN FACADE

INTERACTION ASSESSMENT

0.1 Abstract

Human Facade Interaction (HFI) plays a crucial role in energy consumption, com-

fort, and well-being. In recent years, significant advancements have been made in

facade systems, the design process, and the application of new technologies such

as sensors, adaptive shading, and lighting systems [6]. However, despite these im-

provements, buildings equipped with dynamic facade systems do not perform more

efficiently than conventional buildings, and there is a discrepancy between predicted

and actual energy performance [7, 8, 9, 10, 11, 12, 13]. Furthermore, occupants are

often unsatisfied with these systems due to conflicting requirements like energy effi-

ciency and comfort [14]. To address these conflicts and understand HFI, researchers

from various disciplines have studied human behavior and decision-making processes

in response to dynamic facade systems [15]. This paper reviews the different meth-

ods and tools used to investigate HFI and examines recent research findings. The

review identifies the external and internal factors that impact human behavior and

examines how these factors have been applied in each method (Physical Prototyping

and Acclimatized Chamber, Immersive Virtual Reality, and Hybrid Reality). Finally,

The paper provides insight on the current practices and future trends in the field of

Human Facade Interaction (HFI) and delves into the potential avenues for further

research. The review highlights the gaps and limitations of various approaches to

studying HFI, causing ambiguity in the models predicting occupants’ behavior and

affecting the precision of assessments on human comfort and energy consumption in

buildings.

7
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0.2 Introduction

Dynamic facade technologies (shading devices, external shading system, responsive

glazing and facades, switchable glazing) are the components of advanced fenestration

systems that allow occupants to interact and regulate the environment based on their

comfort and preferences while reducing energy consumption. These envelope systems

impact lighting and HVAC loads, accounting for more than 30% of energy use in

U.S commercial buildings [16]. In the past decade, modern advancements in facade

systems have led to high-energy performative buildings. However, as a considerable

amount of study indicates, there are significant gaps between the expected and actual

energy consumption in buildings [7, 17, 9, 10, 11, 12, 13]. The discrepancy between

the design phase and operation phase in buildings has been linked to occupant be-

havior, leading to uncertainty in building simulation and the limited effectiveness of

facade control solutions [18, 19]. The human behavior in the building is divided into

occupancy (presence or absence of occupants) and occupants’ Interactions [20]. The

Human-facade interaction (HFI) is the main part of human behavior, which defines

the relationship between occupant behavior and facade systems in the perimeter zone.

As the occupants regulate the environment by the Interaction with dynamic facades

(changing the facade status), comfort, wellbeing, and also energy consumption are

simultaneously affected [21, 22, 23]. Therefore, the occupants’ facade-related behav-

ior directly impacts the lighting load by regulating the daylight in space. Besides, it

affects the HVAC system’s energy consumption by influencing solar heat gain on the

internal cooling and heating loads [24]. Studying human facade interaction reveals

stimulus-response relationships between occupants and facade systems that address

human behavior impact on facade performance in the controlling at the operation

phase and simulation at the design phase.

Researchers have increasingly emphasized the importance of understanding the

factors of interaction between users in energy research, as it becomes increasingly
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Figure 1: human decision-making process

user-centered. They have proposed integrating physiological and psychological science

from the lens of engineering. [25, 26, 27, 28, 29, 30, 31]. However, the Investigation of

HFI is a challenging task and has caused a lot of areas of uncertainties. The human

facade interaction is a complex human decision-making process that is defined in three

steps: sensation, perception, and facade related behavior in the environment to select

a specific course of action among available alternatives and options [32, 33, 34], The

process of human decision-making, as outlined by Goldstein, is seen as an ongoing

sequence of processing steps, as depicted in Figure 1. At a high level, the iterative

perceptual process is broken down into three stages: 1) the transformation of external

stimuli into physiological responses, 2) the perceptual interpretation of these signals,

and 3) the behavioral actions that arise from our perceptions and impact the external

world, creating a never-ending cycle that represents our actual experience [32].

To fully comprehend human facade interaction and determine the underlying fac-

tors, it is necessary to examine all three steps of the human decision-making process.
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Recently, studies have concentrated on investigating the impact of external factors,

such as the environment, and internal factors, such as the physiological and psy-

chological state of the occupants, on their perceptions and interactions with facades

[35]. Despite these efforts, a comprehensive examination of the complexity of the

interaction between occupants, smart facades, and automation systems has not been

conducted. This study aims to highlight the current state of the field by providing

a thorough overview of previous research and evaluating the different methodologies

and tools utilized to understand the relationship between users, relevant factors, and

energy consumption. We believe this review offers valuable insight and a significant

contribution to the field.

0.2.1 Goals and Organization

To examine the method and tools of human facade interaction, our objectives are

as follows: 1. Identify the influencing factors that have been used to characterize

occupant interaction with facades. 2. Provide an overview of the research methods,

instruments, and tools used to study human interactions in response to various factors.

3. Highlight existing gaps in research and provide general suggestions for future

research. This literature review is organized according to internal and external factors

that the researchers have investigated in their single or multi-sensory experiments. A

multi-sensory study refers to a study that considers and accounts for more than one

factor, both in its current and intended usage [36]. The rest of the paper is structured

as follows:

• Section 2 provides an overview of the literature review methodology and the

classification criteria

• Section 3 Identifies various factors that affect human behavior and interaction

in relation to a facade system.

• Section 4 provides a comprehensive overview of the methods, means, and tools
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employed in studies of HFI and assesses how the identified factors are applied.

• Section 5 addresses current gaps in existing research and provides suggestions

for further research in this area.

• Section 6 Concluding remarks.

0.3 Approach and selection criteria

For this paper, we conducted a literature search within the last 30 years for relevant

studies. Within this timeframe, there have been prominent technological develop-

ments and improvements in the HFI domain. To understand how occupants interact

with facade systems, the purpose of this study was to identify studies that have used

different methods, means, and tools to consider one or more Influencing factors. The

following databases were used for the literature search: Science Direct, Taylor and

Francis, Academic Search Complete, and Google Scholar. Multiple keyword combi-

nations were used in the search string (representing multi-character truncated search

terms or wildcards):

• Facade system-related keywords (Blind, Window, Dynamic shading, Shading,

glazing, Automated, Envelope. Adaptive, switchable glazing)

• Building system related keywords (IoT Building, Control strategies, Built envi-

ronment)

• Occupant-related keywords (Human, physiological, psychological, occupant, em-

ployee, individual, personal, comfort, wellbeing, perception, sensation).

• Interaction-related keywords (Interaction, Response, Behavior, Action).

• labels of enumerations

• Energy-related keywords (energy, consumption, efficiency).
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Figure 2: External and internal factors that impact on human facade interaction

In the search process, we reviewed 152 articles and included 106 while excluding 46.

We focused on studies that explicitly examined the impact of internal and external

factors on occupant comfort and excluded those that did not specifically explore this

relationship. We excluded most literature reviews and systematic reviews, as well as

studies that did not mention the term "interaction" in relation to occupant comfort.

In some cases, the discussion of feedback mechanisms lacked an explanation of their

influence on occupants’ behavior.

0.4 Summary of key influential factors identified

This section identifies influencing factors during our review to provide a high-

level perspective on Inter-scalar factors with interdependence relationships. While

a multitude of external and internal factors exist across different human-building

interactions, this review focuses on 17 factors that appear in our studies(Figure 2).

The existing forces in ecology, technology, and user domains are in the feedback

loop that shapes the human perception of comfort and behavior [21, 37]. Most studies

focused on ecology and the role of technology (external factors). Nevertheless, the
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occupant’s experience in the perimeter zone of the building is a multi-sensory expe-

rience influenced by human factors that need to be considered in the modeling and

collecting data approach. In the past decade, a significant amount of studies have

been conducted to indicate the primary factors that impact energy consumption in

the building. According to these studies, we categorize five main influencing factors

on a range of scales that could affect occupant behavior and total energy use: (1) Re-

gional factors, (2) Urban factors, (3) Building factors, (4) Facade factors,(5) Human

scale.

