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Nomenclature

Abbreviation Description

ACH Air changes per hour

AMV Actual mean vote

AOV Average occlusion value

ARM Association rules mining

BAS building automation systems

DGP Daylight Glare Probability

DGPs Simplified Daylight Glare Probability
BPS Building performance simulation

df degree of freedom

DTU Technical University of Denmark

EU European Union

EPS Expanded Polystyrene insulation
FFP-OBm Fit-for-purpose occupant behaviour method
FP growth Frequent pattern growth algorithm
GHG Greenhouse Gas

GSV Glare sensation vote

HVAC Heating, ventilation, and air conditioning
TAQ Indoor air quality

IEA International Energy Agency

1EQ Indoor environmental quality

MS dw User-shade lowering

MS up User-shade raising

MSO Mean shade occlusion

N/A Not available

OB Occupant behaviour

PMV Predicted mean vote

POE Post-occupancy evaluation

PPD Predicted percentage dissatisfied
RH% Relative Humidity

SA-L Shade lowering

SA-R Shade raising

SD Standard deviation

SET Standard Effective Temperature
SMR Shade movement rate

UNDP United Nations Development Program
UOAs User shade override adjustments
VDU Visual Display Units

WWR

Window-to-wall ratio




Notation Description Unit
I, Incident solar radiation on the facade W/m2
Tin Indoor air temperature °C
Top Indoor operative temperature °C
Teom Comfort temperature °C
Tout Outdoor air temperature °C
Toma Prevailing mean outdoor air temperature °C
Trm Running mean temperature °C
W, Workplane illuminance lux
E, Vertical illuminance at the eye level lux

Iy Global horizontal irradiance W /m?
Eout External vertical illuminance klux
C Comfort vote (Griffiths’ method)

Cp Comfort vote of neutral (Griffiths’ method)

t-value a ratio of the difference between the mean of

the two sample sets and the variation that
exists within the sample sets.




Abstract

Automated shading systems represent a promising solution for improving in-
door thermal and visual conditions as well as saving energy. However, previous
studies indicate that many existing automated shading systems fail to improve
occupants’ visual comfort and reduce the energy use as intended in the design
phase. Thus, occupants frequently override or disable these systems, indicat-
ing their discomfort or desire for a customized indoor environment. Therefore,
neglecting occupants’ needs and expectations in the building design and opera-
tion process may cause discrepancies between the predicted and actual energy
performance and sub-optimal design decision-making. To address this issue, this
research aims to explore and evaluate the use and function of automated shading
systems in office environments for optimizing automated shading system design

and operation in existing and new buildings.

To achieve the objectives of this research, three phases were completed. In Phase
01, the current practice of automated shading design and operation was investi-
gated in 19 case studies through a questionnaire. The commonly-used shading
setpoints were identified and tested. The performance of two commercial shad-
ing control devices was examined by an experimental and field studies. Results
indicate that commercial devices’ limited quality and accuracy for automatic
shading control could be due to economic constraints and sensors’ positions or
inclinations. Therefore, designers may consider other design strategies such as

an intermediate blind position or combined internal/external shading systems.

In Phase 02, an experimental study was conducted in a full-scale test cell to
evaluate the performance of an automated shading system in terms of user be-
haviour and acceptance, thermal and visual comfort under six scenarios. After
each scenario, a self-reported questionnaire was completed by the participant.
Indoor and outdoor environmental parameters, user and system-triggered ad-
justments were recorded. Different performance indicators were used. The key
findings suggest that a robust shading system (i.e., few override actions) can be
achieved by: a multi-objective control strategy with an intermediate position, an
acceptable range of irradiance thresholds, and a decent level of adaptive control

options over the workplace.

Phase 03 introduces a field study, including design investigation, data monitor-

ing, a questionnaire, and simulation-based analysis. The study focused on using



automated shading systems in a real office building to derive occupant-centric
rules for optimal shading design. The monitored data and questionnaire analysis
showed similar results, a relatively few interactions between the occupants and
the shadings systems. The statistical analysis of the monitored data showed the
limited approach of the regression model used in this study, while data min-
ing techniques showed advantages in exploring occupant behavioural patterns.
The extracted lessons for designers and researchers include: the use of double
shading systems (internal/external) can improve user satisfaction of automated
shading systems (i.e., few override actions), the definition of control thresholds

is essential, and the deployment of light sensors is beneficial.



Kurzfassung

Automatisierte Beschattungssysteme sind eine vielversprechende Loésung zur
Verbesserung der thermischen und visuellen Bedingungen in Innenrdumen und
zur Energieeinsparung. Friithere Studien haben jedoch gezeigt, dass viele der
bestehenden automatischen Beschattungssysteme nicht in der Lage sind den vi-
suellen Komfort der Nutzer zu verbessern und den Energieverbrauch wie in der
Planungsphase vorgesehen zu senken. Daher setzen die Nutzer diese Systeme
héufig auker Kraft oder deaktivieren sie, um ihr Unbehagen oder ihren Wun-
sch nach einem individuell angepassten Innenraumklima zum Ausdruck zu brin-
gen. Die Vernachlissigung der Bediirfnisse und Erwartungen der Nutzer bei
der Planung und dem Betrieb von Gebéduden kann daher zu Diskrepanzen zwis-
chen der vorhergesagten und der tatsdchlichen Energieleistung und zu subop-
timalen Planungsentscheidungen fiihren. Um dieses Problem anzugehen, zielt
diese Forschungsarbeit darauf ab, die Nutzung und Funktion automatischer
Beschattungssysteme in Biiroumgebungen zu untersuchen und zu bewerten, um
die Planung und den Betrieb automatischer Beschattungssysteme in bestehenden

und neuen Geb&uden zu optimieren.

Um die Ziele dieser Untersuchung zu erreichen, wurden drei Phasen durchgefiihrt.
In Phase 01 wurde die derzeitige Praxis der Planung und des Betriebs automa-
tisierter Beschattungssysteme in 19 Fallstudien anhand eines Fragebogens un-
tersucht. Die am haufigsten verwendeten Beschattungssollwerte wurden ermit-
telt und getestet. Die Leistung von zwei im Handel erhéltlichen Beschattungss-
teuerungen wurde in Experimenten und Feldstudien untersucht. Die Ergebnisse
deuten darauf hin, dass die begrenzte Qualitdt und Genauigkeit kommerzieller
Geriate flir die automatische Beschattungssteuerung auf wirtschaftliche Zwénge
oder die Position und Neigung der Sensoren zuriickzufiihren sein konnte. Daher
sollten Planer andere Planungsstrategien in Betracht ziehen, wie z. B. eine Zwis-

chenstellung der Jalousie oder kombinierte Innen-/AuRenbeschattungssysteme.

In Phase 02 wurde eine experimentelle Studie in einer mafsstabsgetreuen
Testzelle durchgefiihrt, um die Leistung einer automatisierten Aufenjalousie in
Bezug auf Benutzerverhalten und -akzeptanz sowie thermischen und visuellen
Komfort in sechs Szenarien zu bewerten. Nach jedem Szenario fiillten die Teil-
nehmer einen Fragebogen mit Selbstauskiinften aus. Die Umgebungsparameter

im Innen- und Aufenbereich sowie die vom Nutzer und vom System ausgelGsten



Einstellungen wurden aufgezeichnet. Es wurden verschiedene Leistungsindika-
toren verwendet. Die wichtigsten Ergebnisse deuten darauf hin, dass ein robustes
Beschattungssystem (wenige Ubersteuerungsaktionen) durch folgende Mafnah-
men erreicht werden kann: eine multikriterielle Steuerungsstrategie mit einer
Zwischenposition fiir die Jalousie, ein akzeptabler Bereich von Schwellenwerten
fiir die Bestrahlungsstédrke und ein angemessenes Mafs an adaptiven Steuerung-
soptionen fiir die Arbeitsplatze.

Phase 03 wird eine Feldstudie durchgefiihrt, die eine Designuntersuchung,
Dateniiberwachung, einen Fragebogen und eine simulationsbasierte Analyse um-
fasst. Die Studie konzentrierte sich auf den Einsatz automatischer Beschat-
tungssysteme in einem realen Biirogebdude, um bewohnerzentrierte Regeln
fiir eine optimale Beschattungsplanung abzuleiten. Die Beobachtungsdaten
und die Fragebogenanalyse ergaben &hnliche Ergebnisse, namlich eine rela-
tiv geringe Interaktion zwischen den Bewohnern und den Beschattungssyste-
men. Die statistische Analyse der beobachteten Daten zeigte den begrenzten
Ansatz des in dieser Studie verwendeten Regressionsmodells, wiahrend Data-
Mining-Techniken Vorteile bei der Erforschung der Verhaltensmuster der Nutzer
zeigten. Die Lehren, die sich daraus fiir Planer und Forscher ableiten lassen, sind
unter anderem: Die Verwendung doppelter Beschattungssysteme (intern/ex-
tern) kann die Zufriedenheit der Nutzer mit automatisierten Beschattungssys-
temen verbessern (d. h. weniger Ubersteuerungsaktionen), die Definition von
Steuerungsschwellen ist von wesentlicher Bedeutung, und der Einsatz von Licht-

sensoren ist von Vorteil.
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Chapter 1

Introduction

According to IEA and UNEP, the building sector accounts for 35% of the global final energy
consumption (i.e., operation and construction) and 38% of energy-related CO2 emissions,
as compared to other end use sectors !. In the European Union (EU), the building sector
consumes about 40% of the total primary energy and is the main contributor to greenhouse
gas (GHG) emissions [117, 66]. According to a worldwide energy evaluation, offices represent
a significant part of the commercial building sector, the fastest-growing energy demand
sector, with an increasing rate of 1.6% per year since 2012 extending to 2040 [116]. Energy
is consumed in office buildings to maintain comfortable and healthy environments for the
occupants. For instance, occupants use energy to operate computers and interact with
control systems and devices.

Occupants spend 80-90% of their time inside buildings [6]. Occupants aim to maintain an
acceptable and comfortable indoor environment. The perception of comfort is influenced by
one’s past experiences and expectations [55]. Occupants are satisfied when their expectations
are met. Otherwise, they restore their desired sensation and needs by interacting with
the indoor environment (e.g., adjusting the thermostat, windows and blinds, operating a
fan). Consequently, their behaviours affect user comfort and building energy performance
[130, 9]. Gilani and O’Brien [11] reported that the risk of neglecting occupants’ needs and
expectations in the building design and operation process may cause discrepancies between
the predicted and actual energy performance and lead to sub-optimal decision-making in
designing and operating buildings .

Modern office buildings are often designed to include a high proportion of glazing in
the facade, impacting occupant comfort and building energy performance [63]. Therefore,
using appropriate solar shading to control heat gain and daylighting through the transparent
facade is crucial to obtain thermal and visual comfort as well as energy-saving [33, (4]. Solar
shading can be static or dynamic. Dynamic solar shadings use a built-in control algorithm

to determine how and when to adjust the shading device based on indoor or/and outdoor

12020 Global Status Report for Buildings and Construction: Towards a Zero-emissions, Efficient and
Resilient Buildings and Construction Sector, https://wedocs.unep.org/20.500.11822/34572
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environmental conditions [65]. Dynamic solar shadings could save energy, improve the indoor

environment and occupant comfort when properly designed and used [23].

1.1 Motivation

Building automation is becoming more prevalent in modern buildings systems’ design and
control to improve energy efficiency while maintaining occupant comfort [121]. Automated
shading systems represent a promising solution for improving indoor thermal and visual
comfort as well as saving energy [23]. Whereas, automated shading systems can keep balance
between various aspects of indoor environmental quality, such as discomfort glare, view
to the outside, privacy, thermal comfort, and air quality [7]. However, a recent review
of the literature indicates that many of the existing automated shading systems fail to
improve occupants’ visual comfort and reduce the energy use as intended in the design
phase [93]. Several studies reported that occupants frequently override or disable these
systems indicating discomfort or implying their desire for customized indoor climate |

|. Nevertheless, designers often neglect or fail to understand that providing occupants
more control over their environment increases their acceptance and preference for a wide
range of indoor climate [12]. Thus, if designers understand what occupants desire or expect
from shading systems in their offices, it would be possible to design better control strategies
for automated systems.

Previous studies indicate that user acceptance and satisfaction are crucial in the devel-
opment and operation of automated shading systems [7]. However, users complain about
shading systems’ control strategies since undesired automatic opening and closure occurred.
Thus, the users expectations are not met, which impacts their productivity and well-being
[77]. Moreover, a recent study found a conflict between the selected metrics, shading comfort
thresholds and what occupants accepted [62]. Therefore, an integrated evaluation of user
comfort and satisfaction, as well as energy use, is required while selecting an optimal solar
shading control strategy with limited override actions [64, 4]. Previous studies in the area
reported that limited focus was on dynamic shadings’ impact on thermal comfort and user
acceptance [71, 7].

Monitoring studies on occupant-shade interactions have been performed to predict occu-
pant behaviour models, integrate them into building simulation tools, and develop shading
control algorithms [41]. However, there are limited published studies on the design and post-
occupancy evaluation of buildings equipped with automated shading systems [67]. A better
understanding of occupants in the operation phase can enhance the robustness of building
automation solutions over occupant overrides [46]. Moreover, the extracted lessons from a
monitoring study can be applied in improving the design of existing and future buildings

with respect to shading systems.
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1.2 Research objectives

Based on the aforementioned limitations, the current research aims to explore and evaluate
the use and function of automated shading systems in offices environments. This is crucial
for the improvement of automated shadings’ design and operation in two aspects: (a) to
operate and maintain shading systems more efficient for occupants’ comfort and building
energy performance in existing buildings, and (b) to provide building designers and operators
with recommendations for better design and control of shading systems in future buildings.

To achieve the objectives of this research, three phases are implemented:

1. In phase 01, the current practice of automated shading systems’ design and operation

was investigated in commercial buildings to address the following sub-objectives:
e To explore the configuration of automated shading systems and define the
commonly-used control thresholds.

e To examine the quality and accuracy of two commonly-used commercial shading

control devices.
e To evaluate the energy and visual performance of shade irradiance setpoints.

2. Phase 02 introduces an experimental study, conducted in a full-scale test cell to

achieve the following sub-objectives:
e To evaluate the performance of automated shading systems under different sce-
narios in terms of user interaction and acceptance, thermal and visual comfort.

e To develop a multi-objective shading control strategy based on occupant-centric

parameters and test its performance.
e To find optimal setpoints of solar irradiance with respect to user acceptance and

comfort.

3. Phase 03 presents an in-situ monitoring study performed in a real office building in

Luxembourg. The purpose of this study is:
e To better understand occupant behavioural patterns related to the use of
automated shading systems and the main triggers behind that.
e To derive occupant-centric rules for optimal shading design solutions.

e To extract lessons and provide valuable insights for building designers and

operators with respect to occupant-centric shading design.
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1.3 Research approaches

Three main phases are conducted to achieve the main aim of the current research as previ-
ously stated. Different approaches are used to accomplish each phase. The workflow of the

three main phases and the used approaches are presented in Figure 1.1.

e In phase 01, a survey questionnaire was conducted in 19 case studies to investigate
the configuration of automated shading systems. The behaviour of commonly-used
commercial shading control devices was assessed in an experimental and field studies.
A simulation-based analysis using simplified tools (e.g., SimRoom and Variantas) was

performed to assess the energy performance of solar irradiance setpoints.

e In phase 02, an experimental-based study was conducted in a full-scale test cell
to evaluate the performance of automated shading systems under six scenarios (e.g.,
window size, cooling system, time context, and sky conditions). The test facility is a
south-faced single-occupancy office located at Haspel Campus, Wuppertal, Germany.
Twenty-eight participants took part in the experiments. After each scenario, a web-
based questionnaire was collected. Concurrently, indoor environmental parameters,
weather data, and shade deployment were recorded. Different performance indicators
were used. Statistical tests analysis (e.g., paired t-test) were performed using IBM
SPSS Statistics V21.0 software.

e In phase 03, the study included a design investigation, data monitoring statistical
analysis, a questionnaire, and a simulation-based analysis. An interview with the
designer was conducted to investigate the shading system design characteristics and
selection criteria. The data monitoring was performed under summer conditions in
2019, and the questionnaire was conducted in 2021 under similar conditions. Finally,
a simulation-based analysis was performed to evaluate the daylighting and energy

performance of the established shade control strategy.

1.4 Thesis structure
The core of this dissertation consists of six chapters, structured in the following way:

e Chapter 1 includes a brief introduction to the topic, the motivation of the current
research, along with the main aims and objectives, research approaches, and the struc-

ture of the dissertation.

e Chapter 2 reviews the recent research and the current knowledge in the field. First,
a general review of occupant behaviour and its impact on building performance is
presented. Second, the types of shading systems, dynamic solar shading, control
strategies, and assessment methods are introduced. The third part reviews the exist-

ing research concerning occupant-related data collection (e.g., laboratory experiments
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Figure 1.1: Study workflow to illustrate the three main phases in the current research and
the used approaches.

and in-situ monitoring studies). Finally, recent research on occupant-centric shading

design is introduced.

e Chapter 3 presents the data collection and analysis of the automated shading systems’
configuration in commercial buildings. The laboratory and monitoring-based studies
to examine light sensors’ quality and accuracy are reported and discussed. Finally, the
tools and findings of the simulation-based analysis are introduced.

e Chapter 4 outlines the methods used to conduct the laboratory experimental study.
The performance metrics used to evaluate automated shadings are defined. The sta-
tistical analysis results of different scenarios are presented and compared. Finally, the

main conclusions and limitations of the study are drawn.

e Chapter 5 presents the methods and key findings of a comprehensive field study,
including design investigation, data monitoring, a questionnaire set, and simulation-
based analysis. The main conclusions and lessons learned from shading design and
how occupants interact with shading are extracted for optimal shading design (i.e.,

few override actions).

e The last Chapter 6 summarizes the main conclusions and recommendations obtained
in each chapter and identifies their limitations. Additionally, the major contributions

of this research and recommendations for future research work are outlined.



Chapter 2

Literature review

In this chapter, a high-quality journal papers, books, and conference papers are collected
and reviewed to summarize the state-of-the art and main findings of previous research work
related to the topics of user interaction with automated shading system and occupant-
centric shading design. Related-papers over the last ten years and more were gathered in
Mendeley repository from Science Direct, Scopus, and Google Scholar. The main keywords
included automated shading systems, user interaction, user satisfaction with automated
shading, shading control strategies, thermal and visual comfort assessment, and occupant-
centric shading design. After papers were reviewed, they are summarized into the following

sections.

2.1 Occupant behaviour and building automation

Occupant behaviour (OB) defined as the "presence and actions of occupants that affect
building energy use, and is recognized as main source of discrepancy between simulation pre-
dictions and actual building performance" [34]. Over the last decades, occupant behaviour
was found to have a significant impact on building energy consumption [130, , |. In
commercial buildings, occupants’ behaviour can affect annual energy use by a factor of two
or more [49]. With the growing need for energy-efficient and sustainable buildings, archi-
tects, planners, designers, building operators, and researchers have started to recognize the
importance of understanding occupants’ presence and behaviour. On the other hand, build-
ing performance simulation (BPS) is considered one of the most effective means to evaluate
building performance and design. However, the "performance gap" between the predicted
and actual energy consumption can be a result of multiple sources of uncertainty, including
occupant behaviour and other factors (e.g., building properties assumptions, absence of ac-
curate weather data) [135, 54, 81]. Understanding and modeling of occupant behaviour in
buildings (e.g., better representation of energy-related OB models in building energy models)
are crucial to reducing these discrepancies [135, 9].

But how do occupants influence building performance? Occupants have an impact on
their surroundings by simply being there. They affect the buildings’ heat balance by produc-
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ing water vapor and CO2 as well as emitting sensible and latent heat. Occupants respond to
their surroundings in a variety of ways, ranging from physiological adaptation (e.g., sweat-
ing or shivering), to personal adaptation (e.g., changing their level of clothing, and activity
level, or consuming a hot/cold beverage), to environmental adaptation (e.g., adjusting the
thermostat, operating a fan, adjusting windows and blinds) [33]. The latter is called adaptive
behaviors, while non-adaptive behaviours are energy-related behaviors that enable activities
such as computer work in offices or cooking in dwellings [93].

Users have needs and expectations too. Sometimes, users aim to maintain acceptable
indoor comfort conditions (e.g., thermal, visual, acoustic, and indoor air quality (IAQ)) in
buildings. Objective and subjective aspects can affect their comfort sensation. The objective
aspects are related to building properties and environmental conditions, while the latter
concerns physiological and psychological attributes. Triggered by all these stimuli, occupants
interact with building devices to modify their environment and restore their desired sensation
and needs. Occupants have numerous options to interact with their built environment as
mentioned before [130, 9]. Besides, occupant behaviour can be an interaction that result
is a state change, and no interaction which leaves the current state unchanged as stated in
chapter 02 of Wagner et al. [130] book. Occupants’ adaptive behaviours consequently affect
the indoor environment, user comfort and building energy consumption. This continuous

cycle is illustrated in Figure 2.1.

Windows
]%

Blinds

’Q‘ Lights
ﬂHF Thermostat
&

==) AC units
3559

$ Building energy
A Fa;s consumption
’1 Doors
PrANNE——

Figure 2.1: Cycle of interaction between the users and the environment [117].
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The term "energy-related occupant behaviour" was defined by Schweiker [109] as "hu-
man being’s unconscious and conscious actions to control the physical parameters of the
surrounding built environment based on the comparison of the perceived environment to
the sum of past experiences." The perception of comfort is influenced by one’s past experi-
ences and expectations [55]. Cultural expectations and context-specific expectations might
influence the satisfaction with an indoor environment and confound the interaction between
environment and human perception. Thus, satisfaction is achieved by matching thermal
conditions in a given context and one’s thermal expectations of what indoor environment
should be like in the same context [11].

During the last few decades, significant research efforts have been made to evaluate
the impact of occupant behaviour on building energy use. In this perspective, the TEA-
EBC Annex 66 "Definition and Simulation of Occupant Behaviour in Buildings" was an
important initiative to improve occupant behaviour research in terms of data collection,
model representation, and evaluation, as well as the integration of OB models in building
performance simulation [134]. This is followed by IEA-EBC Annex 79, "Occupant-centric

n

Building Design and Operation," which focuses on investigating and developing occupant
modeling in building design and the application and knowledge transfer to practitioners [91].
All research aimed at better understanding of occupant behavior is ultimately of great value

to the building design and operation community.

Fully automated vs. personal control

Modern building systems’ design and controls are shifting towards increasing building au-
tomation to improve energy efficiency while maintaining occupant comfort [121]. Ambient
intelligent workplaces have clear economic motivations. For example, energy and cost sav-
ings can be gained by turning off the light while no one is in the room or reducing the electric
light if there is adequate daylight. However, the energy consumption of the automation sys-
tem itself may use more energy than the energy saved by the automatic control (e.g., highly
efficient LED due to automatic lighting control) [68]. Therefore, fully automatic control
is not the complete answer, and technology alone does not necessarily lead to low-energy
buildings [29].

The consequence of reducing occupant control and increasing building automation is a
topic that has been heavily investigated in the literature [121], where two main arguments
emerge. First, Fanger and Toftum [30] argued that occupants with a lower degree of personal
control have lower thermal comfort expectations. On the other hand, Leaman and Bordass
[72] explained that occupants are "satisfiers," not "optimizers," and they tolerate deviations
from ideal indoor conditions as long as they have adequate opportunities to intervene and
control their environment. In terms of how occupants react to the automated control system,
several studies reveal that occupants commonly override or disable the automated control
systems, rendering many automation applications useless. Two different explanations have

been proposed in the literature to explain occupants’ dissatisfaction with the automation
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applications: (a) desire for the ability to control and (b) desire for a customized indoor
climate [16].

Therefore, understanding the interaction between occupant behaviour and building tech-
nologies and identifying the appropriate balance between personal control and automatic
strategies are crucial to improving building design and operation [135]. It is not easy to
generalize the appropriate balance between personal and automatic strategy since it de-
pends on several factors. Moreover, Day and Heschong [21] reported that there is no clear
general tendency for user preferences between manual and automatic controls. The litera-
ture has identified two valid principles regarding user acceptance of building automation:
automated controls are more accepted (a) if users can override them, and (b) if they meet
user preferences; otherwise, they are perceived as strongly uncomfortable [80]. Another way
could be to better inform occupants and train them how to interact with the building. As
such, their competencies would increase and eventually their satisfaction. In addition, the
whole human-building systems’ resilience may increase as it is less dependent on error-prone

sensors and algorithms.

2.2 Shading systems

Solar radiation and heat gain, which are transferred through the glazed envelope of a build-
ing, have a severe impact on thermal and visual comfort in the indoor environment as well
as energy performance. For instance, radiant heat from the sun reduces the heating energy
consumption in winter while increasing the cooling demand during the summer season. Ad-
ditionally, glazed surfaces are essential for daylighting to minimize electric lighting in offices;
however, excessive and uncontrolled daylight can lead to discomfort issues mainly related
to glare. Control of solar gains and daylight is essential, especially in commercial buildings
with large glazed surfaces [28, 71, 83]. Therefore, a suitable solar shading is required to
reduce solar gains during the cooling season while keeping heat during winter, ensure suf-
ficient and comfortable daylight while preventing glare, view access to the outside, and in
some circumstances to provide privacy for the occupants [62, 83].

Shading systems can be applied externally, internally, or inside the glazing (see Figure
2.2). They can be fixed, adjustable, or retractable. Internal shading devices include Venetian
blinds, roller blinds, and curtains. They can be used to control glare, provide privacy, and
regulate the visible light transmission through the glazed area. External shading devices
include shutters, awnings, overhangs, and louvers (horizontal, vertical, or a combination of
both, named egg-crate). External blind is the most efficient solution for controlling incoming
solar radiation. However, many architects do not like the external appearance of the blinds
due to uncontrollable changes by various use of them [33]. Inter-pane shading systems
are placed between the two panes of the glazing system. They can be Venetian blinds,
roller shades, or pleated paper. One of the benefits of in-between-pane shading systems

is that the shading device is protected from wind and rain, making it more durable than
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external shading devices [12]. Moreover, sun protection glass and fixed shading systems

work independently from user behaviour, making the building more robust in this respect.

Figure 2.2: Various types of shading devices (a) combined (internal textile screen and ex-
ternal Venetian blind)'(b) external and (c) inter-pane Venetian blind 2.

In terms of shade control methods, blinds can be classified as manual, motorized, and
automated. A manual blind is the simplest type of blind that can be operated manually
and does not incorporate a motorized device. Motorized blinds are operated by a motor and
controlled manually using a remote or central operation. Movable blinds, though commonly
used, have limitations in reducing energy consumption since occupants tend to operate the
blind only when glare makes conditions uncomfortable. On the contrary, sensors can auto-
matically control shades based on indoor and outdoor environmental conditions. Therefore,
excessive energy use and glare discomfort can be significantly reduced [65, 14]. Moreover,
automated shading systems can play an essential role in balancing various aspects of in-
door environmental quality, such as discomfort glare, view to the outside, privacy, thermal
comfort, and air quality [7].

From an energy point of view, automatic control of solar shading should be applied
in office buildings. Considering that occupants do not tend to change the blind position
for short-term events in the external weather conditions, and the blind rate of change is
commonly relatively low [95, 124, 20]. Besides, automation is also needed to secure a suit-
able blind position during summer weekends and other periods without utilization (absence
period). A research study confirmed that the building performance was improved by apply-
ing dynamic solar shadings on different buildings, and they claimed that dynamic facades
are essential in achieving high-performance building [132]. In another study, the potential
energy-saving and comfort enhancement when using an automated blind, compared to the
employment of a manual one, was experimentally confirmed in an open office building in
Korea [65]. Thus, the automated shading system could save energy and improve the indoor

environment when properly designed and used. Moreover, simulation results indicated that

Thttps://www.golav.lu/, by Jiirgen MULLER.
2https:/ /www.archiexpo.com

10



CHAPTER 2. LITERATURE REVIEW

the estimated daily average energy consumption for heating and cooling was considerably
higher for manual users than for occupants using the automatic mode [35]. Keeping in mind
that all simulation studies depend on context and assumptions in their analysis. A body of
research was developed in the area of dynamic solar shading, including the properties and
position, the control strategy development, performance testing methods, and measured
metrics. A comprehensive review and discussion of methodologies and findings from the

recent research effort are presented in the following sections of this chapter.

2.2.1 Automated shading and their control

Automated shading systems utilize a built-in control algorithm to maintain comfortable in-
door conditions since the dynamically changing weather conditions are checked continually
[65]. The shade control strategy is the logic used to determine how and when to adjust the
shading device to improve occupant comfort, lighting levels, glare, energy use, or combina-
tion. Besides weather data and indoor environment, recent efforts have used system building
performance as input parameter into a control strategy [71]. Usually, the shading device
is lowered completely when a chosen parameter exceeds the setpoint and is retracted when
the parameter is below another limit value [14]. In general, control modes and threshold
values must be carefully selected, considering the facade orientation, use of the building,
local weather data, season of the year, and activity of the occupants [127].

In the early 2000s, shading controls were either based on outdoor environmental varia-
tions (e.g., direct sunlight, sun position, outdoor irradiation) using "open-loop" controls or
"closed-loop" based on feedback from an indoor environment. "Open-loop" controls require
low initial cost and don’t allow direct user interactions or external inputs; therefore, a feed-
back loop is absent in its logic. While "closed-loop" controls allow feedback signals and user
interventions which increases the initial costs [120)].

The shading control strategies can also be deterministic or stochastic. The deterministic
control strategies are based on measured or model-predicted quantities. Measurement-based
strategies using a simple parameter or multiple criteria are easier to implement. Various
shading control algorithms have been used in literature, where some are based on trans-
mitted or incident solar radiation [100, |, others based on incident radiation and indoor
temperature [127]. Among these parameters, solar irradiance or illuminance is the most
common parameter used in the solar shading control strategy. The literature suggests a
wide disparity among the irradiance values to use, ranging from 100-450 W/m?, and a va-
riety of locations and orientations to detect the irradiance [64]. Model-based sensors read
external real-time information and process it in simulation software (e.g., predicted energy
performance, comfort metrics, and potential glare) to adjust the shading position. A good
example of implementing real-time, model-based roller shade controls, with multiple visual
comfort criteria, intermediate shade positions, and lighting energy use considerations, is pre-
sented by Xiong and Tzempelikos [133]. The model-based algorithm can effectively reduce

lighting energy use and improve indoor environmental conditions.
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Besides deterministic models, stochastic models based on OB can be incorporated within
building simulation programs to implement shading operation |69, 43]. For instance, Gunay
et al. [14] developed an adaptive model which was based on lab-collected data on occupants
interaction with shading devices. According to the findings, the developed adaptive lighting
and blinds control algorithm can significantly reduce the lighting loads in office buildings

while maintaining the occupant comfort.

2.2.2 Assessing automated shading performance

Different performance metrics and testing methods were used to assess the performance of
automated shading devices and associated control strategies. Table 2.1 summarizes previous
experimental and simulation-based studies focus on performance assessment of automated
shading control strategies.

Many research efforts have focused on shading control evaluation in terms of visual
comfort. For instance, Karlsen et al. [64] used vertical illuminance, solar irradiance, and
cooling demand measurement as criteria to control shading devices of a combined external
and internal Venetian blinds. In the same study, the researchers investigated the Venetian
blind with a cut-off strategy of the slats to achieve balance in preventing glare and providing
daylight as well as view to the outside. However, they reported that cut-off strategy might
be insufficient to avoid glare [62]. In another study, a comprehensive assessment of Venetian
blind control strategy were presented by Chan and Tzempelikos [15] considering daylight
provision, lighting energy use and visual comfort. The researchers suggest controlling the
solar shading according to Daylight Glare Probability (DGP) for providing sufficient glare-
free daylight. However, they conclude that this metric is impractical for calculating in
real scenes when sunlight falls directly on the occupant. Other researchers suggest vertical
illuminance as a successful control for achieving visual comfort since it is a parameter that
may dramatically decrease glare without significantly affecting daylight availability [126, 70].
A recent study developed an artificial intelligence algorithm that detects subjective glare
discomfort from the image analysis of the videotape of an office occupant’s face to achieve
glare-free daylight solutions [60].

Alongside the visual comfort, less effort has been placed on evaluation of thermal comfort
impacts from automated shading. In a laboratory experimental study, Carletti et al. [14]
controlled external Venetian blinds at four predetermined configurations based on external
illuminance and temperature in two different periods (spring and summer) for residential
buildings in Mediterranean climate to study the impact on indoor thermal conditions. The
results showed that the different configuration of the Venetian blind hugely affect indoor
thermal and lighting performance. In another study, Van Moeseke et al. [127] investigated
the impact on thermal conditions in naturally-ventilated office building using two simulation
sets under six different shading and natural ventilation control modes. Simulations have been
carried out for a typical year in Belgium. Combined criteria (indoor temperature and solar

irradiation) was found to allow more efficient solar gains for heating in winter, limiting the
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shade operation closure time and increasing daylight inlet. Other studies focused on the
impact of shading controls on the thermal environment and air-conditioning energy use.
For example, Liu et al. [70] evaluated different control strategies for intelligent facades to
optimize comfort performance and minimize HVAC energy demand for an office building.

A number of researchers state the importance of integrating daylight, thermal comfort
and energy consumption assessment when selecting a solar shading system and their control
strategies, since an appropriate solution might be a combination between these aspects.
For instance, a control strategy based on a combination of internal and external shading
was evaluated in terms of energy use and indoor environmental conditions using a full-
scale experiments [64]. Vertical illuminance at the eye level was used as closure criterion
to reduce glare discomfort and a modified cut-off strategy for the slat angle to provide
sufficient daylight and view to the outside. The study demonstrated the importance of
doing integrated evaluation of energy use, thermal and visual comfort when deciding on solar
shading control strategies. Similarly, Atzeri et al. [1] analyzed the impact of the shading
systems on visual and thermal comfort as well as total energy consumption using two movable
shading systems. Roller shades and Venetian blinds were controlled by two setpoint: glare
index and incident solar radiation on the facades. The researchers concluded that external
shading application only reduced the PMV values variations since the temperature was
controlled with mechanical system.

Recently, simulation-based methods and experimental-based testing methods have been
improved and increased, however experimental test methods are still limited in compar-
ison to simulation-based research [71]. Many simulation efforts have focused mostly on
visual comfort evaluation and/or energy performance. For instance, Atzeri et al. [3] inves-
tigated the performance of different glazing systems coupled with three control strategies
for roller shades in a typical office space. The first control strategy was developed using
a fully open/closed operation, the other two allowing intermediate positions depending on
the sun’s position or indoor illuminances. The overall impact of the considered variables
(shading controls, window size, glazing properties, and orientation) on comfort metrics and
primary energy demand showed that it is possible to balance daylighting, thermal and visual
comfort, and energy use. This can be achieved by selecting a control strategy that allow
adequate daylight without glare and glazing properties with good thermal and visual perfor-
mance. Another detailed simulation-based analysis of four shading control strategies based
on constant and variable setpoints including the intermediate shade positions was reported
in Tzempelikos and Shen [122]. The results showed that it is critical to understand how
shading control strategies affect the interaction of daylight provision, lighting energy use,
thermal loads and the role of internal heat gains. Recently, a comprehensive simulation-
based comparison among different shading control strategies, thresholds and climates was
conducted by Tabadkani et al. [120] to study their impact on user comfort and energy load.
Results showed that climatic conditions and initial design objectives impact significantly the

shading control optimum scenario.
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Concerning experimental studies, some have focused on the use of illuminance-based
shading control and others on glare-based controls in a full-scale test setup. For instance,
Karlsen et al. [64, 62] conducted an experimental study to investigate occupant satisfaction
in terms of visual comfort in a controlled chamber in Aalborg, Denmark (latitude 57.02°N,
longitude 10.0°E) [64]. Two blind control strategies were used: one simple control strategy
with closed slats and one more detailed control strategy with the cut-off angle of the slats.
The results revealed that the detailed control strategy was significantly more popular among
the participants than the simple one. According to the findings, more effort should be made
into finding optimal setpoints for solar shading activation to obtain a more robust control
strategy with limited override actions.

Some research have used a combination of experimental and simulation testing methods.
For instance, Shen and Tzempelikos [115] tested a simplified shading control-based on the
transmitted illuminance from the window- using a full-scale experimental test combined with
simulation. Two identical side-by-side offices with adjustable facade and lighting systems,
located in West Lafayette, Indiana, were used for the experiments. To maximize daylight
utilization while reducing glare, shades move to intermediate position. In another study,
real-time tests and computer simulations were performed to study how the shading devices
work in controlling air temperature and improving illuminance. Indoor air temperature,
visual environment and users’ interaction were monitored, and the results were compared to
a non-shaded environment in a Jordanian office building, located in sub-tropical area [32].

Another recent study investigated the importance of occupant behaviour (OB) modelling
when evaluating the daylight and energy performance of an automated blind control strate-
gies using experimental and simulation-based methods. The preliminary results showed
that the energy performance of automated blind control strategies could be overestimated
by non-considering occupant overrides. The researcher confirms the need for new OB models
to estimate the impact of user override actions while evaluating the performance of auto-
mated shading control strategies [78]. Based on the author review, a recent study utilized
a Bayesian modeling approach to investigate human interactions with automated shading

and lighting systems in terms of override actions [104].

2.3 Occupant interaction with automated shading system

User interaction and satisfaction are two primary factors that cannot be neglected in the
development and operation of automated building systems [7]. Occupant satisfaction with
automated shading system is influenced by their visual and thermal comfort as well as their
ability to control the conditions of their working environment. Their response to automated

shading system affects building energy performance [67].
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2.3. OCCUPANT INTERACTION WITH AUTOMATED SHADING SYSTEM

2.3.1 Perceived control and comfort of automated shading systems

User acceptance is essential for effective building automation technology adoption, but it is
difficult to achieve. It is necessary to find a balance between energy efficiency and occu-
pant comfort, ensuring that people feel comfortable and productive at their workplace while
still keeping the energy-saving potential of building automation technology [36]. Perceived
control is often included as a factor in technology acceptance models and users satisfaction
measures [34]. A recent literature review indicates that many of the existing blinds automa-
tion systems fail to improve occupants’ visual comfort and reduce the lighting energy use
as intended in the design phase [93]. Gunay et al. [15] reported that occupants frequently
override or disable these systems, either indicating discomfort or implying their desire for
a customized indoor climate or view-to-the outside. Another study found that occupants
disabled the automatic mode because they did not understand why the blinds were moving
up or down. They felt this was often occurring at the wrong moments [36].

Occupants’ perceived comfort is highly affected by the degree of interaction between
buildings’ users and the shading system. For instance, Sadeghi et al. [105] conducted a
comparison study on occupant interactions with shading and lighting systems using four
different control interfaces, including a fully automated system, an automated system with
manual overrides (via remote control), and manual control (via a wall switch or a web
interface). The fully automatic system had the lowest comfort ratings. When manual
override was possible or manual control via the web interface or wall switch was available,
comfort votes were increased. Similarly, Bakker et al. [7] showed that having the ability
to override the automated shading systems manually leads to higher user satisfaction with
light levels in the work environment and view to the outside. Additionally, they found that
limiting the number of facade movement and associated noise, as these are perceived as a
disturbance even when occupants that this intervention is for their benefit, are considered
to be more acceptable. Vine et al. [128] found that users prefer manual blind systems
to automatic systems and complain about the low level of indoor illuminance caused by
automatic closure. These findings were confirmed by Reinhart and Voss [102], demonstrating
that occupants accept an automated shading systems when they can raise the blind and
increase the view. In general, Tamas et al. [121] indicated that the availability of adaptive
opportunities (e.g., movable blinds, operable windows, thermostats) significantly improved
occupants’ perceived comfort.

