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reducing energy demand, though not all
studies reported savings in every category. 64

Distribution of control strategies and evaluated
environmental domains in the studies reviewed.
The bar chart distinguishes between two
control strategies: rule-based and predictive
control. For rule-based control, studies are
further grouped by environmental domain
(visual, thermal, and IAQ), with the specific
variables assessed indicated within each
domain. For predictive control, only the

visual domain is represented. Bar segments
are color-coded by study type (laboratory,

real building, and simulation), and the
numbers within the bars indicate the count

of studies addressing each variable. 66
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Distribution of studies based on the
environmental variables used to evaluate the
performance of automated fagades, visualized
as a bubble plot. The y-axis lists the evaluation
variables, such as glare, outside view, ppm
concentration, workplane illuminance, and
operative temperature. The x-axis categorizes
the studies by control strategy, distinguishing
between predictive control and rule-based
control. The size of each bubble indicates the
number of studies considering a given variable
within each control strategy. Numeric labels
within bubbles denote the study count. 66

Comparison of the environmental performance
of automated facades relative to other

control strategies, visualized as a stacked

bar chart. The x-axis groups studies by
performance outcome: "No difference,"
"Automated Worse," and "Automated Better."
Subcategories indicate the control strategy
used for comparison with automated fagades,
such as unshaded windows (A-U), static fagade
(A-S), manual shading (A-M), semi-automated
(A-SA), and other automated controls (A-A).
Bars are stacked and color-coded to represent
study types: laboratory (Lab), real office
building (RB), and simulation (Simulation).
The height and composition of each bar
indicate the number and type of studies
reporting each performance outcome. 68

Distribution of evidence provided by studies
showing the cases in which the automated
fagades have a “negative impact” (n=21),
“no impact” (n=18), and “positive impact”
(n=21). In each category, the evidence

is divided by environmental domain.
SA=Semi-automated control, M=Manual
control, A=Automated, AD=Advanced
control, PR=Pre-programmed control. 75

The classification scheme used in this review
to group the factors influencing occupant
response that were identified through the
literature review (after (Luna-Navarro et al.,
2020)). 87

Climate where the reviewed studies were
performed (classification according to the
Koppen Climate). The climates are: humid
sub-tropical climate (Cfa); temperate oceanic
climate (Cfb), cold-summer Mediterranean
climate (Csc), warm-summer humid continental
climate (Dfb), Monsoon-influenced hot-summer
humid continental climate (Dwa). 91

Pie chart diagram with the number of
studies performed on laboratories and real
buildings. 92
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4.1

4.2

4.3
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The number of studies that investigated 4.5
personal factors in previous works as affecting

occupant response to automated fagades

are shown per type of personal factor

studied: general characteristics, attitude and

personal relevance of indoor environmental

condition. 93

The number of studies that showed that
environmental factors affect occupant
response with the AF operation. 97

4.6

View of the interior of the mobile laboratory:
a) the position of the desk with respect to the
fagade and the location of the environmental
sensors and the webcam for facial action
unit recognition; b) the position of the
sensors and the override interface in the
desk; c¢) a floor plan view of the mobile
laboratory; d) the view from the laboratory.
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111

Description of the experimental procedure.
Every experiment lasted 90 min. Before the
experiment, volunteers were asked to fill in
a questionnaire. Volunteers were exposed to
four control scenarios. At the end of every

control scenario, they answered a survey. 112

4.8

Boxplots illustrate the distribution of horizontal
illuminance at the desk level and the vertical
illuminance during the experimental conditions.
The plots provide a visual summary of the
environmental parameters in which the
experiment was conducted. The whiskers
show the maximum and minimum value

within 1.5 times the interquartile range,

while the 95 % of the data is shown in

the box. Crosses indicate the means and

the black horizontal line the median. 114

Results from the background questionnaire

completed by the participants at the start 4.9
of the experiments. In particular, the scores
(1=strongly disagree; 5=strongly agree)
represent the level of agreement with
statements related to their perceived level of
familiarity with smart windows technologies
(opening or shadings) at home and the office,
the importance of personal control of window
openings or shadings, and self-reported
frequency of interaction with windows
and shadings at home or at the office.
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Participant perception of annoyance with
building controls and distraction with reading
task. Participants’ level of agreement with the
following statements: (a) “I was not annoyed
with the heating control”; (b) “I was not
annoyed with the lights control”; (c) “I was
not annoyed with the window control”; (d) “I
did not feel distracted from the reading task”.
Perceived satisfaction with the control of the
window and the visual environment: (e) level
of agreement with the sentence “I am satisfied
with the window control”; (f) level of agreement
with the sentence: “I am satisfied with the
visual environment”. The black dot indicates
the mean value while the green line indicates
the median of the data distribution. 119