0.4.1 Regional-scale

0.4.1.1 Daylight

The series of occupant surveys in the office buildings show, most participants close

their Shading devices (blinds) to prevent heat and glare on their computer screens

[20]. The study found that most occupants in private offices closed their blinds to pro-

tect their workstations and screens from glare (27.4%) or reduce heat (27.4%). Only

12.3% reported using them for privacy and security [38]. The research also shows

that the values of blind occlusion were highly dependent on sky conditions. The

study showed that the incidence of solar radiation on the facade caused significant

differences in blind usage among different sky conditions. Moreover, the long-term

perception of solar irradiance can impact the use of the blind [39]. Although the

incidence of solar radiation on the facade could explain the facade interactions, so-

lar penetration depth can describe the interaction more accurately [40]. Penetration

depth refers to the distance from the facade to the point where solar radiation reaches

the work plane. Studies suggest that the highest level of interaction occurs when the

illuminance on the work plane is between 200 lux and 1200 lux [41]. Studies indi-

cate that the threshold for exterior vertical illuminance is between 50 and 250 lux,

at which point occupants tend to change the blind status from open to closed [40].

In addition to illuminance, there are also other physical factors that explain human
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facade interaction in the luminous environment. Several studies have indicated that

the daylight glare probabilities and the index had the highest correlation with the

occupantâs facade interaction [42]. Other variables, including daylight work plane

illuminance [41, 43], vertical illuminance on the computer screen [44], and solar alti-

tude, are also considered important factors in the occupants’ visual motivations for

interacting with the facade. Daylight Perception also thought about non-physical

examples that affect residents indirectly. According to studies, occupants exposed

to light during the workweek increased their physical activities and sleep duration

[45]. As previous studies show, occupants also believed that daylight was better than

artificial lighting [46]. Therefore, occupants tend to choose seats close to windows,

even if it means tolerating visual or thermal discomfort [47]. The quality of light and

color temperature not only impact human health but also influence occupant comfort

[48]. Research has shown that color temperature has a significant effect on thermal

perception during short exposures, which can drive heat discomfort. The interrelation

between thermal and visual factors will be discussed in further detail in the following

sections:

0.4.1.2 Solar radiation

In addition to visual factors, solar heat radiation is another factor that affects heat

discomfort index. Solar radiation impacts thermal comfort through both direct (local

body temperature) and indirect (ambient temperature) effects on thermoception [49].

The human body absorbs heat from solar radiation that reaches clothing or skin, and

exchanges heat with the indoor environment through convection, which influences

both physiological and psychological responses [50].The cross-effect between thermal

and visual comfort has been reported as a significant interaction between these two

stimuli. It has been examined how the thermal environment affects visual perception

and how the visual environment affects thermal perception[51]. It is generally ac-

cepted that light conditions are more comfortable when the temperature is perceived
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as comfortable. Previous research has found that the highest levels of visual comfort

are reported during neutral temperature, which is also the thermally most comfort-

able condition. Under these conditions, light intensity is also perceived as natural

(neither dark nor bright). The results show a strong relationship between ambient

temperature and the perceived color temperature of light. As ambient temperature

increases, the light is perceived as warmer in color. For instance, exposure to 5800

K (bluish) is perceived as the coolest color during cool conditions, while the highest

correlated color temperature was most comfortable during high temperature [52, 53].

Thermal perception can be influenced by both visual and quantitative factors. This

highlights the importance of considering the whole indoor environment, including all

visual and thermal stimuli, in shaping our multi-sensory spatial experience. Solar

radiation plays a crucial role in human facade interaction, as demonstrated by stud-

ies that show how a threshold of 150 w/m2 solar radiation can trigger occupants to

change the facade status due to discomfort [54, 55]. They used the sunshine index

to measure solar radiation based on horizontal global radiation and time of day, but

only observed maximum values during sunny midday conditions. This approach leads

to inconsistencies with other studies. Solar radiation is widely recognized as a key

predictor of HFI that affects occupants’ energy-related behavior. [55, 42, 38, 46, 56].

0.4.1.3 Outdoor Temperature

The outdoor temperature impacts the windows’ surface, and it can cause discomfort

for the occupants. In the winter, due to temperature asymmetry between room and

window surfaces, occupants experience discomfort. In that case, people prefer to have

solar radiation to compensate for their heat loss. In the summer, occupants could

experience temperatures above 60 (40) in perimeter zones due to solar gain from

the direct transmission and radiated heat of windows. Since occupants experience

discomfort, the possibility of their facade interaction is increased. Therefore, our

outdoor temperature could indirectly be considered as an influencing factor in human
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facade interaction. New high-performance buildings provide better comfort for the

occupants by reducing the heat loss or heat gain, leading to lower heating and cooling

and even lighting costs [57].

0.4.1.4 Times of day

The different studies analyzed the influence of time of day on occupants ’ energy-

related behavior. The participants’ interactions varied based on different times through-

out the day. The occupant’s actions are influenced by variations of the sunlight, solar

intensity, and glare at different times of the day. As the study indicated, the time

of day could impact energy consumption by 10% due to the variation of occupants’

interactions [58].

0.4.1.5 Season

Seasonal effects also have been investigated to understand occupant interaction

between different seasons. However, only a few studies have examined seasonal effects.

Mahdavi surveyed three office buildings in a different season [59]. His research revealed

people are more likely to deploy more shading during the cooling season (up to 30%

higher). Another field measurement study in 26 European buildings also indicates

that 15 - 20% occlusion occurred in winter compared to 30 - 35% for autumn and 35

- 40% for spring and summer [60]. However, the findings from some studies reported

the effect on seasonal changes depending on the indoor physical variables such as

temperature, daylight levels [61]. Thus they found the contribution of seasonal effect

statistically insignificant. Generally, there are still no conclusive results regarding

the role of the season on the HFI. These findings suggest that considering the proper

variable as the trigger, one might be able to HFI throughout the year; however, further

investigation is required.
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0.4.1.6 Urban scale

The facade related behavior of occupants does not only depend on the characteris-

tics of the building itself; the microclimate at the urban scale does have an important

effect on the occupants’ comfort and behavior [62]. Buildings in an urban context

are exposed to urban heat due to increased maximum air temperatures and the heat

island effect. For example, the lower wind speed due to the wind sheltering effect of

buildings altered and reflected solar heat gain due to building shadowing. [63, 64].

The urban scale factors provide the specific microclimate, which is different from

the regional climate. Therefore, the environmental stimuli are not directly and come

from regional factors, and microclimate modifies the intensity and quality of thermal,

visual, air, and acoustic stimuli. However, only a few studies consider these factors

in their HFI studies.

0.4.1.7 View

The interaction of occupants with facade systems can also be explained by view as

another context factor that cannot be measured with typical sensors. The view and

connection to the outside are non-physical reasons for occupants to interact with the

envelope[65, 42] reported that most occupants tend to sit close to the widow, although

the sit was exposed to a high amount of solar radiation and glare [66]. This finding is

interpreted that the majority of occupants prefer the quality of view at the expense

of visual and thermal comfort. The facade and shading devices may block the view at

different levels. Nevertheless, many researchers [38, 56, 55] have mentioned the view

to outside as a possible trigger for HFI, yet the relation between view and the facade

is not conclusive.
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0.4.2 Building Scale

0.4.2.1 Typologies of Facade Systems

The dynamic facade (Dynamic shading facade + smart window) is categorized

based on its ability to adapt or change its geometry or properties in response to envi-

ronmental stimuli and occupantsâ comfort and preferences [67]. The significant dif-

ference between the dynamic facade system and the fixed one is the ability to change

according to external and internal factors to maintain occupantsâ comfort and needs.