One of the studies suggested that an integrated multi-domain approach is required to
evaluate occupant satisfaction with the performance of automated shading systems. The
authors conducted an exploratory experimental study in a test cell. They found that occu-
pant are satisfied not only if a comfort thermal and visual conditions are reached, but also
how it is achieved (i.e., if users perceive the blind actuation as disruptive or not) [79]. While
other studies indicated the importance of considering user-accepted solar shading control
strategies during building design to ensure realistic building performance predictions [62].

However, there is still limited effort on evaluating shading control strategies in terms of
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user interaction and acceptance (i.e., few override actions) combined with thermal and vi-
sual comfort assessment in an experimental study due to the high cost of sensors and data

acquisition.

2.3.2 Triggering parameters

The majority of the research work on occupants’ response to shading systems is related to
the manual use control, while a limited number of studies related to the use of automated
systems [68]. However, findings of studies on manually operated blinds may help conclude
automated ones as indicated by Galasiu and Veitch [36]. Many factors trigger occupants to
interact with shading devices such as solar intensity and sun position, sky conditions, season,
time of the day, view-to-the outside, cooling system, user expectations and preferences, etc.
However, a general result on trigger parameters for blind use is still missing because of
the various studies on monitored and correlated factors. Nevertheless, some stimuli seem
to recur more frequently [118]. In general, previous studies found that occupants may use
shading devices to mitigate both visual and thermal discomfort and the need for view and/or
privacy. Several authors reported that occupants in offices operate blinds to achieve better
visual comfort than thermal comfort [55, 48]. However, it is arguable whether visual or
thermal comfort influences more blind operation. Based on previous studies, the primary

triggers behind blind use include but are not limited to (see Figure 2.3):

——include—» Adaptive triggers
. Non-adaptive triggers
—include—| (i.e., time of the day, 4
scheduled activity) R
S
e
. Contextual N
—include: >
factors

Figure 2.3: Potential triggers and contextual factors influencing user shade interaction
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e Physical/environmental parameters: A wide range of indoor and outdoor physical
parameters was monitored in various campaigns to investigate the triggers of interac-
tion with shadings. Indoor variables include indoor air temperature [32, , 55, 56],
workplane illuminance [119, 82, 48], vertical illuminance on Visual Display Units
(VDU) screens [119)], daylight glare index and probability [20], transmitted solar radi-
ation [58, 119], solar penetration depth [58, 102]. Solar irradiance (e.g. direct, global,
incident) [82, 119], outdoor temperature [17, 101], solar altitude [130] are among the
outdoor parameters which were investigated and found to influence blind adjustments.
O’Brien et al. [95] suggested for studies to investigate the nature of transmitted solar
radiation rather than exterior one because it is the interior conditions that trigger
occupants to control their shades. Other studies described the solar conditions as
quantitative metrics (e.g., sunny and cloudy, sunshine index) [31, 57, 75]. Inkarojrit
[55] found a significant difference in the frequency and shade position on sunny days

versus cloudy days.

Significant variations between the main drivers behind blind use was found in liter-
ature. A reasonable explanation for this contradictions is that occupants use blinds
to mitigate both visual and thermal discomfort (excluding the non-physical factors
such as view or privacy), which can be caused by temperature, solar radiation, glare,
etc. For instance, indoor temperature and incident solar radiation were reported in
Mahdavi et al. [32] study to be significant for occupant interaction with shading. In
contrast, Foster and Oreszczyn [31] claimed that both variables cannot be a predic-
tor variable for shade deployment. Illuminance (e.g. external, horizontal, global) was
found as major driving to modify the blind position. However, more recent studies
found significant correlations especially with workplane illuminance [118]. In another
study, Zhang and Barrett [136] found a higher probability of shade lowering when
incident solar radiation increases, while the one proposed by Gunay et al. [11] presents
a decreasing trend. These differences suggest that users’ behaviours can be very dif-
ferent for similar physical quantities. These findings suggest that boundary factors
(e.g. building exposure, desks position...etc.) have a significant impact on user-shade

interaction.

e Seasonal effect: Long-term observational studies found significant differences in oc-
cupant adaptive behaviors between cooling and heating seasons. Some authors found
seasonal effect as a key driver of user-shade interaction when taking the building orien-
tation into account. Zhang and Barrett [130], for example, found the non-north blinds
to vary seasonally. On the contrary, Haldi and Robinson [18] reported that the ef-
fects of seasonable changes are dependent on other physical parameters such as indoor

temperature or daylight level, thus they were found statistically non-significant.

e Non-physical parameters: Personal characteristics and human attributes (non-

physical parameters) can influence occupant interaction with shading devices. These
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variables are not measurable with typical sensors, such as view to the outside, privacy,
and daylight-health perception. Previous studies found that occupants may tolerate a
certain degree of glare as long as the view-connection to the outside was maintained
[58, 62]. They discovered that an outdoor view is critical for building occupants’ sat-
isfaction. Similarly, Gunay et al. [45] reported that one of the primary reasons for
occupants to open their blinds is to increase their view connection to the outdoors.
In addition, Rubin et al. [103] stated that the view of the other office buildings could
conflict with the preference to maintain privacy. Other researchers [55, 31, | re-
ported that occupants’ desire to maintain privacy is a secondary reason for choosing

blind positions.

e Contextual factors (facade orientation, floor level, desk-shade position, and
control interface): Facade orientation was reported as one of the most significant
factors that affect blind occlusion [124, 125]. Facade orientation affects the magnitude
and temporal distribution of the solar gains. For instance, the south facades receive
the most useful solar radiation during the winter, while the north facades receive the
least solar gains. Several studies reported that mean shade occlusion was the lowest on
north facades and highest on south facades [32, , 31]. Additionally, Mahdavi et al.
[32] observed a correlation between shade use frequency and facade orientation during
a survey in three office buildings in Austria. They found a higher variability of the
shade adjustment in east and west-facing offices compared to south and north ones.
Regarding floor level, O'Brien et al. [95] suggested a correlation between shade use
and office floor level, considering that occupants in higher offices tend to have better
views. However, few studies distinguished offices’ height, and they did not find any

significant conclusions.

Desk-shade position could affect the shade pattern; for example, the different distances
of sitting far from the facade could result in a different behavioural patterns [95].
Escuyer and Fontoynont [27] noticed a high correlation between the position of the
computer screen related to the window and the frequency of user-shade interaction [67].
Moreover, the orientation of desks and VDUs is known to significantly affect visual
comfort [95]. In terms of control interface, O’Brien et al. [95] reported that providing
occupants with easy-to-use shade controls makes them more likely to control them
since the effort required to improve the indoor environment is reduced. Moreover,
Sadeghi et al. [105] observed a significantly higher number of shade interactions where
ease of control accessibility was high (manual control with web interface). Similarly,
Sutter et al. [119] observed that remotely-controlled motorized shades were adjusted

three times more often than manually operated shades.

e Social constraints: The likelihood of adaptive behavior was influenced by sharing the
same controlled device with many occupants. According to Day et al. [23], interfaces

often affect many people, imposing implicit or spoken social constraints on the degree
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to which an occupant can adjust an interface for their benefit. For instance, O’Brien
et al. [95] reported that office workers are less engaged in their interaction with shades
due to perceived or real social constraints (i.e., concerns of annoying office mates).
Similarly, Haldi and Robinson [18] found that the shades of single-occupancy offices

were adapted more frequently to changing indoor illuminance levels than shared offices.

Time of the day: Occupants tend to occupy offices during the daytime, where the
solar geometry varies cyclically over the day, thus affecting the daily patterns of shade
use. Moreover, the frequency of shade interactions was significantly different between
arrival, intermediate, and departure in relevant studies [48, 20]. Inoue et al. [58]
reported that shades on east facades are usually closed by occupants upon arrival but
gradually raised during the day, while the opposite occurs for the west-facing offices.
On the contrary, Rea [99] reported that time of day had minimal effect on shade

position since occupants make little effort to change it during the day.

HVAC system and lighting control: Most studies have found that occupants rely
less on adaptive behaviors -either by choice or necessity- when HVAC and dimming
lighting systems are available. The presence of an HVAC system may affect the adap-
tive behaviours since occupants do not need to take as many if comfort conditions are
automatically provided [16]. For instance, Inkarojrit [55] observed that occupants in
mechanically air-conditioned spaces tend to use the blinds less than in buildings with
natural or hybrid ventilation systems. In contrast, the occupants are more likely to
use blinds to achieve thermal comfort. In terms of automated lighting control, Eilers
et al. [26] found that occupants without automatic lighting control were much more
likely to leave their shades closed, while those with automatic lighting control were

much more active shade users.

Physiological factors: such as individual ability to adapt to the changing physical
environment, thermal and visual preferences, age, and gender [55]. Findings from
previous studies suggest that age affects the visual performance. For example, Bennett
[10] reported that old people were more sensitive to discomfort from overall bright
lighting systems than young people. Moreover, several studies indicate that ideal
thermal conditions for the elderly people are different from those of young people [103].
In addition, gender plays a role in perceiving the thermal environment. In general,
females are more sensitive for cold conditions and deviations from the individual ideal
conditions than males [107]. However, studies in ASHRAE Handbook [51] revealed
that the thermal conditions preferred by old people and females do not differ from
those preferred by young adults and males.
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2.4 Findings based on data collection methods

There are numerous methods of collecting occupant-related data to understand occupants’
behaviour in buildings, such as in-situ monitoring studies, laboratory studies, surveys, and
virtual reality [130]. In the current research, a laboratory experimental study and an in-
situ monitoring study are deployed to investigate occupant behaviour related to the use of
automated shading systems. Virtual reality®approach is not in the scope of this research.
This section introduces an overview of each approach, followed by the state-of-the-art.

2.4.1 Findings from laboratory experimental studies

Overview

One of the approaches used to investigate the relationship between occupant interaction
with automated shading systems is using controlled chambers to conduct experiments. A
laboratory experiment is a full-scale environment that resembles typical spaces of interest.
A number of occupants participate in the study by spending time in laboratory spaces and
interacting with the indoor climate designed for scientific research purposes (e.g., building
performance, occupant behaviour, and comfort). The Technical University of Denmark
(DTU), btga-box of Wuppertal University, and LOBSTER of the Karlsruhe Institute of
Technology are examples of climatic chambers for occupant behavior studies [11].
Laboratories are flexible to manipulate layout, material, control systems, indoor envi-
ronmental conditions, and orientation (some test facilities are rotatable). In laboratories,
indoor environmental conditions are often tightly controlled, particularly to study adaptive
opportunities. It is easy to quantify skin temperature, mean radiant temperature, and air
velocity, which is impractical or costly to measure in in-situ monitoring studies. Moreover,
the social constraints (presence of other colleagues) that influence adaptive behaviours can
be measured efficiently. However, the construction and operation of laboratories as well
as the recruitment of volunteers are both expensive [41, |. Despite the significance of
findings reported from these controlled experiments, they are not necessarily applicable for
broader usage due to inherent limitations. For instance, participants usually know in ad-
vance that they only have to use these spaces for a short predefined period, which may alter
their comfort perceptions and interactions with building controls due to the "Hawthorne ef-
fect"4[121]. Schweiker and Wagner [112] reported that the generalizability of the inferences

and mathematical OB models in laboratory studies is not well-established.

State-of-the-art

Several efforts have been made to evaluate user satisfaction and interaction with controlled

shading using experimental testing |64, (2, , 86, 44, |. Table 2.2 summarizes related

3Virtual environments use computer-based 3D special effects to mimic the actual world by giving users
a sensation of presence as if they were in a real space [11].
4Hawthorne effect is the notion that knowledge of being studied affects occupants’ behavior.
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previous studies in controlled laboratories. One of the earliest studies is the experiment
conducted by Kim et al. [65] in two mock-up test rooms in the summer season to determine
whether occupant comfort and environmental performance can be improved by applying
an automated Venetian blind compared to a manual or motorized one. The pattern used
with motorized blinds was established based on a survey, conducted over four days at a
high-rise building in Seoul, Korea under a temperate climate. The potential energy savings
and the comfort enhancement when using the automated blind were confirmed, and the
insufficiency of the automatic control algorithm was found out. Another experimental study
was conducted by Lolli et al. [77] in two cell offices to investigate occupants’ satisfaction with
indoor brightness under two control strategies (fully automatic and manual) for blind and
ceiling lights use. 11 participants took part in the experiments over 36 days under a Nordic
climate and high latitude sky conditions. Results show that the use of the automatic control
strategy led to a higher visual and thermal discomfort, although a high average operative
temperature did not cause the latter.

A new interface was assessed by Meerbeek et al. [30] in terms of user satisfaction and
use of automated blinds at various levels of automation and types of system expressiveness
(via interface). The experiment was conducted in the ExperienceLab of Philips Research,
which mimicked an office environment with a virtual window. The results revealed that
using expressive interfaces -providing information to the end-user about the intentions and
actions of the automated systems- could increase users’ acceptance of automated blinds and
so achieve the predicted energy savings. Gunay et al. [44] developed an adaptive lighting and
blinds control algorithm based on the occupants’ illuminance preferences learned from their
light switch-on and blinds closing behaviors in ten private offices. The developed algorithm
was first tested inside a controlled laboratory of shared office space, then implemented inside
controllers serving five private offices. The results indicated that the developed adaptive
control algorithm could substantially reduce the lighting loads in office buildings without
compromising occupant comfort [44].

During another experiment, 26 participants were subjected to multiple test scenarios
in a daylight laboratory at Eindhoven University of Technology, Netherlands. Varied time
intervals and discrete steps with pre-determined positions for roller shades was used to
examine user satisfaction and distraction caused by shade movement. They found that less
frequent fagade configuration was significantly better appreciated than smooth transition
at a higher frequency. They showed that manual override is required for the operation of
dynamic facades [7]. Another experimental study in a south-oriented test room in Denmark
was conducted with the use of self-reported surveys of 40 participants combined with physical
measurements under Nordic climate. The authors found that building occupants emphasized
the view-to-the outside as a critical factor for satisfaction, and they could tolerate a certain

degree of glare as long as the view was maintained [62, 64].
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2.4. FINDINGS BASED ON DATA COLLECTION METHODS

2.4.2 Findings from in-situ monitoring studies

Overview

In-situ studies involve monitoring occupants in their typical workplace environment during a
short or long data collection period (weeks or years). In-situ monitoring techniques for data
collection include observations and surveys. Monitored data are acquired through built-in
sensors as part of building automation systems (BAS), or stand-alone sensors operate inde-
pendently from other systems for data acquisition, storage, and maintenance. Survey studies
actively involve occupants in the monitoring study by self-reporting personal behaviours, ei-
ther by filling out a questionnaire or through interviews and focus groups. Surveys can
show the logic and explanation behind user habits and behaviours in ways that sensor-based

methods do not. However, misinterpretations of questions may cause occupants to misreport

things [41]. Both built-in sensors and surveys are cost-effective methods for collecting data.
In general, in-situ studies are preferable for replicating reality and reducing the "Hawthorne
effect”. However, existing occupied spaces limit the flexibility of experiments and sensor
replacement, reducing accuracy and introducing errors. Ethics, participants’ recruitment,
and informed consent are crucial challenges for this approach as well as for laboratory ex-

periments [130].

State-of-the-art

In-situ monitoring of occupant behavior is one of the most effective and widely used research
methods. However, there are limited published design and post-occupancy evaluation (POE)
studies on buildings equipped with dynamic facades [67]. Table 2.3 summarizes in-situ
monitoring related case studies.

Reinhart and Voss [101] investigated the use of automated shading systems with the pos-
sibility to override the system in 10 south-west facing offices in Germany. The shade lowering
threshold was set above 28 klux (vertical illuminance on the facade). The participants were
informed that their blind use was monitored. Based on 174 weekdays observations, the au-
thors reported a mean of 3.7 blind movements per day per office. They attributed the high
rate adjustments to user corrections to the automated system (48% of the automated blind
adjustments). Moreover, they found that people are more likely to accept automatic retract-
ing than lowering blinds, where 88% of user corrections were reopening the blinds after an
automated closure occurred. This was explained due to the electric dimming lighting that
provides a minimum of 400 lux on the workplane. Lowering of the blinds was only accepted
if incident radiation was higher than 450 W/m?2 or if direct sunlight on the workplane was
above 50 W /m?2,

On the contrary, Lee et al. [73] found that 70% of all actions were taken to lower the blind
in a post-occupancy evaluation of the automated interior roller shades in the New York times
company. A year-long monitored study was carried out to verify energy efficiency, evaluate
occupant comfort and satisfaction with the indoor environment, including the automated

shading operations. They reported that 80% of shade motors were overridden on average of
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18 times per year for a total of 38 hours per year (4.7 adjustments per day). The motors
were overridden on average of 199 times each year for the remaining 20% of the same motor
groups, for a total of 757 hours per year (2.6 adjustments per day).

In another monitoring field study, Sutter et al. [119] reported a survey on how occupants
operate the remote-controlled motorized blinds in 8 individual southeast-facing offices in
France over 30 weeks. Concurrently, seven offices equipped with manually controlled fabric
blinds during the same period were monitored. A total of 832 blind adjustments with an
average of 2.1 per day per office was observed. They found that remotely-controlled blinds
were used three times more than manually-controlled fabric blinds. Similarly, Meerbeek
et al. [84] performed a field study on motorized exterior blinds in 40 shared offices over 100
working days in the Netherlands. A total number of 3433 (average of 0.63 per office per day)
external blind adjustments were recorded, where the users triggered 73.6%. They explained
the high rate of user adjustments that the majority of the users switched off the automatic
mode and did not use it during the study period.

Sadeghi et al. [105] conducted a field study on human interactions with motorized rollers
shades and dimmable electric lights in four identical south-facing private offices of a high-
performance building over 40 days (9:00 am - 4:00 pm), covering a wide range of sky condi-
tions. Four different control setups were considered, ranging from fully-automated to fully
manual, and interfaces with a low or high level of accessibility (wall switch, remote con-
troller, and web interface). The authors found significantly higher interactions when easy
control accessibility was high (manual control with web interface). The results showed a
strong preference for customized indoor climates instead of automatic operations.

Grynning et al. [12] investigated the visual comfort and quality of daylight in three
modern office buildings in a Nordic cold climate using a combination of quantitative and
qualitative methods. These buildings were selected to represent different solar shading so-
lutions or combinations (e.g., fixed exterior shading, external Venetian blind, and internal
roller shades). The authors found that automatic shading can be regarded as a source of
discomfort due to the lack of manual override control possibilities and disturbances caused
by the system moving up and down. According to the users, the external fixed shading is
a good and satisfactory system for south-facing offices when interior roller shades can solve
local glare issues.

Gunay et al. [14] conducted a monitoring study in ten west-facing private offices from an
academic office building in Ottawa, Canada. The light switch, internal blind position, occu-
pancy, indoor illuminance, and solar irradiance data were analyzed to develop an adaptive
lighting and blind control algorithm using discrete-time Markov logistic regression models.
The algorithm was applied inside controllers serving five offices and a controlled laboratory
to assess energy performance and occupant comfort.

To summarize, most of the observed buildings are offices located in high latitude regions
(e.g., a temperate or Nordic climatic zones). The study period was often in the summer

season with limited focus on annual analysis. The majority of monitored offices are facing



2.5. OCCUPANT-CENTRIC SHADING DESIGN

south or south-east direction and are located on the lower floor levels. The researchers inves-
tigated different occupancy patterns (single-occupancy offices and shared offices). Offices’
windows are equipped with automated shading systems such as external Venetian blinds,

inner roller shade, or a combination.

2.5 Occupant-centric shading design

Occupant-centric refers to placing occupants and their well-being as crucial throughout the
building life-cycle. The integrated design process would ensure better occupant comfort and
satisfaction while limiting occupants’ adaptive actions that may have negative impacts on
overall building performance [121]. Therefore, addressing anticipated occupants’ needs and
comfort should take place early in the design process. Occupant-centric building research
encompasses both the design and operation phases of the buildings. The first investigates
design features and strategies that maximize occupant comfort, while the latter focuses on
operation strategies (e.g., post-occupancy) to achieve similar or other occupant-centric goals
.

Studies have focused on developing statistical models for occupants’ interaction with
shading systems throughout the last two decades [48, 50, |. A research effort was made
to implement OB models in BPS to improve energy predictions’ accuracy and decrease the
performance gap. Due to their implementation difficulties and stochasticity of results, OB
models have been seldom adapted in building design practice. However, some researchers
demonstrated that a building design, regardless of the accuracy of the occupant models,
can be tested over different occupant users by repeating the simulations with occupants
re-sampled from a generic occupant behavior model [53, 90]. A research effort is ongoing by
IEA EBC Annex 79 entitled "Occupant-centric building design and operation" to promote
the implementation of enhanced occupant modeling in building design and operation to
improve building performance and occupant comfort [91].

The simulation-based analysis is a promising approach that can be used to support
occupant-centric decision-making during design and operation. In parallel, analytical meth-
ods are developed to leverage the power of the simulation tools and extract efficient design
and operation strategies [5]. These include —but are not limited to— parametric studies, sen-
sitivity analyses, optimization, and robust building design practices [96, 98]. For instance,
Buso et al. [13] investigated how different OB models impact the building performance un-
der 15 different design options for an office building in three different climates in terms of
building robustness®. The authors implemented stochastic models of a window opening and
shading use developed by Haldi and Robinson [17] in the dynamic simulation tool (IDA
ICE). They concluded that the design options with high thermal mass and smaller windows
yielded the greatest robustness against OB. This is important for designers to optimize
building design parameters for more accurate energy predictions. In a more focused man-
ner, O’'Brien and Gunay [94] aimed to show that increasing comfort may minimize energy

consumption by reducing the number of adaptive actions. They showed that fixed exterior
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2.6. CONCLUDING REMARKS

shading might reduce the frequency of daytime glare and so prevent occupants from closing
blinds using a formal robust design method. This improves daylight availability and reduces
dependence on electric lighting.

Shen and Tzempelikos [114] conducted a sensitivity analysis for private offices with au-
tomated interior roller shades to identify the most critical factors in terms of daylighting
and energy performance (e.g., glazing size and properties, shading properties, and control,
climate, and orientation). Using an integrated thermal and lighting building simulation
model, four different automated shading control strategies with constant and variable set-
points were developed and analyzed. The results showed that (a) controlling shades based
on illuminance thresholds are more appropriate than the commonly used solar radiation
threshold, (b) different ranges of energy consumption between control strategies depending
on glazing and shading properties, and (c¢) different strategies should be used in a differ-
ent orientation. In another study, Karjalainen [61] focused on understanding the role of
Venetian blinds as a part of a building energy system. Annual simulation-based analyses
were performed to evaluate different solar shading control strategies, including a new control
strategy developed in the study to minimize energy consumption. The heating, cooling, and
lighting demand in four European climates in three single-family houses with two window
sizes were calculated. The results showed that the new control strategy leads to the lowest
total energy consumption in all simulation cases. This is valuable for designing automatic
control of blinds and advising occupants towards energy-efficient use of manual blinds.

Some studies focused on developing methods to improve OB modeling during building
design. For instance, Gaetani et al. [33] conducted a simulation-based study to combine OB
modeling and the adaptive facade design process. The authors applied the fit-for-purpose OB
method (FFP-OBm) for six solar shading control strategies. Based on irradiance lowering
thresholds and energy-saving modes, these control strategies were evaluated to select the
best-performing shading control strategy. Two additional strategies: fully open and fully
closed, were added to the analysis for benchmarking. The results show that an advanced
occupancy model is needed to select and evaluate the best-performing shading strategy. The
authors consider it a step towards developing robust methods to assess the performance of

adaptive behaviours such as occupancy presence.

2.6 Concluding remarks

Based on the aforementioned literature review of automated shading systems, their control
strategies, common used thresholds, and testing methods, user interaction and satisfaction,

the following key research gaps can be summarized:

5Robustness is “the sensitivity of identified performance indicators of a building design for errors in the
design assumptions” [52]
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Shading system control strategies and their assessment

e Previous studies state the significance of making integrated evaluations of daylight,
thermal comfort and energy use when selecting an optimal solar shading control strate-
gies in terms of user comfort and energy efficiency. However, limited focus was on the

impact of automated shading controls on thermal comfort and user acceptance.

e Both simulation-based methods and experimental-based testing methods have been
used to assess the performance of automated shading controls; however, experimental

studies are still limited due to the high cost of sensors and data acquisition.

e Few studies evaluated shading control systems regarding occupants’ acceptance, pref-
erences, or satisfaction. Additional research on occupants’ interaction and their consis-
tency with commonly used metrics is needed to find optimal shading control strategies

with limited override actions.

e Based on the researcher review, non of the previous studies examine the quality and

performance of shading control hardware devices.

User interaction with automated shading systems

e Most of the reviewed experimental and field studies are conducted in high latitude
regions (e.g., temperate and Nordic climates), while few studies address shading control
and operation in tropical and Mediterranean areas where high solar radiation and long

sunshine duration on the facades.

e As outlined by previous studies, different methods are used to increase users’ accep-
tance and achieve the predicted energy savings (e.g., expressive interfaces and adaptive
control models). Moreover, less frequent facade operation, ability of manual override,
and maintaining view-to-the outside are critical factors for occupants’ satisfactions

and less override actions.

e Monitoring studies in the literature are mostly focused on predicting occupant be-
haviour models from empirical data, rather than extracting useful lessons for both
design and operation|40]. Moreover, there are limited published design and post occu-
pancy evaluation studies on buildings equipped with dynamic elements in their facades

with the possibility to override these systems [(7]

e Parametric studies, sensitivity analyses, optimization, and robust building design prac-
tices are simulation-based approaches to support occupant-centric design. However,
there is still a need to test new methods in different design and operation phases of

buildings to transfer valuable feedback to the practitioners and researchers.
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Chapter 3

Current practice of automated
shading systems and their behaviour

This chapter presents the common practice of designing and operating automated shading
systems in commercial buildings. First, the configuration of automated shading systems
was investigated in nineteen case studies using a short questionnaire. Then, the shading
system behaviour was evaluated in one of the case studies, the Luxembourg building. Ad-
ditionally, two commercial devices were examined for their quality and accuracy. Finally,
this study analyzed the impact of different shading control strategies on one zone office’s
annual heating and cooling demand and hours of undisturbed views to the outside using
simplified simulation tools (e.g., SimRoom and Variantas). The results show a difference
between shading system behaviour in simulation (accurate) and building practice due to
limited hardware quality, light sensors’ location and inclination, etc. Based on these re-
sults, it is recommended for building designers and operators to consider the quality and
performance of shading control devices to avoid conflict between the established shading

thresholds and occupants’ acceptance.

3.1 Introduction

The building sector is recognized as one of the primary energy consumers as commercial and
residential buildings account for 31% of the global final energy demand [123]. The energy use
of offices differs from those of residential buildings. Due to the intensive use of HVAC systems
and offices equipment, commercial buildings consume more energy per occupied floor area
[129]. Many modern commercial buildings are designed with highly glazed facades, which
have an impact on the buildings’ energy demand for more than 50-70% of the overall energy
use [18]. Dynamic facades represent a promising solution for improving indoor thermal
and visual conditions as well as saving energy for cooling and lighting, particularly in office
buildings with large transparent facades [14].

Due to the multi-aspects of dynamic facades and the highly-individual response of oc-

cupants, designing for user interaction with dynamic facades is a challenging task since
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conflicts and inconsistencies often arise [21]. In the literature review, two different types of
conflicts have been identified when occupants interact with dynamic facades: (a) conflicts
among users concerning their control (e.g., in shared or open space offices), and (b) conflicts
between users and automatic control strategies [30]. For instance, Karlsen et al. [62] found
conflicting results between the established metrics and comfort thresholds of automated
shading systems and what occupants have reported as acceptable [71]. This conflict could
result from different users’ preferences or/and the behaviour of the shading device itself.
Some commercial light sensors are not suitable for sun protection control. To this end, the
focus of this study is to investigate the current practice of automated shading systems in

commercial buildings to address the following sub-objectives:

e To define the configuration and general characteristics of automated shading systems

during the design and operation phase.

e To examine the quality and accuracy of commercial shading control devices using

monitoring and experimental studies.

e To analyze the annual heating and cooling demand and visual performance of com-
monly used irradiance thresholds in terms of user types (i.e., passive, medium, active),

space orientations, window-to-wall ratio (WWR%), and climatic zones.

3.2 Common practices of shading design and operation

This section introduces the method used to investigate the configuration of automated shad-

ing systems in 19 case studies and the main findings of the analysis.

3.2.1 Methods

A questionnaire was conducted in nineteen case studies (18 in Germany and one in Luxem-
bourg) to investigate the configuration of automated shading systems in commercial build-
ings. The case studies are selected based on their types, locations and the use of automated
shading systems. The case studies are Freiburg city town hall, KIT mathematics building,
Luxembourg building, Kreis Mettmann, Kreishaus Siegen Building, HC Building, and 13
office buildings in Forschungszentrum Jiilich. All are located in a temperate oceanic cli-
mate (cfb) zone according to Koppen-Geiger’s climate classification. Table 3.1 represents
the general information of some of the case studies.

The questionnaire was issued via email or paperwork for building operators or managers.
The questionnaire includes two parts. The first part covers the general information about
the building (e.g., location, construction year, floor area, type of solar shading system, etc.).
The second part includes a set of questions about the shade operation time per day/week,
brightness and wind speed upper and lower thresholds, hysteresis time, delay time, and the

location of the installed weather stations (see Appendix A1.1).
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3.2. COMMON PRACTICES OF SHADING DESIGN AND OPERATION

Table 3.1: General information for 8 of 19 case studies.

CASE STUDY FREIBURG CITY KIT MATHEMATICS ~ LUXEMBOURG KREIS
TOWN HALL _BUILDING BUILDING METTMANN

PICTURE

S\

=

=

BUILDING TYPE Office Building Educational Building Office Building Office Building
LOCATION Freiburg, Germany Karlsruhe, Germany  Niederanven, Mettmann,
Luxembourg Germany
CONSTRUCTION 2017 2015 (renovation) 2017 2017
YEAR
DESIGN COMPANY Ingenhoven Ingenhoven Goblet Lavandier Eiffage Infra-
Architects Architects & Associes Hochbau Gmbh
ingénieurs-
conseils
GROSS FLOOR 26,115.0 m? 14,800 m? 2,594 m? (Energy 5,011m?
AREA (GFA) reference area)
TYPE OF SUN External vertical External Venetian External External Venetian
PROTECTION lamellae with blinds blinds Venetian blinds blinds
behind them. and inner glare
protection

SHADING SYSTEM

CASE STUDY KREISHAUS HC BUIDLING FZJ/BUILDING FZJ/BUILDING
SIEGEN BUILDING NO. 4.1 NO. 01.30-Z

PICTURE

BUILDING TYPE Administration Educational building Research Research institute
building institute
LOCATION Siegen, Germany Wuppertal, Germany  Juelich, Germany Juelich, Germany
CONSTRUCTION 2006-2010 2014-2016 2013 -
YEAR
DESIGN COMPANY Goebel Architekten Kadawittfeldarchitekt - -
Assoziierte ur Company
GROSS FLOOR 17,178.55 m? 3,950 m? - -—-
AREA (GFA)
TYPE OF SUN External Venetian Venetian Blinds External External Venetian
PROTECTION blinds (External and internal) ~ Venetian blinds blinds

Table (1) General information about some of the case studies and the types of automated shading systems.

3.2.2 Case studies analysis

In 90% of the case studies, the shade operation was all days over 24 hours, while in some

cases, it was limited to daily working hours. For instance, the operation hours of the
6|Page
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automated shading system in the Luxembourg building are from 6:00 am until 8:00 pm every
day. Brightness and wind speed measurements are either single permanent measurements
or cyclic intervals. Figure 3.1 shows the commonly used brightness thresholds of shade
lowering and raising. It is observed that the brightness lowering threshold was in the range
of (25-65) klux, where the most frequent thresholds were 35 and 50 klux. The brightness
raising threshold was (15-40) klux, where the most frequent thresholds were 15 and 30 klux.
The delay time to lower the blind was often used as 1 min, 5 mins, or 20 mins, while 15 mins
were the most often used delay time for shade raising. Brightness lowering thresholds: 300
W/m? (approximately 33 klux) and 450 W/m? (approximately 50 klux) are both evaluated
in the experimental study (Chapter 4).

Brightness lowering Brightness raising Delay time (turn on)
threshold [klux] threshold [klux]
w25 m30 =35 =45 =50 =15 -25 =30 ®1min ®2min =3 min

5 min 10 min = 20 min

Figure 3.1: Brightness thresholds of shade operation (19 case studies).

The shade is often raised when wind speed exceeds 10 m/s as upper threshold (26% of
the cases) and 0 m/s as lower threshold (58%) (see Figure 3.2). The delay time was in the
range of 3 secs to 15 mins to activate the blind. Some weather sensors are installed in each
facade (e.g., KIT mathematics building), while most of the weather sensors are mounted on

the roof surface of the building facing different orientations.

Wind speed raising Wind speed raising lower Delay time (turn on)
upper threshold [m/s] threshold [m/s]
o %

m0 m6 =7 =10 = 10 min = 15 min = 3 sec

#1213 14 20 m0 =4 w6 =9 =10 5min m5sec  6sec

Figure 3.2: Wind speed thresholds of shade operation (19 case studies).
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3.3 Shading system behaviour

The automated shading systems are activated in response to their sensors’ measurements
of weather conditions (e.g., outdoor air temperature, brightness, wind speed, and precipita-
tion) or indoor parameters (e.g., indoor temperature). Weather fluctuations, the mounting
position of the weather station, inclination and orientation of brightness sensors, and the
shade from surrounding structures (e.g., buildings, trees) are the main reasons behind the
different behaviour of shading control devices. Moreover, the quality and accuracy of the
physical sensor itself could affect the behaviour of shading control devices. Consequently,
occupants and buildings might behave differently due to different sensors’ signals. To this
end, the performance of automated shading systems was evaluated in one of the case studies,
the Luxembourg building. Additionally, an experimental study was conducted to examine

the quality and behaviour of two commercial shading devices.

3.3.1 System behaviour: Luxembourg case study

This study evaluates three commercial light sensors: the Elsner KNX pyranometer, Warema
multi-sense weather station, and MWG pyranometer. These sensors are mounted on two
masts in the middle of the building rooftop (see Figure 3.3). Elsner KNX and MWG pyra-
nometer measure global irradiance, perceived as heat (watts per square meter). WAREMA
measures values for brightness, wind speed, precipitation, and temperature. Both Elsner
KNX and MWG pyranometer are mounted to measure parallel to the facade. WAREMA
weather station had four photodiodes placed at the right angles to the building facades.
The photodiode 1 is used for the dawn/dusk control, facing northward. For more technical
information, see Table 3.4. Elsner KNX is used to activate the external Venetian blind on
each facade of the building. The analysis of shading system-triggered actions are presented
in Chapter 5, Section 5.4.2.1.

Table 3.2: Technical information about the shading control devices.

Device Measurements Range Accuracy Orientation/angles
Elsner + 15% of the .
KNX pyra- Global irradiance  0-2500 W /m? measured value at f’aradllel to the building
nometer above 150 W /m? acade

Brightness using 0-100 klux + 1 klux The four photo-diodes

photo sensors

WAREMA directed to the building

. Wind speed 0-25 m/s +1m/s . ) . §
multi-sense Temperature (=30 to +60) °C L oeC facades, photodiode 1 face
Precipitation ves/no northward to measure
! usk -
MWG pyra- Global irradiance  0-1400 W /m? 1929 ilarallcl to the building
nometer facade

Figure 3.4 indicates that the hourly profile of solar irradiance -measured by the three
commercial devices- was different during a reference day. This behavior may result from
(a) different position and inclination angles of each light sensor and (b) the quality and

accuracy of the sensor itself. One sample t-test was performed on the monitored datasets
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Figure 3.3: WAREMA, pyranometer, and KNX Elsner weather stations.

to examine the accuracy of the three light sensors using SPSS software. Briefly, one sample
t-test compares the mean of your sample data to a known value to determine whether the

two means are significantly different. The following hypotheses were tested:

1000 120
0%: fully open
100%: fully closed

100

I
£ 750 =
2 80 3
3 =
g 123
8 500 60 &
B i<
E Irradiance on the facade w0 ©
© lowering threshold > 250 W/m2 o
8 250 — — — — — —_——————— -
[C] 20

0:00 1:40 3:20 5:00 6:40 8:20 10:00 11:40 13:20 15:00 16:40 18:20 20:00 21:40 23:20

Time of the day 26.06.2019
—Igl_E_WAREMA Igl_E_Elsner KNX Eout_E_MWG pyranometer — — AOV_E [%]

Figure 3.4: Hourly profile of signals measured by Elsner, Warema, and pyranometer during
a reference day in east elevation.

e Hypothesis 01: Irradiance threshold on the facade of shade raising

Null hypothesis: irradiance threshold of shade raising [AOV=0%] is higher than 250
W/m? (27.5 klux).

Alternative hypothesis: irradiance threshold of shade raising [AOV=0%] is below 250
W /m?2.

e Hypothesis 02: Irradiance threshold on the facade of shade lowering
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Null hypothesis: irradiance threshold of shade lowering [AOV=100%)] is below 250
W/m? (27.5 klux).

Alternative hypothesis: irradiance threshold of shade lowering [AOV=100%)] is higher
than 250 W/m?.

Table 3.3 summarizes the results of one sample t-test. It is concluded that null hypothesis
01 was rejected in all cases (p-value < 0.05). This result indicated that the mean of solar
irradiance on the facade -at the moment of shade raising- was significantly below 250 W /m?.
Similarly, null hypothesis 02 was rejected in all cases (p-value < 0.05). This result indicated
that the mean of solar irradiance measurements -at the moment of shade lowering- was
significantly higher than 250 W /m?.

Table 3.3: Summary of one sample t-test results.

Parameters Mean SD t_value P-value test mean value
I,;_FElsner KNX if AOV_S — 0%. 14769 13475 -54.46  <0.05 <250 W/m?
I,  WAREMA if AOV_S = 0%. 11419 147.9 -7525  <0.05 <250 W/m?

Eout_ Pyranometer if AOV_S = 0% 16015 23711 -38.5 <0.05 <27.5 klux.
Iy Elsner KNX if AOV_S = 100%. 441.12  206.13 69.16 <0.05  >250 W/m?
I, WAREMA if AOV_S = 100%. 442.78 25899 56.09 <0.05  >250 W/m?
Eout Pyranometer if AOV_S = 100% 55619 26335 91.9 <0.05 >27.5 klux.

Figure 3.5 (a, ¢, and e) shows that a high frequency of shade raising actions occurred when
the irradiance on the facade was below 250 W/m? in each of the three devices. Meanwhile,
the shade lowering actions occurred when the solar irradiance exceeded 250 W/m?. Similar
behaviour was observed in the measurements of the three devices. These findings indicate
that high-quality and accurate shading light sensors were considered during the operation
phase of this building. Therefore, system behaviour is another factor should be considered
while developing shading control strategies to avoid the conflict between the established
thresholds and what occupants accepted. A field study was conducted in Luxembourg case
study focus on occupants’ interaction and satisfaction with the automated shading systems,

presented in Chapter 5.

