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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.



iv

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
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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.
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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