On the other hand, the fixed shade is mainly designed to reduce the buildingâs thermal

loads during the cooling season. A series of recent studies have indicated, the dynamic

facade is categorized based on the type of morphologies (blind, louvers, Dynamic Egg-

Crate, etc.), type of actuation (Manual or Automated), mode of actuation (Intrin-

sic material properties, remote control, environmental sensing, Occupant-centered),

and interfaces that could adapt to control and manage lighting, daylight, and solar

heat radiation on a building facade. As the few long-term studies show, different

facade morphologies significantly impact comfort and energy consumption. However,

despite the significant differences among facade typologies, only a few studies have

considered the impact of facade typologies on occupantsâ choices and energy-related

behavior. Human interaction with each facade typology is also dependent on the

control systems, Interfaces, and the way they incorporate the occupantsâ feedback

in the loop. The control and interface are affected by the user decision-making pro-

cess in HFI. Recently, automated systems, including automated facades, have been

introduced to regulate indoor environments. However, studies have shown that these

facades have led to a high level of dissatisfaction among occupants, who frequently

override the automation systems [40]. For instance, Reinhart and Voss (2003) found

that out of 1,433 times the facade attempted to close according to its algorithm, it

was overridden by occupants 1,263 times (88%). Leaman and Bordass (2001) noted

that excluding occupants from the control loop leads to dissatisfaction [68]. Other
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studies [23, 69, 70] also confirm the desire of occupants to have some level of con-

trol and ability to customize the indoor climate condition. However, some research

reported, providing some level of control does not necessarily lead to occupantsâ

satisfaction. As occupantsâ tolerance of comfort increases, the level of satisfaction

improves. Studies [23, 69, 70] have confirmed that occupants desire a level of control

over indoor climate conditions. However, research has shown that having control does

not always lead to satisfaction. Occupant comfort and satisfaction increase as their

tolerance of comfort increases. There is a correlation between occupants’ perception

of control over their environment and their productivity [68], so having a user-friendly

interface and ease of control over comfort delivery systems is believed to increase the

likelihood of occupants interacting with building facades to improve comfort [54].

The facade interface also affects user interaction, offering occupants various options

for adjusting their environment to meet their preferences and comfort needs [71].

The type of facade interface can vary. Depending on the type of system and con-

trol logic, interfaces provide information and control to occupants. The design and

implementation of these interfaces affect how occupants perceive and interact with

them. Interfaces are classified based on the level of interaction. Direct interactions

refer to requests for action, feedback, or information display made directly between

two physical components [72]. Indirect interaction occurs through intermediaries,

such as sensing devices, between two physical components. Direct interaction can be

further divided into control actions, feedback requests, and display of information.

Similarly, indirect interactions (performed automatically through sensing) are cate-

gorized according to the purpose of the sensing action, such as sensing of occupants

(e.g. physiological or facial characteristics), monitoring of occupant behavior, sensing

of indoor and outdoor environments, and sensing of building facades Studies indicate

that each interface has a significant impact on occupants’ interactions with building

facades, but there has yet to be a comprehensive study that compares these interfaces
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and assesses their relative contributions to occupant behavior related to facades [54].

0.4.2.2 Orientation

Facade orientation is critical in affecting the distribution of sunlight and solar heat

gains. For example, the north facade receives minimal solar gain in the northern

hemisphere, while the south facade is exposed to solar radiation in the winter. The

solar penetration on east and west facades varies based on the time of day, but it

varies even more for the south facade due to seasonal changes, making it more prone

to higher indoor temperatures [38]. Studies [60, 73, 74, ?, 75] have shown that facade

occlusion is lowest on the north facade and highest on the south facade. According to

Zhang and Barrett [56], the occlusion rate for east and west facades is between that

of the north and south facades, but closer to the south facade due to higher solar

penetration during working hours. Studies have also revealed a significant diurnal

pattern for the east and west facades. Occupants in east-facing offices tend to close

shading in the morning and gradually open it throughout the day, while occupants in

west-facing offices open the facade in the morning and close it at the end of the day.

Occupant interaction with the facade is heavily influenced by its orientation.

0.4.2.3 HVAC and Indoor Temperature

The HVAC system’s operation can impact how occupants interact with facade sys-

tems. The energy consumption of HVAC systems is directly influenced by the control

of natural lighting. Solar heat gain and internal cooling and heating loads can affect

the indoor environment. According to studies [76], an office with air conditioning had

a 30% shade occlusion rate while an office without air conditioning had a 49% rate.

However, these results cannot be generalized and must be considered in the context

of the specific building. The impact of temperature and solar radiation at different

orientations is dependent on the air conditioner’s control of the zone
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0.4.2.4 Interior design and office layout

Occupant interaction in offices varies depending on the office layout. According

to researchers, the frequency of changing the facade status is higher in private of-

fices than in shared open offices due to social constraints. In open-plan offices, the

arrangement of workstations and configurations also affects occupant comfort and

energy-related behaviors. Previous studies have shown that partitions in open-plan

office spaces offer employees privacy, but their role in improving daylight distribution

and occupant visual comfort cannot be ignored [74, 13]. The attributes of the oc-

cupant’s location, such as the office arrangement, height of partitions, material, and

orientation to windows, play a crucial role in ensuring visual comfort [13]. However,

the impact of interior design strategies on the performance of facade systems has

received little attention[77]. While the understanding of occupant behavior regarding

external factors has increased, only a few studies have considered the contribution of

both internal and external factors in the investigation of human-facade integration

[2]. And there has been limited attention paid to measuring and quantifying the role

of physiological and psychological parameters in occupant energy-related behavior.

0.4.3 Human Scale

Occupants may interact with the facade to alleviate discomfort caused by factors

such as temperature, solar radiation, glare, and lack of daylight availability [78]. While

external variables play a role in human-facade interaction, internal drivers also play a

role in explaining this interaction. According to Cabanac, "a given external stimulus

can be perceived as either pleasant or unpleasant depending on signals coming from

within the body" [79]. Humans naturally strive for pleasant conditions and avoid

unpleasant ones [80]. If a change leads to discomfort, occupants react to restore their

comfort. However, due to differences in psychology and physiology, people do not

react to stimuli in the same way[81].



22

0.4.3.1 Psychological factors

Psychological factors refer to thoughts, feelings, and other cognitive characteristics

that impact attitudes, behaviors, and mental functions [79]. Recent studies have

shown that individual differences, preferences, and personality traits can result in

variations in environmental perception and behavior among occupants exposed to

the same conditions. For instance, Heydarian found that extroverted individuals are

significantly more likely to prefer maximum lighting than others [82]. Additionally,

psychological factors are influenced and altered by physiological factors.

0.4.3.2 Physiological factors

Physiological factors are all those aspects "relating to the branch of biology that

deals with the normal functions of living organisms and their parts" and have been

related to the occurrence of an occupants’ action inside a building [82]. Physiolog-

ical factors (age, gender, level of health, acclimatization, psychological state, etc.)

significantly influence the indoor environmental quality, overall building energy per-

formance, the effectiveness of control strategies, and, eventually, on occupants’ sat-

isfaction and productivity. Several studies have considered the physiological factors

in human comfort. For instance, as several studies show, compared to men, women

are more sensitive to light (illuminance) and feel more uncomfortable than men at

high and low-temperature extremes [83, 84, 85, 86]. Nevertheless, there are very few

observational and experimental studies to evaluate the role of each specific physi-

ological parameter on the HFI. Additionally, subjective perceptions and measured

environmental data have been used in many studies of human comfort. However, the

questionnaire is not a sufficient means to measure the occupants’ comfort and be-

havior. Due to biological differences, the classification of perception is varied, which

has led to uncertainty in human comfort and behavior. Therefore, it is essential to

investigate overall human comfort and behavior by combining objective data with
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subjective data [87], As the literature review shows using physiological indicators in

the study of thermal comfort during the last ten years. It can be observed that most

articles examined thermal comfort, followed by skin temperature, heart rate, blood

pressure, and other related physiological parameters, including skin conductance and

oxygen saturation. As the previous studies indicate, the physiological indicators in-

vestigated in lighting research are pupil size, eye movement, gaze direction, and degree

of eye-opening in terms of visual comfort. Studies show that eye movement and gaze

direction are the most important parameters among all visual indicators that correlate

with the subjective evaluation of the existing visual comfort metric [88]. The physio-

logical indicators could reveal the relationship between the perception of comfort and

the sensation that led to occupants’ specific actions with the dynamic facade.