3.3.2 System behaviour: an experimental study

Experimental procedure

The quality and accuracy of two commercial shading devices (SOLEXA II and WAREMA)
were examined in an experimental test cell, "btga-box," located in Haspel Campus, Wup-

pertal University.

e SOLEXA II : SOLEXA control system was developed for automatic control of blinds
and comfortable manual operation. The basis of the system is a control display and
weather station, which allows for automatic control according to the indoor and out-

door temperature, brightness, sun position, wind speed, and precipitation.
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Figure 3.5: Relative frequency of irradiance measured by (a, b) Pyranometer (c,d) Elsner
(e,f) WAREMA at the moment of shade raising and lowering respectively in south elevation.

o WAREMA: it consists of a multi-sense weather station that measures the brightness,
wind speed, precipitation, and temperature values. The measuring values are trans-
ferred to the WAREMA Wistronic to control the connected sun shading as a function
of this weather information.

Table 3.4 shows the measurement range and resolution of the environmental parameters
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quoted by the manufacturer of both devices. Table 3.5 shows the accuracy of WAREMA
environmental parameters, while the manufacturer does not provide SOLEXA II accuracy
specification. Figure 3.6 (a) shows the installation requirements of the SOLEXA II weather
station. The sun sensor is located beneath the glass cover of the weather station. There
must be at least 60 cm of free space around the weather station to ensure correct wind
speed and temperature measurements. Additionally, the weather station must be mounted
horizontally and aligned in the shading operation direction.

Figure 3.6 (b) shows the position of photodiodes in the WAREMA weather station. The
four photodiodes must be arranged at the right angles to the building facades to record
ambient brightness. The weather station must be mounted in an upright position and on
the highest point of the roof structure. The precipitation sensor is the inclined surface which

can be heated to measure the outside temperature.

Table 3.4: SOLEXA II and WAREMA environmental parameters range of measurements
and resolution quoted by manufacturer.

Indoor Outdoor

Resolution Resolution Brightness sensor

Type Temper- temper- tempera- Wind R?SOIHUOH Brightness bright- inclination/orien-
ature ature range wind range .
ture ness tation
range range
Surface  inclina-
tion is 60 degree
SOLEXA -40-+80 -40-+80 o 0-120 , 0-150 .
R R 0.6 °C I km/h 1 klux towards  vertical
11 C C km/h ! klux .
surface, oriented
to the south.
four photodiodes
-30 - +60 , 0-100 are arranged at
/ _5() © E o O /o /a
WAREMA 0-50 °C o 0.5 °C 0-25m/s 1m/s Klux 1 klux the building fa-

cades.

Table 3.5: WAREMA environmental parameters accuracy quoted by manufacturer.

Environmental Outdoor tempera- . Brightness during Brightness at
Wind speed R ,
parameters ture daytime dawn/dusk
Accuracy +2°C + 1m/s + 1 klux + 10 klux
(a) (b)
T Horizontal

| 0 (i

175 mm

Photo 4 Photo 2

45 mm e

55 mm-»

- AOmmL

140 mm —————»

Figure 3.6: Weather station position of (a) SOLEXA II (b) WAREMA devices.
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Installation of shading control devices

The weather stations of both devices were mounted on the aluminum structure on the rooftop
of the test cell "btga-box" (see Figure 3.7 (a)). Both were aligned with the south fagade,
where the shading system is equipped. SOLEXA II and WAREMA devices were placed at
1.2 m height from roof level and 1 m away from each other to ensure the same surrounding

context for both devices (see Figure 3.8). The control panels were installed inside the test
GD12

EXPERIMENT RESEARCH DESIGN

PQgé)e (left) SOLEXA II and (right) W. ‘J ‘gﬁl_(lléfﬁ SOLEXA II and (right) WAREMA

wemberof the Heimnortz assosiweather stations. Forschungszentrum control panels.

Figure 3.7: SOLEXA IT and WAREMA components.

SOLEXA II L
19,(,9) SOLEXA IT
A sM Warema

weather station

~ Aluminum structure

=

Weatherproof housin
300*400*200mm)

Weatherproof housing
(300*400*200mm)

’7 - building protection

mat
| 1 [

La (a) (b)

Figure 3.8: SOLEXA II and WAREMA aluminum structure installation (a) Elevation (b)
Section A-A.
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Experimental setups

SOLEXA II and WAREMA control devices were connected to the same shading system. The
same settings of automatic operations were adjusted for both control devices for comparison
purposes. Three different brightness thresholds were tested in three different monitoring
periods. Setup (01) was between 9:00 am and 12:00 pm, where the shade lowering threshold
was above 35 klux (approximately 320 W/m?). Setup (02) was between 12:00 pm and 4:00
pm, where the shade lowering threshold was above 50 klux (approximately 450 W/m?).
Setup 01&02 experiments were carried on from 26! of August until the 23" of October
2019. Setup (03) was conducted during the summertime in 2020 over 26 monitoring days
from 8:00 am until 8:00 pm. Table 3.6 and 3.7 shows the operation settings of both devices
under the three different setups.

Table 3.6: WAREMA automatic operation settings.

WAREMA settings parameters Setup (01) Setup (02) Setup (03)
Brightness limit value SUN igo \}V(.l;gg?ppmx' i;o Vl;l/lﬁgé;pprox. 300 W/m?
Delay time of SUN 5 min 5 min 5 min
Brightness limit value CLEAR 40 klux 25 klux 25 klux
Delay time of CLEAR 10 min 10 min 10 min
Brightness limit value CLOUD 30 klux 15 klux 100 W/m?
Delay time of CLOUD 15 mins 15 mins 15 mins
Wind speed 12 m/s 12 m/s 12 m/s
Delay time of wind speed 5 sec 5 sec 5 sec
Warm limit value /Indoor tempera- 95 °C: 95 °C: 25 °C
ture
Cold limit value Indoor/ tempera- 91 °C 91 °C 91 °C
ture
Operating mode for temp. control On On On
Precipitation (rain or snow) On On On
Table 3.7: SOLEXA II automatic operation settings.
SOLEXA TI settings parameters Setup (01) Setup (02) Setup (03)
Brightness 50 klux 35 klux 300 W/m?
Wind speed 12 m/s 12 m/s 12 m/s
Delay time of brightness 5 min 5 min 5 min
Delay time of wind speed 5 sec 5 sec 5 sec
Indoor temperature Block 25 °C 25 °C 25 °C
Hysteresis of indoor temperature 3°C 3°C 3°C
Outdoor temperature block 5°C 5°C 5°C
Rain alarm On On On

Electrical installation

SOLEXA IT and WAREMA output signals were not connected directly to the motor of the
shading device. First, both devices’ signal output (230 V) was recorded as a digital input
in DASYLab 2016 v14 software (i.e., data acquisition system laboratory). The DASYLab

worksheet output was used to control the shade motor. To convert the analog signals
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Figure 3.9: Electrical installation

Scientific reference instruments

SOLEXA II and WAREMA are black box devices. Their weather stations’ measurements
were not recorded. Alternatively, three scientific instruments were used as a reference for
comparison during the same study period (see Figure 3.10). Reference 01 is a pyranome-
ter mounted on the south fagade of the test cell, measuring the solar irradiance on the
facade (W/m?). Reference 02 is a local weather station (HB) located on the rooftop of a
nearby building at the Haspel Campus, recording a minute-averaged measurement of global
and diffuse solar irradiance, outdoor temperature, wind speed, and humidity . The third
reference is the thermometer located next to the shading devices control panel inside the
test cell measuring the indoor temperature. A simulation-based algorithm was developed
in the DASYLab 2016 v14 virtual environment to control the blind based on solar irradi-
ance on the facade, representing a simple control strategy and an accurate reference. The
shade-triggered signals were then compared in terms of SOLEXA II, WAREMA, and the
algorithm.

Data analysis approach

The accuracy of experimental measurements is best determined by comparing the average of
the measured values with a reference value. The precision of a set of measurements can be
determined by calculating the standard deviation of the datasets (see Figure 3.11). Accord-
ingly, one sample t-test was used to determine whether the population mean is statistically

different from a reference value, the shade triggering threshold in this study.

'https://en.wikipedia.org/wiki/Accuracy_and_precision
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(c)

SOLEXA WAREMA ~ Thermometer

Figure 3.10: Scientific reference instruments (a) HB weather station (b) pyranomter (c)
Thermometer.

Reference value

Probability Accuracy
density

Value

Precision

Figure 3.11: Accuracy and precision of measurements related to a reference value !

Results analysis

In setup 01&02, SOLEXA II recorded 26 shade lowering events and 105 raising events
during 31 monitoring days. WAREMA recorded 179 closure events and 120 raising ones
during 19 days. The results revealed that the blind rate of change per day of WAREMA
lowering and raising events (9.42, 6.3 respectively) was higher than SOLEXA II, where the
rate of change was 0.83 and 3.38 for lowering and raising events, respectively. Table 3.8
illustrates that 38% (Ref.01) and 15% (Ref.02) of SOLEXA II lowering triggered actions
occurred when the irradiance threshold was below 320 and 450 W/m? (lowering threshold).
Regarding WAREMA lowering triggered actions, 64% (Ref.01) and 40% (Ref.02) occurred
below the irradiance lowering threshold. These results indicate that many shade lowering
actions occurred before the irradiance threshold was met. Moreover, Figure 3.12 shows that
SOLEXA II and WAREMA'’s behavior differed regarding the occurrence of lowering events,
considering that both devices have the same control settings. This behaviour is explained
due to (a) different positions of the weather stations (1 m distance), (b) different light
sensors’ inclination, and (c) the quality and accuracy of the device itself.
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Table 3.8: Percentage of shade lowering actions in terms of SOLEXA II and WAREMA
devices (setup 01&02).

Percentage of shade lowering actions when irradiance is

Shading devices <320 W/m2 >320 W/m2 <450 W/m2 >450 W/m2 <320 or 450 W/m2
SOLEXA II (Ref.01) 60% 40% 0% 100% 38%
SOLEXA II (Ref.02) 19% 81% 22% 8% 15%
WAREMA (Ref.01) 61% 39% 59% 41% 64%
WAREMA (Ref.02) 20% 80% 48% 52% 40%
AOV% Irradiance on the facade
[0=open, 1=closed] (pyranometer) [W/m2]
1.20 1000
1.00 m‘l [] W n 800
0.80 600
oo owennestreshaig>320mwma) LN LTI T M owermgesmolf [T T 400
: > 450 [W/m2]
020 l l 200
0.00 I “ h | L g
8288223338938 33R383R833°838833833R893838888
WELLSE6666665599990dddddddddddNAANndEIIISs
=—=SOLEXA closure events ——WAREMA closure events Irradiance on the facade [w/m2]

Figure 3.12: SOLEXA II and WAREMA closure events and hourly profile of irradiance on
the facade in a reference day [05.09.2019].

To examine the quality and accuracy of the light sensors, the current study analyzed
the lowering actions of the shading control devices (SOLEXA II and WAREMA) and the
simulation-based algorithm related to three scientific instruments’ measurements: pyranome-
ter (Ref.01), HB weather station (Ref.02) and thermometer (Ref.03). Figure 3.13 shows the
hourly profile of solar irradiance on the facade measured by the pyranometer and the global
irradiance measured by HB weather station during a reference day. The difference is due
that HB weather station measures diffuse and direct solar radiation incident on a horizontal

surface.
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Figure 3.13: Hourly profile of solar irradiance measured by Ref.01 and 02.
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Results of Setup 01

Figure 3.14 shows the box-plot distribution of irradiance measurements (Ref. 01 and 02) at
the moment of shade lowering events in terms of SOLEXA, WAREMA, and the simulation-
based algorithm in setup 01. Table 3.9 summarizes the results of one-sample t-test. It is
noticed that the irradiance average measured by Ref.02_1Iy -at the moment of SOLEXA
II and WAREMA lowering actions- was significantly higher than the reference value (320
W/m?) as well as the simulation-based algorithm. Non-significant difference was found
between the irradiance average measured by Ref.01_I, and Ref.01_I,,, compared to the
reference value. This result is explained that Ref.01 measures the irradiance on the fa-
cade and Ref.02 measures the horizontal global irradiance, and both devices’ light sensors
are mounted upwards, measuring the horizontal irradiance. Overall, it is concluded that
SOLEXA IT and WAREMA performance were accurate related to Ref.02 measurements and

not accurate related to Ref.01.

1000 .
N Ref.01: Ir
*
:\'E‘ 800 * Ref.02: Iy
£ Ref.01_l,,q
= 600 ~
8 h:S
e 8 o
%s 400 1 L7 5 L N = Reference value=
8 S 2| 9 & 320 Wim?
£ 2004 R o )
0
Algthm. | | SOLEXA | | WAREMA |

Figure 3.14: Setup 01 results: box-plot distribution of irradiance at the moment of shade
lowering actions triggered by SOLEXA IT and WAREMA, compared to simulation-based
algorithm.

Table 3.9: One sample t-test results in setup 01.

Shading con- Reference t df Sig. Mean SD Reference value Mean — Dif-
trol system (P_value) ference
Algorithm Ref.01 Ir 440.75 55195  0.00* 547.02 131.67 >300 W/m? 247.02
Ref.01_Ir -1.49 16 0.92 271.53 134.27 >320 W/m? -48.47
SOLEXA Ref.02_Igl 3.13 16 0.00* 435.57 152.13 >320 \N/In2 115.57
Ref.01 _Ipy -1.84 12 0.95 249.14 139.16 >320 W/m? -70.86
Ref.01_Ir -3.69 58 1.00 264.96 114.62 =320 W/'m2 -55.04
WAREMA Ref.02_Igl  5.10 58 0.00* 416.31 145.03 >320 W/m? 96.31
Ref.01 I,y -2.08 44 0.98 289.92 97.18  >320 W/m? -30.08

Additionally, paired t-test analysis was used to compare the performance of SOLEXA
II and WAREMA with the simulation-based algorithm. A significant difference was found
between the irradiance average (algorithm) and the data triggered by SOLEXA II and
WAREMA (Ref.01_I, and Ref.01_I,yg) (p-value < 0.05) (see Figure 3.14).
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Results of Setup 02

Similarly, in setup 02, the irradiance measurements (Ref.01& 02) were analyzed as a func-
tion of SOLEXA IT and WAREMA compared to the simulation-based algorithm for shade
lowering actions. The same settings were used in setup 02 except the irradiance lowering
threshold (450 W/m?). The results in Figure 3.15 indicate that the irradiance average -at
the moment of SOLEXA II lowering actions- was significantly higher than the reference
value (450 W/m?) with regards to Ref.01 and 02. Regarding WAREMA lowering actions,
the irradiance average was significantly higher than the reference value only in Ref.02 and
Ref.01, averaging values every 5 minutes. According to one sample t-test analysis (see Table
3.10), the results indicate that SOLEXA II performance was inaccurate in setup 02 since
the mean difference between the measurements’ average and the reference value was signifi-
cantly high different from algorithm performance. WAREMA performance was accurate in

Ref.02_I, and Ref.01 I, similar to the simulation-based algorithm performance.

1000
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S 400 450 W/m?,
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Figure 3.15: Setup 02 results:box-plot distribution of irradiance at the moment of shade
lowering actions triggered by SOLEXA IT and WAREMA, compared to simulation-based
algorithm.

Table 3.10: One sample t-test results in setup 02.

Shading  con- Reference t df Sie. Mean SD Reference value Mean — Dif-
trol system (p_value) ference
Algorithm Ref.01 I, 3.5185 56 0.00* 504.44 116.81 =450 VV/m2 54.44
Ref.01_Ir 10.404 8 0.00* 731.51 81.17 >450 W/m? 281.51
SOLEXA II  Ref02 Igl 3.8538 8 0.00* 642.36 149.74 450 W/m2 192.36
Ref.01 I,y 6.7713 8 0.00* 677.06 100.60 >450 W/m? 227.06
Ref.01_Ir -0.73 119 0.77 435.66 213.28 =450 W/m? -14.34
WAREMA Ref.02_Igl 2.27 119 0.00* 493.92 211.65 >450 W/m? 43.92
Ref.01_Iqng 7.50 119 0.00* 542.48 134.91 =450 W/m? 92.48

Figure 3.16 shows that the indoor temperature average -at the moment of shade lowering
actions- was lower than the reference threshold (>25 °C) in both SOLEXA I and WAREMA
devices. In contrast, the mean indoor temperature (27.12 °C) was higher than the threshold

value in terms of the simulation-based algorithm. The results indicate that the commercial
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devices (SOLEXA II and WAREMA) are not accurate enough to lower the blind based on

the indoor temperature lowering threshold.
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Figure 3.16: Box-plot distribution of indoor temperature at the moment of shade lowering
actions triggered by SOLEXA II and WAREMA, compared to simulation-based algorithm.

Results of Setup 03

Figure 3.17 (a&b) shows the box-plot distribution of irradiance measurements (Ref. 01 and
02) as a function of SOLEXA II, WAREMA compared to the simulation-based algorithm,
lowering and raising actions. In setup 03, 51 shade lowering events and 100 raising events over
26 monitoring days were recorded by SOLEXA II, while WAREMA recorded 162 lowering
and 125 raising events. The shade lowering threshold was when irradiance on the facade
exceeded 300 W/m?, and the raising threshold was when irradiance was below 100 W /m?2.
Based on one sample t-test results (see Table 3.11), it can be noticed that the irradiance
average (Ref.01&02)- at the moment of SOLEXA II and WAREMA lowering actions- was
significantly higher than the reference value (> 300 W/m?) except for WAREMA (Ref.01)
(p-value > 0.05). In the latter, the performance of WAREMA was similar to the simulation-
based algorithm (accurate).

Table 3.11: One sample t-test results of shade lowering actions in setup 03.

Shading  con- Reference ¢ df Sig  (p- Mean SD Reference Mean differ-
trol system value) value ence
Algorithm Ref.01 2.20 236 0.01* 311.89 83.33 >300 W/m? 11.89
Ref.01 3.12 50 0.00* 382.46 188.89 >300 W/m? 82.46
SOLEXA I Ref.02 2.76 50 0.00* 401.18 262.25 >300 W/m? 101.18
; , Ref.01 -1.50 161 0.93 280.05 169.19 >300 W/m? -19.95
WAREMA Ref.02 5.62 161 0.00* 438.17 312.63 >300 W/m? 138.17

In terms of shade raising actions, significant difference was observed between the irradi-

ance average (Ref.02) and the reference value (<100 W/m?) in both devices based on the
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Figure 3.17: Setup 03 results: Box-plot distribution of irradiance as a function of SOLEXA
II, WAREMA and simulation-based algorithm (a) lowering actions and (b) raising actions.

one sample t-test result (see Table 3.12). Non-significant difference was found in terms of
SOLEXA (Ref.01), and it was similar to the simulation-based algorithm (p-value = 0.5).

Table 3.12: One sample t-test results of shade raising actions in setup 03.

Shading con- Reference " af Sig  (p- Mean SD Reference Mean differ-
trol system value) value ence
Algorithm Ref.01 4.13 112 0.00* 106.99 17.97 <100 W/m? 6.99
Ref.01 -0.24 99 0.81 97.96  84.34 <100 VV,/m2 -2.04
SOLEXA II Ref.02 7.02 99 0.00* 252.28 216.90 <100 W/m? 152.28
Ref.01 4.44 124 0.00* 161.04 153.72 <100 W/m? 61.04
WAREMA Ref.02 8.61 124 0.00* 338.70 310.06 <100 W/m? 238.70

Overall, the behaviour of commercial shading control devices was not consistent and,
in most cases, differed from the simulation-based algorithm (an accurate based-control).
Therefore, it is suggested that building designers and operators consider the quality and

accuracy of shading control devices during the development of shading control strategies.

3.4 Evaluation of shading control strategies using simplified
tools

3.4.1 Simplified tools

Shading devices play a significant role in controlling incident solar and thermal radiation for
transparent elements. Their geometry, positions, and control strategies permit the control of
light and heat gain entering the building. Solar irradiance is a simple and relatively common
parameter used in solar shading control strategies. Moreover, a wide disparity among the
irradiance values on the facade ranging from 100-450 W/m? was used [6].

In this study, the annual heating and cooling demands, as well as undisturbed hours to
the view outside, were calculated for a single office zone, identical to the test cell "btga-box"

47



3.4. EVALUATION OF SHADING CONTROL STRATEGIES USING SIMPLIFIED
TOOLS

(2.93 m wide, 5.15 m deep, and 2.7 m height) (see Figure 4.1 in page 55). The analysis
was performed under different solar shading control strategies (a range of 0-700 W/m?)
using SimRoom for zone modelling and Variantas tools for sensitivity analysis. SimRoom
is an excel sheet energy calculation method developed by Markus Lichtmefl to simplify the
optimization of building design (https://ingefo.de/Werkzeuge/SimRoom/). The input pa-
rameters of the simulation in the current study were the solar orientation of transparent and
opaque components, heat protection level, thermal capacity, glazing properties, sun protec-
tion, and ventilation system. The calculations were carried out based on hourly climatic
data of Wuppertal, Germany. The calculation of annual heating and cooling hours was in a
free-floating temperature mode of the building. The annual heating and cooling hours were
the sums of the hours where the operative temperature was below the heating limits (21 °C)
and above the cooling limits (25 °C) (see Appendix A1.4).

3.4.2 Simulation analysis results

Figure 3.18 (a, b) shows the annual heating and cooling hours as a function of solar irradiance
on the facade (I,.) (shade setpoint) under different window-to-wall ratio (WWR = 25%, 50%,
75%, 100%). As expected, the highest cooling hours were observed when the irradiance
lowering threshold was 700 W/m? (approximately 77 klux) and WWR. was 100%. Likewise,
the cooling/heating hours varied significantly as a function of solar irradiance under different
space orientations (see Figure 3.18 (¢, d)). The highest cooling hours were observed in south

and west facing-facades when the irradiance threshold was above 400 W /m?.
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Figure 3.18: (a, b) Annual heating and cooling hours as a function of shade lowering irradi-
ance threshold in terms of WWR%, (¢, d) and space orientation, respectively.
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The annual operating hours of external shade (fully closed = 1, fully open = 0) were cal-
culated under different solar shading control strategies: (a) shade lowering threshold when
irradiance on the facade exceeds 100 W/m?, (b) 200 W/m?2, and (c) 300 W/m? (approx-
imately 11 klux, 22 klux, and 33 klux, respectively). Figure 3.19 shows the hourly shade
operating using three shading control strategies horizontal and per each facade. The results
indicate that the maximum shade operating hours were when the irradiance lowering thresh-
old exceeded 100 W/m? in west elevation, while the minimum disturbing hours to the view
outside (i.e., minimum shade operating hours) were when the irradiance lowering threshold

exceeded 300 W/m? in north elevation.
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Figure 3.19: Shade operating hours using different solar shading strategies (a) 100 W/m?,
(b) 200 W/m?, (c) 300 W/m? per each facade.

Figure 3.20 shows the monthly shade operating hours in terms of different facade orien-

tation and shade control strategies. Higher shade operating hours were noticed when the

irradiance lowering threshold exceeds 100 W /m? compared to 300 W/m?2. Higher operating
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hours were in the south-facing office than the north-facing office, under the same shade con-
trol strategy. Based on these results, it is recommended for the building designer to consider

the space orientation while selecting the optimal shading control strategy.
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Figure 3.20: Monthly percentage of shade operating hours (closed) when irradiance threshold
exceeded (a) 300 W/m? (b) 200 W/m? (c¢) 100 W/m?

Shade patterns analysis

Mahdavi and Berger [$1] assumed three general groups of occupants with different preference
ranges. The assumptions with regard to heating, cooling, lighting, and shading setpoints for

the three groups of occupants are summarized in Table 3.13. These groups are:

e Group (H): is assumed to have higher thermal expectations (narrow range of accep-

tance) regarding indoor environmental conditions.

e Group (M): is assumed to have moderate expectations and tolerance concerning indoor

environmental conditions.
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e Group (L): is assumed to have low expectations and high tolerance for the change in

indoor environmental conditions.

Table 3.13: Assumptions concerning the three occupant categories (“H,” “M,” “L”) [81]

Operational scenario
Group type  HVAC (°C)
Heating Cooling

Light (lux) Shading setpoints (W/m?)

High (H) 22 23 700 300
Medium (M) 21 2 500 200
Low (L) 19 26 300 100

According to Mahdavi groups’ classification, the annual heating and cooling demand in
terms of different building design parameters (WWR%, space orientation and climatic zone)
was calculated in this study (see Figure 3.21). It is noticed that group (L) (shade lowering
setpoint was 100 W/m?) consumed the maximum annual heating demand when WWR was
25% and the window orientation was to the north. While group (H) (shade lowering set
point was 300 W/m?) consumed the maximum cooling demand when WWR was 100% and
the window orientation was to the west and east. Annual cooling demand of group (M) was
higher in Jerusalem compared to Luxembourg, while the opposite was observed in terms of

heating demand.
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Figure 3.21: Box-plots distribution of annual heating and cooling demand considering Mah-
davi groups’ classification.

To conclude, building design parameter (e.g., WWR and orientation), different be-
havioural patterns, climatic zone, and different user types greatly influenced the building
performance in terms of heating and cooling demand as well as view access to the outside.

Therefore, these parameters are crucial factors to consider while selecting the optimal solar
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shading control strategies. Additionally, the view-connection to the outside varied consider-

ably with regard to the shade control irradiance setpoints.

3.5 Conclusions and lessons learned

e Different behaviour and inconsistency were observed in SOLEXA II and WAREMA
performance compared to a simulation-based algorithm, representing a relatively ac-
curate performance. Limited quality and accuracy of commercial devices for auto-
matic shading control due to economic constraints and sensors’ positions or inclina-
tions should be considered when selecting and designing automated shading control

strategies.

e In Luxembourg case study, the average of shade lowering/raising thresholds was sig-
nificantly higher/lower than the established setpoint (p-value < 0.05). The results
indicate that high-quality and accurate shading light sensors should be considered
during the operation phase of this building. This has minimized the conflict between
the established thresholds and occupants’ acceptance (i.e., less override actions) as

discussed later in Chapter 5.

e Space orientation and window size greatly influence the annual heating and cooling
demand and undisturbed view of the outside under different solar shading control
strategies and climatic zones. For instance, when WWR was 100%, the annual cooling
hours were higher by 30% with high expectation users than low- expectation users.
Based on these findings, it is recommended that building designers perform a para-
metric analysis in the early stage of building design considering building and envelope
design parameters, climatic zones, and different user types while selecting the optimal

shading control strategy.

3.6 Limitation of the study

e Time of the day could greatly influence the blind deployment, however, it is ignored
in the experimental study analysis. It is argued that the quality of shading control

devices was evaluated based on solar irradiance thresholds not the solar intensity.



Chapter 4

Optimizing automated shading’s
design and operation: an
experimental study

An experimental study was conducted in a full-scale test cell "btga-box" from July until
September 2020 at Haspel Campus in Wuppertal, Germany. This study aims to explore
and evaluate the consistency of occupant interaction with automated shading systems in
office spaces, and the underlying thermal and visual conditions under different scenarios
(i-e., shading control strategies, window size, cooling system) for improving occupant-centric
shading design and operation. Six different scenarios with repeated measures are evaluated
using several performance metrics, then tested in paired groups using statistical analysis to
discover the optimal shading design solutions. Twenty-eight participants of varying ages,
gender, and ethnicity took part in the experiments. After each scenario, the participants
were asked to fill in a web-based questionnaire to report their behaviour, perceived comfort,
satisfaction, and preferences with regard to the automated shading system. Concurrently,
indoor environmental parameters, weather data, system and user-triggered actions were
recorded. The key findings of this study provide the building designers and operators with
(a) a better understanding of user interaction with and satisfaction of automated shading
systems (b) guidelines on how to design robust shading control strategies, so that override
actions are mostly reduced to the minimum (c) and the selection of optimal threshold or
thresholds for automated shading control. Overall, this study contributes to knowledge
regarding the optimization of automated shading in office environment, considering thermal

and visual comfort as well as user acceptance.

4.1 Introduction

Building automation is becoming more prevalent in modern building systems’ design and
control to improve energy efficiency while maintaining occupant comfort [121]. For instance,
shading systems and their automation offer the potential to enhance user comfort and reduce

energy consumption at the same time. Nevertheless, several studies reported that occupants
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frequently override or disable these systems, either indicating discomfort or implying their
desire for a customized indoor climate or view-to-the outside [45, , 84, |. Occupants
are more satisfied with the automated shading systems when they have the option to over-
ride them and if they meet their preferences [128, 62, 22]. Previous studies indicate that
further research is needed to control shades to match occupant preferences and expectations.
Moreover, the integrated evaluation of visual and thermal comfort as well as energy use is
significant when selecting an optimal solar shading control strategy as stated by several stud-
ies |71, 64, 4, |. While others indicated the importance of considering user-accepted solar
shading control strategies during building design to ensure realistic building performance
predictions [62]. However, there has been limited focus on evaluating shading control strate-
gies in terms of user interaction and acceptance (i.e., limited override actions) combined
with thermal and visual comfort assessment.

To this end, the current study evaluated the performance of automated shading systems
in terms of user behaviour and acceptance, thermal and visual comfort under different
scenarios for optimizing occupant-centric shading design and operation. Six scenarios (S01-
S06) were conducted with repeated measures (28 participants) in a full scale test cell "btga-
box" under different conditions over two days for a total of 56 days. These conditions varied
from the time of the day (morning, noon, and afternoon), sky conditions (sunny and cloudy),
window size (WWR%), cooling systems (active cooling, non-active cooling, and ceiling fan
use), and different solar shading control strategies (simple or multi-objective). Then paired
groups of scenarios (cases), as summarized in Table 4.1, were analyzed and compared to

provide optimal shading design solutions.

Table 4.1: Summary of paired tested groups (cases).

Cases Scenario 01 Scenario 02
Case 01 [SO1 vs. S02| active cooling without active cooling
Case 02 [S02 vs. S03| simple control strategy multi-objective control strategy
Case 03 [S02 vs. S04] without ceiling fan control option ~ with ceiling fan control option
Case 04 [S02 vs. S05] WWR% = 75% WWR% = 40%

low degree of adaptive control op- high degree of adaptive control

Case 05 [S01 vs. S04]

tions options

irradiance lowering threshold on irradiance lowering threshold on
Case 06 [SO5 vs. S06] the facade when exceeds 300 the facade when exceeds 450
W/m? W/m?
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4.2 Experimental design and methods
4.2.1 Test facility

The experimental study was carried out in a full-scale test cell "btga-box" at Haspel Campus,
Wuppertal University, Germany (latitude 51.2 °N, longitude 7.16 °E) (see Figure 4.1). It has
a south-oriented test room that deviates by 15°to the west, with 2.93 m wide, 5.15 m deep,
and 2.7 m high (inner dimensions). The entry room of the test facility, where ventilation
systems, data acquisition, and the measuring PC are housed, is thermally separated from
the measuring room. The test facility is based on a prefabricated concrete garage and stands
on a 70 cm high base of expanded polystyrene (EPS) thermal insulation. The south facade
is equipped with a double layer solar control glazing with 75% WWR (U = 1.1 W/m2.K, g
= 42%, VT = 66%) and consists of two operable windows (electrically tilt and turn) and
a middle fixed large panel. The window is equipped with an automated external Venetian
blind (type Schiico, with 80 mm slats) coloured in light grey. The blind is connected to a
motor controlled by DASYLab 2016 v14 software (i.e., data acquisition system laboratory).
The mechanical ventilation system of the test room consists of an exhaust air system using
upper and lower air inlets (type Aeromat VT) in the south fagade of the room. The average
air change per hour was measured to be 0.67 (1/h) (7.7 L/s). Radiant heating/cooling ceiling
panels are connected to a reversible heat pump. Two fluorescent tubes centered along the
longitudinal axis between the ceiling panels, controlled via a switch button next to the door.
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Figure 4.1: "btga-box" test facility aerial, exterior and interior views.
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4.2.2 Measured parameters and physical data acquisition

This section introduces the sensors and equipment used to monitor the physical parameters
during the experiments and the communication protocols for the activation of the external
blind. The sensors and their positioning in the test room are illustrated in Figure 4.2 and

4.3. The indoor and outdoor monitored parameters during the experiments are:

Legend

Manual switch
WAREMA control panel
SOLEXA control panel

Light switch
Thermostat
Thermometer sensor
Incident radiation sensor
Task illuminance sensor
Vertical illuminance sensor
Thermal comfort equipment

A

Radiant heating
and cooling panels

. Ceiling fan
air outlet

Air handling unit
Data acquisition

Ceiling-mounted
direct lighting

TTTTTTTT AT III”I

Upper and lower

air inlet

=—— Automated Venetian
blind

EPS thermal insulation

Figure 4.2: Placement of sensors in the test facility (a) plan view (b) section A-A.

e Air and mean radiant temperature, relative humidity, and airflow were measured using
thermal comfort instruments from AHLBORN. A thermal comfort stand was installed
next to the workstation at 1.1 m height, according to ASHARE 55 standards, 2017
[2] (see Figure 4.4, ¢). Additionally, the room air temperature was measured using a
radiation-protected head (type PT1000) on the north side of the test room (see Figure
4.4, d).

e Indoor horizontal illuminance was measured using light sensor (type WT-4000). The
sensor was installed on the top surface of the desk workstation, a distant 0.60 m from
the inner side of the window and 0.80 m above the floor level (see Figure 4.4, a). The
vertical illuminance at the eye level was measured using an HFR/A brightness sensor.
The sensor was mounted on the wall at 1.2 m height to the left side behind the test
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subject (see Figure 4.4, b). Before the experiments, the participants were informed to
keep the illuminance sensors unobstructed.

e Monitored outdoor environmental parameters included outdoor air temperature, pre-
cipitation, wind speed, global and diffuse radiation. The weather data were collected
from a local weather station (HB), located on the rooftop of a four-story neighbouring
building (see Figure 4.5, a). Vertical irradiance incident on the facade was measured
using a pyranometer (CMP6 from Kipp & Zonen), mounted above the window on the
south facade of the test room (see Figure 4.5, b).

e The external blind was actuated via DASYLab 2016 v14 software with the possibility
to override the system using a wall-mounted switch (see Figure 4.3). Both system and

user-triggered actions were recorded as event-based measurements.

control pane

—» SOLEXA
WAREMA control panel
Manual switch

{+ Indoor temperature probes

3 v Y 2 U
Air velocity

Radiant temperature +——
Relative humidity
AHLBORN data loggers

Figure 4.3: Locations of indoor sensors in the test room.

Table 4.2 shows the main characteristics of indoor and outdoor probes used to collect
data in this experimental study. Indoor environmental parameters (air temperature, vertical
and horizontal illuminance) and blind adjustments were monitored using Advantech ADAM
4000 series A/D modules that collect the data for the DASYLab 2016 v14 software (see
Figure 4.6, b). Thermal comfort parameters were monitored using data logger ALMEMO®)
710 from AHLBORN, located on the top of the desk workstation behind indoor plant to
avoid participant’s attention (see Figure 4.6, a). For high resolution, the measurements of
indoor and outdoor parameters as well as blind adjustments were recorded every 1 second.
Thermal parameters were logged every 5 sec and weather data were recorded every 1 min.

57



4.2. EXPERIMENTAL DESIGN AND METHODS

l

(b)

Figure 4.4: Indoor sensors (a) work plane illuminance sensor (b) vertical illuminance sensor
(c) thermal comfort instruments (d) thermometer.

Figure 4.5: Outdoor weather data using (a) Local weather station and (b) Pyranometer.

All measurements were averaged every 1 min for the analysis purpose. To reduce the mea-
surements errors, the sensors of indoor temperature and illuminance measurements were
calibrated.

4.2.3 Experimental procedure

The experimental study was conducted over 56 days between 6t* of July and 24" of Septem-
ber, 2020. Each participant took part over two days for 7 hours and a half as a normal
working day.

Participants

28 participants (11 males and 17 females) with different nationalities (64% German, 18%
Palestinian, and 18% others) took part in the experiments. However, 43 participants were
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(a)
Figure 4.6: Data loggers (a) ALMEMOG) 710 (b) Advantech ADAM 4000 A /D transformers.

Table 4.2: Technical characteristics of the indoor and outdoor probes.

Indoor probes sensors

Model Monitored parameters

Measurement range

Accuracy %

Mean radiant tempera-

Globe thermometer o -40 to 200 °C class B
ture [°C]

. Dry bulb temperature |°C]| N/A
Digital sensor Relative humidity [%] N/A
Air velocity probe Air velocity [m/s| up to 1 m/s N/A
Light  sensor  type Workplane illuminance
WT4000 [klux] 0-1 klux + 3%
Brightness sensor . . .
with photo-diode type Xlertlcall 1lllim1nance at 0-1 klux <+ 5%
HFR/A e eye leve
Outdoor probes sensors
Pyranometer type . .

. Global solar irradiance 9
S(I)\/r[li’f from Kipp & on the facade [W/m?] 0-max.2000 [W/m? < 5%

estimated using G-power statistical tool to fulfill the requirements of the standard alpha
(alpha = 0.05) and standard power (1 - beta = 0.8) (see Figure 4.7). The participants
are students (36%) and researchers (64%) in the age range of 24-55 years old (mean of

33.21 years and median of 30 years). Participants were asked to perform regular office work

during the day and interact with the test room systems as they usually do. The participants

worked on their laptops during the experiment using the same monitor. The monitor is
Dell P2714H with a typical luminance of 300 cd/m? (45% brightness and 75% contrast are
display settings), fixed on the desk workstation and facing the east opaque wall of the test

room. The participants took part in the experiments as volunteers without any rewards.

Some of them were familiar with the general topic of the research. Participants had access

to the view outside of a one-story building, distant about 20 m from the south fagade.
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t tests - Linear multiple regression: Fixed model, single regression coefficient
Tail(s) = One, Number of predictors = 1, « err prob = 0.05, Effect size f2 = 0.15

Total sample size
n
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T T T T T T T T T T T T T T T
0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95
Power (1-B err prob)

Figure 4.7: Sample size calculation using G-power tool.

Questionnaire

A web-based questionnaire was constructed in LimeSurvey (i.e., online survey tool) to cap-
ture data that are not measurable with sensors and compare participants’ subjective feedback
with the monitored parameters. The design of the questionnaire was based on other related
questionnaires used in previous studies [7, 62, , 1], and thermal comfort studies such
as ASHRAE standard 55, 2017 [2]. New questions were added to achieve the aims of this
study. A pilot study was conducted in 2019 with 32 participants to test their understanding
of questions and the time needed to complete the survey. Participants were asked to com-
plete the questionnaire after each scenario for 10-15 minutes, issued via e-mail 10 minutes
before the end of each scenario. Depending on the setup conditions and users’ responses,
the questionnaire ranged from 28 to 41 questions (see Appendix Al.2). The questionnaire

consists of the following sections:

e Section 01: General information: this section collected relevant demographic data
about the participants (e.g., age, gender, current professional position, and national-
ity). This section was completed once time per day after the first scenario.

e Section 02: Adaptive control behaviors: this section asked participants how often
they adjust different adaptive control options and why they do that or not (e.g.,
external blind, operable windows, artificial light, and ceiling fan).

e Section 03: Thermal comfort evaluation: this section evaluated the participants’
thermal sensations using the ASHRAE 7-point scale [2], their clothing insulation level,

comfort perception, and preferences.

e Section 04: Visual comfort evaluation: this section evaluated the lighting conditions
and visual comfort perception in different scenarios. Additionally, questions about
glare discomfort sources, glare magnitude using glare sensation vote scale (GSV) [10],

and overall lighting satisfaction were asked.

60



CHAPTER 4. OPTIMIZING AUTOMATED SHADING’S DESIGN AND OPERATION:
AN EXPERIMENTAL STUDY

e Section 05: User-blind satisfaction and preferences: participants were asked about
their satisfaction with the performance of automated shading systems, the ability to
override the blind position, and preferences regarding different shading control strate-

gies.

e Section 06: Overall evaluation of the experiment: participants were asked to assess

the workspace and the questionnaire throughout the entire measurement period.