Time of response of participants that have
overridden the fagade state. The black
dot indicates the mean value while the
green line indicates the median of the data
distribution. 120

Results on participant perception depending
on participant behavior, participants that did
override and did not override are grouped
separately; (a) level of agreement with the
sentence “I feel satisfied with the visual
environment”; (b) level of agreement with
the sentence “I feel satisfied with the window
control”; (c) the sentence “I did not feel
distracted in the past 10 min”, (d) the
sentence "I did not feel annoyed by the window
control”. The asterisks indicate the level

of significance: (*) p < 0.05, (**) p < 0.01,
(***) p < 0.001. The black dot indicates the
mean value while the green line indicates

the median of the data distribution. 121

Box-plots of gaze angles of the participants
during experiment to evaluate differences
between participants’ gaze angle during the
switching of the glaze and the rest of the
time, and for different speed of switching.
The box-plot shows the distribution of the
gaze angles by showing the median, quartiles,
and average (white-filled circle), providing
insight into the central tendency, spread,
and skewness of the data. a) Gaze angle

on the x-plane as shown in the diagram on
the left; b) gaze angles on the y-plane. The
level of significance (p < 0.05) is shown by
“*RE for the sample groups connected with
the line. The black dot indicates the mean
value while the black horizontal line indicates
the median of the data distribution. 122

Correlation matrix between participants
facial expressions and perception: a)
Facial action units from (De La Torre et al.,
2015); b) correlation between participant
perception and facial expression. 123

Facial action units during the intervals where
the glass remained unchanged, and the glass
was changed. The asterisks indicate that the
differences are statistically significant. 123
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Boxplots of the results of three cluster analysis 5.6
performed regarding (a) level of familiarity
with smart windows and smart blinds, (b)
level of importance of controlling window’s
opening and window’s shading, and (c)
self-reported frequency of interaction on
controlling window’s opening and window’s
shading. Each analysis provided two clusters
of participants. All the analysis were validated
by using the silhouette measure of cohesion
and separation, scoring 0.6 for each of them.
The black dot indicates the mean value while
the black line indicates the median of the
data distribution. The asterisks indicate the
level of significance: (***) p < 0.001. 125

5.7

Boxplot of the cluster analysis of participants
override delay time of participants with the
switchable glazing. This analysis provided two
clusters of participants: Cluster 1 represent
participants that override the automated
control only when the glazing was turned at
the darkest state; while Cluster 2 represent
participants that override the automated
control only when the glazing was turned
clear. The analysis was validated by using

the silhouette measure of cohesion and
separation, scoring 0.5. The black dot
indicates the mean value while the black
horizontal line indicates the median of the
data distribution. The asterisks indicate
the level of significance: (*) p < 0.05.
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The Office Lab at The Green Village, Delft
University of Technology. (a) Interior view
showing the seats of the participant and
researcher; (b) Top-down schematic of

the layout including systems, participant,
researcher, and entrance; (c) Front view of
the window with the roller shade set to the
mid position; (d) Lighting system used in the
experiment; and (e) Exterior view of the Office
Lab. 138

Experimental procedure timeline. 139

Top view of the office lab indicating the
positions where the interfaces were

placed during the tested scenarios. 141

Types of device interfaces used in the
experiment: (a) analog light switch, (b) analog
roller shade switch, and (c) tablet interface
controlling both lights and roller shades.