0.5 The Method, means, and tools employed in studies of HFI

Occupants’ behavior in a built environment is a multi-sensory experience that in-

volves a range of factors in different scales, requiring appropriate data collecting

approaches to study human facade interaction.

Occupants’ perceptual comfort is dominantly influenced by the visual and thermal

performance of the facade that shapes the human facade interactions. However, this

has been a complex challenge for designers and engineers to collect occupants’ data

(sensational, perceptional, and behavioral) under both visual and thermal stimuli.

There are different approaches and means to collect and evaluate the impact of the

facade systems on the environment and occupants. The purpose of this section is to

summarize how the various external and internal factors mentioned in the previous

section were used to understand the occupants’ interaction with different faÃ§ade

systems. We have classified the identified research studies based on different tools

and methods to clearly determine how these factors have been applied. As a result,

in the following subsections, we articulate an overview of the applied factors explaining

occupant interactions by physical prototyping and acclimatized chamber, immersive
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virtual reality, and Mixed reality. Within each subsection, we give an overview of

methodologies, data collection techniques, and general findings.

0.5.1 Physical Prototyping (chamber and real settings

Physical mock-up is a common means to measure and use users’ data in experi-

mental studies that provide a realistic situation to study external and internal factors

on human behavior. These experimental studies offer the opportunity to measure

the changes and behaviors in response to different variables. It provides a tool for

researchers to cover visual facade-related variables, such as interface, morphologies,

etc. However, to cover other building factors such as (HVAC, interior ) and col-

lect thermal and visual comfort and behavioral data, we need to create acclimatized

climate chambers or use actual buildings as testbeds [89, 90, 91]. Although the ac-

climatized chamber could provide the thermal, visual, and acoustic stimuli to study

occupants’ comfort and behavior, it cannot cover most of factors in urban scale (build-

ing shadowing, view) and building scale such as building orientation, indoor design,

etc.[92]. Therefore, the lack of urban scale factors and building factors could impact

our perceptual interpretation of physiological signals in the second step of the iterative

process interaction (sensation, perception, and behavior). The majority of these fac-

tors play their major role in visual stimuli rather than thermal stimuli. Because a lab

acclimatized chamber has the ability to simulate the thermal condition and interior

thermal condition could be adjusted to temperature and humidity. The real setting

testbed has the superiority to offer the real building, environment, and contextual

factors for long-term occupants’ data collection to understand how temporal factors

impact user behavior. However, the drawbacks of the former method are a limitation

of environmental factors, high cost, and the fact that the method is time-consuming.

The study is limited to certain building and facade designs that the researcher cannot

change. Moreover, the physical prototype (scale 1:1) has to be built to examine the

variety of design status in different early design stages, which requires substantial
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Figure 3: Application of important Internal and external factors in different tools and
methods
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resources. Furthermore, the feasibility might not be justified in many cases [93].

0.5.2 Use of Immersive Virtual Environments in HFI

The virtual environment offers egocentric multimodal sensory (i.e., visual, haptic,

auditory, thermal, gustatory) experience controlled by computer, visual, auditory, and

kinesthetic parameters[94, 95]. Researchers have used virtual environments widely in

many different disciplines to study human experience, including social psychology

[53], medicine [96], education and training [97, 98], design [98], and engineering [99].

The virtual environment provides an experimental opportunity to isolate exogenous

factors and stimuli, making it a suitable alternative venue for human behavioral

studies. It can also model, control, and test scenarios more easily and cost-effectively

compared to physical mock-ups, especially in the case of built environments. Several

studies have used immersive virtual environments (IVEs) as a tool to simulate facade

performance in the built environment and evaluate occupants’ behavior with regards

to facades in single-sensory and multi-sensory environments [81, 100, 101, 102, 103,

104].

0.5.3 Single sensory and Virtual reality

Most research in the built environment and facade systems considers only a single

sensory discomfort model (daylight). For instance, Heydarian provides the single

sensory approach of collecting end-user preference in the design stage; in this study,

visual factors such as (lighting intensity, interior design, and environmental view)

are models to study the relation of personality and lighting in a built environment.

Heydarian found that participants significantly prefer to have more daylight (have all

shade open), which increases their performance [81]. Although integrating end-user

preference information during the design phase provides a better understanding of

occupant energy-related behavior, in this single sensory study, the lighting as stimuli

is considered, and the effect of the thermal condition is not considered [105]. In that
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sense, the human sensation and perception of space can not represent the real setting

of an office environment. Consequently, they could not be an appropriate alternative

to study internal factors (physiological) and human behavior.

0.5.4 Multi-Sensory and hybrid reality

To model the multi-sensory environment, it is essential to ensure the adequacy of

stimuli represents the real setting. As previously mentioned, using a virtual envi-

ronment for lighting and behavioral research has been proven effective. However, the

occupant behavior in a multi-sensory environment that involves both solar heat radia-

tion and daylight has not been thoroughly investigated. Only a few studies have used

mixed reality to address the simultaneous effect of visual conditions (such as work

plan illuminance, perceived illuminance, and glare) and thermal conditions (such as

indoor temperature) [106, 107]. These studies divided the thermal stimuli into three

categories: fan, air conditioner, and solar gain. To model solar gain, the ambient

temperature was increased by 2-3 degrees and an electrical heating panel was used to

simulate solar radiation. However, this simplified method of simulating solar radia-

tion (using an electrical panel) is not calibrated with solar intensity and angle, and is

not integrated with the facade pattern. As a result, participants’ sensations and per-

ceptions rely more on ambient and local body temperatures, neglecting the impact of

solar radiation on the body. The local thermal effect of solar gain and the cross-effects

of visual and thermal perception are two important factors that highlight the role of

solar radiation as an important stimuli in human perception of comfort and behavior.

Most psychophysiological research on modeling solar radiation is based on predicting

the thermal sensation of the entire body [108, 109]. A uniform environment generally

corresponds well with sensation and comfort, and a neutral sensation is considered the

ideal comfort condition. However, this relationship between sensation and comfort

becomes more complex in non-uniform or transient environments [110]. For example,

local thermal comfort can affect overall comfort sensation. Studies have shown that
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when thermal stimuli are applied to specific body parts (such as the hand or head),

the perception of comfort changes from "pleasant" to "very pleasant." In that sense,

rooms with cold or hot surfaces, solar gain, or temperature stratification create asym-

metrical thermal environments that change over time [110]. As solar radiation can

hit occupants in different patterns and intensities in perimeter zones, incoming short-

wave radiation is crucial for human comfort and energy-related behavior [111, 112].

Solar radiation impacts human sensation and affects visual perception due to the

cross-effect between thermal and visual comfort. Studies have shown a significant in-

teraction between thermal and visual comfort. The cross-effects between the thermal

environment and visual perception, as well as the visual environment and thermal

perception, have been investigated. The effect of the thermal environment on visual

perception in general shows that as temperature is perceived as more comfortable,

the light conditions are also perceived as more comfortable. Research has shown that

the highest visual comfort is reported during the thermoneutral condition and that

light intensity is perceived as close to natural (neither too dark nor too bright). The

results indicate a robust effect of ambient temperature on light color temperature: as

ambient temperature increases, the color of light is perceived as warmer. For example,

5800 K exposures (bluish) are perceived as the coolest color during cool conditions,

while the highest correlated color temperature (CCT) is considered most comfortable

during high temperature [113, 114]. As a result, thermal perception can be influenced

by visual quantitative and qualitative parameters.

0.6 Discussion and directions for future research

The trend towards dynamic facades that balance comfort and health benefits is

driving the development of human-centric design in the facade industry. The increas-

ing demand for personalized, responsive, and interactive built environments is fueled

by awareness of the impact of the environment on productivity, well-being, and en-

ergy consumption. A user-centered approach to facade design provides opportunities
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for engineers and designers to incorporate user needs and preferences from the early

stages of design. The use of virtual and mixed reality technologies is a cost-effective

way to incorporate users into the design process. However, although many studies

have used virtual reality for lighting-based facade design research, there is a need for

further research on multi-sensory tests to develop standard methods and tools for

user-centered facade design.