Regarding the ethical consideration and data protection, participants were asked to
proceed with the questionnaire if they agreed on the consent form shown at the beginning.
This agreement states the rules or boundary conditions of this study. This form included:

e General information about the experiment, timeline and the scientific benefits of this

research.

e The voluntary nature of the study and their right to withdraw their participation at

any time.

e Confidentiality of their data, only the researcher can associate the responses with the

identity.

Experimental sessions and scenarios

The experiments were conducted in two main sessions (Session A and B). The participants
were asked to test three different scenarios in each session; each scenario endured for two
hours. An introduction of 30 minutes before the experiments was meant to let the partic-
ipants acclimatize![97] to the test room indoor environment. Besides, general information
and instructions were given and explained to the participants. Participants were advised to
interact with different room systems (e.g., shading systems, artificial light, ceiling fan, and
operable windows) as usual as in their work offices. They test their private PC connection
with the desk monitor and internet access. Participants were asked to keep the door closed
during the experiment, the brightness sensors unobstructed, and the monitor fixed. The par-
ticipants took an hour lunch break between the first and second scenario and a 10-minute
break after the second scenario. The total session duration was 7 hours and a half, including
the introduction (see Figure 4.8).

Session A included S01, S02 & S03, was carried out over 28 days from the 6" of July
until mid-August 2020. The experiments took place from 9:00 am until 4:40 pm over the
day. Session B included S04, S05 & S06, was conducted over 28 days from the mid of
August until the end of September 2020. The experiments in session B was shifted 30
minutes at the beginning of the day to ensure more direct sunlight in the first scenario.
Table 4.3 summarizes the setup settings of the indoor environment in each scenario during

the experiments. The main scenarios are:

! Acclimation is the process in which an individual organism adjusts to a change in its environment (such
as a change in altitude, temperature, humidity, photo-period, or pH), allowing it to maintain performance
across a range of environmental conditions. Source: Wikipedia.

61



4.2. EXPERIMENTAL DESIGN AND METHODS

Qo1 Qo2 Qo3
< SO1A -------- >| < SO02A -~ >| <o SO3A -~ >|
Session A timeline : : : : : : : : :
' 9:00 am 10:00 am 11:00 am 12:00 am 1:00 pm 2:00 pm 3:00 pm 4:00 pm 5:00 pm
3 9:30 am 11:30 am 12:30 pm 2:30 pm 2:40 pm 4:40 pm
Prestart (30 minutes) Start of session A Lunch break 10 min break End of session A

(introduction/acclimation)

Note: at the beginning and the end of each setup, the shade is fully open.
Q: web-based questionnaire issued 10 minutes before the scenario end.

Figure 4.8: Timeline of the experimental study (Session A).

e SO1A: In this scenario, participants were able to override the blind and turn on/off the
electric light. The automated blind was activated based on a simple control strategy
(shade lowering threshold was if irradiance on the facade exceeded 300 W/m?) (see
Figure 4.12). During the night and before the experiment day, the cooling system was
activated in the test room to ensure a minimum indoor temperature of 21 °C. Thus,
the windows were closed in this scenario and the inlet air was always on at ambient

conditions.

e SO02A: In this scenario, participants were given the control of the external blind,
electric lighting, and the operable windows (left and right). Simple shade control
strategy was used (300 W/m?). The "measuring room" was in non-active cooling
mode. An electric heater was used often during the lunch break to increase the room

temperature as the ambient conditions.

e S03A: Same control systems were used as in S02A. Blind was activated based on a

multi-objective control strategy (see Figure 4.13). Non-active cooling was used.

e S04B: Participants were able to override the blind, adjust the operable window, turn

on/off the light and fan. Simple shade control strategy was used (300 W/m?).

e S05B: Blind, operable window, and light switch adjustments were allowed. Simple
shade control strategy was used (300 W/m?). The window-to-wall ratio (WWR) was
reduced to 40% (original design was 75%) using EPS foam insulation boards (3 cm
thickness) as external cover for parts of the glazing (see Figure 4.9). Non-active cooling

was used.

e S06B: Same control systems were used as in S04B. Irradiance threshold was set up to
450 W/m2. WWR was 40%. Non-active cooling was used.
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Table 4.3: Summary of the setup settings and control options for each scenario.

Adaptive control options

Scenarios O_perable Artlf_lcml External blind Ceiling fan Shading control strat- Ventilation WWR%
windows lighting egy strategy
User  oper. Fully automated Simple control strategy ?lif;:iemlfr:()h;;g
SO01A Fully closed P with manual over- not used (shade lowered if Ir ex- 5%
ated ride ceeded 300 W/m?) door tempera-
! ture of 21 °C)
User oper-  User  oper Fully automated Simple control strategy Hon-active
S02A ated pe at‘ed P with manual over- not used (shade lowered if Ir ex- cooli(n 5%
ride ceeded 300 W/m?) s
Fully automated Lo .
S03A User oper- User oper- with manual over-  not used Multi-objective control HOH-.dCthe 5%
ated ated . strategy cooling
ride
. . ~ Fully automated . Simple control strategy o
S04B E::; oper- g;e; O ith manual over- E::(; opers (shade lowered if Ir ex- Iclg;lli‘tctlve 5%
ride ceeded 300 V\'/1112) mg
User oper- User oper Fully automated Simple control strategy non-active
S05B ated P ated P with manual over- not used (shade lowered if Ir ex- coolin: Y 40%
ride ceeded 300 W /m2) &
X Fully automated Simple control strategy .
S06B User - oper- Useroper- with manual over- User  oper- (shade lowered if Ir ex- non-}actlve 40%
ated ated ated cooling

ride

ceeded 450 W/m?)

(a) Exterior view

(b) Interior view

4.2.4 Controlled indoor environment parameters

Figure 4.9: WWR reduced to 40% using EPS insulation board.

Based on the key findings of the experimental study conducted in 2019, limited quality and

accuracy of commercial shading devices were found (see section 3.3.2). To this end, the

author developed a programmed algorithm in DasyLab software based on a high-quality

Pyranometer (type CMP6 from Kipp&Zonen) to control the external shading system. In

all scenarios, the blind control was fully automated with the ability to override the system

using a wall-mounted switch next to the test room entry (see Figure 4.10, b). After user

intervention, the automatic operation was disabled for 10-15 minutes using a timer relay
(type E1ZM10, 24-240 V AC/DC) from the ENYA series. The blind position was reset to

a fully open position at the end of each scenario to avoid the influence of the current shade
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position on the next one.

SOLEXA control panel

WAREMA control panel |

(a) (b)

Figure 4.10: Control interfaces of devices (a) Remote control of the ceiling fan (b) Control
panels of the blind, only the manual switch to the right was used in the scenarios.

The author developed two control strategies for activating the blind: (a) simple control
strategy and (b) multi-objective control strategy based on occupant-centric parameters.

The algorithms were created using the graphical programming of the DASYLab 2016 v14

software (see Figure 4.11).

File Edit Modules Measurement View Tools Options Window Help

ruE NBE VHWO SEEE OO0 & O XE |Fenserl v o 0099 5600
Modules  Black Box Navigator
= Modules

- Inputs/Outputs

£ Trigger Functions

=]

[ mermsi]

£ Statistics avers; |Mm|

£ Signal Analysis dolas |_a017+

£ Control | I I

3 | | [ 1] Toqisr ( Formunt |

£ Display [N FormizaT ot = Al

£ Files L "o m 0 i+ -E Egm
£ Data Reduction & mEE [ g fx g e A | 1
£ Network F | o
£ Special — 0

—
0
il

ormparaL S STmeter T

<] 6.28

=
=

|

|
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HEE

Figure 4.11: DASYLab worksheet of simple control strategy programming.

64



CHAPTER 4. OPTIMIZING AUTOMATED SHADING’S DESIGN AND OPERATION:
AN EXPERIMENTAL STUDY

(a) Simple shade control strategy:

A simple control where the shading is fully deployed whenever a predetermined thresh-
old is exceeded, simulating the simplified way blinds are commonly treated within
building design and energy calculation. Figure 4.12 shows the flow chart of the simple
control strategy. The blind was lowered if solar irradiance on the facade (Ir) exceeded
300 W/m? according to DIN EN ISO 52016-1 standards [59] , or 450 W /m? according
to Reinhart and Voss [101] findings in their field study. They found that lowering of
the blinds was only accepted if incident solar gains were as high as 450 W/m2. While
the blind was retracted when Ir was less than 100 W/m?. To avoid continuous on-off
of the blinds (a) the shade control system was provided with a 5-min delay when blind

was lowered and a 10-min delav when blind was retracted. (h) 50 W/m? was nsed as

Sola radiation
on the fagade
(Ir) > 300/450
W/m?

External solar No solar shading
shading activated

Fully closed if Ir > 300 Fully open if Ir < 100 W/
or 450 W/ m?, m2.
Delay time is 5 minutes. Delay time is 10 minutes.

Figure 4.12: Flow chart of simple control strategy.

(b) Multi-objective control strategy:

A more detailed control strategy was developed to avoid glare and overheating as
well as ensure a view to the outside by utilizing the intermediate position. T?crmal

JheJULICH

hﬂ-‘orschungszentrum

comfort was controlled by fixing the indoor temperature setpoint consisten
Member of the HelgoBliorAcenditipns of class IT of EN ISO 15251:2007 [17]. Two indices were u
shading system control to ensure visual comfort requirements: (a) fixing a maximum

limit value of glare index measured by vertical illuminance at the eye level and (b) a
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minimum workplane illuminance level. Accordingly, the blind was activated in three

different positions (see Figure 4.13):

Incident solar
radiation on
the facade >
300 W/m?

Ir< 100 W/m?
& Ty <25°C &
W, <1000 lux

average of
Tin >25°C &
E,, >2000 lux

External solar
shading lowered

21< Ty <25
°C &E,>
2000 lux

External solar No solar shading
shading retraction

External solar shading
activated No solar shading
/intermediate position

@) Jl
Member theHelinimgltzPAlssucl tion J Forscl

ow chart of multi-objective control strategy.

e The blind was fully lowered if (a) the incident irradiance (I,) on the facade ex-
ceeded 300 W/m? [59], and (b) the indoor vertical illuminance at the eye level
exceeded 2000 lux (maximum limit value for the glare index) [63], and (¢) indoor
air temperature (T;,) was above 25 °C (consistent with the comfort conditions
of class IT of EN ISO 15251:2007) [127]. Vertical eye illuminance (E,) was used
as a simple indicator for discomfort glare in this study. Karlsen et al. [63] found
that the threshold for E, measured close to the occupants’ eye view should be in
the range of (1000-1700) lux.

e If the indoor air temperature was in the range of 21 to 25 °C and indoor vertical

illuminance at the eye level was above 2000 lux; the blind was lowered to the
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intermediate position.

e The blind was fully open if I, was below 100 W/m? and indoor temperature
was less than 25 °C. Workplane illuminance (W) -at the left top side of the
workstation- was below 1000 lux to ensure that W, is below 500 lux in the middle
point according to EN 17037:2019.

The blind control was based on a moving average every one hour of indoor tempera-
ture measurements to consider the slow temperature changes. In the first scenario of the
experiment, the test room was controlled to maintain indoor air temperature around 21 °C
using the radiant cooling system in the ceiling. The heat pump cooling mode was turned
on one day before the experiment and turned off after the end of the scenario. The indoor
temperature was calibrated using a wall-mounted thermostat based on the thermometer
measurements as a scientific reference. An electrical heater was often used during the lunch

break to increase the indoor temperature to around 24 °C (see Figure 4.14).

> >

Figure 4.14: Heating and cooling control in the test room (a) Heat pump (b) Thermostat
(c) Ceiling radiators (d) Electrical heater.

4.2.5 Local weather during the experiment

This study was conducted over 56 calendar days from July until September 2020. Figure
4.15 shows the minimum, maximum, and daily average of outdoor temperature and global
radiation for the entire study period. The daily mean outdoor temperature was in a range
of 9.6 °C and 27.3 °C. The highest daily average was 35.32 °C measured between the 8*-10"
of August, while the lowest was 7.75 °C recorded at the 6" of September. The daily mean of
global radiation was in a range of 22.4-347.4 W/m?2. A total of 31 sunny, partly cloudy days
and 25 cloudy days were classified based on the daytime average of global radiation?during
the whole study period (see Table 4.4).

2https:/ /de.wikipedia.org/wiki/Sonnenschein
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Table 4.4: Sunny and cloudy days classifications.

Average of global

Sky condition . . Session A Session B
solar irradiance
Sunny, clear sky 600-1000 W/m? 0 0
Sunny, partly cloudy 300-600 W /m? 19 12
Cloudy, fog 100-300 W /m? 9 16
mmGr_mean =——T_out_mean =—T_out_min -—T_out_max
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Figure 4.15: Daily average profile of max/ mean/ min outdoor temperatures and global
horizontal radiation during the study period.

4.3 Data analysis and metrics for performance assessment

Different indicators and metrics were used to evaluate the performance of automated shading
systems related to shade occlusion, user override actions, thermal and visual conditions in
this experimental study. Statistical analysis was applied to the monitored and collected
data of different scenarios in SPSS software. The results were visualized using box-plot
distribution (see Figure 4.16) and stacked bar charts in OriginLab 2020. The highest and
lowest average values of all scenarios (S01-S06) were analyzed and discussed. Then, paired
groups of different scenarios were tested and compared using paired t-test statistical analysis
to find the robust shading control strategies and optimal design solutions.

Extreme

P-value <0.05 Max 3rd quartile Mean 1st quartile Min Outliers outlier

[]

F-m--fe———

Figure 4.16: A statistical box-plot schematic diagram
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4.3.1 Shade deployment metrics

There are two metrics consistently used throughout the literature: mean shade occlusion
(MSO) and shade movement rate [95] or "rate of change" [124]. Mean shade occlusion is
defined as the average fraction when the shades are closed. The concept of "blind occlusion
value" was stated by Foster and Oreszczyn [31] and used to describe the blind position.
MSO is a representative of the preferred shade position in occupant behaviour models and
indicative of interior daylight level and the mean thermal properties of the facade in case
of individual shade position [95]. Previous studies developed various methods to record the
blind position using photographic processing or time-lapse photography [95]. In this study,
a different method was used. Automatic shade adjustments and user override actions were
recorded using a data acquisition system, including A/D transformer of analog signals to
digital ones (off = 0 and on= 1). MSO was defined as the percentage of an occluded blind
at a specific time (0%= fully open, 100% = fully closed). Figure 4.17 illustrates the five
positions of blind occlusion described in this study and two positions of slat angles (0°= slat
open, 90°= slat closed).

Blind position Slats position
[Elevation] [Sections]
Blind fully open [0%] Blind down [25%] Blind down [50%] Blind down [75%] Blind fully closed [100%] slat open [0°] slat closed [90°]

Figure 4.17: Positions of blind occlusion and slat angle used in this study.

Another critical aspect of understanding shade use patterns is shade adjustments fre-
quency. Different terms and definitions were used to describe the blind use frequency.
O’Brien et al. [95] defined the shade movement rate (SMR) as the fraction of shades that
moved between two discrete times. It helps identify the triggers that may have caused oc-
cupants to adjust their shades, but it is not as useful in direct use in occupant behavior
models. "Rate of change" is used to describe the shade adjustments frequency as a percent-
age of blinds that move per day by facade or building. However, in the case of motorized or
automated systems, it was reported as the number of movements per day/window or office
[127].

Meerbeek et al. [30] defined user correction as user reaction to the system’s movement and
involved a user-initiated adjustment of the blind position. They calculated user correction by
counting the times a user corrected a system for each condition, divided by the total amount
of system-triggered actions averaged over participants. In this study, the user correction
(C) is defined as the number of user-shade override adjustments (UOAs) per each scenario
divided by the total number of user and system-triggered actions (SA¢yq) without averaging

(within-subject design)(see equation 4.1).
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C = UOAs(perscenario) /S Atotal (4.1)

4.3.2 Thermal comfort metrics

Several indices were used to estimate thermal sensation and comfort in the current study
under the different scenarios. Fanger’s Predicted Mean Vote (PMV) model, the adaptive
model according to CEN standard EN 15251, and Standard Effective Temperature (SET)

by Gagge et al. [35] were applied to assess thermal comfort conditions.

Predicted mean vote (PMV)

Predicted Mean Vote (PMV) is a method to measure the level of mean occupant thermal
sensation. Fanger’s model (PMV) was derived from laboratory and climate chamber studies.
In these studies, participants were dressed in standardized clothing and completed standard-
ized activities while exposed to different thermal environments [1]. Fanger’s model is the
most widely used thermal comfort index that predicts occupants’ thermal perception in
the steady-state indoor environment based on the ASHRAE seven-point thermal sensation
scale (see Figure 4.18). To experimentally evaluate the thermal comfort by PMV method,
a combination of air temperature, mean radiant temperature, relative humidity, air speed,
metabolic rate, and clothing insulation were measured. The operative temperature (T,,),
predicted mean vote (PMV), and predicted percentage dissatisfied (PPD) indices were cal-
culated using the thermal comfort tool (comfort index calculator version 1.0, 2018, IEQ lab,
USYI) provided from ASHRAE Standard 55-2013. Some of the calculations were repeated
using CBE Thermal Comfort Tool 3, no difference was found. The satisfying thermal con-
dition was achieved when PMYV value was between -1 and +1. Table 4.5 shows predicted

percentage dissatisfied (PPD) based on the predicted mean vote.

-3 -2 -1 0 +1 +2 +3

warm

Cold Cool Slightly Neutral | | Slightly Warm Hot
Cool

Figure 4.18: ASHRAE seven-point thermal sensation scale (ASHRAE Standard 55 2017).

Table 4.5: ASHRAE seven-point thermal sensation scale (ASHRAE Standard 55 2004, ISO
7730:2005)

Comfort PPD% range of PMV

Cat. A <6 -0.2 <PMV<0.2
Cat. B <10 - 0.5 <PMV<0.5
Cat. C <15 - 0.7 <PMV<0.7

3Source: https://comfort.cbe.berkeley.edu/
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Clothing insulation and metabolic rate

Adding and taking off of clothing is the main adaptive mechanism used by the participants
to adapt thermal comfort conditions. The clothing insulation was estimated according to
ASHRAE 55-2017 standards using the following formula:

Il =Y ITcluy (4.2)

Where Iclio: was the insulation of the entire ensemble and Iclu; was the insulation of
the individual garments listed in Appendix A1.4 [38]. After each scenario, the participants
reported the clothing garments while completing the questionnaire. Metabolic rate was 1.1
met which relates to seated office activities (ASHRAE standard 2017) (see Appendix Al.4).

Actual mean vote (AMYV)

Each participant’s actual mean vote (AMV) was reported by a web-based questionnaire
using the ASHRAE seven-point scale of thermal sensation (-3 cold, -2 cool, -1 slightly cool,
0 neutral, +1 slightly warm, +2 warm, +3 hot) after each scenario. The actual mean vote

was then compared with the predicted thermal sensation using the PMV model.

Operative, comfort and standard effective temperature

e Operative temperature (T,,): is one of the main parameters that describe thermal
comfort. It is a value of the thermal climate feeling as a function of the location in
a room. A simplification is made using a surface area and averaged overall surface
temperature. It was calculated as the average of air and mean radiant temperatures if
occupants are engaged in near sedentary physical activity with metabolic rates between
1.0 met, and 1.3 met, not in direct sunlight, and not exposed to air velocities greater
than 0.20 m/s as follows:
Top = (Ta +T)/2 (4.3)

e Comfort temperature (T.,): is the operative temperature at which either the
average person will be thermally neutral or at which the largest proportion of a group
of people will be comfortable. A person in comfort is taken to be "slightly cool,"
"neutral," or "slightly warm" on the ASHRAE scale (ASHRAE standard 55). In this
study, Teom was calculated from the comfort votes by assuming that a comfort vote of
neutral will represent an estimate of comfort using Griffiths’ method. The following

equation was used for the calculation:

Tcom = dop — (C - Cn)/G (4'4)

Where Tcopm, is the comfort temperature, Ty, is the indoor operative temperature, C

is the comfort vote, C,, is the comfort vote of neutral =0, and G is the Griffiths’ slope
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(K=1). In this study, G value was used as 0.5 K1, it is the most likely used value in

previous studies [37, 38, 83].

e Standard effective temperature (SET) is a comprehensive comfort metric, mea-
suring the equivalence of any combination of environmental factors, clothing and
metabolic rate, and taking skin temperature and wittedness into account [35]. Accord-
ing to ASHRAE standard 55-2017 [2], the SET is “the temperature of an imaginary
environment at 50% relative humidity, <0.1 m/s average air speed, and mean radiant
temperature equal to average air temperature, in which the total heat loss skin of an
imaginary occupant with an activity level of 1.0 met and a clothing level of 0.6 clo is
the same as that from a person in the actual environment”. The comfortable and ac-
ceptable range of SET was assumed to be between 22.2 to 25.6 °C, which is equivalent
to sensation vote range (-1 to +1) (see Table 4.6).

Table 4.6: Thermal sensation scales. Source (Rosenlund 2000) [1].

ASHRAE Fanger SET [°C]
hot 7 +3 34.5-37.5
warm 6 + 2 30.0-34.5
slightly warm 5 +1 25.6-30.0
neutral 4 0 22.2-25.6
slightly cool 3 -1 17.5-22.2
cool 2 -2 14.5-17.5
cold 1 -3 10.0-14.5

Adaptive model

Adaptive models are used in several standards, including EN16798-1:2019 standards and
ASHRAE Standard 55. The adaptive thermal model in the latter was derived from a global
database of 21,000 measurements taken primarily in office buildings. The standard uses the
relationship between indoor operative temperature and outdoor temperature. Two ranges
of the acceptable operative temperature were defined according to ASHRAE standard 55,
2017. 80% acceptability for typical applications and 90% acceptability applied when higher
thermal comfort standards are desired. In this study, the 80% for the acceptable range of
operative temperature (22.1 to 29.1 °C) was used (see equation 4.5), AMV values equal to
+ 0.85 for 80% acceptability limits.

Top = 0.31 * tpma(out) + 17.8 £ 3.5 (4.5)

where: T, is the indoor operative temperature (°C), and tpm, (out) is the prevailing
mean outdoor air temperature. The running mean temperature T,,, for any given day is
expressed in equation 4.6 from the records of outside air temperature measured during the

current experimental study [37]:
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Tom = Teqg—1 4+ 0.8Toq—2 + 0.6T0g—35 + 0.5Toq_4 + 04T pq_5 + 0.3T g6 + 0.2T.q_7/3.8 (4.6)

where T, is the running mean temperature for today, T.q_1 is the daily mean external
temperature for the previous day, Teq_o is the daily mean external temperature for the day

before and so on, and « is a constant between 0 and 1 (recommended to use 0.8) [89)].

4.3.3 Visual comfort metrics

In this study, different performance metrics were used to evaluate the visual comfort con-
ditions under different scenarios during the experiment. These metrics are described as

follows:

e Workplane illuminance (W,): Horizontal illuminance is commonly used as an in-
dicator of daylight sufficiency. According to EN 12464-1 (2001) standards, sufficient
daylight is insured over the workplane when the average illuminance level is at least 500
lux for office buildings. The current study assumed the useful daylighting illuminance

(UDI) between 300-3000 lux for horizontal workplane illumination [37].

e Vertical illuminance at the eye level (E,): It was used as a simple indicator
for glare discomfort in this study. Karlsen et al. [63] found that the threshold for
vertical illuminance measured close to the occupants’ eye view should be in the range
of 1000-2000 lux.

e Simplified discomfort glare probability (DGPs): It is a simplified DGP based on
vertical eye illuminance (E,) (see equation 4.7), developed and validated by Wienold
[131]. Reasonable results showed from DGPs model when no peak glare sources where
present. Moreover, DGPs is a simple and computationally effective measure of glare
discomfort that gives a reasonable predictions of glare which can be used in the early
building design decision making. DGPs has the potential of being incorporated in
solar shading control strategies [63]. The current study assumed 0.35 as the upper

limit of DGPs for acceptable values.

DGPs=6.22%10—5.Ev +0.184 (4.7)

e Glare sensation vote (GSV): participants were asked for their subjective feedback
about the glare sensation. The magnitude of glare was measured with a glare sen-
sation vote (GSV) ordinal scale. The participants were asked to rate the perceived
glare sensation according to the four-point scale (1= imperceptible, 2= noticeable, 3=
disturbing, 4= intolerable) [39]. Table 4.7 shows the equivalent of GSV votes to DGPs
index values.
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Table 4.7: Glare discomfort indices.

. - Glare range values
Discomfort glare criteria &

GSV  DGPs
Imperceptible 1 <0.30
Noticeable 2 0.30-0.35
Disturbing 3 0.35-0.45
Intolerable 4 >0.45

e View-to-the outside: Access view to the outside was reported as an important con-
tributor to the visual comfort perception in a room in several studies [18]. According
to DIN EN 17037:2019-03, horizontal sight angle, outside distance of the view and the
visible layers of outside environment such as sky, landscape and ground are included
in the visual comfort evaluations. Additionally, the view to outside is another relevant
issue when assessing the performance of a shading device [105]. Therefore, the satis-
faction of view-to-the outside was assessed on a five-point scale (1: very dissatisfied,

5: very satisfied) through the web-based questionnaire.

4.4 Results and discussions

In this section, the analyses and outcomes from the experiments are presented in relation
to the occupants’ interaction and satisfaction with the automated shading systems and the

underlying thermal and visual conditions under the different scenarios.

4.4.1 Shading patterns

This study aims to explore and quantify occupants behavioural patterns related to the use
of automated shade systems and their satisfaction under different conditions. Therefore,
two commonly-used metrics were used to analyze the shade behavioural patterns: (a) mean
shade occlusion (MSO) and (b) frequency of shade adjustments.

Mean shade occlusion

The automatic shade operation and user override actions induce the blind position. To
estimate the blind position, the author developed a python script based on the signal length.
Considering that the total time of a fully blind closure was 52 seconds, the blind position
ratio was calculated based on the blind movement signal length (up or down) divided by
the total time of blind closure. Real position values were then rounded to one of the five
shade positions (0%, 25%, 50%, 75%, 100%). Figure 4.19 illustrates the blind position real
and rounded values in S05 during a reference day (02.09.2020).

Figure 4.20 demonstrates the relative frequency of the blind five positions (0%: fully
open, 25%, 50%, 75%, and 100%: fully closed) for each scenario during the experiment. It
is observed that the blind was fully open most of the time (90%) in S01 and 65% in S04. In
S03, the blind was in intermediate position nearly half of the time (54%). More than half of
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Figure 4.19: Real and rounded values of blind position during a reference day(02.09.2020).

the time, the blind was fully closed in S02, S05, and S06 (65%, 57%, and 54%, respectively).
Moreover, Figure 4.21 shows that the highest average of blind occlusion values was in S02,
S05, and S06 (74%, 65%, and 63%, respectively), while the lowest average was observed
in S01 (7%). In S03 and S04, the mean shade occlusion was 46% and 31%, respectively.
The difference in MSO is explained due to the variations of incident radiation on the facade
and the time of the day. Paired t-test was used to clarify the significant difference in mean
shade occlusion between the paired groups of scenarios (see Table 4.8). The results are

summarized:

504 l - 75%
_—
501 II

0% 20% 40% 60% 80% 100%
Relative frequency (%)

m 100%: Fully closed

Figure 4.20: Relative frequency of the blind five positions (0%: fully open, 25%, 50%, 75%,
and 100%: fully closed) for each scenario.

e Case 01 [SO1 vs. S02|: A statistically significant difference (p-value < 0.05) was found
between the average shade occlusion in S01 (active cooling mode) and S02 (non-active
cooling). This difference can be interpreted due to high variations of incident radiation
between S01 (= 157 W/m?) and S02 (¢=388 W/m?) (see Figure 4.21). In this case,
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Figure 4.21: Box-plot distribution of MSO related to solar irridiance on the facade for each
scenario.

it is difficult to verify the influence of cooling mode compared to free-running mode
on shade deployment, since the main influence is likely to be the time of the day and

not the scenario.

e Case 02 [S02 vs. S03]: Significantly, the MSO was higher in S02 compared to S03. This
is explained due to using two different shade control strategies since non-significant
variation was observed in incident radiation between both scenarios (p-value = 0.92).
It is concluded that using the multi-objective control strategy maximized the view-
to-the outside more than the simple one, keeping in mind that both were designed to

prevent glare discomfort (see Figure 4.22).

e Case 03 [S02 vs. SO04]: Higher shade occlusion average was observed in S02 (73.7%)

compared to S04 (31%), considering that solar irradiance average was lower in S04.

e Case 04 [S02 vs. S05]: Non-significant difference was found between mean occlusion
value in S02 (WWR% = 75%) and S05 (WWR%= 40%) (p-value = .383). It is
expected as both have the same shade control strategy (300 W/m?), where the main
driver behind shade deployment is the outdoor solar irradiance. In this case, it is
concluded that window size does not affect the mean shade occlusion value.

e Case 05 [SO1 vs. S04]: A statistically significant difference was found in the mean
occlusion value between S01 (7%) and S04 (31%). The cooling system was active in
S01 while not in S04. However, the difference in MSO was explained because of high

solar irradiance variations.

e Case 06 [SO5 vs. S06]: We expected a higher occlusion value in SO05 (shade lowering
threshold = 300 W/m?) compared to S06 (450 W/m?). However, non-significant
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difference in blind occlusion value was observed (p-value = 0.47). 30% of user-shade
lowering actions occurred in S06 compared to 9% occurred in S05. It is suggested
that participants tend to lower the blind more frequently in S06 to avoid the glare

occurrence.
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Figure 4.22: Hourly blind occlusion % during a reference day using (a) simple shade control
strategy, and (b) multi-objective strategy.

Table 4.8: Paired t-test results of mean shade occlusion under different scenarios.

MSO % Paired t-test
Cases Scenario 01 Scenario 02 t df  Sig. (2-tailed)
Case 01 SO01: 7% S02: 73.7% -11.865 27 .000
Case 02 S02: 73.7% S03: 46.5% 6.096 27 .000
Case 03 S02: 73.7% S04: 31% 4.85 27 .000
Case 04 S02: 73.7%  S05: 65% 887 27 .383
Case 05 SO01: 7% S04: 31% -4.022 27 .000
Case 06  S05: 65% S06: 63% 731 27 471

Based on the aforementioned findings, the following points are concluded:

e The mean occlusion value was highly affected by solar irradiance on the facade since
each scenario has different frequency distribution during the day (see Figure 4.23).
Moreover, a high correlation was observed between the incident radiation and mean
shade occlusion, as illustrated in Figure 4.24. This is in line with Mahdavi et al. [32]
findings as a strong evident relationship between shade deployment, and the magni-
tude of solar irradiance was found in their field study. Based on these findings, solar
irradiance on the facade is a critical parameter that building designers should consider
during the selection of optimal shading control strategy to ensure less disturbing hours

of view-to-the outside.
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Figure 4.23: Relative frequency of solar irradiance on the facade for each scenario.

e Using the multi-objective control strategy significantly decreased the MSO compared

to the simple one. However, both scenarios almost have the same frequency distri-

bution of solar irradiance.

This result underlines that the multi-objective control

strategy, operating with intermediate positions, can help the occupants maintain a

closer connection to the outdoor environment. Thus, it can be considered a robust

shading design solution.
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Figure 4.24: Linear regression correlation between MSO and incident irradiance for each

scenario.
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Shade adjustments frequency

Table 4.9 summarizes the user and system-triggered actions (lowering, raising and total
adjustments) for each scenario during the entire study period. A total number of 976
blind adjustments was recorded over 56 calendar days. Approximately 30% (292) of these
adjustments were triggered by the users. A sum of 67 lowering actions and 225 raising

override actions.

Table 4.9: Total numbers of shade lowering and raising actions for each scenario.

Lowering Raising
system-triggered user-triggered Total adjustments system-triggered user-triggered Total adjustments
S01 16 4 20 65 3 68
S02 113 11 124 46 56 102
S03 19 26 45 39 7 46
S04 65 0 65 45 45 90
S05 99 6 105 44 71 115
S06 72 20 92 61 43 104
Total 384 67 451 300 225 525

Figure 4.25 shows the relative frequency of shade adjustments for each scenario. In terms
of user-triggered actions, the highest frequency of shade lowering was observed in S03 (39%),
where 46% of these interventions were within the first 10 minutes of the scenario and the
delay time for automatic blind closure was 5 minutes. More than half of the participants
stayed in the test room during the short break between S02&S03 (10-minute). Probably,
they faced direct sunlight during the break, and when the scenario started, they immediately
lowered the blind to avoid glare. However, zero lowering actions were recorded in S04 due

to low averages of outdoor weather conditions (Toyut, L) (see Figure 4.26).

Total adjustments - 19% 9% - 22% 20%

="
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Figure 4.25: Relative frequency of user and system-triggered actions for each scenario.

A higher frequency of user-shade raising actions was observed in S02&S05 (25% and 32%,
respectively) compared to other scenarios due to a high number of automatic blind closure
events (30% and 26%, respectively). In fact, Reinhart and Voss [102] found in a field study
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that 88% of occupants’ corrections were to reopen the blinds after an automated closure
occurred to maximize the view to the outside and sufficient daylight. On the other hand,
the lowest frequency was observed in S01&S03. It is expected as 90% of the time, the blind
was fully open in SO1. While in S03, the blind was either fully open or in the intermediate
position more than 70% of the time. To evaluate the impact of the different conditions
on the user-shade override adjustments, paired t-test statistical analysis was applied on
each case. The box-plot in Figure 4.27 demonstrates the distribution of user-shade override

adjustments (lowering and raising) for each scenario. The following shade patterns were

observed:
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Figure 4.26: Relative frequency of USO related to the average of physical environmental
parameters for each scenario.

e Case 01 [SO1 vs. S02|: fewer raising and lowering override adjustments were observed
in S01 (with active cooling) compared to S02 (without active cooling). The main

reason might be the low average solar irradiance on the facade in SO1 compared to
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Figure 4.27: Box-plot distribution of user-shade lowering and raising adjustments for each
scenario.

S02. However, this is in agreement with Inkarojrit [55] findings in their study. In
mechanically air-conditioned offices, they found that the occupants use fewer blinds
to adjust the indoor thermal environment. In contrast, in buildings with natural or

mixed-mode systems, the occupants often use the blinds to achieve thermal comfort.

e Case 02 [S02 vs. S03|: the number of shade-raising actions was significantly less
in S03 compared to S02, while the number of shade lowering actions was higher in
S03. Noting that a simple control strategy (300 W/m?) was used in S02 and a multi-
objective one in S03. The results indicate that the multi-objective control strategy with
an intermediate position can facilitate the balance between solar and glare protection
as well as daylight availability and view-to- the outside, improving the user perception
and satisfaction with the working environment. This is in agreement with Atzeri et al.
[3] findings since they found that intermediate shade positions can help the occupants
maintain a closer connection to the outdoor environment, improving their perception

and satisfaction of the working environment.

e Case 03 [SO2 vs. S04|: the average user-shade raising actions were slightly lower in
S04 than in S02. A low average of outdoor solar irradiance and temperature might be

the reason for zero lowering action in S04.

e Case 04 [S02 vs. SO05]: Higher number of raising actions was observed in S05 (WWR%
= 40%) compared to the original window design (WWR% = 70%). This observation
suggests that the building designer may consider the window size while selecting the

optimal solar shading control strategy from the early building design stage.

e Case 05 [SO1 vs. S04]: Non-significant difference was observed in lowering actions
between S01 (low degree of control options) and S04 (more control options). However,
shade raising was significantly higher in S04 due to more automatic closure events

occurred in S04.

e Case 06 [S05 vs. S06|: In S05, the number of raising actions was higher than in S06,
while the number of lowering actions was less in S05. It is concluded that using a
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high irradiance lowering threshold as in S06 (450 W/m?) decreased the raising actions
compared to S05 (300 W/m?).

The shade patterns related to the use of automated shading systems were classified into
three categories as shown in Figure 4.28. Similar results can be observed. 86% of the
respondents never or rarely adjusted the system (once or twice) in S03, while approximately
half of them (46%) adjusted the blind three times or more in S05. More than half of
the occupants didn’t override the blind position in each of S01 and S04 (82% and 54%,

respectively).

506 lTypeA(not operate:
05 Type B (operated

once or twice)

504 54% l Type C (operated 3

times or more)
503 36%

S01 82% :

0% 20% 40% 60% 80% 100%
Percentage%

Figure 4.28: Relative frequency of user shade patterns

Overall, robust shade control strategies with a limited override action can be achieved
through: (a) a multi-objective control strategy which represents a good example of keeping
a balance between the different aspects of shading system design as well as fewer override
actions, (b) a high irradiance lowering threshold is recommended for small windows to
maximize the view-to-the outside and decrease the raising override adjustment, (c¢) cooled
spaces are much more favorable than non-cooled spaces while using a simple control strategy

since it improves the thermal comfort sensation and reduces user override adjustments.

Shade patterns on sunny and cloudy days

In total, 19 sunny days and 9 cloudy days were registered in Session A of the experiment,
while 12 sunny days and 16 cloudy days were in Session B. Figure 4.29 shows a higher
average of blind occlusion on sunny days than on cloudy ones for all scenarios. The overall
average blind occlusion was 61.2% for sunny days and 37% for cloudy days. This seems to
be consistent with Inkarojrit [56] who found that 67% of shades were fully open on cloudy
days, compared to 43% on sunny days.

Moreover, Figure 4.30 shows the relative frequency of user-shade override actions on

sunny and cloudy days. The results indicate that people tend to lower the blind more

82



CHAPTER 4. OPTIMIZING AUTOMATED SHADING’S DESIGN AND OPERATION:
AN EXPERIMENTAL STUDY

Cloudy
[ R T e
Sunny

X 804

[=

ke

2]

3 604

Q

(5}

o

S a0

[

<

(2]

§ 204 -

1)

£

——
Q o ==
-20 T T T T T T
S01 S02 S03 S04 S05 S06

Figure 4.29: Mean shade occlusion in sunny vs. cloudy days for each scenario.

frequently on sunny days than on cloudy days, except for S05 and S06. WWR. was 40% in
both scenarios, decreasing direct sunlight and glare discomfort in the indoor environment.
Similarly, a higher frequency of raising actions was observed on sunny days compared to
cloudy days in S02, S04, S05 & S06. High shade occlusion value and more automatic closure
events recorded on sunny days, provoked occupants to raise the blinds more often to achieve

a better view-to-the outside and sufficient daylight.
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Figure 4.30: Relative frequency of user-shade override adjustments on sunny and cloudy
days for each scenario.

Questionnaire results: User-shade satisfaction and preferences

Participants were asked about their interaction with the automated shading system and
their reasons for each scenario (see Figure 4.31). Similar quantitative results were found in
terms of blind use frequency through the questionnaire analysis compared to the quantitative
findings of the monitored data analysis. For instance, the highest frequency of user-shade
lowering actions was observed in S03, where 54% of the participants lowered the blind mainly

to reduce the overall brightness of the workplane (33% of the respondents) and avoid glare
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on their computer screen (33%). The lowest frequency was observed in S01 and S04 (7%).
Participants were found to raise the blind the most frequently in S05 (61%) and S06 (61%).
Achieving a better view-to-the outside as well as increasing overall daylight in the workplane
were reported as the primary reasons behind raising the blinds. When the users did not
adjust the blind, 90% reported that it is not needed, and 10% were too busy or lazy to

adjust the blind. Previous studies’ findings [7, 55, 105] reported similar reasons for shade

lowering and raising.

(b) If no action, what was the reason?
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Figure 4.31: (a) User-shade override frequency (b) reasons behind no action (c) reasons
behind shade raising (d) reasons behind shade lowering.