512
141

Various types of digital control interfaces
displayed on the tablet interface screen: (a)
no system cues, (b) system state cues, and

(c) with system state plus task completion. 141
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Overview of participants’ familiarity

with and availability of different lighting,
shading, and control interfaces in office
spaces. (a) Participants’ self-reported
familiarity with manual and smart roller
shades, dimmable and smart lighting,

and analog or digital control interfaces.
(b) Number of participants who reported
having these systems in their office. 149

Usability scores for Ease of Use (a),
Reachability (b), Information (c), and
Overall Usability score (d) across interface
scenarios tested. ** = (p <0.01). 152

Pearson correlation matrix showing
relationships between the three usability
domains, Ease of Use, Information, and

Reachability, and Overall Satisfaction. 153

Participant preferences for interface variables
after the experiment. (a) Preferred position
of the lighting control interface; (b) Preferred
position of the shading control interface;

(c) Preferred level of system feedback; (d)
Preferred type of device. Bars indicate the
number of participants; significance brackets
represent Bonferroni-adjusted pairwise

Chi-squared comparisons. * = (p < 0.05). 155

Participant importance ratings for interface
attributes. Bubbles show how many
participants rated each attribute (Position,
System cues, and type of device) at

each importance level on the x-axis (Not
important, Somewhat important, Very
important). Bubble area is proportional to
the number of respondents; labels show
counts (n). Color encodes respondent groups
that share the same importance ranking

profile across attributes (equal ranks). 156

Comparison of participants’ interface
preferences in office lab versus shared
office settings across three attributes:
“Position”, “Type of Device”, and “System
Cues”. The figure presents the number and
percentage of participants who preferred

each option in both settings (match rate). 157

Boxplots of 1-5 agreement scores for each
interface feature (n = 18). Each panel

shows the full distribution of participant
ratings for (top to bottom) desk-, wall-,

and split-mounted positions; digital versus
analog devices; and system-state read-outs,
feedback cues, or no information. Boxes
show the interquartile range, whiskers the
full range, and white circles the means. 159
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Sample and workspace characteristics 6.7
of the respondent population. Data is

grouped by variable (age range, education

level, satisfaction with the outdoor view,

distance from desk to window, floor level of

workplace, desk use, and workspace type),

with categories listed within each group. 175

Availability and current control mode of
building services in respondents’ workplaces.
Rows list building services, and stacked bars
show the share of respondents for whom each
service is not available, manually controlled,
semi-automated, or fully automated. 176

6.8

Preferred automation levels at three workday
phases (arrival, while working, and leaving).
Bar segments show the share of respondents
selecting each automation level, while the
connecting streams represent individual
transitions between stages (upward flows
indicate moves toward more automation,
downward flows toward more manual control).
Summary statistics beneath each pair of stages
report Wilcoxon signed-rank tests, effect sizes,
proportions moving up or down the scale, and
weighted agreement (x) between stages. 177

6.9

Number of respondents per preference profile:
(i) Manual (manual at all workday phases),

(ii) Automated (automated at all stages), and
(iii) Mixed (preferences vary across workday
phases). 178

Predictors of preferred automation across
workday phases. Odds ratios (OR; points) with
95% confidence intervals (bars) from ordinal
logistic regression models estimated separately
for the Arrival, While working, and Leaving
workday phases. OR values > 1 indicate
higher odds of selecting a higher automation
level (i.e., preferring more automated options),
whereas OR values < 1 indicate lower
odds (i.e., a shift toward more manual
options), relative to the reference category
while holding other predictors constant.

The grey band denotes an approximate
small-effect region around OR = 1 (about
+5 percentage points in predicted probability
at the baseline probability pg = 0.30).
Predictors are color-grouped by domain: prior
automated experience (green), prior manual
experience (blue), workspace characteristics
(dark red), and demographics (orange). 179

6.10

Preferred level of automation by building
service. Horizontal brackets indicate pairwise
comparisons of the distributions across
services; "n.s." denotes no statistically
significant differences (p >
whereas no brackets indicate statistically
significant differences (p < 0.05).

0.05),

180
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Profiles of preferred automation and
decomposition of mixed-control preferences
by building service. (i) classifies respondents
according to whether they choose the same
automation level for all services ("Manual"
or "Automated") or vary their choice across
services (Mixed control). (ii) Decomposition
of "Mixed" profile by building service. 181