0.6.1 Limitation of virtual lab

Several studies have demonstrated the practicality of VR for the subjective study

of daylighting, as well as the adequacy of subjective perceptions regarding perceived

pleasantness, interest, excitement, complexity, and satisfaction with the amount of

view in the space. On the evaluated evaluations, there was no significant difference be-

tween the real and virtual environments as far as perceptual accuracy was concerned.

[114]. According to precedent research, there is promising potential to study the im-

pact of daylight availability of space. The static current method of tone mapping can

decrease the human perception while the dynamic behavior would correspond more

precisely [115] [115, 116]. The use of newer devices, such as the Oculus Rift CV1,

provides higher resolution and refresh rate but can also negatively impact occupants’

perceptions of glare [114]. Another gap in current studies is that most of them focused

on the blinds. Automatic blinds are a more common dynamic facade type. However,

today we have various dynamic facades with different morphology, patterns, control

systems, and interfaces that are less addressed. The new research shows a cross effect

among different stimuli, as the facade with a different pattern can have a completely

different effect on the iterative decision-making process (sensation, perception, and

action). In addition to the morphology of the facades, different control systems are

used to regulate the interior space, which differs in how different external and inter-

nal factors affection different facades. Although a significant amount of research on

blinds has played an undeniable role in our understanding of the impact of environ-
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mental factors on different scales, this research could not be generalized to all facades

systems and assumed the same impact of different types of the facade on humans. It

is necessary for researchers to investigate more on the effect of varying facade types

in users’ decision-making process.

The study on the identified internal and external factors emphasizes that human

facade interaction should not be considered isolation. The cross effect between stimuli

indicated how user perception and behavior could be different in the lab compared

to real settings. Researchers and designers should consider the indoor environment

as a whole with all the visual and thermal sensory stimuli, which simultaneously

incorporate to shape our multi-sensory spatial experience. Because of the complexity

of human facade interaction, it deals with a variety of disciplines. To study this topic,

on the one hand, we need to look at how different factors affect the facade system

and built environment. On the other hand, we need to evaluate the effect of those

factors on human physiology and psychology. Therefore, we need researchers and

engineers in the field of building science, computers, physiologists, and psychologists

to investigate human facade interaction holistically, especially in the design stage.

0.6.2 Conclusion

In this study, we reviewed and categorized the interscalar factors that were used

to study occupant behavior and interactions with the facade system. This section

provides an overview of the various factors our literature review identified (section

3) and how different methods and tools have been employed to explain occupants’

interactions with varying building systems (section 4). We have identified the current

state and gaps associated with using the factors in occupant facade interaction in

commercial buildings: Although lighting is the primary external factor, some factors

have been less studied: Building shadow, microclimate in urban scale, View, and

season.The impact of solar radiation on the local body temperature is marginalized

while it has a significant role in the overall perception of thermal comfort that it
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could also change our visual comfort perception due to the cross effect between ther-

mal and visual perception. The new facade technologies with different patterns and

interfaces required more studies, and the findings from certain types of facades cannot

be generalized to all facade systems. The majority of existing research in this area

focuses on external factors, and only a few studies consider the internal factors in HFI

studies. Considering the iterative cycle process, The missing link in recent research is

the relationship between sensation and interaction, which has been less discussed. As

the pervasiveness of intrusive sensors and IoT systems grows, it has become possible

for researchers to use physiological indicators in HFI studies to understand occupant

facade-related behavior better.

Although chambers and prototypes provide realistic environments and stimuli, they

could not offer contextual factors. Virtual reality and mixed reality provide the cost-

effective tool to study human facade interaction in the different built environments

and facade systems. Most recent research focuses on the single sensory environment

(lighting), and other aspects of built environments ( thermal and acoustic conditions)

have been less considered. Since the actual experience of occupants is multi-sensory

that deals with different external factors in the environment; it is necessary to con-

duct multi-sensory research to have a comprehensive perspective regarding users’

interactions. In conclusion, we hope that this literature review will motivate more

researchers to conduct interdisciplinary studies based on a holistic approach to collect

data to better understand the role occupant behavior plays in the operation of facade

systems.



DEVELOPMENT OF A LOW-COST LARGE-SCALE SOLAR SIMULATOR

WITH FLEXIBLE MOUNTING

0.1 Abstract

The dynamic solar simulator has been developed to characterize and define the

photovoltaic, solar thermal, advanced evacuated glazing, thermal comfort technolo-

gies, and human-based solar tests. The simulator lamp array consists of 6 rows of 500

W halogen lamps with a built-in paraboloidal reflector. Light intensity is controlled

through a microcontroller (ESP 32) and five sets of four-channel dimmer modules,

allowing the dimming of each lamp. Intensities of light up to 800 Wm-2 can be

achieved on a maximum illuminated area of 90 cm x 150 cm with a variable target

distance from the simulator of 40 cm to 180 cm. The lamp array is mounted on a

frame that allows tilt adjustment in the range of 0 to 90 degrees from horizontal to

vertical with 5-degree steps. Hydraulic height adjustment of the apparatus is from

ground-level to 34 1/2 inches height. The simulator is equipped with heavy-duty

caster wheels, which allows the unit to move in different directions. A unique dim-

ming feature enables the simulator to achieve up to 82% uniform light intensity on

vertical, horizontal, and inclined surfaces. The feature provides solar incidence angles

between 0 and 90 degree to be simulated for the technologies under examination.

This device is a cost-effective halogen lamp-based solar simulator that can therefore

be used to test solar cells, investigate different heat-sensitive materials, and conduct

thermal studies in human-based research. In this paper, the design and construction

of a large-scale solar simulator under $5,000 will be described and its accuracy will be

validated against the similar testing capabilities offered by more expensive, high-flux

research simulators specially for angular sunlight experiments.

32
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0.2 Introduction

Exposure to sunlight is affected by weather, time of day, geography, and other en-

vironmental factors. These factors have made it difficult to use sunlight in a stable,

repeatable, and controllable way for experiments that test performance. That is, with-

out the ability to strictly control the variables, it is virtually impossible to meet the

minimum requirements of scientific research. Therefore, the solar simulator is utilized

as an adjustable device to artificially simulate the physical properties of sunlight, in-

cluding total radiation, spectral distribution, radiation uniformity, and radiation sta-

bility under different conditions [117, 118]. Based on the relative path length, where

direct sunlight passes through the atmosphere, the AM1.5G and AM1.5D are defined

as the standard spectrum [119]. The American Society for Testing and Materials

(ASTM) and the Japanese Industrial Standards (JIS) have classified the standard of

the solar simulator as Spectral match, spatial non-uniformity, and temporal instabil-

ity. However, a significant amount of solar simulators are either expensive, or cannot

provide the complex conditions of outdoor lighting because it is difficult to detect the

intensity of light outdoors, and researchers prefer to use optical models for simulation

[120, 121, 122].

As the solar orientation changes, the angle of incident-light on the device also

changes. When measuring solar radiation at different angles, the difference between

distal and proximal light sources, such as flashlights, clearly affects the accuracy of

the results according to [123]. IEC 61853-2 (2016) stipulates that the simulation of

the sun at different angles must have a higher non-uniformity than class B. Therefore,

the majority of the solid angle, commercial, solar, systems have to be performed at

the level of a small measurement, in order to maintain their uniformity. On the

other hand, those simulators that can simulate sunlight from different angles are not

affordable, especially on a large scale. Despite their high accuracy and efficiency, these

light sources are expensive and require complex, expensive construction, making them
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unaffordable for industry and academia.

Arc xenon and metal halide are preferred due to their spectral range and color

temperature which are comparable to the sun’s. However, these light sources are

expensive, especially for large-scale solar simulators. The halogen lamp, as a cost-

effective alternative, has been used for single and multi-light sources for large solar

simulators [124].