Based on the box-plot distribution of occupant satisfaction with the performance of

automated shading system for each scenario in Figure 4.32, the following are concluded:

e A statistically significant difference in occupant satisfaction with the performance of
the shading system was found between S01&S02. This might be explained by several
reasons: (a) the cooling system was activated in S01 (21 °C setpoint) while not in S02,

and (b) a higher frequency of system-triggered actions was observed in S02 than in
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Figure 4.32: Satisfaction votes of automated shading system performance for each scenario.

S01. The high frequency could be a reason for users’ discomfort and disturbance, as

confirmed previously by Bakker et al. [7].

e The participants reported that the multi-objective control strategy in S03 provided
sufficient daylight inside the room, prevented glare and heat gain, and maximized the
view-to-the outside, as shown in Figure 4.33. Therefore, about 71.5% of participants
preferred the performance of automated shading performance in S03 compared to
26.5% in S02.
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Figure 4.33: Reason behind user preference of shading performance in S02 compared to S03.

e A slight difference were found between S05 (300 W/m?) and S06 (450 W/m?) since
53.6% of the occupants preferred S05 and 46.4% preferred S06. They found that both
control strategies were less disturbing and prevent the glare and heat gain, and few

voted for view out maximization.

Figure 4.34 shows that people occasionally override the shading system when they are

satisfied with the performance of automated shading systems. Therefore, the frequency of
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shade movement is a critical factor to consider while developing and operating the automated
shading control strategies to meet occupant preferences and satisfaction. Moreover, the
majority of the participants (more than 70%) were satisfied to very satisfied with having the
ability to override the blind position during the sessions. More than 80% of the participants
were willing to use a desk remote or a mobile application to override the blind instead of
wall-mounted manual switch. This confirms previous findings [105] about considering easy-
to-access control interface. In fact, providing occupants with easy-to-access controls over

comfort delivery systems would make them more eager to act for improving their comfort.
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Figure 4.34: User shade adjustments in relation to satisfaction votes with automated shading
performance.

4.4.2 Thermal comfort results

To understand the indoor thermal conditions that participants had experienced during the
first and second sessions of the experiment, the hourly profile of outdoor and indoor operative
temperature during the daytime (9:00 am- 5:00 pm) was analyzed in Figure 4.35. The blue
dashed lines show the upper and lower comfort indoor operative temperature limits according
to EN 15251:2006 standards (category II). The operative temperature average was within the
recommended comfort range for all scenarios except S06, which was higher by a half-degree.

Clothing insulation and metabolic rate

Figure 4.36 shows the box-plot distribution of clothing insulation for male and female par-
ticipants for each scenario. Females were observed to have a higher average of clothing
insulation (0.62-0.80 clo) than the male participants (0.45-0.65 clo). Overall, the mean of
clothing insulation was in the range of (0.62-0.70 clo). The closing insulation rate (I.;) used
to estimate the PMV values was 0.66 clo. Figure 4.37 shows the distribution of the actual
mean vote related to the clothing insulation level. The results indicate that people adapted
to the warm conditions by taking off some clothes. Participants were engaged in different
office work activities during the experiment. 43.3% of the respondents reported that they
work on their PC, 30% spent time reading, writing, and filing activities, and 26.6% for
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Figure 4.35: Hourly profile of outdoor temperature and indoor operative mean, max, and
min during daytime in Session A and B.

meetings. However, the metabolic rate was assumed to be 1.1 met for all scenarios, as a
typical seated office activity according to ASHRAE 55-2017 standards.

1.2

Il so1
x x [ s02
I s03
I so4
1.0 I so05
I so6
c
20.8
©
=]
(2]
£
2
£06-
5
o
0.4+
0.2 T T
Female Male

Figure 4.36: Box-plot distribution of clothing insulation: gender as index

Operative, comfort and standard effective temperatures

Table 4.10 summarizes the descriptive statistics of indoor operative, comfort, standard effec-
tive temperature, and outdoor temperature during each scenario. The relative frequency of
indoor operative temperature was analyzed per each scenario to evaluate the performance of
the automated shading system in terms of indoor thermal conditions (see Figure 4.38). The
histogram of operative temperatures clearly expressed the range of indoor thermal conditions

experienced by the occupants in each scenario. A similar distribution of indoor operative
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Figure 4.37: Box-plot distribution of actual mean vote and clothing insulation for each
session.

temperature was noticed in 502, S03, and S04, while S05 and S06 showed a higher average

operative temperature. SO1 was the lowest since the cooling system was active.

Table 4.10: Descriptive statistics of indoor operative, comfort, standard effective tempera-
ture and outdoor temperature for each scenario

S01 S02 S03 S04 S05 S06
Mean SD Mean SD Mean SD Mean SD Mean SD  Mean SD
Top [°C] 22.68 0.65 2527 1.64 2543 196 24.76 141 26.01 1.64 26.44 1.67
Teoms [°C] 23.04 210 23.84 1.42 2407 146 2447 1.47 2444 179 25.08 1.98
SET [°C] 23.15 1.14 25.76 1.78 25.84 2.02 2548 1.63 26.69 1.66 26.52 1.79
Tout [°C| 21.58 546 2346 5.94 2448 5.75 19.36 3.44 2237 4.54 23.06 4.66

Figure 4.39 shows the box-plot distribution of operative temperature related to the mean
shade occlusion for each scenario. These results indicate that the mechanical exhaust air
ventilation and active cooling could improve indoor thermal comfort in SO01, as the average
operative temperature was about 22.68 °C. In S06, the operative temperature was signif-
icantly higher than in S05. However, a non-significant difference in shade occlusion was
observed. It can be explained due to the high average outdoor temperature. In S02, S03,
and S04, the average operative temperature varied between 25-26 °C. However, the mean
occlusion value was 46.5%, 73.8% in S03 and S02, respectively.

Overall, the operative temperature was highly correlated with the mean shade occlusion
in both sessions (Pearson correlation was 0.72, 0.57 in sessions A&B, respectively) (see
Figure 4.40). Figure 4.41 shows that the distribution of indoor operative temperature was
slightly influenced in terms of different types of users (i.e., type A: did not adjust the blind,
type B: adjusted once or twice, type C: adjusted more than twice). Based on these results,
it is concluded that thermal stimuli affected the blind position more than shade adjustment.

Similarly, few participants (20%) reported that they lower the blind to reduce the heat from
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Figure 4.38: Histograms of indoor operative temperature, mean and standard deviation for
each session.
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Figure 4.39: Box-plot distribution of indoor operative temperature vs. MSO.

the sun. This is in line with O’Brien et al. [95] findings. They reported that few studies
indicate that occupants change their shades in an attempt to control the indoor thermal
comfort.

Figure 4.42 presents the box-plot distribution of operative temperature related to the
estimated comfort temperature using Griffiths’ method. The highest average comfort tem-
perature was observed in S06 (25.1 °C), while the lowest was in S01 (23 °C). A statistically
significant difference was found in the mean comfort temperature between S01&S02 and
S01&S04. User expectation could also play an important role since people were informed

about the active cooling in S01. Overall, the occupants’ comfort perception of the indoor
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temperature was lower than the actual measured values. Figure 4.43 shows that comfort
temperature was slightly correlated with the mean operative temperature in both experi-
ment sessions. This result indicates that the participants could barely match their comfort
temperature with their typical environment, which is not in agreement with Gallardo et al.
[37] findings (high correlation). It can be explained due to (a) users’ expectations since they
were informed about active and non-active cooling scenarios in the thematic introduction,
and (b) the non-steady state conditions during this experiment compared to steady state
conditions during the old PMV research.

Figure 4.42 shows that the lowest average of standard effective temperature (SET) was
observed in S01 (23.15 °C), where the highest was in S05 (26.69 °C). Moreover, the average
of SET was above the upper comfort value (25.6 °C) in each of S02, S03, S05 and S06. A
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statistically significant difference was found in the SET average between S01&S02, S02&S05,
and S01&S04 (p-value <0.05). Overall, SET prediction model overestimated the human

sensation to the thermal environment except in SO1, where the cooling system was active.
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Figure 4.42: Box-plot distribution of operative temperature related to comfort and standard
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PMV, AMV and PPD comfort indices

The participants expressed their thermal sensation through an actual mean vote (AMV),
while the predicted thermal sensation was estimated using the PMV model. Table 4.11
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presents the standard deviation and the average of PMV, AMV, and PPD metrics for each
scenario. Figure 4.44 demonstrates that the relative frequency of AMV was normally dis-
tributed around neutral comfort temperature in S01, S02, S03, and S04, where the distri-
bution was skewed to slightly warm in S05 and S06. However, the frequency of PMV was
normally distributed around neutral comfort for all scenarios except SO01, where the PMV
distribution shifted toward slightly cool.

Table 4.11: Descriptive statistics of AMV, PMV, and PPD indices for each scenario

Scenarios S01 S02 S03 S04 S05 S06
Mean SD Mean SD Mean SD Mean SD Mean SD  Mean SD

AMV -0.18 094 0.71 1.05 0.68 1.22 014 071 0.79 113 068 0.72

PMV -0.58 0.36 021 052 024 0.61 0.10 046 048 0.46 047 0.51

PPD% 14.8 11.1 120 87 13.8 12.0 10.1 6.0 14.1 13.0 153 12.9
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Figure 4.44: Relative frequency of AMV and PMV indices fro each scenario.

In Figure 4.45, it is noticed that participants perceived the indoor environment close to
neutral comfort in S01 and S04 (the morning scenarios), while they felt slightly warm (close
to +1) in S02, S03, S05, and S06. A statistically significant difference was found between
S01&S02 and S02&S04. Instead, the PMV index predicted that occupants perceived the
thermal environment close to neutral in all scenarios except in S01 since it was around
slightly cool. It is expected since the indoor temperature was kept around 22 °C in SO1,
while non-active cooling was in the other scenarios. Overall, the PMV model underestimated
the actual thermal sensation reported by the participants. T, is the thermal climate feeling
as a function of the location in a room. Therefore, occupants may feel warmer because
of direct solar heat gain close to the window, while the thermal comfort equipment stand
was deeper in the test room. This result is consistent with Garcia et al. [38] findings,
which reported the PMV model does not predict the thermal sensation of the occupants in

naturally ventilated buildings.
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Thermal votes

Figure 4.45: Box-plot distribution of AMYV related to PMV for each scenario.

Thermal perception votes and operative temperature

The range of indoor operative temperature was between (22-30 °C) during the study period,
between the average of slightly cool and slightly warm, as predicted by the PMV model.
Figure 4.46 shows that participants perceived their thermal environment as slightly warm
since the average operative temperature increased up to the range (25-26.5 °C) in each of S02,
S03, S05, and S06. Figure 4.47 presents the linear regression of thermal sensation votes as a
function of indoor operative temperature. Surprisingly, a high correlation between thermal
perception -obtained with the actual user votes- and measured operative temperature in
S02 and S03 (R-squared values are 0.54, 0.64), and a weak correlation in S04 and S05 (0.20,
0.38), with almost no correlation in S01 and S06.
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Figure 4.46: Box-plot distribution of operative temperature and AMV for each scenario.
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Figure 4.47: Thermal perception in relation to operative temperature for all scenarios.

Adaptive model

S01 was excluded from the analysis since it was actively cooled and had no open windows.
As shown in Figure 4.48, most dots in S02, S03, and S04 lay in the acceptable range of
operative temperature (80% upper and lower limits). In S05 and S06, a few dots apply
above the upper limit of acceptable operative temperature. The latter result is consistent
with the thermal sensation votes of the participants since the AMV average was close to
slightly warm (+1) in both scenarios, while not in S02 and S03 as the AMV average was
close to slightly warm. However, various studies have shown large individual preferences not

supporting this assumption as reported by Schweiker et al. [110].

Questionnaire results: thermal comfort perception and sensation

The occupant’s satisfaction votes of indoor temperature, relative humidity, and air movement
on a scale of 1-5 (1= very uncomfortable and 5= very comfortable) measured the thermal
perception of the work environment for each scenario (see Figure 4.49). People perceived the
thermal comfort parameters as more comfortable in SO1 compared to other scenarios, while
they perceived least comfortable in S06. The latter is explained due to the high average
operative temperature (26.44°C) recorded in that scenario.

Thermal preference vote was measured on a scale of 1-5 (1= much cooler, a bit cooler,
no change, a bit warmer, and 5= much warmer). In Figure 4.50, 43% of the participants
preferred no change in air temperature in S01, while a bit cooler temperature was preferred
in S02-S06 with an average of (2.4, 2.57, 2.6, 2.32, 2.39, respectively). It is expected that
people feel comfortable in spaces with active cooling (S01) compared to non-active cooling
in the other scenarios. Moreover, people was informed in the thematic introduction before

the experiment that the cooling system will be active in SO01, while not in other scenarios.
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Figure 4.49: Thermal comfort perception of indoor temperature, relative humidity, and air
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Paired scenarios evaluation

Paired t-test statistical analysis was applied to different scenarios to compare thermal com-

fort conditions using the aforementioned metrics and models. Based on Figure 4.51, the
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Figure 4.50: Thermal comfort preferences of indoor temperature for each scenario.

following conclusions are summarized:

Case 01 [SO1 vs. SO02|: A statistical significant difference was found between the
thermal condition in S01 and S02 in terms of Typ, Teomy, SET, PMV, and AMV.
Participants were more satisfied with thermal conditions when the cooling system was
active in SO1 compared to S02 (without active-cooling). This is likely because the
cooling system and the mechanical exhaust air in the test room maintain reasonable

comfort conditions.

Case 02 [S02 vs. S03]: a non-significant difference was found between S02 (simple
strategy) and S03 (multi-objective strategy) in terms of Top, Teomy, SET, PMV, and
AMYV metrics. However, a statistically significant difference was found in mean shade
occlusion and blind frequency adjustments in both scenarios. To conclude, blind use

patterns were not affected by the indoor thermal conditions of both strategies.

Case 03 [S02 vs. S04]: AMV was significantly lower and close to neutral in S04 than
S02. However, a non-significant difference was found in terms of Top, Teomys, SET,
and PMV metrics. Remembering that people were allowed to use the ceiling fan in
S04 while it was not permitted in S02. Therefore, people’s satisfaction increased by
increasing the number of adaptive opportunities. This is in agreement with Schweiker
et al. [111] findings. The authors found a higher satisfaction with the thermal condi-
tions when interaction with the built environment permitted by using a fan or opening

a window.

Case 04 [S02 vs. S05]: Significant difference was found in SET and PMV comfort

evaluation between S02 and S05. However, people did not feel any significant difference

96



CHAPTER 4. OPTIMIZING AUTOMATED SHADING’S DESIGN AND OPERATION:
AN EXPERIMENTAL STUDY

30 —{p-value= 0.00* |p-value= 0.19 |p-value= 0.22 p-value= 0.05 p-value= 0.00* p-value=0.00*

2 S phedps 485

22
20
S01 |soz| soz|sos||soz|so4||soz|sos||so1 |so4||sos|soe|
304 p-value= 0.04* p-value= 0.43 |p-value= 0.11 | p-value= 0.14 |p-value= 0.00* p-value=0.18
e s et e ot oo
20 -
151+ *
so01[so02 | [s02 [ s03 ][ s02]s04][s02]s05][so01][so04][s05]s06]
35 | p-value= 0.00* p-value= 0.54 |p-value= 0.54 p-value= 0.04* p-value= 0.00*| p-value= 0.42
30
|- J
LS E + 3 +
20
* * *
s01[s02 | [s02 [ s03|[s02]s04]s02]s05][so01][s04]|s05]s06]
2- -value= 0.00* p-value= 0.42 p-value= 0.42  p-value= 0.03* p-value= 0.00* p-value= 0.85
e [
S o
aEE %
-2 ] * *
-3

S01 |soz||soz|soa||soz|so4||soz|sos||so1 [ S04 [ s05 | s06 |
3 . p-value= 0.00* p-value=0.82 p-value= 0.01* p-value= 0.78 p-value= 0.20 |p-value= 0.67
2

HETTE Py s ppe

2]

34 * *

s01[s02 | [s02]s03 | [s02]s04 ][ s02]s05][s01]s04]|s05]s06
Case 01 Case 02 Case 03 Case 04 Case 05 Case 06

AMV

Figure 4.51: Paired scenarios comparison in terms of Top, Teomy, SET, PMV, AMV.

in indoor thermal conditions. Moreover, a non-significant difference was observed in

mean shade occlusion.

e Case 05 [SO1 vs. SO04]: A statistical significant difference was found between the
thermal condition in SO1 and S04 in terms of Typ, Teomy, SET, and PMV. However,
people felt neutral in both scenarios. It is suggested that people feel comfortable either
with active cooling or having high degree of control over the physical environment.
Thus would improve thermal comfort and the overall satisfaction with the indoor

97



4.4. RESULTS AND DISCUSSIONS

environment.

e Case 06 [S05 vs. S06]: The indoor operative temperature was higher in S05 compared
to S06. The PMV model and SET index didn’t predict any difference, and people
sensation votes were the same. To conclude, using a low or high irradiance thresholds

to lower the blind had no impact on thermal conditions and occupants’ perception.

4.4.3 Visual comfort results

In this section, the visual comfort is evaluated using several performance indicators under
the different scenarios, such as daylight workplane illuminance (W), vertical illuminance at
the eye level (E,), simplified discomfort glare probability (DGPs), and glare sensation votes
(GSV) reported by the participants. The hourly profile of outdoor irradiance and indoor
illuminance average during the daytime (9:00 am - 5:00 pm) in sessions A&B are shown in
Figure 4.52. The indoor illuminance in session A was below the upper limit of the acceptable
range (3000 lux), excluding the workplane illuminance recorded in the first 15 minutes of
S03. In session B, the workplane illuminance continuously exceeded the upper limit, clearly
at the second half of S04 and the beginning of S05&S06.

Daylighting performance

Daylighting performance was evaluated by measuring horizontal workplane and vertical illu-
minance at eye level during the experiments. Relative frequencies of vertical and horizontal
indoor illuminance are presented in Figure 4.53, a&b. Relative frequency was between 0-6%
when vertical illuminance exceeded 2000 lux and 0-10% when workplane illuminance ex-
ceeded 3000 lux. Figure 4.54, a&b shows the box-plot distribution of horizontal and vertical
illuminance at the eye level related to the mean shade occlusion for each scenario. The
highest average of workplane illuminance was observed in S05 and S06 (2800 lux), while the
lowest average was in SO01 and S02 (1440 lux). The latter is explained due to the high shade
occlusion value (74%). The highest average was observed in S01 (1100 lux) regarding verti-
cal illuminance since the MSO was 7%. The lowest average was observed in S05 (554 lux)
compared to other scenarios. It is explained due to the high occlusion value (MSO=65%)
and small window size (WWR = 40%) in this scenario. Overall, the workplane illuminance
was within the acceptable range (300-3000 lux), except in S05 and S06, the 3" quartile was
above the permitted limit. In contrast, the average vertical illuminance was below the upper
limit (2000 lux) for all scenarios.

Participants were asked about their perception of daylighting in the indoor environment
on a 7-point scale (1: very dark, 4: neutral, 7: very bright) (see Figure 4.55). People
perceived the highest average of daylighting in SO1 and S04 (4.4 and 4.3, respectively). In
S05, people perceived their work environment as slightly dark (3.7). This is in line with the
monitored data findings, as the vertical illuminance was the lowest in S05 (WWR=40%).
Moreover, a positive medium correlation was observed in Figure 4.56 a&b between indoor
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Figure 4.52: Hourly profile of solar irridiance on the facade, horizontal and vertical indoor
illuminance in (a) session A and (b) session B during the daytime of the experiment.

illuminance and daylight perception votes. This result indicates that daylight perception

was almost similar to the actual illuminance conditions.

Glare discomfort

Figure 4.57 demonstrates the box-plot distribution of DGPs values related to the partici-
pants’ glare sensation votes (GSV) in S01-S06. It is noticed that the average of DGPs was
within the range of (0.2-0.3), thus indicating that the DGPs values were below the upper
limit of DGPs acceptable range (0.35) in all scenarios. Similarly, the participants (75%)
perceived the glare as imperceptible to noticeable (average of 1-2) on the glare sensation

scale, except in S03, where 28% reported a disturbing level of glare. It is surprising since the
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upper limit of E, was below 2000 lux in this scenario (multi-objective strategy). Probably,

people overestimated glare perception since they are not familiar with glare discomfort scale.
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Figure 4.57: Box-plot distribution of DGPs in relation to GSV for each scenario.
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Figure 4.58 shows that the highest frequency of glare sensation was reported in S02,
S03, and S06 (35%, 39%, and 35%, respectively). People mentioned that direct sunlight and
bright desk were the primary sources of glare discomfort (38% and 31%, 29% and 41%) in
S03 & S06, respectively. However, 29% of the respondents in S02 reported that bright screen
and sky were the primary sources of glare, keeping in mind that the luminance density of
the monitor was 300 cd/m? (45% brightness), and 25% of respondents reported that the

artificial light was turned on.
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Figure 4.58: Relative frequency of (a) glare sensation votes and (b) sources of glare.

Figure 4.59 shows an unclear association between the prediction of disturbance by glare
(DGPs) and participants’ response to perceived glare (GSV). It is explained either that (a)
DGPs model of glare prediction was not a good indicator at high peak glare sources in
this study or (b) the participants overestimated glare perception. Probably the latter since
people do not know the exact meaning of glare discomfort scale. For instance, few people
in S03 and S06 (7% and 3.6%, respectively) reported intolerable glare perception ; however,
the DGPs averages were within the acceptable range in both scenarios. This result confirms
the findings of Karlsen et al. [63] in their study; they suggested that the DGPs equation
should be renewed.
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Figure 4.59: DGPs as a function of GSV votes for each scenario.
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Questionnaire results: Visual comfort perception and satisfaction

Figure 4.60 shows that majority of people perceived the lighting conditions as comfortable
to very comfortable in S01, S04, and S06, with an average of 4.07, 4.1, and 4.0, respectively.
Less people (60-70%) perceived the lighting as comfortable in S02, S03, and S05 due to high
mean shade occlusion values. Similarly, the monitored data showed the comfort average of

workplane illuminance in S01-S04.
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Figure 4.60: Questionnaire results: Lighting comfort perception.

Participants were asked to assess their satisfaction with lighting conditions in their work-
plane environment on a 5-point scale (1: very dissatisfied and 5: very satisfied). The "0"
code was assigned when the artificial lighting was not used (see Figure 4.61). People were
more satisfied with daylighting conditions in SO1, S03, and S04 compared to other scenarios,
where only half of the participants were satisfied with daylighting in S02, S05, and S06 since
MSO was high (see Figure 4.20). Similar results were found in terms of overall lighting, as
the majority of people were satisfied in S01, S03, S04, and S06. These results may explain
why 60-75% of people did not use artificial lighting during the experiment scenarios.

0: not used in case of artificial lighting, 1: very disatisfied, 5: very satisfied
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Figure 4.61: Questionnaire results: Visual comfort satisfaction in terms of daylighting,
artificial light, and overall lighting for each scenario.
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View-to-the outside satisfaction

Another variable of interest is the participant satisfaction of view connection to the outside.
Majority of people (85%) were satisfied with the view-to-the outside in SO1 with an aver-
age of 4.39. The lowest average of satisfaction vote was noticed in S02 and S05 (2.6, 3.1
respectively) (see Figure 4.62, a). This result is expected as mean occlusion values were the
highest in S02 and S05. Figure 4.62 (b) shows a negative correlation between blind occlusion
average and view-to-the outside satisfaction.

In S03, more than 60% of the people were satisfied with view-to-the outside since 80%
of the time, the blind was kept open or in intermediate position. However, the highest glare
sensation was in S03 according to participants votes. Similar results was noticed in S01
and S06. In S06, high irridiance threshold was used to lower the blind. These findings are
consistent with the fact that people may tolerate some glare discomfort once they have a

better view connection to the outside [104, 95].
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Figure 4.62: (a) Box-plot distribution of View-to-the outside satisfaction votes (b) as a
function of MSO for each scenario.

Paired scenarios evaluation

Based on paired t-test statistical analysis, the visual performance of the automated shading
system under different conditions was evaluated (see Figure 4.63). Table 4.12 summarizes the
descriptive statistics of visual comfort indices for each scenario. The following conclusions

are summarized:

e Case 01 [SO1 vs. S02|: People were significantly more dissatisfied with the view-to-the
outside in S02 (without active cooling) compared to SO1 (with active cooling) due to
high shade occlusion value (73.7%). However, E, and DGPs values were significantly
higher in SO1.
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Table 4.12: Descriptive statistics of MSO, W, E,, DGPs, GSV indices and view-to-the
outside (VTO) for each scenario.

Scenarios S01 S02 S03 S04 S05 S06

Mean SD Mean SD Mean SD Mean  SD Mean  SD Mean  SD

MSO% 6.9% 1329 73.7% 311  46.4% 32.6 31%  28.47 65%  33.82 63%  35.29
I, [W/m?| 157.37 50.36 388.15 146.86 386.10 176.79 256.44 122.01 434.20 239.93 375.76 209.46
W), [klux] 144 0.86 1.52 1.47 2.62 1.30 2.06 1.29 2.87 2.30 2.82 1.86

E, [klux| .11 0.35 0.62 0.51 1.06 0.47 0.99 0.44 0.55 0.27 0.81 0.50
DGPs 0.25  0.02 0.22 0.03 0.25 0.03 0.25 0.03 0.22 0.02 0.23 0.03
GSV 1.21  0.50 1.61 0.79 1.79 1.03 1.25 0.44 1.43 0.63 1.64 0.91
VTO 432 077 2.64 1.50 3.64 1.39 3.61 1.17 3.14 1.56 3.25 1.60

e Case 02 [S02 vs. S03]: The overall lighting conditions were statistically higher in
S03 compared to S02 in terms of Wy, E,, and DGPs metrics. However, the lighting
condition in S03 was within the visual comfort acceptable range, as illustrated in
the previous section. People were statistically more satisfied with the view-to-the
outside in S03 than in S02, could suggest that the multi-objective control strategy
provides sufficient daylighting conditions and view-out maximization while avoiding

glare discomfort.

e Case 03 [S02 vs. S04]: a higher average of vertical illuminance and DGPs values
was observed in S04 (with ceiling fan control) compared to S02 (without ceiling fan).
According to the questionnaire responses, people perceived a higher glare perception

in S02 and were more satisfied with the external view connection in S04.

e Case 04 [S02 vs. S05]: a non-significant difference was found between S02 and S05 in
terms of E,, DGPs, GSV, and view-out satisfaction since both have the same shading
control strategy. Surprisingly, the workplane illuminance was higher in S05 (WWR%
= 40%) compared to S02 (75%) since higher user-shade raising actions were recorded
in S05. To suggest, a smaller window size could not improve the shading utilization
since people are willing to have sufficient daylight.

e Case 05 [SO1 vs. S04]: A higher average of workplane illuminance was in S04 than in
S01, and people were less satisfied with the view-connection to the outside. A non-
significant difference in glare indices was found. It is expected since both scenarios
were conducted in the morning, and the blind was activated using the same control

strategy.

e Case 06 [S05 vs. S06]: A statistically significant difference in vertical illuminance and
DGPs averages were found between S05 and S06. It is expected to see more glare
problems in S06 since the shading system was lowered if incident irradiance exceeded
450 W /m?. However, the average of E, and DGPs indices were below the upper glare
occurrence limit. People were slightly more satisfied with the view- connection to the
outside in S06 than in S05. It is suggested that using the high irradiance threshold
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Figure 4.63: Paired cases evaluation in terms of W, E,, DGPs, GSV, and satisfaction votes
with the view-to-the outside.

of shade lowering could slightly improve the view-connection to the outside while

increasing glare incident probability.
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4.4.4 Questionnaire results: adaptive behavioural patterns

The participants were allowed to control different adaptive behavior options during the
experiment scenarios (e.g., window opening, blind up/down, turn on/off the light, and ceiling
fan). In SO1, the participants’ control was limited to adjusting the blind and the electric
light. In S04 and S06, they were allowed to control more devices such as windows and ceiling
fans. Figure 4.64 shows the relative frequency of shade adjustments related to other adaptive
control options in each scenario. The highest frequency of shade lowering was observed in
S03&S06, while the lowest was in S01&S04. Regarding shade raising actions, the highest
frequency was noticed in S02&S05, and the lowest was in S03. This is consistent with our

quantitative findings of the monitored data analysis.
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Figure 4.64: Relative frequency of adaptive behaviours for each scenario.

The highest frequency of window opening was observed in S04, S05, and S06 (21% per
each), considering that the operable windows were fully closed in SO01 due to active cooling
mode. Improving the air movement and the warm conditions inside the room were the main
reasons behind window opening (see Figure 4.65). People tended to close the windows more
frequently in S03 and S04 compared to other scenarios. The primary reason was to avoid
noise outside as the test room is located in the middle of the Haspel campus, Wuppertal
University. The temperature inside or outside the test room was the secondary reason behind
closing the windows.

In terms of lighting control, lights were turned off approximately 60-80% of the time
during the experiment. Reducing the overall brightness of the workplane, reducing the glare
on the computer screen, and saving energy were the main reasons why people didn’t use the
light (see Figure 4.66). However, the highest frequency of light adjustment was in S02&S05
since the mean shade occlusion was the highest (74% and 65%, respectively). The primary
reason behind using artificial lighting was to increase the amount of light in the workplace.

The main reasons reported behind using the ceiling fan were the improvement of the

air movement and it was hot inside. Participants were allowed to adjust the ceiling fan
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Reasons behind window opening

Reasons behind window closing

sos | H - s
sos 1 o I
so+ [N I s I u
o [N 1 o -
soo I I
S01 S01
0% 20% 40% 60% 80% 100% 0% 20% 40% 60% 80% 100%
Response% Response%
| It was hot inside the room. = ;ooi:jold in thetrt?;m.
uTh ir felt dry. m Avoid noise outside.
© a!r et ary m Avoid smoke/bad smell outside.
The air smelled bad
| . ¢ I had to leave the room.
mprove air movemen -. Too hot outside.
u Contact someone outside. M Avoid wasps from entering the room.
Figure 4.65: Reasons behind window opening and closing for each scenario.
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Figure 4.66: Reasons behind lighting and ceiling fan adjustments for each scenario.

using a desk remote in S04&S06. About 20% of the adjustments occurred in S04, whereas
80% occurred in S06 due to higher average operative temperature (26.44 °C) compared to

S04 (24.74 °C). Figure 4.67 shows the thermal sensation air movement acceptance in S04,
S05 & S06, while not in S01, S02 & S03 since the ceiling fan was not used. It is noticed

that thermal sensation was more accepted in S04 compared to S05. A slight difference was

observed between S05 and S06 in terms of thermal and air movement acceptance votes. More

than half of the respondents preferred no change in air movement in S04&S06. These results

indicate that people’s satisfaction with the thermal conditions increased when interacting

with the built environment was permitted using a fan or opening a window. This is in

agreement with Schweiker et al. [111] findings in their experimental study in "btga-box" at
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the University of Wuppertal.

-| 1: very unacceptable
5: very acceptable

Acceptance votes

Thermal sensation air movement

Figure 4.67: Questionnaire results: thermal sensation and air movement acceptance votes

in S04, S05& S06.

Correlation between shade occlusion and current state of window and light

Figure 4.68 represents the current state of artificial lighting (on or off) as a function of
mean shade occlusion. It is observed that light was turned on when MSO was high in S02,
S05&S06. Surprisingly, it is observed that the light was turned off also when the mean

occlusion value was also high.
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Figure 4.68: Lighting state as a function of mean shade occlusion for each scenario.

The window state was also analysed as function of mean shade occlusion as shown in
Figure 4.69. It is noticed that the window was fully open when the mean shade occlusion was
high except in S04, where the participants were able to use the ceiling fan. It is explained
that people preferred to use the ceiling desk remote (easy-to-access) more than opening the
window to improve the air movement when the blind was closed or the temperature outside
was low. Blind closure could prevent the air movement, so people tend to open the window

or use the ceiling fan to improve air movement.
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Figure 4.69: Window state as a function of mean shade occlusion for each scenario.
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4.5 Conclusions and recommendations

This study is carried out with the objective to evaluate the performance of automated shad-
ing systems in terms of occupant interaction and satisfaction, thermal and visual comfort.
An experimental study in a full-scale test cell was conducted under different environmental
conditions, design solutions and shade control strategies for optimizing shading design and

operation. The main conclusions and recommendations can be summarized as following:

e Time of the day, sky conditions (sunny or cloudy), solar irradiance on the facade,
and indoor operative temperature influenced the blind occlusion substantially. How-
ever, only 20% of the respondents adjusted the blinds to reduce the heat from the
sun. Therefore, it is recommended that the building designers consider the visual and
thermal stimuli while selecting the optimal shading control strategy for each facade to

ensure a comfortable indoor environment and less disturbing hours to the view outside.

e More than 70% of the participants preferred the performance of automated shading
using the multi-objective control strategy. It is found as a robust shade control strat-
egy (less override actions) since 86% of the respondents never or rarely adjusted the
blind. The thermal and visual comfort results indicate that the multi-objective control
strategy with an intermediate position could balance between solar heat and glare pro-
tection as well as daylight availability and view-connection to the outside, improving
user satisfaction with the automated shading system. Therefore, it is recommended
that occupant-centric control parameters (i.e., indoor illuminance and temperature)
and intermediate positions should be incorporated into shading design selection criteria

to a greater extent than what is common today.
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e Active cooling system, mechanical ventilation by exhaust air, window opening, and
use of ceiling fan were found to keep the indoor thermal conditions within the comfort
range during the different scenarios in the experiment. Approximately 40-45% of
participants preferred no change in the indoor thermal conditions when (a) the cooling
system was active or (b) when they were permitted to open the window and use the
fan. Therefore, considering a good cooling and ventilation system as well as control
devices (e.g., window and fan) in the early stage of the building design can improve user
satisfaction with the indoor thermal environment and shading operation. However, the

selected cooling system should be considered within energy-saving implications.

e Using a small window size (WWR=40%) increased the frequency of shade raising
actions by 24% compared to the original window design. However, a small window
combined with a high irradiance lowering threshold maximized the view-to-the outside
and decreased the shade raising actions by 26%. Therefore, it is recommended that
designers select the optimal design of window size and solar shade control strategy in

terms of user behaviour and acceptance.

e Using a high irradiance threshold (450 W/m?) in controlling shading systems could re-
duce the number of shade raising actions by 49% compared to low irradiance threshold
(300 W/m?). However, 34% of the respondents tend to lower the blind to prevent both
glare and heat gain from the direct sun. Therefore, it is recommended that designers
may consider a high irradiance lowering threshold in north and west-facing facades
while low irradiance threshold in south and east to prevent glare and overheating

problems.

e Providing occupants a decent level of adaptive control options over their workplaces
(e.g., window opening, turn on/off artificial light, adjusting the blind and using the
ceiling fan) leads to higher acceptance with the indoor environment. More than 70%
of respondents were satisfied for having the ability to override the shading system.
About 80% are willing to use a desk remote or mobile application to control the
shading system. Therefore, it is recommended that the designers consider deploying
a high degree of control options, easy-to-access interfaces, and the ability to override

while designing and planing the automated shading systems.

4.6 Limitation of the study
There are some limitations in this study outlined as follows:

e Thematic introduction before the experiment and periodic visits to the test cell to
modify setups and retrieve data might exacerbate the "Hawthorne effect." Therefore,
the "Hawthorne effect" may alter participants’ natural behaviour towards interacting

with the test room devices and systems due to their awareness of the study. Therefore,
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the next Chapter 5 represents an in-situ monitoring study performed in a real office
building to explore user behavioural patterns related to the use of automated shading

systems without the occupants’ awareness.

The number of people took part in the experiment was 28 instead of 43, which was
the estimated number using the g-power statistical tool. However, a significant differ-
ence was found between the paired tested scenarios in terms of different performance
indicators. Probably, the effect size (i.e., the difference between groups) was higher

than the estimated.

Participants tested three different scenarios per day, each scenario endured only two
hours. As a consequence, indoor operative temperature slightly differed between the
scenarios, and it was hard to evaluate the impact of different shading control strategies

on indoor temperature.

The findings show that sun position and time of the day greatly influenced the shade
deployment in the different scenarios, however, both are considered as covariates vari-

ables (i.e., not of direct interest) in this study.
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Chapter 5

Learning from shading design and
utilization: Luxembourg case study

This case study presents the methods and key findings of a field study conducted on a mid-
rise office building located in Niederanven, Luxembourg. The study focused on the building’s
automated shading system activation and the interaction between occupants and the shad-
ing systems with the aim of identifying occupant-centric rules for optimal shading design
solutions. The study included a design investigation, data monitoring statistical analysis,
a questionnaire, and a simulation-based analysis. An interview with the designer was con-
ducted to investigate the shading system design characteristics and selection criteria. The
data monitoring was performed under summer conditions in 2019, and the questionnaire was
conducted in 2021 under similar conditions. Finally, a simulation-based analysis was per-
formed to evaluate the daylighting and energy performance of the established shade control
strategy. Contrary to expectations and previous studies’ findings [101, 84, |, the study
found relatively few interactions between the occupants and the shading system. However,
more interaction occurred when the occupant was located closer to the push button of shade
manual adjustment. Additionally, building orientation, social constraints, and time of day
were found to influence the manual activation of shading systems. The statistical analysis of
the monitored data showed the low performance of a regression model and the superior per-
formance of data mining techniques. The main lessons to designers and researchers include:
(1) the use of (internal/external) shading systems can lead to user satisfaction (i.e., less
override actions), (2) the definition of control thresholds is essential, and (3) the deployment
of lighting sensors is beneficial. On the operation level, robust and simple shade control

strategies are recommended.

5.1 Introduction

Automated shading systems represent a promising solution for improving indoor thermal
and visual comfort as well as energy-saving for cooling. However, a recent review of the

literature [93] indicates that many of the existing blinds automation systems fail to improve
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occupants’ visual comfort and reduce the lighting energy use as intended in the design
phase. These automation problems result in temporary or permanent occupant overrides.
For example, Reinhart and Voss [101] reported that occupants overrode 88% of the attempts
of an automation system to close window blinds. In another study, a total number of 3433
external blind adjustments were recorded—an average of 0.86 per office per day. The users
triggered 73.6% over 100 working days in 40 offices. They explained the high rate of user
adjustments that the majority of the users switched off the automatic mode and did not use
it during the trial [34]. Therefore, there is a necessity to better understand occupants in the
operation phase to enhance the robustness of building automation solutions over occupant
overrides.

Despite high control over environmental conditions and flexibility to manipulate the
configuration of building design and control systems in laboratories, studying occupants in
a real environment provides insights into how occupants react to their built environment.
Based on field studies of monitoring occupants’ operations, researchers may extract data
about occupant behaviour patterns to understand occupant behaviour as well as improve
occupant-centric design practices [10]. Based on the aforementioned literature in Chapter 2,
limited research focused on the design and post-occupancy evaluation of buildings equipped
with dynamic shading systems in their facades in terms of user interaction and acceptance
[67]. To this end, the current study provides a detailed and in-depth analysis on exploring
behavioural patterns related to using the automated external shade in Luxembourg office

building to derive occupant-centric rules for optimal shading design solutions.

5.2 Case study description

5.2.1 Building overview

The new headquarter Goblet Lavandier is a five-story office building located in Niederanven,
Luxembourg (see Figure 5.1). The building is located in a temperate oceanic climate (Ctb)
with a mild marine winter and warm summer with no dry season. The investigated building
has been designed as a nearly-zero energy building and complies with the latest sustain-
able design criteria. The building received DGNB (Deutsche Gesellschaft fiir Nachhaltiges
Bauen) Platinum certification in 2018. The building is a quadrilateral concrete structure
(25%25 m) with a galvanized metal sheet fagade (see Figure 5.2). It consists of three under-
ground parking floors, a ground floor, and four upper floors. The reception area, conference
halls, and a canteen are on the ground floor. The building core comprises circulation and
sanitary units and creates a naturally daylit office zone and a passive night cooling. The
workspaces are along the building perimeter, providing an excellent view to the outside and
a lot of natural daylighting. The moderate use of transparent surfaces (fenestration) in
combination with external Venetian blind and inner textile screen play a central role in the
energy efficiency and daylight concept of the building design. Table 5.1 provides further
details about the building.
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Figure 5.2: Perspective view of the building®, Christian Bauer & Associes Architectes

5.2.2 Monitored offices

The monitoring and data collection were performed in all 47 offices of the building over 66
working days from June to mid-September 2019. The majority of the offices are located
along the quadrilateral perimeter facing one of the fourth cardinal directions (north, south,
west, and east) (see Figure 5.4). These offices are situated on three floors and occupied by
an average of 2-6 workers per office (see Figure 5.5). The offices” windows are designed to
have the same height and width. Each window is equipped with a double shading system,
an automated external Venetian blind, and an inner textile screen operated manually to
avoid glare discomfort. Two office layouts can be distinguished: single-facade offices and
double-facade corner offices (see Figure 5.3). The main differences between the offices are

related to the following features:

e Office orientation: 9 offices facing the east, 9 to the west, 9 to the north, and 11 facing

!Source: Lucas Roth, https://www.golav.lu/

115


https://www.bing.com/maps/aerial

5.2. CASE STUDY DESCRIPTION

Table 5.1: Luxembourg building general characteristics [74]

Items Specifications
Net floor area 2600 m? NFA
A/V ratio 0.31 m~T

Window-to-wall ratio (WWR)

43% per facade

Number of employees in offices

138 employees, 30-40 employees during COVID-19 pandemic in 2021

Year of completion

2018

Thermal characteristics

Thermal insulation (U-walls: 0.13 W/m?K,
U-roof: 0.13 W/m?K, U-floor: 0.17 W/m?K)

Windows

U-value: 0.75 W/m?K, g-value: 0.49, color rendering: 96%

Ventilation

11,000 m?/h total air volume control depending on CO2 concentration,
individual air volume control in meeting rooms.

The fresh air supply is through a mechanical exhaust ventilation system
with highly efficient heat recovery (80.8%)

Shading system

External Venetian blind type Warema E80 A2S DB703 (g-tot = 0.07,
fully closed). Inner textile screen type Solar Screen International/ Ecran
Clip Toile Screen PS 365 (Ts = 8%, Rs =12%, As =80%)

Cooling system

Passive night cooling to cover 20% of the cooling energy demand.
Passive ground cooling to cover 80% of the rest of the cooling demand.
A heat pump can be switched on only in extreme hot summer.

Heating system

Geothermal heat pump with a vertical array of probes.

Electricity demand and generation
(without usage related consumers)

23.7 kWh/(m?a), PV yield = 14.5 kWh/(m?a)

the south, and 9 offices facing two directions. For grouping purpose, double-facade

offices are assigned to one direction based on the largest window orientation.

e Occupancy level: 16% private offices (single person), 46% shared offices (2 to 3 people),

32% open-space offices (4 people or more).

e Floor level: 1% floor hosts 16 offices, 2"¢ floor hosts 15, and 3"¢ floor hosts 16, and

three conferences room.

o Window area: 2.38m? (1 unit), 4.76 m? (2 units), 4.76m? (3 units), 9.52m? (4 units).

5.2.3 Shading system design "Double approach"

The automated Venetian blind combined with inner manual glare protection are a reflection

of design considerations such as more individual workplace control and passive solar gain

in winter. Due to the extra cost, this "double system approach" (see Figure 5.6) is not

common. The designer was interviewed and the design briefs and architectural documents

were investigated to define the design characteristics and selection criteria of the shading

systems.

The shading control strategy was developed based on the designer’s experience. The

external shading system is operated automatically based on light and temperature control

2Source: Goblet Lavandier & Associés Navigation
3Source: Goblet Lavandier & Associés Navigation
4Source:Jiirgen MULLER, https://www.golav.lu/
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thresholds. Individual shades in the same office are grouped, % 3?9 R}g%% P,{ﬁg)for ‘t!l J U L I C H

multiple shadéme@ettipuuitsdaseriatiqele the blind position and &t th¥ YBREREM-at di t, Forschungszentrum
positions (0, 60, and 80 degrees) using a wall-mounted switch button next to the office door
(see Figure 5.7). Manual control is possible except in the case of storms and cleaning. Any
manual interventions disable the automated system until it resets at 11:00 am and 3:00 pm.
The KNX Elsner sensor controls the blinds in each facade. The shade activation is

monitored by the building system dashboard (see Figure 5.8). The blind is lowered when

5Source: Jiirgen LEICK, https://www.golav.lu/
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(a) Interior view of the "double shading" (b) Section view

Figure 5.6: The double shading system approach?

the solar irradiance on the facade exceeds 120 W/m?, and the outdoor temperature is above
five °C without any delay time. When the irradiance is below 50 W/m?, the blind is raised
after 60 minutes. The blinds are automatically raised and blocked when wind speed exceeds
12 m/s. During the operation phase, the established thresholds were modified, including
(a) the lowering threshold is set up to 250 W/m? with a horizontal slat position (0°) to
maximize the view to the outside, (b) when the irradiance exceeds 400 W/m?2, the slat angle
inclines up to °15 instead of °80 to provide sufficient daylight, and (c) threshold values can

be increased (e.g., temporary cloud sky cover) for less disruptive blind movements. Table
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5.2 summarizes the shading control settings during the design and operation phase of the
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Figure 5.8: The monitoring dashboard of shade deployment®

Table 5.2: Control settings of automated shading systems during design and operation phase.

Settings parameters

Design phase

Operation phase

Operation Days Per Week
Operation Hours Per Day
Irradiance on the facade lowering
threshold (upper value)

Irradiance on the facade lowering
threshold (lower value)

Delay time of lowering

Irradiance on the facade raising
threshold

Delay time of raising
Outdoor  temperature
thresholds

Wind raising threshold value

lowering

All days (Mo-Sn)
6:00-20:00 (14 hours)
>400 W/m?, slat angle
= 80°

>120 W/m?, slat angle
=0°

0 min

<50 W/m?

60 mins

above 5 °C
12 m/s

All days (Mo-Sn)
6:00-20:00 (14 hours)
>400 W/m?, slat angle
=15°

>250 W/m?, slat angle
=0°

0 min

<50 W /m?

60 mins

above 5 °C
12 m/s

5Source:Jiirgen MULLER, https://www.golav.lu/
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5.3 Methods

Figure 5.9 outlines the workflow of this study. The study began with a written interview con-
ducted with the designer to define the shading system’s design characteristics and selection
criteria. Then, regression statistical analysis and data mining techniques were performed on
the monitored datasets to explore behavioural patterns of user interaction with automated
shading systems. Third, a web-based questionnaire was conducted under a similar condition
to the monitoring study to reveal subtle triggers behind shade interaction and better under-
stand the findings of the monitored datasets. Finally, a simulation-based analysis evaluated
the established control strategy in terms of energy efficiency and daylighting compared to
other shading control strategies.

=T,
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Building geometry and location
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Daylighting sufficiency
Annual hours of undisturbed
view-to-the outside

Architectural drawings
Design brief

Frequency of shade operation
Regression analysis

Web-based questionnaire
conducted in "LimeSurvey"

IDA Indoor Climate and
Energy (IDA ICE) software

Methods

Designer interview Data mining techniques

Figure 5.9: The workflow of the study

5.3.1 Designer interview

A written, structured interview with the building’s designer was conducted via email to
explore if any of the questions below were considered during the shading system design. To
streamline the interview, potential responses were provided for many of the questions (in
brackets below).

e Which solar shading scenarios were proposed before selecting the final shading design?

(e.g., Internal roller shades, fixed, dynamic, vertical, complex, combined).

e Which selection criteria were considered during the solar shading design optimization?
(Environmental and climatic parameters, energy concern, aesthetics, safety, privacy,

cost, user comfort, code...etc.).

e What was the basis for selecting shading control established thresholds? (Codes and

standards, guidelines, literature, design brief, designer experience).

e Which occupant assumptions were considered during the shading design? (Number of

occupants, demographic, occupancy, work activities, preferences).
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e Did the designer consider any simulation-based evaluation to select the optimal shading

design? If yes, which metrics were used?

e Was there any cooperation between stakeholders (designer, client, energy modeler,

etc.) with regard to shading selection and design?

5.3.2 Data monitoring

Monitored parameters

Monitored weather parameters included global horizontal irradiance (Izl) W/ m?, external
vertical illuminance (Eout) Lux, air temperature (Tou) °C, solar azimuth, and altitude.
These parameters were measured using a weather station mounted on the rooftop of the
building (see Figure 3.3). Indoor parameters included air temperature (T;,) °C, relative
humidity (RH)%, and CO2 concentration (ppm). The indoor parameters were measured
with Netatmo data loggers distributed in 9 workspaces (see Table 5.3). Shading system-
triggered actions and user-triggered actions were recorded as event-based measurements.
The external automated blind position was expressed as 0% fully open and 100% fully
closed. The datasets were resampled every 5 minutes using an excel tool developed by Mr.
Jiirgen Leick from Goblet Lavadier. For the analysis purpose, the range of the data was
limited to working daytime between 6:00 am and 8:00 pm.

Table 5.3: General characteristics of the 9 monitored offices using Netatmo data loggers.

Netatmo data logger Office number  No. of employees  Orientation Floor level
GLA-HQ-10G-1 office 01 3 East 1%t floor
GLA-HQ-10G-2 office 02 4 North 1% floor
GLA-HQ-10G-B office 03 3 East 1%t floor
GLA-HQ-20G-1 office 04 4 North west 274 floor
GLA-HQ-20G-2 office 05 4 North 274 foor
GLA-HQ-20G-B office 06 3 West 274 floor
GLA-HQ-30G-1 office 07 8 North west 37 floor
GLA-HQ-30G-2 office 08 3 North 374 floor
GLA-HQ-30G-B office 09 3 West 3" floor

Data preprocessing

The monitored dataset was extracted from the KNX-based BMS beginning with June until
mid-September 2019. The raw data was converted from XML to CSV readable format
using ETS 05 professional software. Data preprocessing was performed on the raw datasets,
including cleaning, removing outliers, interpolating missing data, and normalization (rescale
a variable to have a value between 0-1). Consequently, the statistical analysis was performed

on clean and complete datasets over 66 working days.
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Data statistical analysis

The frequencies of shade deployment were analyzed in terms of system and occupant-
triggered events. In statistics, the frequency of an event is the number of times the observa-
tion occurred/was recorded in an experiment or study. The preliminary occupant behaviour
patterns were explored by the "rate of change" of the blind use. The "rate of change" was
defined as the number of user-shade override actions (UOAs) per day or office [124]. After-
ward, logistic regression was applied to the given datasets to predict the likelihood of UOAs
as a function of physical explanatory variables. Generalized linear regression (e.g., logistic)
is commonly used in adaptive behaviour modeling. It employs a non-linear link function
to map the explanatory variables (e.g., indoor temperature) into binary (0 or 1) response
variables (e.g., the probability of observing blind override) [24].

Alternatively, data mining techniques such as clustering analysis and association rules
mining were applied to the same datasets to discern typical office user profiles. The analysis
was conducted to allow more accurate assumptions on group behaviours in office buildings
and overcome the limitation using regression analysis. Data mining was defined as: "The
analysis of large observational datasets to find unsuspected relationships and to summarize
the data in novel ways so that owners can fully understand and make use of the data" [50].
Clustering analysis was used to obtain distinct behavioural patterns using the K-means algo-
rithm. Cluster analysis is the process of merging data into different clusters so that instances
in the same group have high similarity and instances in different groups have low similarity
[92]. Association rules mining (ARM) is used to transform the clustered patterns into typ-
ical office user profiles. ARM is a classification technique used to identify associations and
correlations between parameters (attributes) [92]. The frequent pattern growth algorithm
(FP growth) is used to discover patterns (user profiles) in the given datasets and generate a
classification tree (FP-tree). Both regression and clustering analyses were performed in IBM
SPSS Statistics V21.0 software, while Rapid Minor -an open source data mining program-

was used for ARM analysis.

5.3.3 Questionnaire

A cross-sectional web-based questionnaire using LimeSurvey was conducted to reveal subtle
and non-physical triggers behind blind use and better understand the findings of the mon-
itoring study. The questionnaire was distributed in summer 2021 to ensure that occupants
had experienced the same thermal and visual conditions as those studied in the monitor-
ing period. The questionnaire was issued to Golav staff on 30" of July 2021 via the firm
manager and followed by a reminder three weeks later. A total of 32 participants (25% of
the population) working in single-occupancy offices completed the questionnaire. Employees
who were working from home due to COVID-19 pandemic were excluded from population
sample. The questionnaire is anonymous, and no personal identification has been collected.
Instead, each participant was asked to provide a code at the beginning of the survey.
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Survey questions were designed based on previous studies [1], [¢], [25], [7], [L06]. New
questions were added to achieve the aim of this study. The questionnaire was available in
English and German to increase the response rate. The time required to answer the ques-
tionnaire was 15-20 minutes. The questionnaire included 8 sections and 46 questions (see
Appendix A1.3). The questionnaire included questions about participants’ demographic
details, mood, work activity, contextual environment (e.g., window orientation, seating po-
sition, window size), thermal and visual discomfort, interaction with the shading systems,
their satisfaction and preferences regarding shading system performance.

Statistical analysis was performed in IBM SPSS Statistics V21.0 software to identify
and quantify the main attitudes and behaviours of the occupants related to the use of
automated shading systems. First, frequency and density analysis were performed. Second,
the Spearman’s rank order correlation test was used to analyze the relationships between

occupants’ perceived comfort, control, and overall satisfaction.

5.3.4 Simulation-based analysis

Daylighting and energy performance of different shading control strategies were evaluated
using a simulation-based analysis implemented in IDA Indoor Climate and Energy (IDA
ICE) software. Tugg¢in Kirant-Miti¢ did building zones modeling in her Ph.D. thesis, ti-
tled "Investigation of Building Energy Flexibility at Cluster Level for a Promising Energy
Flexibility Market" (not published yet). Annual heating, cooling, and lighting demand
(kWh/m?) was calculated under different shading control strategies, including the original
design. Useful daylight illuminance (UDI) was used for daylighting performance assessment.
Achieved UDI is defined as the annual occurrence of illuminance across the workplane where

illuminance is within the range of 300-3000 lux [37].

5.4 Results and discussions

The main key findings of the designer interview, the monitoring study, the questionnaire
and the simulation-based analysis are introduced in this section. Moreover, lesson learned
from shade design and operation are extracted and summarized for building designers and

operators.

5.4.1 Designer interview

The designer was involved as an engineer, consultant of HVAC design, and simulation expert
during the planning and design of shading systems. A written interview was conducted with
the designer to investigate the shading systems’ characteristics and selection criteria during
the design process of the building. Based on the designers’ feedback, the following points

are summarized:

123



5.4. RESULTS AND DISCUSSIONS

e External Venetian blind and inner textile screen are suggested from the early stage
of shading design. The shading system was selected based on different parameters
such as environmental performance, climatic parameters, energy concerns, aesthetic
aspects, safety and maintenance, economic restrictions defined by the client, thermal
and visual comfort, building codes and standards (ASHRAE, DIN, DIN-EN... etc.).

e The shading system control strategy was selected based on the designer’s experience.
However, the shade activation thresholds (e.g., irradiance and temperature) and slat
angle rotation were modified during the operation phase to improve the blind visual
performance. New photocell and light measuring sensors were installed to improve the

quality and performance of hardware systems.

e The designer did a simulation-based analysis to find the optimal shading design in
terms of thermal comfort, daylight, glare discomfort, and energy performance. How-
ever, none of the occupant-related assumptions (number of occupants, occupancy pro-
files, occupants’ demographics, preferences, etc.) was considered in the simulation

analysis.

e The stakeholders, including the designer, client, and energy modeler, were all involved

in shading system design decision-making.

Overall, the findings indicate that the designer intended to maximize the user satisfaction
and comfort in their workspaces throughout the building life-cycle (design and operation
phase). This is in alignment with the notion of occupant-centric design, which refers to

placing occupants and their well-being as a top priority throughout the building life-cycle

[5]-

5.4.2 Data monitoring

The shade operation patterns in terms of system-triggered actions and user-triggered actions,
regression and data mining results and limitations of this study are introduced and discussed
in the following sections:

5.4.2.1 System behaviour

Table 5.4 shows the number of system-triggered lowering and raising actions, the average
occlusion value (AOV%), and slat angle degree triggered by the system. It is noticed that
AOV% was the highest in the south-facing offices (32.41%) and the lowest in the north-
facing offices (19.03%). This is in line with the high variance of irradiance intensity on the
south facade, a range of 0-1105 W/m? (SD = 265.5). 576 blind adjustments (287 raising
and 289 lowering actions) were recorded during the study period—an average of 8.72 blind
changes per day.

Figure 5.10 shows that the highest system-triggered actions were observed in the west-

facing offices, while the lowest was in east-facing offices. The opposite occurred in terms
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of user-triggered override adjustments, where the highest frequency of override actions was
in the east, and the lowest was in the west. The high rate of system-triggered adjustments
occurred in the west, and south-facing offices can be due to (a) the high daily average
of irradiance on the facade, which exceeded 400 W/m?, and (b) the shading system was
occasionally corrected and disabled by the occupants.

Table 5.4: AOV%, number of system-triggered adjustments (up and down), and relative
frequency of slat angle position for each facade.

g System- System-
Building . . Slat angle Slat angle Slat angle
orientation AOV% triggered triggered 0) (60) (80)
up down
East 24.20% 53 53 6% 66% 28%
North 19.03% 67 71 30% 37% 33%
South 32.41% 7 73 13% 57% 30%
West 28.71% 90 92 % 57% 35.8%
1
\ J East
System-raising North
South
T ‘ west
oo R —
1
i -
—
e _;
T T T T T
0.0 0.1 0.2 0.3 0.4 0.5

Relative frequency %

Figure 5.10: Relative frequency of system- and user-triggered adjustments for each facade.

Figure 5.11 shows the box-plot distribution of global horizontal irradiance (Iy) as a
function of user-shade lowering and raising and system lowering actions per each facade.
In east, north, and west-facing offices, the results show that the I, average at the moment
of system lowering was higher than the I average at the moment of user-shade lowering
actions. The average value of system-lowering threshold was found above 400 W /m? except
for the north facade. Overall, 45%-60% of user-shade lowering occurred when the irradiance
average exceeded 250 W /m? and less than 400 W/m?2. It can be explained that the occupants
are less tolerant to high solar irradiance, so they tend to lower the blind before the system
reacts. This is in line with Inoue et al. [58] findings in their study. They reported that the
manual blind trigger rate increases over the range of 100-325 W/m? of vertical irradiance.
Similarly, Reinhart and Voss [102] found that people do not usually shut the shades when
solar radiation is below 50-60 W/m?, while they need to close them above 250-360 W /m?.
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Figure 5.11: Box-plot distribution of global horizontal irradiance (I ;) as a function of user-
shade lowering and raising actions vs. system lowering actions for each facade.

To conclude, the shade operation revealed that the average value of the system-lowering
threshold was above 400 W/m? in all offices as designed. However, 45%-60% of manual
blind closure occurred when the irradiance was between the range of 250-400 W /m? mainly
in east and south-facing offices. These findings emphasize the necessity for considering low
irradiance thresholds in east and south-facing offices to decrease occupant override adjust-
ments.

5.4.2.2 User behaviour

A total number of 1148 blind adjustments were recorded over 66 working days in 47 offices.
The users triggered approximately 49% of the blind movements, where 274 user-shade low-
ering actions and 298 raising actions were recorded—resulting in an average of 0.184 blind
adjustments per day and per office. Approximately 20% of blind raising adjustments were
a correction of automated blind position within 15 mins after closure. It is a low rate of
corrections compared to Reinhart and Voss [102] findings, where they found 88% of user
corrections were to reopen the blinds after an automated closure occurred. When the shade
was fully lowered, the slat angle was kept horizontal to maximize the view to the outside.
Thus, occupants may not need to reopen the blind. Figure 5.12 shows the relative frequency
of user-shade override adjustments (UOAs) (i.e., lowering, raising, and total adjustments)
in terms of window-to-wall ratio (WWR%), floor level, space orientation, and occupancy

level. The following shade use patterns in the monitored offices are observed:

e The highest rate of UOAs was observed in east-facing offices—an average of 3.93

adjustments per day. This can be explained due to the greatest variations in daily
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Figure 5.12: Relative frequency of UOAs in terms of (a) WWR% (b) floor level (c) office

orientation (d) occupancy level.

average of global irradiance (0-1115 W/m?), and the highest monthly average of work-
plane illuminance as shown in Figure 5.13. Compared to the east and south, fewer
interactions were observed in the west and north-facing offices. This result is in line
with Mahdavi et al. [32] findings during a survey in three office buildings. They found
that the east-facing offices showed higher shade adjustments variability than the south
and north facades. Therefore, it is recommended for designers to consider small win-
dow size or fixed shading, combined with manual inner glare protection in east-facing
offices as a robust design strategy to decrease visual discomfort. The simulation re-
sults of O’Brien and Gunay [94] study showed that implementing more passive features

(fixed solar shading and window size) can reduce the energy use and the frequency of

occupants’ adaptive actions.

o Additionally, it is noticed that the highest rate of UOAs was in the 37 floor level with
an average of 3.72 adjustments per day. It is expected that people on lower floors tend
to operate the blind less frequently than those on the upper floors because of visual
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privacy [75], while in higher offices people prefer to have better views [95].

e In terms of occupancy level, a higher frequency of UOAs was observed in shared of-

fices—an average of 0.19 changes per day per office, compared to single-occupancy and
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Figure 5.13: Monthly average of workplane illuminance for each facade (simulation-based
calculation).

open-plan offices. This is not in agreement with O’Brien et al. [95] as well as Schweiker
and Wagner [112] findings. They found that occupants tend to be more reluctant to
control their environment if others are present because of social constraints. Private
offices are located on the south facade of the building, where 75% of these offices are
located on 1% floor, and the remaining on 3™ floor. Based on occupants’ feedback
(survey results), most single-occupancy offices are occupied by managerial employees.
The researcher assumed that they were too busy or less often in the office to override

the blind position.

e Window size and position influenced UOAs. For instance, higher raising actions and
fewer lowering actions were observed in double-facade offices (WWR% = 43% & 13%)
compared to single-facade offices (WWR% = 63%). The daily rate of blind use was

approximately the same for both offices.

Figure 5.14 demonstrates that shades on the east, north, and south were adjusted by
occupants more frequently in the early morning and morning than the rest of the day. This
is in line with previous studies [18], [19], they found that occupants interact with blinds
more frequently on arrival. People tend to set up their office environment at the beginning
of the work period. In west-facing offices, occupants adjusted the blind more frequently in
the noon and afternoon. Only for north-facing offices occupants tended to raise the blinds
most frequently in the evening and all the day. This is similar to Inoue et al. [58] study
findings.

Overall, the daily rate of change of UOAs was relatively low compared to the findings
of previous studies (see Table 2.3). For instance, Reinhart and Voss [102] reported a mean
of 3.7 blind movements per day per office for 174 weekdays in 10 south-facing offices. The
offices were distributed on the ground and first floor and occupied with one or two person
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Figure 5.14: Relative frequency of UOAs during the time of the day for each facade.

per office. In another study, an average of 0.86 blind adjustments per day per office was
recorded over 100 working days in 40 offices. An external motorized blinds and an individual
manual indoor roller shades was equipped. The monitored offices were distributed on third
to seventh floor with two or three person per office [$4]. Both studies were conducted in
temperate climatic zones same as the case study. Therefore, this finding can be explained
due to (a) correct and acceptable automated shade control settings, (b) high-quality light
sensors, and (c) the additional inner glare protection, which provides less effort to avoid

glare discomfort.

Occupancy presence based on daily average profiles of CO2 level

Occupancy is a fundamental factor in shade operation patterns. A vacant office means no
override blind adjustments. To evaluate the occupancy level in the offices during the study
period, the CO2 concentration level was collected in 9 monitored offices. Figure 5.15 shows
the daily average profile of CO2 concentration in each of the monitored offices and the overall
average. It is noticed that these averages varied from 400 to 900 ppm per day per office. The
average CO2 level was calculated during the weekends and compared with the CO2 level
during the weekdays. Based on the box-plot distribution of CO2 concentration in Figure
5.16, the office was assumed to be empty when the daily average of CO2 was around or less
than the CO2 average on the weekends. For approximately 97% of the study period, these
offices were occupied. To conclude, the low manipulation rate of blind use was not related

to occupancy absence during the study period.

5.4.2.3 Regression analysis results

The initial aim of the present study was to derive occupant behaviour models, as high rate of
shade adjustments was expected. The logistic regression was used to predict the likelihood of

user-shade override adjustments (UOAs), either for lowering or raising actions, as a function
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Figure 5.15: Daily average profile of CO2 level in 9 offices during the study period.
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Figure 5.16: Box-plot distribution of CO2 level in 9 offices during a weekday 03.06.2019.

of the measured indoor and outdoor environmental parameters, blind state and slat angle
position, and the time of the day. The dependent variable was considered a binary variable
(only takes two values, 0 or 1) for each observation time-step (every 5 mins). The shading
"action" took a value of "1", while "no action" was equal to the "0" value. The following

formula represents the probability of UOAs as a function of several explanatory variables:

logit(UOAs) = B0 + S1(Fout) + B2(Igl) + B3(Tout) + B4(tanc) + 55
(Tin) + B6(Rh%) + B7(CO2) + B8(AOV %) + BI(Oslatangle) + B10(timeo ftheday)
(5.1)

where Eou: outdoor vertical illuminance (Klux), Iy: global irradiance (W/m?), Tou:
outdoor air temperature (°C), tan («): tan of solar profile angle, T;,,: indoor air temperature
(°C), Rh: Relative humidity (%), AOV%: Average occlusion value (fully open: 0%, fully
closed: 100%), © slat angle: Slat angle position (0, 60, 80 degrees), 0: the intercept and
Bn: variable coefficient. Tan(a) is equal to tan(solar altitude) divided by cos(solar azimuth).

Tan(«) is negatively correlated with solar penetration depth which defined as the normal
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distance from the facade that the beam solar radiation reaches the workplane [102], [58].

Thermal and visual stimuli were identified by earlier research as influencing blind use.
Table 5.5 presents descriptive statistics of the explanatory variables measured during the
study period and the reference study of each parameter. The normality test showed that
all the numerical explanatory variables were not normally distributed based on skewness
and kurtosis z-values (not equal to the range between -1.96 and + 1.96). Accordingly, the
measured data was standardized to have a value between 0 and 1.

Table 5.5: Descriptive statistics of explanatory parameters during daytime (6:00 am -8:00
pm).

Explanatory variables Min. Max. Mean SD Previous studies
Eout_south [klux] 0.00 129.9 39.5 323 Sutter et al., 2006
Eout_ west [klux| 0.00  129.9 38.6 328 Mahdavi et al., 2008
Eout_ east [klux] 0.00 108.05 29.8 23.5 Haldi and Robinson, 2008
Igl_north [W/m?  0.00 85824 1553 1338
Igl_east [W/m?| 0.00 111424 2180 227.2 Sutter et al., 2006
Igl_south [W/m?| 0.00 1105.28 295.6 265.5 Mahdavi et al., 2008
Igl_west [W/m?] 0.00 1059.84 265.3 266.5
Nicol and Humphreys, 2004
Tout [oC] 4.40  42.20 21.7 6.4 Haldi and Robinson, 2008
Mahdavi et al., 2008
. . . )
Tin [oC] 2106 2501 233 62 ol o
Solar azimuth 0.00  83.00 41.6 22.6 . .
Solar altitude 000 1700 93 54 eldiand Robinson, 2010
RH% 3%  64% 49% 5%
CO2 [ppm] 359.1 1389.6 712.3 116.5

Before formally inferring the regression model, the distribution of the explanatory vari-
ables at the moment of user-shade lowering and raising actions was analyzed as shown in
Figure 5.17 & 5.18. The non-significant statistical difference in the average of Ty, Tin, CO2
concentration, RH%, and solar angle profile was observed at the moment of shade lowering
and raising actions. However, raising actions occurred when the AOV% of the blind was
high. It can be explained by the fact that people are more likely to accept that their blinds
are opened than closed [102]. Figure 5.18 presents the box-plot distribution of Egy; and Iy
as a function of shade override lowering and raising adjustments for each facade. Noticeably,
low values are associated with raising and, conversely, with lowering actions. These findings

indicate strong evidence for the prevalence of visual stimuli for triggering user actions.

Model prediction and goodness-of-fit

The forward logistic regression method was used to select the explanatory variables that have
a statistically significant influence on the value of the dependent variable (p-value < 0.05).
Separate analysis were conducted to predict the probability of USOs (lowering and raising
actions) for each fagade, including eight sub-models (M1-M8) (see Figure 5.19). Table 5.6
presents the logistic regression coefficients for each predictor and the performance test for
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Figure 5.17: Box-plot distribution of user-shade lowering and raising actions as a function
of Tou (b), Tin (a), CO2 (d), RH% (f), tan a (c), and AOV% (e).

each model (AIC and Nag. R squared values). Logistic models show a considerably low
Nag. R squared of all models (M1=0.137, M2=0.067, M3=0.107, M4=0.089, M5=0.125,
M6-=0.039, M7=0.227, M8=0.041) for both lowering and raising actions, which show a weak
relationship between model predictions and observations. To conclude, all the developed
regression models could not predict user-shade lowering or raising actions, even if they are
particularly accurate for “no action=0” (100% of prediction success).

Based on regression model results, the outdoor vertical illuminance, presence (CO2 con-

centration), outdoor temperature, and time of the day (early morning, morning, and noon)
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Figure 5.18: Box-plot distribution of user-shade lowering and raising actions as a function
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Figure 5.19: Eight sub-models using regression analysis.

had a statistically significant influence on the variance of lowering actions (p-values < 0.05).
The most significant variables of raising actions predictions were reduced to global horizon-
tal irradiance, relative humidity, time of the day (early morning, morning, and noon), and
blind position. The logistic regression did not elect the remaining explanatory variables.
Figure 5.20 shows the probability of user-shade lowering actions as a function of outdoor
illuminance; the orange dashed line represents the predicted lowering frequencies.

To conclude, the limited approach for regression taken in this study did not successfully
explain occupant behaviour. To overcome the model limitations, an alternative method
for analyzing the given dataset is introduced in the next section 5.4.2.4. Moreover, a web-
based survey is conducted (see section 5.4.3) to (a) provide explanations for any abnormal
report found in the observed datasets and (b) to reveal subtle correlations that may not be

considered due to the complexity of occupant behaviour.

5.4.2.4 Data mining results

Data mining techniques such as clustering analysis and association rules mining were applied
to the given datasets to discern typical office user profiles, which may allow for more accurate
assumptions on group and complex behaviours in office buildings.
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Figure 5.20: Probability of user-shade lowering action as a function of outdoor vertical
illuminance on the west elevation.

Clustering analysis

Clustering analysis was performed to obtain distinct behavioural patterns using the k-means
algorithm. Two patterns of behaviour were mined in the given dataset: (a) interactivity and
(b) motivational patterns.

(a) Interactivity behavioural patterns

Interactivity patterns cluster occupant behaviour based on the frequency of user-shade
override adjustments per day. The dataset of 47 offices was reorganized based on
the daily “rate of change” of blind use per office. The daily average of user-shade
adjustments varied from 0 to 0.58 changes per office. The user-control ratio was
calculated by dividing the number of user-triggered adjustments per office by the total
number of adjustments (system and user-triggered actions). The activity ratio was
calculated by dividing the total number of user-shade override adjustments for an
office by the average number of adjustments per 47 offices. In Figure 5.21, 47 offices
are labeled by a number and plotted in which the x-axis indicates the activity ratio and
the y-axis represents the user-control ratio. It is noticed that the user-control ratio was
positively correlated with user-shade adjustments. Based on these two ratios, three

clusters of offices with similar blind usage were identified:

e Passive adjustments [CO1]: 66% of offices were assigned (range of 0-0.17 times

per day).

o Neutral adjustments [C02|: 21% of offices were assigned (range of 0.18-0.36 times
per day).

e Active adjustments [C03|: 13% of offices were assigned (range of 0.44-0.58 times
per day).
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More than half of the occupants were passive users since they override the shading
system less than 0.17 times per day. This result is in line with our quantitative results
of the monitoring study. In contrast, Meerbeek et al. [34] found that 20% of the offices
were passive users, and 30% were regular and 20% active users in their field study.
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Figure 5.21: Interactivity behavioural clusters.

(b) Motivational behavioural patterns

Motivational patterns cluster the factors which derive the users to override the auto-
mated shading systems. The clusters were based on each variable’s impact factor (re-
gression coefficients) that could influence the user-shade override actions. Accordingly,
logistic regression was performed to define each office’s most statistically significant
variables. About 25-30 of the building offices were considered in the analysis. The
rest counted the low frequency of user-shade adjustments. Table 5.7 shows the coeffi-
cients’ impact factor of each variable on user-shade lowering. Patterns of user-shade
lowering were clustered in 25 offices based on the impact of influencing variables on

these actions, and three clusters were defined as following (see Figure 5.22, a):

e Shade lowering cluster 01 [CO1-L]: 12% of offices were assigned.

Cluster 01 was mainly driven by a combination of outdoor weather conditions such
as solar profile angle and outdoor temperature, and the time of the day (early
morning and morning). Offices assigned to this cluster were therefore associated

with a time and outdoor weather-driven shade lowering behaviour.

e Shade lowering cluster 02 [C02-L]: 24% of offices were assigned.
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Cluster 02 appeared to be more influenced by the time of the day (early morning,
morning, noon, and afternoon) than physical drivers. Offices assigned to this
cluster were associated to a time-driven shade lowering behaviour.

e Shade lowering cluster 03 [C03-L]|: 64% of offices were assigned.
Cluster 03 appeared to be more influenced by slat angle position (0, 60,80 degrees)
than the physical and time-related drivers. Offices assigned to this cluster were

associated to a blind state-driven shade lowering behaviour.

Patterns of user-shade raising were clustered in 30 offices based on the impact of

influencing variables on these actions, two clusters were defined (see Figure 5.22, b):

e Shade raising cluster 01 [CO1-R]: 63% of offices assigned.
Cluster 01 appeared to be more influenced by the slat angle position and time
of the day (noon and afternoon) than physical drivers. Offices assigned to this
cluster were associated to a time & blind state-driven shade raising behaviour.
e Shade raising cluster 02 [C01-R]: 37% of offices assigned.
Cluster 02 was mainly influenced by time of the day and indoor physical param-
eters such as indoor temperature. Offices assigned to this cluster were associated

to a time & indoor thermal-driven shade raising behaviour.

Association rules mining results (ARM)

The clustered patterns constitute a base for association rules classifying the building occu-
pants into typical office user profiles. The frequent pattern growth algorithm (FP growth) is
the most commonly used algorithm to discover patterns in a given dataset. The FB growth
algorithm was employed to mine the association rules. To obtain significant results from
ARM analysis, support of 50%, the confidence of 50%, and a lift of 1, were set as the min-
imum thresholds. Such criteria indicated that at least 50 percent of the dataset contained
a premise and conclusion for each association rule mined. The probability that a specific
premise leads to a specific conclusion was more than 50%. Such mining generated 20 rules
which provide useful information for the study purposes (see Table 5.8). Based on the 20

rules mined, two possible working user profiles (user £, user p) are drawn in this study:
e User § (rules 5,7,8,14,15,18,20): acts as a passive user
A user type tends to override the automated shading systems on the average between
0.09-0.17 times per day (passive adjustments). User # was mainly influenced by the
time of the day and the current blind state for lowering and raising adjustments.
e User p (rules 4,9): acts as a medium user

A user type tends to override the automated shading systems on the average between
0.18-0.36 times per day (neutral adjustments). User p was mainly influenced by time

of the day and the current blind state only for raising adjustments.
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Figure 5.22: User-shade (a) lowering and (b) raising clusters based on motivational patterns.

Lessons learned for designer and operators

e The manipulation rate of user-shade override adjustments was relatively low compared
to the findings of related previous studies [102, 84]. For more robust shading systems
(less override actions), the building designers may consider (a) correct and accept-
able range of automated shade control settings (b) high-quality light sensors and (c)
inner glare protection in addition to external automated blinds which provides more

flexibility to avoid glare discomfort.

e Higher rate of override adjustments were observed in the east-facing offices compared to

the south and west elevations. Therefore, it is recommended for designers to consider
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Table 5.8: Association rules mining of behavioural patterns.

Rules Premise Conclusion Support Confidence Lift
4 passive adjustments medium adjustments 0.32 0.63 1.94
14 medium adjustments passive adjustments 0.32 1.00 1.94
12 Cl_R C2_R 0.29 0.69 2.38
17 C2_R Cl_R 0.29 1.00 2.38
6 C2_R C3_L 0.19 0.67 1.38
10 C2_R C3_L,C1_ R 0.19 0.67 2.95
11 Cl_R,C2_R C3_L 0.19 0.67 1.38
13 C3 L,C1 R C2_ R 0.19 0.86 2.95
15 active adjustments passive adjustments 0.19 1.00 1.94
16 C2 L C3 L 0.19 1.00 2.07
21 C3_L,C2_R Cl_R 0.19 1.00 2.38
5 C2 L passive adjustments 0.13 0.67 1.29
7 C2 L passive adjustments, C3_L 0.13 0.67 2.95
8 C3 L,C2 L passive adjustments 0.13 0.67 1.29
9 passive adjustments, C1 R medium adjustments 0.13 0.67 2.07
18 C3_L, medium adjustments passive adjustments 0.13 1.00 1.94
19 passive adjustments, C2_L  C3_L 0.13 1.00 2.07
20 Cl_R, medium adjustments passive adjustments 0.13 1.00 1.94

small or medium window size or fixed shading [94] combined with manual inner glare

protection.

e Data mining techniques suggested another methodology in exploring occupant be-
haviour patterns and providing accurate assumptions of group and diverse behaviours.
The findings may allow building designers and operating manager to tailor robust
building design and shade control strategies in big office buildings against different

user profiles.

5.4.3 Questionnaire

This section presents the quantitative and qualitative results of the questionnaire conducted
to better understand the key findings of the monitoring study, and to reveal subtle and

non-physical triggers behind override adjustments of the automated shade.

Participants demographics and work activity

A total number of 32 participants completed the survey, including 71.9% male and 28.1%
female. Age ranges comprised 31% of the participants in the (26-35) years interval, 56.2%
is between (36-55) years old, and only 12.5% are older than 55 years old. Considering
work positions, about 68.8% of the occupants perform mainly professional jobs (e.g., engi-
neer, draftsman, specialist planner), 18.8% occupy managerial and decision-making positions
(e.g., director, managing director, member of the board), where only 12.5% are doing ad-
ministrative work. In terms of offices’ occupancy, more than half of the employees (62.5%)

have been working in their offices for more than 2 years, and only 25% have been in their
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offices for less than 1 year. During the weekdays, most of the occupants (72%) spent around
80-100% of their worktime in their offices. Only 15.6% sometimes spent in the morning or
sometimes in the evening. However, 90.6% of the employees have full-time jobs. In terms
of work activity, occupants spend around 70.5% of their daily worktime in front of their
computer, 7.7% in meetings, 8% outside the offices, and 13.8% outside the buildings (see
Figure 5.23). 25% of the respondents occupied east-facing offices, 18.8% in south-facing
offices, 31.3% in west and 25% in north. Before COVID-19 pandemic, 15.6% of the respon-
dents occupied a single-occupancy office, 43.8% occupied shared offices, and 40.6% occupied
open-plan spaces. During the study, all participants occupied a single occupancy office due
to COVID-19 restrictions.
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Figure 5.23: Survey results: box-plot distribution of work activity percentage.