Halogen has been utilized for different solar simulators for a long time due to its

spectral interval (which is near natural sunlight), easy availability and manipulation,

high light intensity, low cost, and usability [125]. Although the inferred light in the

spectral distribution of halogen is higher than ultraviolet, in comparison to natural

sunlight, the wavelength range (360 - 2500 nm) is similar to sunlight, especially in

terms of radiation. The halogen lamp can also radiate a black body temperature

of 3200 K, which is quite close to natural sunlight, with a temperature of 5600 K

[126, 127, 128, 125].

Halogen lamps have many advantages, but few studies have used them to simulate

angular sunlight. The purpose of this paper is to describe the design, development,

characterization, and testing of a cost-effective, dynamic solar simulator that can

simulate angular sunlight. In this project, we developed and constructed a solar

simulator that was large enough to simulate angular sunlight, but cost less than

$5,000 and would have similar testing capabilities as high-flux research simulators.

0.3 Methodology

Simulator using international standards. The experimental design of the IFS is

divided into three components: light sources, frames, and control systems.

0.3.0.1 Light Source

We use halogen 500W 120V double-ended capsule light bulbs with parabolic reflec-

tors. Figure 1 shows the luminous intensity distributions of halogen lamps compared
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to other light sources (leg, LED, halogen, xenon). The Sunlite Q500T3 is used for this

simulator lamp array. Table 1 shows the specification of the employed lamp. Each of

the halogen lamps is equipped with a paraboloidal reflector, which plays the role of

a collimator for the emitted light.

0.4 Control

The control mechanism is divided into mechanical and electrical parts.

0.4.1 Mechanical Control

The mechanical adjustment enables the solar simulator to be adjusted at different

heights, angles, and XY positions. On the other hand, the control unit adjusts the

light to maintain light uniformity in the target area. A hydraulic table provides height

adjustment of the lamp array from the ground level to one meter above the ground.

The frame can move on heavy-duty caster wheels to test the various technologies

at the different locations in the laboratory space. The aluminum box allows tilt

adjustment in the range of 0 to 90 degrees from horizontal to vertical with 5-degree

steps. To provide the mechanism for angle adjustment, an aluminum plate had been

drilled every 5 degrees so that the user could choose the desired angle by placing the

Pull Pin-Handle at the specified angle. Since the intensity of light is changed when

the array of lamps is tilted based on the desired angle, the irradiance uniformity on

the target area is also changed. To keep the uniformity, the control unit is designed

to control the light intensity.

0.4.2 Electrical Control

The control unit comprises two parts: the first floor of the distribution blocks, and

the second floor of the microcontroller and dimmers (RobotDyn 4 Channel Arduino

Light Dimmer, Arduino Dimmer).
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Figure 4: Solar Simulator Drawings
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Figure 5: Solar Simulator,Control Unit

0.4.2.1 Electrical Distribution blocks

On the first floor of the electrical box, a series of terminal blocks are located.

Each modular, insulated block is used to connect wiring to the ground and connect

electrical power (inputs) and lamp wires (outputs) to dimmers, safely. The control

unit is made up of two parts on the floor: the first floor of the distribution blocks and

the second floor of the microcontroller and dimmers (RobotDyn 4 Channel Arduino

Light Dimmer, Arduino Dimmer).

0.4.2.2 Dimmers

AC Dimmer controls the voltage of alternating current, which can transfer up to

300V (8A) (TRIAC BTA16 for 600V/16A). In this case, a dimmer is used to control

the intensity of lamps and turn the power on/off. In order to prevent high current

disruption to a microcontroller, the power portion of the dimmer is isolated from the
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control portion. Two digital pins connect the Dimmer to the Arduino controller. The

first (Zero) controls the passing of Phase Null of AC, which initiates the interrupt

signal. Controlling (dim) current with the second (DIM/PSM). As Zero is tied to

microcontroller interrupts, it needs to be connected to designated microcontroller

pins,

The control unit provided includes all the mentioned electronic components, con-

trols and monitoring features, which allow maximum control and operational flexibil-

ity for maximum control. The control units provide two models of operation (manual

and automatic). In the manual mode, the user has the ability to set the light intensity

of all the lamps in each individual row or lamp. The dimming feature allows the user

to set the intensity for different purposes and experimental tests. In the automatic

mode, the user can set the desired intensity and angle and distance while the control

unit would be used to set up all the required specifications for the outpower output

of each lamp to achieve a specified light intensity with maximum uniformity.

0.5 Testing Characterization

0.5.1 Analysis of qualification of the solar simulator

In order to examine and optimize the solar simulation, we used ASTM E927 (Stan-

dard Specifications for Solar Simulation for Terrestrial Photovoltaic Testing), and

IEC 60904-9, which define simulation performances of solar simulators under three

classes: Class A, Class B and Class C [129, 130, 131].

In order to test Spectral Match (SM), the spectroradiometer is used to measure

the spectrum of the simulator. In order to calculate the required percentage of irradi-

ance, the actual percentage of irradiance must be compared to the actual percentage

of irradiance [132, ?]. The spectral match of the simulator is in Class B, wich is

calculated by the equation below:

SM= (Actual Irradiance in the interval) / (Required Irradiance in the interval)

[132]
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Figure 6: Solar Simulator Component
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Figure 7: Dimmer Specification



41

Figure 8: Spatial non-uniformity (SNU)

Figure 9: Temporal Instability

The setup for Spectral Match (SM) test Spatial non-uniformity (SNU)

To measure the uniformity of the test area irradiance, measurements are taken on

a uniform rectangular grid by a precision Li-Cor pyranometer [133]. The test area of

the solar simulator is 90 * 160, which is close to the sitting positions of the human

dimension that will be tested under the simulator. The SNU is calculated using Emax

and Emin, where Emax represents the maximum intensity on a test section and Emin

represents the minimum intensity on a given equation. The Uniformity of this solar

simulator is 4.6, which is defined as uniformity class B.

To measure temporal instability, the irradiance of the simulator beam over the

specified time period is measured and the following equation is used to calculate the

instability. The temporal instability class for this simulator is in class A.

Solar simulators are evaluated according to their non-uniformity in dispersion of

irradiance. A solar simulator would with insignificant non-uniformity value, showing

that the irradiance from the light-source is dispersed uniformly onto the testing area.

Measurement of non-uniformity is conducted using irradiance mapping. The test is

run at different distances between the panel (array of lamps) and the mapping area

Figure 10: Light Standards
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Figure 11: left test set up, Right: test result

(40,60, 80,100,120, 140, 160, 180). A unit of the Li-Cor brand Pyranometer is located

in the mapped grid area. The area of the mapping grid is 90cm*160cm, which is

equivalent to the surface area of a sitting person. The mapping area has 18 rows,

and each row has 32 columns. As shown in Figure 5, there are 576 sections in the

mapped area. After irradiance intensity had stabilized, readings were taken with the

pyranometer. In order to measure all sections, the pyranometer is shifted from one

to another. Each intensity value is mapped three times for each setting of irradiance

intensity. It is necessary to repeat the mapping at each level of intensity value to

ensure repeatability.

If the solar simulator passes the required test, the facade layers are added and the

performance of IFS in different solar angles and patterns is examined. Since the angle

of the solar simulator is not perpendicular to different hours, the challenge is to find a

uniform condition for different times of day and seasons. To that end, the relationship

between distance and intensity is obtained, and then the optimum intensity of halogen

lamps for each row is calculated.
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Figure 12: Tilted solar simulator diagram

0.5.2 Angular Measurement

To maintain uniformity at different angles, we hypothesize that there is a correla-

tion between distance and light intensity (Figure 4). In that sense, each light has a

corresponding zone on the target surface, such that as the angle changes, the distance

between each zone on the target surface and the light source, also changes in varied

angular directions. Therefore, if the relation between light intensity and distance is

obtained, we could predict the amount of required dimming level for each light in

angular position to keep the uniformity. In this method, first the different intensi-

ties (minimum to maximum) in the range of distance were explored, and then the

corresponding relationship between distance and magnitude was obtained by numer-

ical calculations. Finally, the light intensity on the target surface at different angles

could be predicted based on the dimming level and distance. In order to validate the

predictions, we measured light intensities on the target surface in different angular

positions and observed the minimum required uniformity for each angle.