Comfort sensation and perceived satisfaction of IEQ parameters

To ensure occupants’ satisfaction with their workplace, the basic principle is to provide
comfortable environmental conditions for buildings’ occupants. To evaluate the thermal
and visual comfort conditions in the working environment in the current case study, partic-
ipants rated their comfort sensations. They assessed their satisfaction with different TEQ
parameters (room temperature, daylight conditions, artificial lighting conditions, and view
connection to the outside) according to a five-point Likert-scale in terms of office orientation.
Considering that neutral sensation is equal to (3) on a Likert-scale, it is noticed that 18.8%
of the occupants feel slightly warmer in west-facing offices (9=3.3), while in east elevation,
12.5% respondents feel slightly cooler (¢=2.8). The rest, 68.8% of the occupants, indicated
that they felt comfortable (see Figure 5.24, a). The majority of the respondents (84.4%)
receive sufficient daylight in their workplaces. However, more than half of them (65.7%)
face glare discomfort frequently in their offices, mainly in east and south elevations (see
Figure 5.24, b). Based on these findings, lower irradiance thresholds can be adapted to the

automated shade deployment in east and south offices to decrease glare discomfort.
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(a) How do you feel the temperature at your workplace? (b) How often do you face glare from direct sunlight?
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Figure 5.24: Survey results: box-plot distribution of (a) thermal sensation votes and (b)
glare discomfort sensation for each facade.

User satisfaction with thermal and visual comfort parameters was evaluated. In Figure
5.25, none of the participants reported negative opinions about their satisfaction with indoor
quality parameters (room temperature, daylighting, and view connection to the outside).
Moreover, more than 80% of the occupants were satisfied with the indoor quality parameters.
The primary sources of visual and thermal discomfort in offices are presented in Figure
5.26. About 75% of the respondents did not feel any thermal discomfort, and only 18.8%
were annoyed by direct sunlight through the window, which can cause both visual and
thermal discomfort. On the contrary, 62.5% of the respondents reported that they feel
visual discomfort in their offices, and 37% of them indicated that glare through the window

was a major source of visual discomfort (see Figure 5.26, b).

How satisfied are you with the following current conditions at your
workpalce?

View Connection to the mvery unsatisfied

Daylight conditions

outside -
m unsatisfied
Atrtificial lighting conditions . neutral
satisfied

mvery satisfied

Room temperature

0% 20% 40% 60% 80% 100%
Figure 5.25: Self-reported satisfaction of indoor quality parameters.

To evaluate the importance of different IEQ parameters on the overall comfort of the
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(a) Major sources of thermal discomfort.
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(b) Major sources of visual discomfort.
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Figure 5.26: Major sources of (a) thermal discomfort and (b) visual discomfort reported by
the participants.

working environment, a five-point Likert scale (unimportant=1 to very important=5) was
used. Sufficient fresh air, comfortable room temperature, adequate daylight, and view con-
nection to the outside were found to be the most critical factors that influenced the working
environment satisfaction, with an average of 4.56, 4.5, 4.25, 4.13, respectively (see Figure
5.27).

Frequencies of user-shade interactions

To better understand the user interaction with the automated shading system and the pri-
mary triggers, the participants reported how often, when, and why they usually override the
blind position for each lowering and raising action. About 37.5% of the respondents usually
never open the external blind, where 21.9% do that once or twice per week. Concerning
the lowering actions, few override adjustments were found. Only 10% of the occupants close

the external blind a few times per week/day (see Figure 5.28). To conclude, a low rate of
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Figure 5.27: Importance of IEQ parameters on the overall satisfaction of the working envi-
ronment.

manual override to the automated shading system. This is in line with our quantitative

results of the observed datasets from the monitoring study performed in 2019.

Lowering external

mNever
blinds

not very often
Once or twice a week

. More than twice a week
Raising external
blinds Once or twice a day
= More than twice a day

Adjusting inner
glare protection

0% 20% 40% 60% 80% 100%
Response %

Figure 5.28: Survey results: frequencies of adjustments related to the use of automated
blinds and inner glare protection.

For the occupants who decided not to override the automated blinds, more than half
indicated that there was no need to adjust the blind, 20% stated that the blinds were
fully open all the time, and 20% preferred the automatic position. When the shades were
raised, the primary reason was to provide more daylight into the office, where 60.9% of
all raising actions were for this reason. The second most common reason was to maximize
the view to the outside (30.4%). This is in line with Meerbeek et al. [34] findings in their
field study. 55.2% of the occupants usually lower the external blinds to avoid direct sun
on their workplanes, where less people do that to avoid overheating (37.9%), and 6.9% to
save energy (see Figure 5.29). Concerning inner glare protection, more than half (53.1%)

of the respondents never or not very often adjust the inner glare protection, 31.2% do that
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once or several times per week, and 15.6% adjust it once or twice per day. Avoiding visual
discomfort was the main reason behind adjusting the inner blinds (40.6%).

Why do you usually open the external blinds? (N=23)

To save energy. Ml 4.3%
More solar heat gain. [l 4.3%
To have a view to the outside. [N 30.4%

More daylight into the office. [N 60.9%
0.0% 20.0% 40.0% 60.0% 80.0%

Why do you usually close the external blinds? (N=29)

To save energy. - 6.9%

To avoid overheating. [N 37.9%
Toavoid dieet Son o ™ WO N 55 2
surfaces. 552%

0.0% 20.0% 40.0% 60.0%

Why did you decide not to overrule the position of the
external blinds? (N=10)

Blinds are fully automated. [ 20.0%
Blinds are always open. [ 20.0%

Not needed. [N 60.0%

0.0% 20.0% 40.0% 60.0% 80.0%
Responses %

Figure 5.29: Survey results: main reasons behind shade lowering and raising actions and no
action.

The time of the day is known to influence blind use as the solar geometry varies during
the day. More than half of the respondents (56.3%) tend to raise the blind when automatic
closure occurs. 36.8% tend to close the external blinds in the morning and 31.25% in the
afternoon, regardless of the office orientation. In west-facing offices, most blind adjustments
occurred in the afternoon, where 40% of raising actions occurred after automatic blind
closure (see Figure 5.30). This is in agreement with our quantitative observations of blind
use during the monitoring study in 2019 (see Figure 5.14). Similar patterns were observed in
the north-facing offices, where 67% of lowering actions occurred in the afternoon and the rest
in the morning. In east and south elevations, most of the lowering actions occurred in the
morning and the rest in the afternoon. In east-oriented offices, 57% of the respondents raise

the blind after automatic blind closure. To conclude, the peak periods of UOAs sometimes
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occurred in the morning, sometimes in the afternoon, or when a closure event occurred. This
is not in agreement with Haldi and Robinson [48] findings; they found actions immediately

upon arrival to be about five times more frequent than the rest of the day.

lowering = Upon arrival
Raising 100.0% = Morning
Afternoon
lowering EEEZASELZ) After lunch
Raising 40.0% m Upon departure
u Blind automatic closure
Raising 100.0%
Raisng EERE/ 57.1%

0% 20% 40% 60% 80% 100%
Response %

North

West

South

East

Figure 5.30: Questionnaire results: Frequencies of UOAs during the time of the day for each
facade.

Figure 5.32 shows the relative frequency of UOAs (lowering and raising) in terms of floor
level, space orientation, WWR%, and window-to-desk distance. Few respondents (15%),
their offices located on the first floor, tended to raise the external blind once or more per
day. Fewer raising actions was noticed on the upper floors, while 14.3% of the occupants
in the 37 floor lowered the blind once or more per day. In east and south-facing offices,
occupants open the external blinds more frequently than in the north and west. It is expected
as more automatic blind closures occurred. Surprisingly, people setting up to 2 meters far
from the window adjusted the external blinds more frequently than those setting close to
the window. This can be due to (a) being closer to the push button of the automatic blinds,
which is next to the office door, or (2) most of these offices are facing north (see Figure
5.31, b). The north elevation is the main entrance of the building; occupants in north-facing
offices may lower the blind for visual privacy issues. In the offices with large window areas
(WWR=75%) facing east and south elevations, occupants open the external blinds more
frequently than with small windows (WWR=50% and 25%) (see Figure 5.31, a). Therefore,
the moderate window size can be adapted in the east and south-facing offices to decrease

the number of shade interventions.

User-shade satisfaction and preferences

Approximately half (56.5%) of occupants were satisfied with the performance of the auto-
mated shading system, with an average of 3.68 on a 5-point Likert scale. Figure 5.33 shows
the percentage of the blind state per each facade based on the occupants’ feedback. The
external blinds are either fully open (46.9%) or fully closed with an open slat angle (37.5%),
while the blinds are partially open about 15.6% of the time. 75% of the blinds are fully
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Figure 5.31: Questionnaire results: (a) user shade raising action in terms of WWR% and
(b) window-to-desk position per each fagade (1: never adjusted, 5: more than twice a day).

open in north-facing offices. On the contrary, the blinds are fully closed with an open slat
angle in east-facing offices (75%). The people were satisfied when the blind were fully open
or fully closed with an open slat angle with an average of 3.7 and 3.9, respectively.

More than half of the respondents (59.4%) reported that they are not annoyed or dis-
tracted by the movement of the external blinds, and 25% of them feel neutral. A significant
positive correlation was found between the perception of external blind movement and sat-
isfaction votes using the Spearman coefficient (p = 0.807) (see Figure 5.34). However, a
slight decrease in user-shade override adjustments (lowering and raising) was noticed when
people were more satisfied with the shading system performance (see Figure 5.35).

User preferences were investigated in terms of the "double shading" systems. 25% of the
occupant preferred the inner glare protection because it is faster and easier to avoid glare
discomfort than waiting for the external blind to move. 34.4% of the occupants preferred the
external blinds more than the inner glare protection (see Figure 5.36), where 28.1% of the
respondents preferred both systems. Some explained that the automated shading systems are
much more efficient than glare protection and simple to operate via push button. However,
93.8% of respondents were satisfied with having the ability to control both shading devices

"double approach," with an average of 4.43 on a 5-point Likert-scale (see Figure 5.37).

Influence of contextual factors on occupant behaviour

User-shade override adjustments were explored in different environmental context param-
eters (e.g., physical, social, and workplace). Figure 5.38 shows the lowering and raising
actions of floor level, space orientation, window-to-desk distance, push the button-to-desk
distance, window size, and position. Non-significant differences were found in user-shade
override adjustments concerning the offices” floor level using a one-way ANOVA test (p-
value > 0.05).
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Figure 5.32: Questionnaire results: frequencies of (a) shade raising and (b) lowering in terms
of Floor level, space orientation, WWR%, and window-to-desk position.
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Figure 5.33: Questionnaire results: blind position status based on occupants feedback for
each facade.
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occupant satisfaction and shade movement. occupant satisfaction of shading performance.

Similar results were found in terms of space orientation. However, the highest raising
actions were observed in the east elevation (¢=2.37), and the highest lowering actions were
in the south elevation (¢p=2.16). Furthermore, it is noticed that the shade raising actions
slightly increase when the desk position is far from the window (up to 2 meters) and close
to the external blind push-button. However, non-significant differences were found in blind
adjustments in desk-to-window position or desk-to-push button position (p-value = 0.36,
0.13, respectively). Easy-to-access controls over comfort delivery systems would make the
occupants more eager to act to improve their comfort [105].

Each office is equipped with one manual switch to override the grouped external blinds.
More than 75% of the respondents indicated that they share the control of external blinds
with other employees. In fact, shared interfaces often affect many people, which imposes

unspoken or spoken social constraints on the degree to which an occupant can adjust an
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preferences of shading system used to satisfaction with the performance of exter-

in the offices. nal shade and the ability to control double sys-
tems.

interface for their benefit [23]. However, 65.6% of the respondents reported that they never

avoid adjusting the external blinds for fear of bothering their colleagues, and 31.2% some-
times or rarely avoid doing that. Although, O’Brien et al. [95] suggested that occupants
tend to be more reluctant to control their environments if others are present because of
social constraints.

Half of the respondents were trained about using the automatic blinds, and the other 50%
did not receive any training or information. However, non-significant difference was found
in the use of automated external blinds between trained and non-trained groups (see Figure
5.39, a). Similarly, the hierarchy position of the respondents was found not to influence
user-shade override decisions (see Figure 5.39, b). 30.4% of the respondents decided to open
the external blinds to maximize the outside view. The importance of view-to-the outside
could considerably increase the raising actions decisions of the external blinds, as shown in
Figure 5.40.

Correlations between override adjustments and physical and non-physical pa-
rameters

Figure 5.41 shows the correlation matrix between the self-reported comfort sensation and
satisfaction parameters, current state of mood, performance of automated shade, social con-
straints, blind movement, double shading control option related to the user-shade override
adjustments (lowering and raising actions) using the Spearman’s coefficients. Spearman
rank correlation is a non-parametric test used to measure the degree of association between
two variables. When Spearman’s rank correlation coefficient (p) equals 1, it means a perfect
positive correlation. When the value p equals -1, it means a perfect negative correlation.

According to that, the following correlations are concluded:

e Few raising adjustments were associated with the availability of sufficient daylight in

the offices (p=-0.396). While few lowering actions were associated with a good mood
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Figure 5.38: Questionnaire results: frequencies of override adjustments related to the use of
automated blinds.

state of the occupants (p= -0.442) and a positive correlation with glare sensation (see
Figure 5.43). Hence, 55.2% of the respondents tended to lower the external blinds to
avoid direct sun.
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Figure 5.40: Questionnaire results: frequencies of raising actions as a function of view
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e Occupants’ current mode state was highly correlated with their perception of blind
movement noise level (p= 0.413). It is concluded that if they are in a good mode, they

are less sensitive to blind movement.

e When people feel comfortable with the indoor temperature in their working environ-
ment, they are more satisfied with the overall lighting condition in the room (p=
0.350). It is concluded that comfortable room temperature could decrease the user-
shade override adjustments as they are more satisfied with daylight conditions.

e Daylight availability , daylight conditions, and good artificial lighting conditions, com-
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fort room temperature, are significantly correlated with view maximization satisfaction
level (p= 0.392, 0.555, 0.509, 0.436, respectively).

e Satisfaction with the performance of automated shading was highly correlated with

the blind movement noise level (p= 0.807) (see Figure 5.34). This is in line with
Bakker et al. [7] findings, they reported that noisy operation tends to be seen as a
precarious factor that has the potential to undermine the success of dynamic facade
systems as a whole. Their study showed that the sound levels induced by dynamic
facades’ movement need not to be a problem, on the condition that special care is

taken to ensure quiet operation.

e Moreover, providing occupant manual override capability in addition to manually con-

trol inner glare protection "double shading approach" was highly correlated with user

satisfaction of automated shading performance (p= 0.54) (see Figure 5.42).
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Lessons learned for designers and operators

e More than half of the respondents reported that they rarely or never adjust the auto-
mated external blinds, and they are satisfied with the performance of the automated
shading systems. Most of the respondents were satisfied or very satisfied with hav-
ing the ability to control both shading devices, external blinds in addition to inner
glare protection. "Double shading approach" suggests for the building designer to
consider more flexible interfaces in building systems design which increases occupant

satisfaction.
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e Most of the respondents reported that they don’t feel any kind of thermal discomfort,
and 37% of them indicated that glare through window was a major source of visual
discomfort. The building was explicitly designed for high occupants’ comfort, namely
the thermal envelope (Passive House) and the HVAC system. This approach was
found to be favorable. Lesson to be learned that design consideration for high indoor
environmental comfort could increase occupants’ satisfaction with their workplaces

and systems performance.

e In terms of automated shading system performance, majority of the respondents
(84.4%) reported that they are not annoyed or distracted by the movement of the
external blinds. Quiet operation of the system was significantly correlated with high
satisfaction of shade performance. Moreover, the designers and facility managers took
many efforts regarding the building automation’s system including the sensor hard-
ware. These observations emphasize that designers and operators should consider
high-quality automation devices to ensure high and acceptable performance of the

automation systems.

e Occupants were found to have control on artificial lighting, heating thermostat, win-
dow, and blind operation (excluding cooling and air volume ventilation system control).
The integration of automated shade operation with the control of other systems could

improve the performance gains of the shading system and occupant satisfaction.

5.4.4 Simulation-based analysis: daylighting and energy performance

Daylighting and energy performance of different shading control strategies were evaluated
using IDA Indoor Climate and Energy (IDA ICE) software. Different solar shading control
strategies were tested, Low (SO1: irradiance on the facade (90°) exceeded 100 W/m?) and
high (S03: irradiance exceeded 450 W/m?) irradiance lowering thresholds were used. S02
was the established design lowering threshold (irradiance exceeded 250 W/m?2). S04 (fully
closed) and S05 (fully open) were added to the analysis for benchmarking. The impact of
inner glare protection was ignored in the investigation since non-sufficient information about
the usage of the system was known during the study period. Twelve individual thermal zones
were simulated, one zone per each fagade in three typical floor levels (see Figure 5.44). The
opaque facades and the floor and roof were considered adiabatic. Occupancy schedules were
defined between 08:00 am and 6:00 pm on the weekdays. It is assumed that the required
level of workplane illuminance was up to 500 lux. The artificial lighting is turned off when
daylight guarantees 500 lux on the workplane (80 cm above floor level).

Table 5.9 summarizes the parameter settings of simulation modelling. The cooling set-
point was 25 C°, and the heating setpoint was 21 C° as used. The occupancy observed in
the case study corresponded to 0.1 person/m?. An infiltration ratio of 0.5 air changes per

hour (ACH) was used in the simulated zones.



Simulated
offices zones

Figure 5.44: 3D model of building zones

Table 5.9: Parameter settings of simulation modelling.

Parameters

Assigned values

Thermal zones

Roof/ground floor
Interior walls
Exterior walls

Window

Internal loads

Heating setpoint
Cooling setpoint
Occupancy schedules

Lighting control

Energy efficiency coefficient

ACH (air changes per hour)

12 thermal zones (4 thermal zones per floor
level).

Adiabatic

Adiabatic

U-walls: 0.13 W/m?K

U-value: 0.75 W/m?K, g-value: 0.49, color ren-
dering: 96%.

Equipment: 6 PC per room — each 150 watts
Lighting density: 2 W/m?

People: 0.1 person/m2

21 °C

25 °C

8:00 am-18:00 pm (Weekdays)

When daylight guarantees 500 Lux on the work
surface, the artificial light is turned off.

Heat pump — COP = 6 for heating / direct mode
only, no heat pump operation

Infiltration ratio: 0.5 ACH @ 50pa

Daylighting performance

Figure 5.45 shows that the daily average of workplane illuminance can significantly vary

between the different solar shading control strategies in the east and south-facing facades.

However, slight differences in workplane daily average were observed between the different

scenarios in north and west-facing offices, except when the blind was fully closed. The lesson

to be learned is that the designers should consider the daylighting evaluation of shading

control strategy, specifically in east and south facades of the building.

The ratio between the occupied hours of useful daylight illuminance (UDI) (300-3000
lux) [37] and total hours per year (8760 h) was calculated under different strategies (S01-
S05). Figure 5.46 demonstrates the UDI % of the building offices located in the first floor
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Figure 5.45: Daily average of workplane illuminance [lux| per each facade under the different
scenarios.

for each facade under the different strategies. It is observed that S01&S02 strategies provide
the highest UDI% values with slight differences in west and north-facing offices, while the

lowest were in south and east. Providing useful daylight could decrease the electric lighting.

45%

West
South
North
East

40% -

UDI %

35%

30% T T T T T
S01 S02 S03 S04 S05
(100 W/m?) (250 W/m?) (450 W/m?) (fully closed) (fully open)

Figure 5.46: UDI% (300-3000 lux) distribution under the five control strategies for each
facade.

Annual hours of undisturbed view-to-the outside

Undisturbed view to the outside was estimated based on the annual shade operation hours
(closure). Figure 5.47 shows that the highest annual shade operating hours was in S01
(100 W/m?), while the lowest was in S03 (450 W/m?). S03 (original design) increased the
undisturbed view-to-the outside by 60% compared to S01 and less by 75% compared to S03.

The ratio between the annual shade operating hours and overall annual working hours
was estimated under the different solar shading control strategies, considering 261 working
days over the year (2610 working hours) as presented in Figure 5.48. The highest ratio was
noticed in S01, where 80% and 73% of the working hours the blind was fully lowered in
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Figure 5.47: Annual shade operating hours in east facade under five shading control strate-
gies.

the south and east-facing offices, respectively. Approximately 40% of the time, the blind
was fully lowered in south and east facades, and 10% in west and north facades using the
established shading control strategy (S02). The least ratio was observed in S03.

Energy performance

Figure 5.49 shows the annual cooling, heating and lighting demand in the building offices
under different shading control strategies (S01-S05). Lighting demand was hardly affected by
the different control strategies since the lighting was turned off if the workplane illuminance
was above 500 lux. More significant differences were found in the heating demand, where
the difference between the original design (S02) and the lowest demand (S05) reached up
to 9.2 kWh/m2. The total energy demand of S02 (original design) was higher than S01
by 43.74 kWh/m? and lower than S03 by 76.82 kWh/m?2. The main difference was in the
cooling demand since it was lower by 183 KWh/m? in S02 compared to the highest demand
(S05). Overall, the established shading control strategy seems to provide view maximization

to the outside, and save 20% of total energy use compared to worst case (S05). This result
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Figure 5.48: Relative frequency of annual shade operating hours to total annual working
hours under different shading control strategies.

suggests to the designers to develop an acceptable range of shading control settings that

ensure user comfort and satisfaction as well as saving energy.

5.5 Conclusions and lessons learned

The case study presents a successful example of automated shading system design and
utilization. Based on the quantitative and qualitative analysis of the study, the main con-
clusions can be summarized as follows:

e Based on the results of the monitored datasets, the daily rate of change of user-shade
override adjustments (i.e., occupants’ interaction with the systems) was relatively few
compared to previous studies [102, 84]—an average of 0.184 blind adjustments per
day per office. Similar results were found in the questionnaire analysis, where more
than 50% of the occupants indicated that they rarely or never adjust the automated
external blinds. However, more interaction occurred when the occupant was located

closer to the push button of manual shade adjustment.

e Based on data monitoring and questionnaire analysis, building orientation, social con-
straints, and time of the day were found to influence the manual activation of shading

systems.

e The limited approach for regression analysis taken in this study did not successfully
explain occupant behaviour. Using data mining techniques showed advantages for

more accurate assumptions of complex and diverse behaviours in big office buildings.
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Figure 5.49: Useful energy demand (heating, cooling, and lighting) of different scenarios of
shading control strategies including the original design.

e The simulation analysis results show that the established shading control strategy can

provide view maximization to the outside (60% of undisturbed view hours in east and

south facades) and an acceptable range of UDI% (37-42%), while keeping the useful

energy demand close to the minimum compared to other shading control strategies.

This case study provides building designers and operators with potentially valuable in-

sights about shading design features and operation strategies that may increase occupant

comfort and satisfaction. Key

insights include:

e Use of double shading system approach (internal/external) can improve user satisfac-

tion and acceptance of automated shading systems (i.e., fewer override actions).

e Apply an acceptable range of established shade control thresholds per each facade of

the building. Based on the current study findings, it is recommended to consider high

irradiance thresholds (above 400 W /m?) for blind activation in north and west eleva-

tions, while low irradiance thresholds (250-400 W/m?) in south and east elevations.

e Use high-quality and accurate shading light sensors during the operation phase of the

building.
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e Quiet operation and delayed reactions are recommended while designing an automated

shading system to increase occupant acceptance.

Moreover, lessons relevant to the facade design can be learned from shade behavioural
patterns. Small window size or fixed shade might be more robust design solutions in east
and south elevations, while moderate window size is more appropriate in north and west
elevations. Further research is recommended to explore various building designs in differ-
ent locations and climatic zones to develop comprehensive guidelines for occupant-centric

shading design.

5.6 Limitations of the study
The developed regression models have some obvious limitations, as summarized below:

e In the logistic regression analysis, workplane illuminance measurements were not
recorded during the study period, which is one of the primary triggers behind shade

adjustments as defined before in previous studies [119, 82, 18].

e The study period was over 66 working days during summer in 2019. The number of
occupant-related events and corresponding predictors might be not sufficient to build
a representative statistical model. Therefore, future research on a long-term data

logging period is suggested to develop a stochastic occupant model.

e The monitored dataset was collected during the summertime in 2019, from June until
mid-September, before the COVID-19 pandemic. However, the questionnaire was

conducted under similar thermal and visual condition during the pandemic, July 2021.

e The representative sample size was 92 subjects out of 140 employees. Instead, 32
responses were completed -out of 42 participants- since the questionnaire was only

issued to those working from offices.

e Monitored datasets included different types of occupancy level (single-occupancy, shared,
open-plan offices), while the questionnaire was performed in single-occupancy offices
due to COVID-19 constraints.
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Chapter 6

Conclusions and future work

6.1 Conclusions and recommendations

With the aim of improving automated shading design and operation in terms of occupants’
comfort and satisfaction as well as energy performance in existing and new buildings, three
main phases are performed in this research. First, a thorough investigation of automated
shading systems’ current practice in existing buildings was set. Then, an experimental-based
study was carried out in a full-scale test cell to evaluate the performance of an external
automated shading system in terms of user interaction and acceptance, thermal and visual
comfort under different scenarios. Finally, an in-situ monitoring study was performed in a
mid-rise office building to derive occupant-centric rules for optimal shading design solutions.
The following summarizes the main conclusions drawn from each phase of this research and

proposes recommendations for building designers and operators.

Phase 01: Current practice of automated shading systems

This study investigate the current practice of automated shading systems’ configuration in
19 case studies using a written questionnaire issued via email or printed copy to the build-
ing operators or managers. The questionnaires’ analysis determined the commonly-used
setpoints and commercial shading control devices. Thus, the performance of "the used"
commercial shading control devices was evaluated in one of the case studies (Luxembourg
building). Besides, two commercial devices (SOLEXA II and WAREMA) were tested in an
experimental-based study for their accuracy and quality. The findings of the experimental
study reveal a low performance of commercial devices compared to simulation-based algo-
rithms (accurate reference). To conclude, commercial devices’ limited quality and accuracy
for automatic shading control can be due to economic constraints and sensors’ positions or
inclinations. However, the Luxembourg case study findings indicate that high-quality and
accurate shading light sensors were considered during the operation phase of the building.

To evaluate the energy performance of the commonly-used shading setpoints, a para-
metric analysis using simplified simulation tools was conducted. Different design param-

eters (e.g., window size, space orientation), climatic zones (Luxembourg and Jerusalem),
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and shade behavioural patterns (Low, medium, and high expectations) were used for the
analysis. The simulation-based analysis findings show a significant difference in the annual
heating and cooling demand as well as shade operating hours (disturbing view-to-the out-
side) between small and large window sizes, Mediterranean and temperate climatic zones,

with high and low user expectations.

Phase 02: Experimental study of an external automated shading system

In phase 02, an experimental study was conducted in a full-scale test cell to assess the ro-
bustness of automated shading systems to occupant behaviour and evaluate their thermal
and visual comfort under different scenarios (e.g., shading control strategies, window size,
cooling system, time of the day, and sky conditions). Indoor environmental parameters,
weather data parameters, user-shade and system-triggered adjustments were recorded. Dif-
ferent performance indicators were used to evaluate the indoor thermal and visual conditions,
blind occlusion, and user-shade override actions. Then, a paired t-test statistical analysis
was performed on paired groups of different scenarios to find significant differences. After
each scenario, a self-reported questionnaire about occupants’ interaction with automated
shading systems, satisfaction, preferences, and perceived thermal and visual comfort were
collected.

Based on shade behavioural patterns’ results and occupants’ feedback, approximately
60% of the participants tend to raise the blind very often to achieve a better view-to-the
outside and sufficient daylighting. However, high occupants’ satisfaction and fewer user-

shade override actions were achieved by:

(a) Using a multi-objective control strategy since 86% of the respondents reported that
they never or rarely adjust the blind. The multi-objective control strategy with an
intermediate position could balance solar heat and glare protection as well as daylight
availability and view-connection to the outside, improving user satisfaction with the

automated shading system.

(b) Using a high irradiance threshold (450 W/m?) in controlling shading systems, where
the number of user-shade raising actions is reduced by 49% compared to the low
irradiance threshold (300 W/m?).

(¢) Providing occupants a decent level of adaptive control options over their workplaces
(e.g., window opening, turning on/off artificial light, adjusting the blind, and using the
ceiling fan) might improve user satisfaction with indoor environment including shade

operation.

The results of thermal comfort evaluation, based on predicted mean vote (PMV) model
and adaptive model, indicate that using active cooling or ventilation system (e.g., radiant
cooling system, mechanical ventilation by exhaust air, operable window, and ceiling fan) kept

the indoor operative temperature within the comfort range during the different scenarios
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in the experiment. Moreover, approximately 40-45% of participants prefer no changes in
the indoor thermal conditions when (a) the cooling system is active or (b) when they are
permitted to open the window and adjust the ceiling fan. The wvisual comfort evaluation
using Simplified Daylight Glare Probability (DGPs) metrics predicted a high probability of
glare discomfort when shade lowering irradiance threshold exceeded 450 W/m?2. This result
is in line with occupants’ feedback, where 35% are disturbed by glare due to direct sunlight
and bright desk. However, 82% of the respondents perceived the overall lighting conditions
as comfortable. Additionally, 60% are satisfied with view-to-the outside under the same
conditions. This result confirms that people may tolerate some glare discomfort since they
feel comfortable and have a view-out connection.

Due to the "the Hawthorne effect", participants may alter their normal behaviour to-
wards interacting with the test room devices and systems due to their awareness of the
study. Therefore, phase 03 represents an in-situ monitoring study performed in a real office

building to overcome this limitation.

Phase 03: Learning from shading design and utilization in Luxembourg
building

A comprehensive field study, including design investigation, data monitoring, a question-
naire, and simulation-based analysis, was performed in a real office building, Luxembourg
case study. The study focused on the buildings’ automated shading activation and the
interaction between the occupants and the shading systems with the aim of identifying
occupant-centric rules for optimal shading design solutions. The case study is a five-story
office building located in Niederanven, Luxembourg. First, a written interview with the
designer, who was involved in the design and operation phase of the system, was conducted
to investigate the shading system design and selection criteria. Based on the designers’
feedback, the double external/internal shading systems were proposed from the early build-
ing design stage. The designer conducted a simulation-based analysis to select the opti-
mal shading systems considering different design and environmental parameters, while none
occupant-related assumptions was checked.

Second, a monitoring campaign was conducted in 47 offices over 66 working days in
the summer 2019. These offices are located on three floors, including 2-6 workers per office.
Occupants’ interactions with automated shading systems as well as environmental conditions
were collected using built-in sensors, local weather stations, and data loggers. Contrary to
expectations and previous studies’ findings [101, 81, |, the study found relatively few
interactions between the occupants and the shading systems an average of 0.184 blind
adjustments per day and per office. The statistical analysis of the monitored data showed
the limited approach of the regression model used in this study, while data mining techniques
showed advantages in exploring occupant behavioural patterns. Under similar conditions, a
web-based questionnaire was conducted in 2020 to reveal subtle and non-physical triggers

behind blind use and better understand the findings of the monitored datasets. Similar
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results are found since more than 50% of the occupants rarely or never adjust the automated

external shading systems. Similarly, 57% are satisfied with the performance of automated

shading systems.

Finally, a simulation-based study was conducted using IDA Indoor Climate and Energy

(IDA ICE) software to evaluate different shading control strategies’ visual performance and

energy efficiency compared to the original design simple strategy. The simulation results

indicate that the established control strategy (250 W/m?) could provide view maximization

to the outside while keeping the energy use close to the minimum compared to other simple

control strategies (100 and 450 W/m?). Based on the aforementioned findings of the three

phases, general guidelines is recommended to building designers and operators as follows:

(a)

(b)

(©)

(d)

(f)

(8)

Due to the limited application of simulation-based control in current building practice,
designers may use other design strategies such as an intermediate blind position and
combined internal /external shading systems (double approach). However, high-quality
and accurate shading light sensors should be considered during the operation phase.

Building designers should perform a parametric analysis in the early stage of building
design, considering different design parameters (e.g., space orientation and window
size), climatic zones, and behavioral patterns while selecting the optimal shading con-

trol strategy in terms of user acceptance and energy performance.

Building designers should consider the visual and thermal stimuli while selecting the
optimal shading control strategy to ensure a comfortable indoor environment and less

disturbing hours to the view outside.

Multi-objective shade control strategy based on combined indoor and outdoor environ-
mental parameters with intermediate shade position is promoted for shading system

activation.

Providing a good cooling and ventilation system can improve user satisfaction with
the indoor environment, including shade operation. However, energy-saving adaptive
measures or alternatives to guarantee user satisfaction beyond active cooling (e.g.,
personalized comfort systems, increasing air velocity...etc.) are recommended to avoid

further challenging energy resources and increasing climate change.

Designers should consider deploying a high degree of control options, easy-to-access
user interfaces, and the ability to override the automated system while designing and

operating shading systems.

Robust and simple shade control strategies are promoted. For instance, low irradiance
thresholds (250-400 W /m?) is recommended for shade control in the south and east-
facing offices with moderate window size or fixed shade. In contrast, high irradiance

lowering threshold (above 400 W /m?) can be adapted in north and west-facing offices.



6.2. RESEARCH CONTRIBUTIONS

(h)

6.2

Quiet and not too frequent movements are promoted while operating the automated

shading systems to increase occupant satisfaction.

Research contributions

The findings of this research are expected to contribute to the existing literature and provide

valuable insights to the designers and practitioners through the following points:

(a)

(b)

(d)

6.3

The findings of automated shadings’ current practice in existing buildings can inform
the designers and operators about the necessity to consider the hardware quality of
shading control devices during the operation phase or balance their limitations by
using other design strategies (e.g., double internal /external shading, intermediate blind

position).

The experimental-based study introduce a comprehensive evaluation of automated
shading systems using a wide range of performance indicators. The findings of this
study fill a gap in the literature since most previous studies focused on the evaluation
of the shading system’s visual performance and neglected occupants’ thermal comfort

and acceptance.

A multi-objective control strategy was developed and tested in this research. The
developed algorithm can be applied and implemented inside a commercial controller
for further evaluation. It represents a promising solution for improving indoor thermal

and visual comfort, saving energy, and view-out maximization.

Learning from shade operation: This successful example of a real office building pro-
vides valuable insights and guidelines for building designers and operators in shading
system design decision-making to find optimal solutions with less override actions.
This study is published in the Journal of Physics: Conference proceedings of CISBAT
2021 in Lausanne, Switzerland. The case study is accepted in a book chapter "detailed
case studies" in a book "Simulation-aided occupant-centric building design: Theory,
methods, and detailed case studies." The book is a result of Subtask 3 activities of
IEA EBC Annex 79 and will be published in Autumn 2022.

Future work

Further analysis and evaluation related to the use of automated shadings systems remained

uncovered in this study and are recommended for further research. The recommendations

for future research are listed below:

(a)

The performance of automated shading systems is evaluated in terms of user behaviour,
thermal and visual comfort, while the energy performance is uncovered in this study.

Therefore, future studies should perform a simulation-based analysis to evaluate the
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(b)

6.4

energy performance of the tested scenarios to provide a comprehensive evaluation of

the automated shading system in terms of comfort and energy performance.

The experimental and monitoring studies are conducted in office spaces located in
temperate climatic zones (Luxembourg and Germany). Future research should inves-
tigate the user-shade interaction with automated shading systems in different types
and designs of buildings and climatic zones (tropical and subtropical zones) to verify

the findings and provide general guidelines for the building designers and operators.

The in-situ monitoring study explore user interaction with automated shading systems
under warm conditions over three months (July-September). Therefore, future work
should involve long-term monitoring campaigns over the year (four seasons) to infer
comprehensive occupant behavior models that predict user-shade override actions and

improve occupant-centric shading design.
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Appendix A1l

A1l.1 Questionnaire: phase 01

Faculty of Architecture and Civil Engineering
Department of Building Physics and Technical Building Services
Prof. Dr.-Ing. Karsten Voss

b+tga

Living Lab Building Performance
Configuration of Shading Devices
October 2018

CONFIGURATION OF SHADING DEVICES IN BUILDING MANAGEMENT SYSTEM(BMS)  (notfor individual glare protection!)

BUILDING:

GENERAL INFORMATION DESCRIPTION GOOGLE EARTH PICTURE

Building Type

Location

Construction Year

Building Total Area

User Type (rental/ owner)

Type of Sunscreen

Faculty of Architecture and Civil Engineering
Department of Building Physics and Technical Building Services
Prof. Dr.-Ing. Karsten Voss

b+tga

Living Lab Building Performance
Configuration of Shading Devices
October 2018

(Sb) Information

Parameters Settings of Shading Devices in BMS
(Total/part of the building/facade with orientation)

Value Unit Notes

Page 10f2

Operation days per week

OMo. OTu. Owe.
Oth. OFr. Osa. OSu.

Operation hours per day

Switching value of light for SD closure/occlusion (upper threshold)

lux
Switching value of light to start-up (lower threshold) lux
Switching value of hysteresis light (difference between upper and lower thresholds) lux
Delay time of light min
Installation location(s) descriptions of light sensor(s) (number, alignments, etc.)
Description of light measurements (interval, if applied averaging of values, etc.)
Switching value of wind monitor (upper threshold) m/sec
Switching value of wind monitor (lower threshold) m/sec
Switching value of hysteresis wind monitor (difference between upper and lower thresholds) m/sec
Delay time of wind switch min

Installation location(s) descriptions of wind monitor (numbers, alignments, etc.)

Description of wind measurements (interval, if applied averaging of values, etc.)

Description of further input parameters like weather forecast, sky conditions, fire, etc.

Page 2 of 2
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A1.2 Questionnaire: Phase 02

Informed Consent

You are kindly invited to participate in this survey as a part of an experimental research study about
"Robustness of building design and solar shading control strategies in terms of user behaviour, thermal
and visual comfort". The experimental research design consists of two main parts. Each part includes
three sessions (two hours per each) with a total duration of 7 hours from 9:30 am until 4:30 pm
(including one-hour lunch break after the first session). The researcher would greatly appreciate your
participation in a short web-based survey once time after each session (three times in total per day).

General information

I am Ghadeer Derbas, a PhD student at the Architecture and Civil Engineering Faculty, Wuppertal
University. I am working as a doctoral researcher at Civil Safety Research Institute IAS-7, Jiilich
Research Centre, Germany.

The information on this page is intended to help you understand exactly what the researcher is asking
of you, so you can decide whether or not to participate in this study. Please read this consent form
carefully before you decide to proceed with the survey. If you decide not to participate, it will not be
held against you in any way. You may exit out of the survey at any time.

Privacy and confidentiality
Your participation in this survey is completely voluntary. Your answers will be kept confidential and
your identity protected. All data will be transmitted by a secure, encrypted internet connection and

stored in a password-protected file.

Potential harms/benefits

There are no known harms iated with your particip in this research. As well, there will be no
direct benefit to you for your participation in this study. However, we hope that the information obtained
from this study may benefit the scientific community.

Consent form

If you agree to the terms listed above, please proceed to the survey (if you proceed into the next page,
that serves as your informed consent). Thank you in advance for your time and support. Please be
precise and honest with your answers. Your responses are extremely valuable to our research.