In this process, first we assume a hypothetical line from the light source, perpen-

dicular to the target surface. According to the range and light radius of each lamp

(based on the type of lamp and reflector used), we consider its corresponding zone
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Figure 13: Tilted solar simulator diagram

on the target surface. As the figure shows, there are 18 zones, each one containing

6 x 6 cells. Then, we measure the light intensity on the target surface for each zone

from 40 to 180cm and different percentages of dimming magnitude: 20 to 100, which

was described in the testing and characterization portion of the study. Finally, after

drawing the equation of the existing trend line for distance and light intensity, we

obtain the corresponding points as follows:

0.6 Validation

For the validation of the extracted formula, we have compared the predicted and

measured intensity in seven random points, which are selected from different distances
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Figure 14: Regression analysis

Figure 15: Accuracy of predication based on the measured data

from the simulator and different dimming levels. The intensity difference and predic-

tion accuracy are calculated in addition to the average prediction accuracy in each

zone. As we can see in the Table below, the maximum average accuracy is 88.59%

for Zone Five and the minimum accuracy is 81.47% for Zone Six.

0.7 Conclusion

A novel and thoroughly researched approach is deployed for human-based solar

tests using The dynamic Solar Simulator, whereby a prototype was modeled and

built according to specifications, to ensure the most accurate and efficient sun-like

conditions in a controlled testing environment. The physical mechanisms of the Sim-

ulator allow for varying conditions of and degrees of light exposure, which mimic

conditions in the natural environment. For example, the lamp array is mounted on

a frame that allows tilt adjustment in the range of 0 to 90 degrees from horizontal
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to vertical with 5-degree iterations. Hydraulic height adjustment elevated the appa-

ratus from ground-level up to 34 1/2 inches height. The simulator is equipped with

heavy-duty caster wheels, which. that allows the unit to move in different directions.

A unique dimming feature enables the simulator to achieve up to 82% uniform light

intensity on vertical, horizontal, and inclined surfaces. Again, in order to maintain

uniformity at different angles, we hypothesize that there is a correlation between dis-

tance and light intensity. In that sense, each light has a corresponding zone on the

target surface, such that as the angle changes, the distance between each zone on

the target surface, and the light source, also changes. This device is designed as a

cost-effective halogen lamp-based solar simulator that can therefore be used to test

solar cells, investigate different heat-sensitive materials, and conduct thermal studies

in human-based research. As noted, the design and construction of a large-scale solar

simulator that costs less than $5,000 as described, indicates its accuracy and is fully

validated against the similar testing capabilities offered by more expensive, high-flux

research simulators especially for angular sunlight experiments.



THERMAL ASSESSMENT OF TESTBED EQUIPPED WITH THE INDOOR

SOLAR SIMULATOR TO BE UTILIZED FOR HYBRID

0.1 Abstract

Lack of an empirical tool to investigate human facade interaction as a multi-sensory

study in the early stage of design is one of the main causes of uncertainty in the es-

timation of facade performance. Recently immersive virtual reality has become the

common tool for staying human facade interaction. The affordability, flexibility to

simulate visual qualities in a short amount of time, and its ability to be integrated

with building performance simulation made this tool an empirical to study human

facade interaction. however, visual stimuli are not the only driver for human facade

interaction. Other stimuli, such as thermal stimuli (solar radiation and ambient tem-

perature), also play a significant role in occupants’ facade-related behavior, which is

overshadowed by the single sensory study of immersive virtual realities. In this study,

we examine the adequacy of the novel use of a solar simulator to provide the solar

radiation for the (multi-sensory) hybrid environment in an integrated framework with

Performance Simulations (BPS). to that end, we compare three states of a dynamic

facade on the temperature stratification from ankle to head of siting man in physical

environment with simulated data in building performance simulation tools. The ob-

tained experimental and simulated results for different dynamic facade states showed

that the temperature gradient difference (angle to head) using one C/m corresponds

to the standard recommendations. Comparing globe temperature experimental data

and simulated data showed a maximum difference of 1 centigrade. This study proves

the indoor solar simulator could be a sufficient alternative to provide thermal stim-

uli for the hybrid multi-sensory environment that could be integrated into building

47
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performance tools

0.2 Introduction

Since physical Prototyping to study the impact of the facade on occupants can

be costly and time-consuming, building performance simulation (BPS) platforms are

often deployed to visualize the architectural and daylighting effects and measure occu-

pants’ comfort and energy performance of different facade systems [37]. In that sense,

architects and engineers are able to model the external physical factors (e.g., outside

weather, daylighting, indoor and outdoor temperature, etc.), building attributions,

the Facade systems, and interior design to predict the building energy consumption

[134]. However, a lack of understanding of human behavior under the co-presence of

daylighting and solar radiation causes nonconformities and simplifications in model-

ing and simulation that lead to considerable uncertainties [135]. Building and facade

systems not only have unique characteristics in their designs and functionality but are

also used by occupants with a unique perception of comfort and behaviors that cur-

rent BPS does not address this individual information to provide a realistic outcome.

In fact, using stochastic humans behavior model in the buildings perimeter zone has

caused a lack of accuracy in performance simulations during the design phase and also

occupants’ dissatisfaction during the operation phase [136, 137, 102]. Researchers use

observational and experimental studies in immersive virtual environments (IVE) to

address these limitations in collecting occupant data.

0.2.1 Use of Immersive Virtual Environments in HFI

The virtual environment offers egocentric multimodal sensory (i.e., visual, hap-

tic, auditory, thermal, gustatory) experience that, by the use of computer, visual,

auditory, and kinesthetic parameters are controlled.[138][, In comparison with mun-

dane reality in situ-controlled experiments, the virtual environment provides the ex-

perimental opportunity to isolate the exogenous factors and stimuli and apply hu-
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man behavior observed in virtual environments to the physical environments. Sev-

eral studies investigated human comfort and behavior in relation to the facade by

the use of IVE as a tool to simulate facade performance in the built environment.

[139, 81, 100, 101, 134, 103, 104]. However, Most of the research in the built envi-

ronment and facade systems consider only a single sensory discomfort model based

on the different daylight circumstances. Although integrating end-user preference

information during the design phase provides a better understanding of occupant

energy-related behavior, in this single sensory study, the lighting as stimuli is con-

sidered, and the effect of the thermal condition is not considered. In that sense, the

human sensation and perception of space can not represent the real setting of an office

environment. Consequently, they could not be an appropriate alternative to studying

the built environment’s impact on humans.