This survey is anonymous (unnamed), so to analyse the questionnaire results, a code for each
participant is needed.

If you have any questions, please don't hesitate to ask me.
Best regards,

Ghadeer Derbas

Doctoral Researcher

IAS-7: Civil Safety Research Institute/Jiilich Research Centre.

Tel: +49 (0)202 / 439 4060
E-Mail: g.derbas@fz-juelich.de
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Section A: Section 1: General Information

Al. Please write down your participant code. Your code consists of the
first two letters of your mother's first name (capital letters), then add
(-), then add four digits of your year of birth. (example: MA-1993)

A2. What is your Gender?
Female

Male
Other

1]

Other

A3. What is your current professional position?

student

{]

employee

Other

Other

Ad. Whats is your Nationality?

German

1]

Palestinian
Other

Other
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AS. Please specify the date of the day?

A6. Please specify the current Time?
11:30 am

14:30 pm
16:30 pm

CH HO

Section B: Section 2: User adaptive control behaviours

B1. Please indicate the current state of the given options to control the
indoor climate at your workspace?

F Fully

d
ON OFF

Operable window [Right]

Operable window [Left]

e

External shading system

Artificial lighting D

B2. a. Did you lower the shading device during the previous session?

00 O 0O 0O O

B3. b. If yes, how many times?

B4. c. What was the reason behind lowering the blind?
To reduce overall brightness of the workspace.
To reduce glare on my computer screen.
To reduce glare from the sun (directly into my eyes).

To increase visual privacy.

oo

To reduce the heat from the sun.
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Other U
Other

B5. a. Did you raise the shading device during the previous session?

g
[ H]

B6. b. If yes, how many times?

B7. c. What was the reason behind raising the blind?

To maintain visual contact to the outside.

To increase the amount of daylight in the workspace.
To get heat from the sun.

To get a fresh air.

Other

oo

Other

BS. d. If No action, what was the reason that you decided not to change the
position of the blind?

Too much effort.

I am too busy to adjust the blind.
Not needed.

Not easy to access the blind control.
I don't know.

Other

Aot

Other
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B9. a. Did you adjust the electrical lights during the previous session?
Yes.
No.

B10. b. If yes, what was the reason behind that?

To reduce overall brightness of the workplace.
To reduce glare on computer screen.
To reduce heat from electrical light.
To save energy.

To increase the amount of light in the workspace.

JAadoon o

Other
Other
Section C: Section 3: Thermal Comfort Evaluation
Cl1. How do you feel about the room air temperature at the moment?
[ASHRAE 7-point scale].
Cold. [ ]
Cool. E:‘
Slightly cool. [
Neutral. E:‘
Slightly warm. E]
Warm. E:‘
Hot. D

C2. Using the list below, please check each item of clothing that you are
wearing right now. [Clothing level assessment /ASHARE 55-2017]

Short-sleeve shirt.
Long-sleeve shirt.
T-shirt.

Long-sleeve sweatshirt.
Sweater.

Vest.

ooodd
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Jacket.

Knee-length skirt.
Ankle-length skirt.
Dress.

Shorts.

Athletic sweatpants.
Trousers.

Undershirt.

Long underwear bottoms.
Long sleeve coveralls.
Overalls.

Slip.

Nylons.

Socks.

Boots.

Shoes.

Sandals.

Other: please note if you are wearing something not described above, or if you think something you are wearing is
especially heavy.

Other

Ao oggoon

Other

C3. How do you rate the following indoor air quality parameters at your
workspace?

Very unco Very com
mfortable. D) 3 4 fortable.

Temperature. D D DDD
Air movement. D D DDD
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C4. How do you prefer the air temperature at the moment in your
workspace?

Much cooler. D

Cooler. E:‘

No change. E:‘

Warmer. E:‘

Much warmer. D

Section D: Section 4: Visual Comfort Evaluation

D1. Please describe the current lighting condition at your workspace?
Very dark. D

Dark. E:‘

Slightly dark. [ ]

Neutral. E:‘
Slightly bright. [ ]
Bright. m

Very bright. D

D2. How comfortable are you with the current amount of light at your

workspace?
Note:

I- Not comfortable.

5- Very comfortable.

[
2
3
4
5

D3. a- Were you disturbed by glare (brightness) in the previous session?
Yes

No

CH CHHHE

D4. b- If yes, please specify the reason behind the glare?
Direct sunlight. [ _]

Bright sky. D
Bright wall. [ ]
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Bright desk. [ |
Bright screen. ||

Other U

Other

D5. Please specify the magnitude of the glare? [Glare sensation vote scale
(GSV)]

Imperceptible (little). D
Noticeable. [j
Disturbing. [:‘

Intolerable (too much). D

D6. How do you rate your satisfaction with the following current light

conditions at your workspace?
Very
dissatisfic Very
d satisfied.

-]

Daylight lighting. [ |-

N
e

Z
]
Artificial lighting. [ -1 |- L]
Overall lighting. [ }-—{ } -]
View connection to the outside. [ |- |} [ ]

Section E: Section 5: User-blind satisfactions and preferences.

El. Was the automated shading system moved during the previous
session?

Yes
No

[H ]
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Al.2. QUESTIONNAIRE: PHASE 02

E2.

How satisfied are you with the performance of the automated shading

system during the previous session?
1- Very dissatisfied.

5- Very satisfied.

CH H H H

Thank you very much for your support and cooperation.
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A1.3 Questionnaire: Phase 03

English version

Dear Golav employees,

You are invited to participate in this survey as part of a Ph.D. dissertation on "Function and Use of
Automated Solar Shading Systems". I would appreciate your participation in a short (15-20) minutes
survey about your control options and satisfaction with the shading system, the context, and the
environmental conditions in your office. The company's administration has agreed to do the survey.

Please participate only if you have been working from the office.
Please click on "submit'" when you are done!
The survey will be open for responses until the end of July 2021.

General information

The information on this page is intended to help you understand exactly what the researcher is asking
of you, so you can decide whether or not to participate in this study. Please read the consent form
carefully before you decide to proceed with the survey. If you decide not to participate, it will not be
held against you in any way. You may exit out of the survey at any time.

Your participation in this survey is VOLUNTARY!

There will be no direct benefit to you for your participation in this study. However, we hope that the
information obtained from this study may benefit the scientific community.

This survey is ANONYMOUS!

‘We will not ask you to share any personal information. However, please be mindful not to include any
information that could identify you in the responses. Any information that could identify you will be
anonymized after the survey closes, before data analysis being carried out. To compare the
questionnaire results with the measurement findings, a code for each participant is needed at the
beginning of the survey.

Consent form

By moving on to the survey, you confirm that you have been informed about the study, that you have
read the information provided in full, that you feel sufficiently informed and that you have understood
what the survey is about. You also agree with the data processing described above — all data will be
anonymized and it will not be possible to assign the data to you in any way.

Thank you for your time and cooperation. Please be precise and honest with your responses. Your
answers are extremely valuable to my research! If you have any questions, please do not hesitate to
contact me.

Contact person
Ghadeer Derbas
Doctoral researcher in a joint project of Wuppertal University and Jiilich Research Centre.

Institute for Advanced Simulation, Civil safety research/ IAS-7
E-Mail: g.derbas@fz-juelich.de
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Al.3. QUESTIONNAIRE: PHASE 03

Gimesurvey M

Section A: Participant code and the date

Al. Please write down your participant code. Your code consists of the
first two letters of your father's first name (capital letters), then add
(-), then add four digits of your year of birth. (example: GD-1984)

A2. Please select the date when you start filling out the questionnaire.

Section B: Your current state of mind

B1. In the following scale, please select which one is your current state of
mood.

1- very bad mood

5- very good mood
t [
2 []
2 [
+ [
s [

Section C: Section A: General questions about your work activity and workplace

Cl1. How long have you been working in this place in this room?

less than 1 year
between 1 to 2 years

More than 2 years

C2. How much time do you usually spend at your workplace per week?
20%

40%
60%
80%

100%

CROR OO CF O
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Gimesurvey HILLELN T LT

C3. Do you have a full-time or part-time job?
Full-time D

Part-time
Other

Other

C4. During a typical workday, when are you usually at your workplace?

all day

mornings only

afternoons only

mixed (some mornings, some afternoons)

Cs. On which floor is your office located?

Ground floor
Ist floor
2nd floor

3rd floor

(R R R

Cé. Considering that number (4) in the graph is the main entrance of the
building, which number represents the location of your office? (for
offices at the corner you can say 1,2 or 2,3 or 3,4 or 1,4).

(1) East
(2) South
(3) West

(4) North

CH

Other

Other
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Al.3. QUESTIONNAIRE: PHASE 03

G Limesurvey M
C7. What is the percentage of your work activity in the following areas?
Note: The total sum is 100%
Desk work (including PC work and telephoning) % ‘

Meetings / client meetings in the same office %

Working time elsewhere in the building %

Other (incl. working time outside the building) %

Section D: Section B: Questions about your workplace context

D1. Before the COVID-19 pandemic, what type of office do you have?

Private single office (1 person)
Shared office (2-3 people)
Open-plan office (more than 3 people)

D2.  How far are you sitting from the nearest window?

up to 1 metre
up to 2 metres
up to 3 metres
4 metres and more

D3. Regarding your workspace, the window is located:

directly in front of me
On my left

on my right

IR T R I N I

behind me
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Gimesurvey LN

D4. What is approximately the total area of the windows on the exterior
wall at your workplace?

25% of the wall area D
50% of the wall area [:‘
75% of the wall area [:‘
100% of the wall area

Other

Other

Ds. How far is your workplace from the manual switch of the external
blinds?

up to 1 meter
up to 2 metres
up to 3 metres

4 metres and more

(L]

Dé6. Please select how important do you consider the listed factors below
for your working environment satisfaction?

Unimporta ~ Less Very
important  Neutral  Important  important

A comfortable room temperature

A pleasant humidity

Sufficient fresh air

Adequate daylight

Good artificial light

View connection to the outside (through a window)

Visual privacy

N o A W
N 0000000
00000000

Doo0oO0Uo0f

Acoustic privacy
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Gimesurvey L LECN TR

Section E: Section C: Thermal and visual comfort at your workplace

Note: You can consider this week as a reference for your answers to the following section.

El. How do you feel the temperature at your workplace?

Often too cool D

Sometimes too cool [:‘
Comfortable [:‘
Sometimes too warm [:‘
Often too warm D

E2. How do you feel about the amount of daylight at your workplace?

very little D
little [:|
neutral [:‘

much [:‘
Very much D

E3. How often do you face glare from direct sunlight at your workspace?

1- Almost always 5- Almost never

[
2 [
s [
+ [
s [
E4. How satisfied are you with the following conditions at your
workplace?
weatfied usaisfied  neutral  siisfied  sadsned

Room temperature D
Daylight conditions D

Artificial lighting conditions [}~

ajujuj
ajujuj
ajujuj
0000

View Connection to the outside D

ES5. Please select which of the following is a major source of thermal
discomfort at your workplace?

I do not feel this kind of discomfort D
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GLimesurvey LR

Work area hotter than other areas

Direct sunlight through the window

Individual room temperature control not possible or not effective
Surfaces around me are too warm

Draught (window and/or mechanical ventilation)

Jo o

Other

Other

E6. Please select which of the following is a major source of visual
discomfort at your workplace?

I do not feel this kind of discomfort

Glare through window

Not enough artificial lighting

Not enough natural lighting

Too much artificial lighting

Too much natural light

Lack of or poor view connection to the outside

Other

Ao god

Other

Section F: Section D: User interaction with automated shading system

Note: You can consider this week as a reference for your answers to the following section.
F1. At your workspace, how are the external blinds kept most of the time?
Fully open
Fully closed with open slat angle
Fully closed with closed slat angle

Partially open

(LR ]

clxxxv



Al.3. QUESTIONNAIRE: PHASE 03

Gimesurvey L LECR TR

F2. How often do you open the external blinds?

Never

Once or twice a week
More than twice a week
Once or twice a day
More than twice a day

Other

CH PP

Other

F3. When do you usually open the external blinds?

Upon arrival

During the workday, in the morning
During the workday, in the afternoon
After lunch

Upon departure

When the blinds are automatically closed

Other

JdOodoaodd

Other

F4. Why do you usually open the external blinds?

More daylight into the office
To have a view to the outside
More solar heat gain
Arrival/Departure to the office

To save energy

ooddgo

For the desire of an employee/manager
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Gtimesurvey LR
Other D

Other

F5. How often do you close the external blinds?

Never

Once or twice a week
More than twice a week
Once or twice a day
More than twice a day

Other

CH PP

Other

Fé. When do you usually close the external blinds?

Upon arrival to the workspace
During the workday, in the morning
During the workday, in the afternoon
After lunch

Upon departure

Other

Ao

Other

F7. Why do you usually close the external blinds?

To avoid direct sun on my work surfaces D
To avoid overheating D

to block the view to the outside (privacy) D

clxxxvii



Al.3. QUESTIONNAIRE: PHASE 03

Gimesurvey M

Arrival/Departure to the office D

To save energy D

For the desire of an employee/manager D

Other D

Other

F8. Why did you decide not to overrule the position of the external

blinds?
I don't know D
Too much effort [:‘
Not needed [:‘
Too busy
Other
Other

F9. Before the COVID-19 pandemic, how many people in your workplace

share (with you) the control of the external blinds?

Only me
Another employee

Two or more employees

CFLH{OH{

I don't know
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Gimesurvey HILHLN T

F10. Before the COVID-19 pandemic, do you avoid adjusting the external

blinds for fear of bothering your colleagues?

Never
Rarely
Sometimes

Frequently

PRI

Always

Section G: Section E: User interaction with inner glare protection
Note: You can consider this week as a reference for your answers to the following section.

Gl1. At your workplace, how are the inner glare protections kept most of
the time?

Fully open

Fully closed

CF{H{]

Partially open

G2. How often do you adjust the inner glare protection at your
workplace?

Never

Once or twice a week
More than twice a week
Once or twice a day
More than twice a day

Other

CH L]

Other

G3. Are you more likely to adjust the inner glare protection when you feel
uncomfortable about the lighting or the temperature at your
workspace?

Temperature
Lighting

Both

(LR ]

None of them
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Gimesurvey LT

Section H: Section F: User preferences and satisfaction with the external blinds

and inner glare protection
Note: You can consider this week as a reference for your answers to the following section

H1. Which position do you usually prefer for the external blinds?

Fully open
Fully closed with open slat angle

Fully closed with closed slat angle

LR

Partially open

H2.  How do you usually experience the movement of the external blinds?

I- very annoying

5- absolutely not annoying

S}

IS

CHOR LR

[

H3. How satisfied are you with the performance of the automated shading
system at your workspace?

I- Very dissatisfied 5- Very satisfied

[§)

IS

PR

v

H4. How satisfied are you with having the ability to control two shading
devices (the external blind and the inner glare protection) at your
workplace?

1- Very dissatisfied 5- Very satisfied

[§)

IS

CHLR RO

v
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Gimesurvey LT

H5. Which system do you prefer to use at your workplace? and why?

Inner glare protection
External blinds
Both

None of them

L]

Hé. Were you ever taught/ trained how to override the automatic blinds at
your workplace? (e.g. verbally, through a meeting, training,
email...etc.)

Yes

No

RN

Section I: Section G: Individual control options at your workplace

I1. Which of the following control options can you adjust at your
workplace?

Heating thermostat

Cooling thermostat

W
00O

Air volume ventilation system

Section J: Section H: Demographic data

J1. What is your Gender?

Female

Male

CFLF{]

Other
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Limesurvey T

J2. What is your age range?

less than 25 years
26 -35

36 - 45

46-55

older than 55 years

J3. Which one of the following categories fits with your job position?

Managerial and decision-making powers (e.g. director, managing director, member of the board)
Professional (e.g. engineer, draftsman, specialist planner)
Clerical/administration employee

Other

CH O PR

Other

Section K: Remarks

K1.  If we forgot something important for you or if you would like to tell
us something about your workplace, the building in general, or this
questionnaire, please feel free to note it here:

wopee: |

maang: | | | | 1 1] [ ]| |

Questionnaire: ‘ | HE A R A N R P ‘

Thank you very much for your support!
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German version

Sehr geehrte Mitarbeiterinnen und Mitarbeiter von Golav,

Sie sind eingeladen, an dieser Umfrage als Teil einer Dissertation zum Thema “Funktion und Nutzung automatisierter
Sonnenschutzsysteme®. Ich wiirde mich sehr iiber Thre Teilnahme an einer kurzen (15-20) Minuten dauernden Umfrage
zu Thren Steuerungsmdoglichkeiten und Threr Zufriedenheit mit dem Beschattungssystem, dem Arbeitsplatzkontext und
den Umgebungsbedingungen in Ihrem Biiroraum freuen.Die Geschaftsfithrung hat der Befragung zugestimmt.

Bitte nehmen Sie nur teil, wenn Sie vom Biiro ausgearbeitet haben.

Bitte klicken Sie auf "absenden", wenn Sie fertig sind!

Die Umfrage wird nur bis Ende Juli 2021 fiir die Beantwortung zugénglich sein.
Allgemeine Informationen

Die Informationen auf dieser Seite sollen Thnen helfen zu verstehen, was genau der Forscher von Thnen verlangt, damit
Sie entscheiden konnen, ob Sie an dieser Studie teilnechmen mochten oder nicht. Bitte lesen Sie die
Einverstandniserkldrung sorgfiltig durch bevor Sie sich entscheiden, mit der Umfrage fortzufahren. Wenn Sie sich
entscheiden nicht teilzunehmen, wird dies in keiner Weise gegen Sie verwendet. Sie konnen die Umfrage jederzeit
abbrechen.

Ihre Teilnahme an dieser Umfrage ist freiwillig

Sie haben keinen direkten Nutzen von Ihrer Teilnahme an dieser Studie. Wir hoffen jedoch, dass die aus dieser Studie
gewonnenen Informationen fiir die wissenschaftliche Gemeinschaft von Nutzen sein kénnen.

Diese Umfrage ist anonym

‘Wir werden Sie nicht auffordern personliche Informationen preiszugeben. Bitte achten Sie jedoch darauf, dass Sie in
den Antworten keine Informationen angeben, die Sie identifizieren konnten. Alle Informationen, die Sie identifizieren
konnten, werden nach Abschluss der Umfrage anonymisiert, bevor die Datenanalyse durchgefiihrt wird. Um die
Umfrageergebnisse mit den Messergebnissen vergleichen zu kénnen, wird zu Beginn der Befragung ein Code von jedem
Teilnehmer benotigt.

Einverstindniserklarung

Mit dem Fortfahren der Umfrage bestitigen Sie, dass Sie liber die Studie informiert wurden, dass Sie die bereitgestellten
Informationen vollstindig gelesen haben, dass Sie sich ausreichend informiert fithlen und dass Sie verstanden haben,
worum es in der Umfrage geht. Sie erkldren sich auch mit der oben beschriebenen Datenverarbeitung einverstanden -
alle Daten werden anonymisiert und es wird nicht méglich sein, die Daten in irgendeiner Weise Ihnen zuzuordnen.

Vielen Dank fiir Thre Zeit und Mitarbeit. Bitte seien Sie prizise und ehrlich mit Thren Antworten. Thre Antworten sind
extrem wertvoll fiir meine Forschung! Wenn Sie irgendwelche Fragen haben, zogern Sie bitte nicht, mich zu fragen.

Kontaktperson:

Ghadeer Derbas

Wissenschaftliche Mitarbeiterin im Rahmen eines Gemeinschaftsprojektes der Bergischen Universitit Wuppertal und
des Forschungszentrum Jiilich.

Institut fir Hohere Simulation, IAS-7

E-Mail: g.derbas@fz-juelich.de
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Al.3. QUESTIONNAIRE: PHASE 03

Gimesurvey M

Teil A: Ihr Teilnehmercode und das Tagesdatum

Al. Bitte schreiben Sie Ihren Teilnehmercode auf. Dieser besteht aus den
ersten beiden Buchstaben des Vor Ihres Vaters (in
GroBbuchstaben), gefolgt von (-), und den vier Ziffern Ihres
Geburtsjahres. (Beispiel: GD-1984).

A2. Bitte schreiben Sie das Datum auf, an dem Sie den Fragebogen
ausfiillen.

Teil B: Ihre momentane Befindlichkeit

B1. Bitte kreuzen Sie in den nachfolgenden Zeilen jeweils das Kistchen
an, das am besten zu Ihrem momentanen Befinden passt.

1- sehr schlecht gestimmt

5- sehr gut gestimmt
[
2 []
» [
+ [
s [

Teil C: Abschnitt A: Allgemeine Fragen zu Ihrer Arbeitstiitigkeit und zu Ihrem
Arbeitsplatz

Cl1. Seit wann arbeiten Sie an diesem Platz in diesem Raum?
weniger als 1 Jahr D
zwischen 1 und 2 Jahren [:‘

Mehr als 2 Jahren D
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Gimesurvey HILLELN T LT

C2. Wie viel Zeit verbringen Sie normalerweise pro Woche an Threm
Arbeitsplatz?

20%
40%
60%
80%
100%

C3. Haben Sie einen Vollzeit- oder einen Teilzeitjob?

Vollzeit

Teilzeit

CHID PO

Sonstiges

Sonstiges

C4. Wiihrend einer typischen Arbeitswoche, wann sind Sie normalerweise
an Threm Arbeitsplatz?

ganztigig

nur vormittags

nur nachmittags

mal vormittags / mal nachmittags

Cs. In welchem Geschoss befindet sich Ihr Arbeitsplatz?

Erdgeschoss
1.0G
2.0G

3.0G

CFOROHOT CRLOFLRA
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Al.3. QUESTIONNAIRE: PHASE 03

Gimesurvey M

Cé. In Anbetracht der Tatsache, dass Nummer (4) in der Abbildung der

Haupteingang des Gebiiudes ist, welche Nummer bildet die Position

Ihres Biiros ab? (Die Biiros in den Ecken kinnen 1,2 oder 2,3 oder 3,4
oder 1,4 benannt werden).

(1) Ost
(2) Siid
(3) West

(4) Nord

CH ]

Sonstiges

Sonstiges

C7. Wie verteilt sich in etwa Ihre Arbeitstitigkeit auf folgende Bereiche?

Hinweis: Die Gesamisumme betréigt 100 %

Schreibtischarbeit (einschlieBlich Bils irmarbeit und Telefonieren) %

Besprect / Kund priche im selben Biiro %

Arbeitszeit anderweitig im Gebiude %

Sonstiges (einschl. Arbeitszeit auBerhalb des Gebiudes) %

Teil D: Abschnitt B: Fragen zu Ihrer Arbeitsplatzumgebung

D1. Vor COVID-19 Pandemie, welche Art von Arbeitsplatz haben Sie?

Einzelbiiro (1 Person)
Mehrpersonenbiiro (2-3 Personen)

Gruppenbiiro (mehr als 3 Personen)

D2. Wie weit sitzen Sie vom niichsten Fenster entfernt?

bis zu 1 Meter entfernt
bis zu 2 Meter entfernt

bis zu 3 Meter entfernt

CFLF{OHOT OO

4 Meter und mehr entfernt
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Gimesurvey LN

D3. Wo befindet sich das Fenster von Ihrer Sitzposition aus gesehen?

direkt in Blickrichtung
links von mir
rechts von mir

hinter mir

L]

D4.  Wie groB schiitzen Sie die Gesamtfliiche der Fenster an der
AuBenwand ungefihr ein?

25% der Wandfliche
50% der Wandfliche
75% der Wandfliche

100% der Wandfliche

CH I

Sonstiges

Sonstiges

Ds. Wie weit ist Ihr Arbeitsplatz vom An- und Ausschalter der
AuBenjalousien entfernt?

bis zu 1 Meter entfernt
bis zu 2 Meter entfernt

bis zu 3 Meter entfernt

L]

4 Meter und mehr entfernt

D6.  Bitte kreuzen Sie an, wie wichtig IThnen die folgenden Faktoren fiir
Thr Wohlbefinden und Ihre Zufriedenheit am Arbeitsplatz sind ?

weniger sehr
unvichig  wichtig  neutral  wichtig  wichtig

Eine angenechme Raumtemperatur

Eine angenehme Luftfeuchtigkeit

Ausreichend frische Luft

Geniigend Tageslicht

Gute kiinstliche Beleuchtung

Sicht Verbindung nach aulen durchs Fenster

[
Ch b
Ll b b
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GLimesurvey L LECR TR

weniger sehr
unwichtig  wichtig neutral wichtig wichtig

Visuelle Privatsphire | -] _J-f Jrof ol ]
Akustische Privatspire |- ] o] o ]

Teil E: Abschnitt C: Thermisches und Visuelles Empfinden an Ihrem Arbeitsplatz

Hinweis: Sie konnen diese Woche als Referenz fiir Ihre Antworten des folgenden Abschnitts betrachten

El. Wie bewerten Sie die Temperatur an Ihrem Arbeitsplatz?

oftzukinl [ ]

Manchmal zu kiihl [:‘

Angenehm [:‘

Manchmal zu warm [:‘

Oft zu warm D

E2. Wie empfanden Sie das Tageslichtangebot an Threm Arbeitsplatz?

sehr wenig D
wenig [:‘
neutral [:‘
viel [:‘

sehr viel D

E3. Wie hiiufig erleben Sie Blendung durch Tageslicht an Threm

Arbeitsplatz?
1- nahezu nie 5- nahezu immer

1 []

2 [:|

3 [:|

4 [:|

s [

E4. Wie zufrieden waren Sie mit den folgenden Bedingungen an IThrem

Arbeitsplatz?

sehr sehr

unzufrieden unzufrieden  neutral zufrieden zufrieden

Raumtemperatur D

Tageslichtverhiltnissen D

kiinstlichen Beleuchtung D
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(

sehr sehr
unzufrieden unzufrieden  neutral  zufrieden  zufrieden

Sicht Verbindung nachavBen |- ] Joeee] Jo] ]

ES. Bitte kreuzen Sie an, welche der folgenden Punkte eine Hauptquelle
fiir thermisches Unbehagen an Ihrem Arbeitsplatz darstellen?

Ich empfinde diese Art von Unbehagen nicht

Arbeitsbereich heifer als andere Bereiche

Direkte Besonnung durch das Fenster

Individuelle Raumtemperaturregelung nicht moglich bzw. nicht wirksam
Oberflichen um mich herum sind zu heifs

Luftzug (Fenster und/oder mechanische Liiftung)

Joogood

Sonstiges

Sonstiges

E6. Bitte kreuzen Sie an, welche der folgenden Punkte eine Hauptquelle
fiir visuelles Unbehagen an Ihrem Arbeitsplatz darstellen?

Ich empfinde diese Art von Unbehagen nicht
Blendung durch Fenster

Nicht geniigend kiinstliche Beleuchtung
Nicht geniigend natiirliche Beleuchtung

Zu viel kiinstliche Beleuchtung

Zu viel natiirliches Licht

Fehlende oder schlechte Sicht nach draufien

Sonstiges

Jodogogod

Sonstiges
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Teil F: Abschnitt D: Nutzer-AuBenjalousie Interaktion

Hinweis: Sie konnen diese Woche als Referenz fiir Ihre Antworten des folgenden Abschnitts betrachten

F1. Wie sind iiblicherweise die Auflenjalousien an Ihrem Arbeitsplatz?

Ganz geoffnet
Ganz geschlossen mit offenem Lamellenwinkel
Ganz geschlossen mit geschlossenem Lamellenwinkel
Teilweise geoffnet
F2. Wie oft 6ffnen Sie die AuBlenjalousien?
Nie
Ein- oder zweimal wochentlich
Mehr als zweimal wochentlich
Ein- oder zweimal tiglich

Mehr als zweimal tiglich

CH PO R

Sonstiges

Sonstiges

F3. Wann éffnen Sie die AuBlenjalousien normalerweise?

Bei Ankunft

Im Laufe des Arbeitstages am Morgen

Im Laufe des Arbeitstages am Nachmittag
Nach dem Mittagessen

Bevor Sie das Biiro verlassen

Wenn die Jalousien automatisch geschlossen sind

dO0doodo

Sonstiges

Sonstiges

CcC
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F4. Warum 6ffnen Sie die AuBenjalousien normalerweise ?

Mehr Tageslicht im Biiro
Freie Sicht nach Auflen
Mehr solare Wirmegewinne
Ankunft/Abfahrt zum Biiro
um Energie zu sparen

Fiir den Wunsch eines Mitarbeiters/Managers

Joogood

Sonstiges

Sonstiges

F5. Wie oft schlieBBen Sie die AuBlenjalousien?
Nie
Ein- oder zweimal wochentlich
Mehr als zweimal wochentlich
Ein- oder zweimal tiglich

Mehr als zweimal tiglich

CH L]

Sonstiges

Sonstiges

Feé. Wann schlieien Sie die AuBenjalousien normaleweise?

Bei Ankunft
Im Laufe des Arbeitstages am Morgen
Im Laufe des Arbeitstages am Nachmittag

Nach dem Mittagessen

OO

Bevor Sie das Biiro verlassen

cci
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Sonstiges O
Sonstiges

F7. Warum schlieSen Sie die Aulenjalousien normalerweise?

um die Blendung auf meinem Bildschirm/Arbeitsplatz zu reduzieren
um Uberhitzung zu reduzieren

um die Sicht nach auBen zu versperren (Privatsphiire)
Ankunft/Abfahrt zum Biiro

um Energie zu sparen

fiir den Wunsch eines Mitarbeiters/Managers

Sonstiges

dJdOodoaodd

Sonstiges

F8. Warum haben Sie sich entschieden, die Position der AuBenjalousien
nicht zu iiberstimmen?

Ich weil nicht
Zuviel Aufwand
Nicht erforderlich
Zuviel beschiftigt

Sonstiges

CH

Sonstiges
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Gimesurvey LT

F9. Vor COVID-19 Pandemie, wie viele Personen an Threm Arbeitsplatz
teilen sich (mit Ihnen) die Steuerung der AuBlenjalousien?

Nur ich
Ein anderer Mitarbeiter

Zwei oder mehr Mitarbeiter

L]

Ich weil es nicht

F10. Yor COVID-19 Pandemie, vermeiden Sie die Aufienjalousien
einzustellen, damit Sie Ihre Kollegen nicht stéren?

Nie
Selten
Manchmal

Oft

CFLOHOFLF{T

Immer

Teil G: Abschnitt E: Nutzer-Blendschutzrollo Interaktion

Hinweis: Sie konnen diese Woche als Referenz fiir Ihre Antworten des folgenden Abschnitts betrachten
G1.  Wie sind iiblicherweise die Blendschutzrollos an Ihrem Arbeitsplatz?
Ganz gedffnet
Ganz geschlossen
Teilweise gesffnet
G2.  Wie oft stellen Sie die Blendschutzrollos ein?
Nie
Ein- oder zweimal wochentlich
Mehr als zweimal wochentlich
Ein- oder zweimal tiglich

Mehr als zweimal tiglich

CHPOP OO R

Sonstiges

Sonstiges
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Al.3. QUESTIONNAIRE: PHASE 03

Gimesurvey LT

G3. Passen Sie eher die Blendschutzrollos am Arbeitsplatz an, wenn Sie
sich mit der Temperatur unwohl fiihlen oder mit der Beleuchtung?

Temperatur
Beleuchtung

Beide

L

Keine

Teil H: Abschnitt F: Nutzerpriiferenzen und Zufriedenheit mit den

AuBenjalousien und Blendschutzrollos
Hinweis: Sie konnen diese Woche als Referenz fiir Thre Antworten des folgenden Abschnitts betrachten

H1. Welche Position fiir die AuBlenjalousien bevorzugen
Sie normalerweise ?

Ganz geoffnet
Ganz geschlossen mit offenem Lamellenwinkel

Ganz geschlossen mit geschlossenem Lamellenwinkel

CHF{H

Teilweise gedffnet

H2. Wie erleben Sie normalerweise die Bewegung der Aulenjalousien?
1- sehr listig

5- absolut nicht listig

H3.  Wie zufrieden sind Sie mit der Automatisierung der Aulenjalousien
an Threm Arbeitsplatz?

1- Sehr unzufrieden 5- Sehr zufrieden
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Gimesurvey LT

H4.  Wie zufrieden sind Sie mit der Moglichkeit, zwei
Beschattungssysteme (die AuBenjalousien und die Blendschutzrollos)
an IThrem Arbeitsplatz zu steuern?

1- Sehr unzufrieden 5- Sehr zufrieden

2

CFLOH{ LRI

H5. Welches System verwenden Sie bevorzugt an Ihrem Arbeitsplatz? und
warum?

Innenjalousie (Blendschutzrollo)
AuBenjalousie

Beide

EEESHEN

Keine

H6.  Wurde Ihnen jemals beigebracht, wie Sie die automatischen Jalousien
in Ihrem Biiro auBer Kraft setzen konnen? (z.B.miindlich, durch eine
Besprechung, eine Schulung, eine E-Mail oder anderes)

Ja D
Nein D
Teil I: AAbschnitt G: Individuelle Anpassung des Raumklimas
I1. Welche der folgenden Bedienel te fiir das Raumklima konnen Sie
in Ihrem Biiro einstellen nutzen?
Ja Nein

Thermostat Heizung DD
Thermostat Kiihlung DD

Luftmenge Liiftungsanlage DD
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Al.3. QUESTIONNAIRE: PHASE 03

Gimesurvey L LECR TR

Teil J: Abschnitt H: Personliche Angaben

J1. Bitte geben Sie Ihr Geschlecht an.

weiblich
ménnlich
divers

J2. Bitte geben Sie Ihre Altersgruppe an.
bis 25 Jahre

26 bis 35 Jahre
36 bis 45 Jahre
46 bis 55 Jahre

iiber 55 Jahre

CROR OO R

J3. Welche der unten aufgefiihrten Kategorien entspricht am ehesten
Ihrer Stelle?
Fiihrungskraft mit umfassenden Fiihrungsaufgaben und Entscheidungsbefugnissen (z. B. Direktor/-in,
Geschiftsfiihrer/-in, Mitglied des Vorstandes)

{1

Leitungs Ingenieur/-in, Bauzeichner/-in, Fachplaner/-in
Mitarbeiter/in in der Verwaltung

Sonstiges

Sonstiges

Teil K: Anmerkungen

K1.  Wenn wir etwas fiir Sie Wichtiges vergessen haben oder Sie uns zu
Ihrem Biiroarbeitsplatz, zum Gebiude all oder zu di
Fragebogen noch etwas mitteilen mochten, konnen Sie dies hier gerne
notieren:

zum Arbeitsplatz: ’

zum Gebiude: ’

zum Fragebogen: ’ [ A T ‘
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GLimesurvey NI

Herzlichen Dank fiir Thre Unterstiitzung!
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Al.4. MISCELLANEOUS

Radlo Connectlons

Warema
weather station

cevili

e

i te o

BTGA-box room

Electrical connection plan of SOLEXA and WAREMA devices.

Al.4 Miscellaneous

BTGA-box top roof
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Garment insulation according to ANSI/ASHRAE standard 2017

Table 5.2.2.2B Garment Insulation Iy,

Garment Description # Iy, clo Garment Description® Iy, clo

Underwear Dress and Skirts?
Bra " 0.01 Skirt (thin) mm 0.14
Panties 0.03 Skirt (thick) 0.23
Men’s briefs 0.04 Sleeveless, scoop neck (thin) 0.23
T-shirt 0.08 Sleeveless, scoop neck (thick), i.e., jumper 0.27
Half slip 0.14 Short-sleeve shirtdress (thin) 0.29
Long underwear bottoms 0.15 Long-sleeve shirtdress (thin) © 033
Full slip 0.16 Long-sleeve shirtdress (thick) 0.47
Long underwear top 0.20 Sweaters

Footwear Sleeveless vest (thin) 0.13
Ankle-length athletic socks 0.02 Sleeveless vest (thick) 0.22
Panty hose/stockings 0.02 Long-sleeve (thin) 0.25
Sandals/thongs 0.02 Long-sleeve (thick) 0.36
Shoes 0.02 Suit Jackets and Vests®
Slippers (quilted, pile lined) 0.03 Sleeveless vest (thin) 0.10
Calf-length socks 0.03 Sleeveless vest (thick) 0.17
Knee socks (thick) 0.06 Single-breasted (thin) 0.36
Boots 0.10 Single-breasted (thick) 0.44

Shirts and Blouses Double-breasted (thin) 0.42
Sleeveless/scoop-neck blouse 0.12 Double-breasted (thick) 0.48
Short-sleeve knit sport shirt 0.17 Sleepwear and Robes
Short-sleeve dress shirt 0.19 Sleeveless short gown (thin) 0.18
Long-sleeve dress shirt 0.25 Sleeveless long gown (thin) 0.20
Long-sleeve flannel shirt 0.34 Short-sleeve hospital gown 0.31
Long-sleeve sweatshirt 0.34 Short-sleeve short robe (thin) 0.34

Trousers and Coveralls Short-sleeve pajamas (thin) 0.42
Short shorts 0.06 Long-sleeve long gown (thick) 0.46
Walking shorts 0.08 Long-sleeve short wrap robe (thick) 0.48
Straight trousers (thin) 0.15 Long-sleeve pajamas (thick) 0.57
Straight trousers (thick) 0.24 Long-sleeve long wrap robe (thick) 0.69
Sweatpants 0.28
Overalls 0.30
Coveralls 0.49

a. “Thin” refers to garments made of lightweight, thin fabrics often worn in the summer; “thick” refers to garments made of heavyweight, thick fabrics often worn in the winter.
b. Knee-length dresses and skirts
c. Lined vests
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Al.4. MISCELLANEOUS

Metabolic rates for typical tasks (ASHRAE standard 2017)

Table 5.2.1.2 Metabolic Rates for Typical Tasks

Metabolic Rate

Activity Met Units W/m? Btu/h-f
Resting
Sleeping 0.7 40 13
Reclining 0.8 45 15
Seated, quiet 1.0 60 18
Standing, relaxed 12 70 22
‘Walking (on level surface)
0.9 m/s, 3.2 km/h, 2.0 mph 2.0 115 37
1.2 m/s, 4.3 km/h, 2.7 mph 2.6 150 48
1.8 m/s, 6.8 km/h, 4.2 mph 3.8 220 70
Office Activities
Reading, seated 1.0 55 18
Writing 1.0 60 18
Typing 1.4 65 20
Filing, seated 12 70 22
Filing, standing 14 80 26
Walking about 1.7 100 31
Lifting/packing 2.1 120 39
Driving/Flying
Automobile 1.0t0 2.0 60to 115 1810 37
Aircraft, routine 1.2 70 22
Aircraft, instrument landing 1.8 105 33
Aircraft, combat 24 140 44
Heavy vehicle 32 185 59
o T R
Cooking 1.6t02.0 95t0 115 29to 37
House cleaning 2.0t03.4 115 to 200 37t0 63
Seated, heavy limb movement 22 130 41
Machine work
sawing (table saw) 1.8 105 33
light (electrical industry) 2.0t02.4 115 to 140 37to 44
heavy 4.0 235 74
Handling 50 kg (100 Ib) bags 4.0 235 74
Pick and shovel work 4.0t04.8 235 t0 280 74 to 88
Miscellaneous Leisure Activities
Dancing, social 24t04.4 140 to 255 44 to 81
Calisthenics/exercise 3.0t0 4.0 17510 235 55t0 74
Tennis, single 3.6104.0 210 to 270 66 to 74
Basketball 5.0t07.6 290 to 440 90 to 140
Wrestling, competitive 7.0t0 8.7 410 to 505 130 to 160
6 ANSI/ASHRAE Standard 55-2017
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