0.2.2 Multi-sensory environment and the impact of solar radiation

In order to model the multisensory environment, it is essential to ensure the stim-

uli’s adequacy represents the real setting. As mentioned above, the use of a virtual

environment for lighting and behavioral research is proven. However, the occupant be-

havior in a multisensory environment (solar heat radiation and daylight) has not been

investigated. Recently Only a few studies) by the use of mixed reality has addressed

the simultaneous effect of visual conditions (e.g., work plane illuminance, perceived

illuminance, glare), and thermal conditions (e.g., indoor temperature)[140, 141, 142]

In these studies, the thermal stimuli are divided into a fan, air conditioner, and so-

lar gain. In order to model solar gain, the ambient temperature was increased (2-3

degrees), and by the use of electrical heating, the panel attempted to provide the

solar radiation. However, the simplified solar radiation stimuli (electrical panel) are

not calibrated with solar intensity and angles. .Moreover, the panel is not integrated

with the facade pattern. Therefore, the participants’ sensation and their perceptions

rely more on the ambient temperature and local body temperature and landed solar
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radiation on occupants’ bodies is undermined. The local thermal effect of solar gain

and cross effects of visual and thermal perception are two major important factors

that highlight the role of solar radiation as the important stimuli on human per-

ception of comfort and behavior. The majority of psychophysiological research on

modeling solar radiation is based on the prediction of the thermal sensation of the

entire body [107, 108, 143, 144]. In fact, sensation and comfort are correlated quite

well in a uniform environment [145]. A neutral sensation corresponds to the ideal

comfort condition that a warmer or cooler sensation reduces comfort [109]. However,

the relationship between sensation and comfort is more complex in the non-uniform

or transient environment. For example, the local thermal comfort could change the

overall comfort sensation of humans. As the studies show, when thermal stimuli are

applied to local body parts (e.g., hand, head), the perception of comfort changes

from "pleasant" to ’very pleasant.’ In that sense, the room with cold/hot surfaces,

solar gain, or temperature stratification Changes the uniform environment into asym-

metrical thermal environments that change over time [146]. As solar radiation could

land on occupants with different patterns and intensity in perimeter zones, the in-

coming shortwave radiation is one the most crucial drivers for human comfort and

energy-related behavior

0.3 Method

In order to test the capability of solar simulators to be used for a hybrid reality

in an integrated framework with Building Performance Simulations (BPS) [147], an

experiment was conducted to compare the impact of the dynamic facades on indoor

temperature between the physical test bed and building performance simulation data.

To that end, we model the physical and virtual environment for the physical environ-

ment. We used a control room as the test bed and integrated the physical dynamic

facade prototype. The facade has three different states ( open, Semi-open, and close)

that manually could be adjusted to the desired angle. To collect the data, the solar
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Figure 16: Testbed Setting: Solar simulator, Facade prototype and controlling room

simulator’s angle was set to 30 degrees, and 450 solar intensity on the assumed target

surface represents 4pm June 16 in Charlotte. We allocate 45 minutes for each facade

state. During every 1 minute, the air temperature and humidity were recorded using

a HOBO data logger. All this data was used to assemble a profile of the operative

temperature of space from ankle to head that distance between each sensor is 30 cm

except for the first sensor, which is10 cm above the ground, in order to simulate the

physical setting. We modeled the geometry of the room by Rhino and used the la-

dybug and honey bee package to model the exact thermal aspect of the test bed. In

this process, we used the Com Recipe component and modified it to record the data

in a certain time frame we already used for the testbed.

0.3.1 Testbed

As the figure 15 and 18 shows the indoor test bed only has a windows in one

side , which are fully glazed to the point that they can usually create a thermal

gradient across the room from south to north. The testbed also has an air conditioner

(SPT Portable Air Conditioner), by which the research team can change the indoor

temperature from 19 Â°C to 35 Â°C. In the experiments, the room temperature



52

Figure 17: Testbed Section

Figure 18: Testbed Components
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Figure 19: Testbed Interior

is between 72 Â°F, which conforms to typical indoor conditions controlled by the

mechanical HVAC system. The test bed was equipped with a novel solar simulator

that could mimic solar radiation at different times and intensities. The Dynamic solar

simulator has been developed to characterize photovoltaic, solar thermal, advanced

evacuated glazing, thermal comfort technologies, and human-based solar test. The

simulator lamp array consists of 6 rows of 500 W halogen lamps with a built-in

paraboloidal reflector. Light intensity is controlled through a micro control (ESP 32)

and five sets of 4 channel dimmer modules. The lamp array is mounted on a frame

that allows tilt adjustment in the range of 0 to 90 degrees from horizontal to vertical

with 5-degree steps figure 4

0.4 Result

After convergence, Tecplot was used to extract the temperature profiles at different

positions and compare them with the testbed temperature profiles. In Fig. 5. Accord-

ing to the simulations, the temperature estimates agree well with the experimental
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Figure 20: Comparison of experimental data with Simulation Data
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measurements. The maximum temperature difference between simulation results and

sensor data is about

∆tmax = 0.2CatPositionB. (1)

.

The relative error ranges from 0.2% to 1.3%. Based on the ASHARE thermal

comfort standard, seated occupants’ temperatures should not differ more than three

degrees between their ankles and heads (Nielsen, 2015). According to this analysis,

the temperature difference between the ankle and head levels ranges from 0.5 to 1.5.

Celsius, which complies with the thermal comfort standard.

0.5 Conclusion

A novel and thoroughly researched approach is deployed for human-based solar

tests using The dynamic Solar Simulator, whereby a prototype was modeled and

built according to specifications, to ensure the most accurate and efficacy sun-like

conditions in a controlled testing environment. The physical mechanisms of the Sim-

ulator allow for varying conditions of and degrees of light exposure, which mimic

conditions in the natural environment. For example, the lamp array is mounted on

a frame that allows tilt adjustment in the range of 0 to 90 degrees from horizontal

to vertical with 5-degree iterations. Hydraulic height adjustment elevated the appa-

ratus from ground-level up to 34 1/2 inches height. The simulator is equipped with

heavy-duty caster wheels, which. that allows the unit to move in different directions.

A unique dimming feature enables the simulator to achieve up to 82



CONCLUSION

Human facade interaction is a new interdisciplinary field of study that impacts

the building efficiency and occupant’s comfort and wellbeing. The lack of empirical

means and tools to study human facade interaction has led to uncertainty for facade

modeling in building performance simulations and also the operation of dynamic fa-

cades due to relying on unrealistic predictions of human interaction. As the literature

review shows there are different numbers of internal and external factors that impact

occupantsâ facade-related behavior. Although lighting is the primary external factor,

some factors have been less studied: Building shadow microclimate on an urban scale,

View, and season. The impact of solar radiation on the local body temperature is

also marginalized while it has a significant role in the overall perception of thermal

comfort that it could also change our visual comfort perception due to the cross ef-

fect between thermal and visual perception. Moreover, the new facade technologies

with different patterns and interfaces required more studies, and the findings from

certain types of facades cannot be generalized to all facade systems. The majority

of existing research in this area focuses on external factors, and only a few studies

consider the internal factors in HFI studies. Those few studies that investigate the

internal factors focus on the single sensory environment (lighting), and other aspects

of built environments thermal stimuli have been less considered. Since the experience

of occupants is multisensory that deals with different external factors in the envi-

ronment; it is necessary to conduct multisensory research to have a comprehensive

perspective regarding users’ interactions. In this dissertation, we developed a novel

test bed equipped with a solar simulator to provide the thermal stimuli (solar ra-

diation and temperature) for human facade interaction that can be integrated with
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immersive virtual reality (visual stimuli) and building performance simulation. The

first step to test the adequacy of this tool was examining the solar simulator based

on the standard. The dynamic Solar Simulator was modeled and built according

to specifications, to ensure the most accurate and efficacy sun-like conditions in a

controlled testing environment. The physical mechanisms of the Simulator allow for

varying conditions and degrees of light intensity and angle, which replicate the solar

conditions in the natural environment. to replicate the solar radiation at a different

angle. It is hypothesized that there is a correlation between distance and light inten-

sity. In that sense, each light has a corresponding zone on the target surface, such

that as the angle changes, the distance between each zone on the target surface, and

the light source, also change. This device is designed as a cost-effective (less than

$5,000 ) halogen lamp-based solar simulator that can therefore be used for thermal

studies in human-based research. The next step to examine the adequacy of this tool

was to investigate the ability of an indoor test bed to provide accurate thermal stimuli

and examined its compatibility to be utilized as a complementary tool for building

performance simulation to incorporate human facade-related behavior in energy es-

timation potentially. The test bed, which is equipped with a novel solar simulator,

tests a dynamic facade prototype regarding the solar heat gain and ambient temper-

ature in three different facade states (open, close, and semi-open). At the same time,

we virtually made the thermal model based on the testbed. after the comparison of

the experimental and simulation datasets. The dynamic solar simulation was found

to be an alternative that could provide the standard thermal stimuli which could be

utilized in the hybrid reality test bed for facade technologies studies. Moreover, this

study confirms that the solar simulation has the compatibility to be integrated with

the building performance tool.
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