Building service-specific predictors of
preferring higher automation. Odds ratios
(points; 95% confidence intervals, bars) from
ordinal logistic models estimated separately for
each service. The dashed vertical line marks
no effect (OR = 1x). The top scale shows

the corresponding change in likelihood at a
baseline probability pg = 0.30. Colors
group predictors: prior experience with the
same service (blue = manual, green = semi-
or fully automated), workspace characteristics
(dark red), and demographics (orange). Values
to the right of 1 x indicate higher odds of
choosing a more automated option, and

values to the left indicate lower odds. 182

Number of respondents’ preferences for
interface type ("digital", "analog", "no
preference"), interface position ("next to the
entrance", "on the desk", "close to the system",
"no preference"), and interface information
level ("no cues", "basic cues", "system

status", "status + suggestions", "status +

suggestions + feedback", "no preference"). 184

Level-by-level associations between interface
type, position, and information. Cells show
signed ¢ coefficients from 2 x 2 contingency
tables (N = 2,322), with positive values (red)
indicating that two levels co-occur more
often than expected by chance and negative
values (blue) indicating under-representation.
Asterisks denote statistical significance (*

p < .05*p < .01,***p < .001). 184

Predictors of choosing a digital interface.
Left: Odds ratios (points; 95 % CIs) from a
logistic model predicting digital vs analog

as a function of information richness and
interface position; the dashed line marks
OR=1x and the header notes the baseline
probability pg = 0.30. Right: Observed
share choosing digital (%) by information
level, stratified by position (Desk, Close to the
system, Next to entrance). Digital preference
increases with information and is highest

for on-desk placement, intermediate near

the system, and lowest at the entrance. 185
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Distribution of preferred interface options
within each preferred automation level

during the "while working" phase ("no
preference" responses excluded). Points/lines
represent observed shares of respondents
selecting each interface option across
automation levels. For each panel, Cramér’s V'
summarizes the overall strength of association
between automation preference and the
corresponding interface characteristic (effect
size from the x? test of independence;

V= o0indicates no association and larger
values indicate stronger association). 186
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71

Reframing the performance gap through
interaction. The figure synthesizes the
dissertation’s argument that underperformance
in automated fagades is often linked to
interaction mechanisms (e.g., opaque operation
and limited support for occupant agency).
Evidence across four research components
motivates occupant-centered interaction
strategies that support collaborative
occupant-automation control through legible
operation, context sensitivity, and low-effort
override. 194



Summary

Modern office buildings face the dual challenge of meeting strict decarbonization
targets while ensuring the comfort and satisfaction of their occupants. Automated
fagades, dynamic systems like switchable glazing and automated shading, offer a
promising solution by regulating solar gain and daylight to reduce energy demand
and improve indoor environmental quality (IEQ). However, in practice, these systems
often fail to perform in real buildings as predicted in simulations. This "performance
gap" frequently comes from a misalignment between automated control logic and
occupant needs. When automation is perceived as disruptive, opaque, or restrictive,
occupants often reject or override the system, leading to energy inefficiency and
dissatisfaction.

The success of automated facades depends on moving beyond purely technical
optimization to strategies that explicitly integrate human factors. Current control
strategies often treat occupants as passive recipients or sources of disturbance,
rather than active participants with diverse and changing needs. Consequently, there
is a critical need to understand the interaction requirements of occupants and to
translate these into control strategies that are acceptable, trustworthy, and effective.

To address these challenges, this research aims to develop empirical evidence

and scalable measurement approaches that translate occupant requirements into
actionable interaction strategies for automated facade control. It addresses the main
research question:

How do interaction strategies influence occupant responses to automated
facades?

To comprehensively answer this central question, the following sub-questions were
formulated:

What is the impact of automated fagades on energy savings, IEQ, and occupant
response?

What factors influence occupant response with automated fagades, and how do
these factors impact satisfaction and acceptance?

How do speed and direction of change in automated fagades influence occupant
satisfaction, acceptance, and response?
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- How do information, position, and type of control interface influence occupant
satisfaction, acceptance, and response with automated fagades?

— Do occupants have different requirements for interaction with automation
depending on personal factors, type of service, and context?

Research Methodology

This study employed a mixed-methods approach structured in three complementary
parts to investigate occupant interaction with automated facades, combining
literature analysis, controlled experiments, and large-scale data collection.

The first part established the research landscape through two systematic literature
reviews. The first review synthesized evidence on the performance of automated
fagades in terms of energy, IEQ, and occupant response, highlighting the gap
between simulated and real-world outcomes and the limited integration of occupant
behavior in performance assessments. The second review focused on the human
dimension, classifying the personal, environmental, and contextual factors
influencing occupant acceptance and satisfaction, as well as the role of control logic
and facade technology.

The second part explored occupant response through controlled laboratory
experiments. One experiment examined the impact of system control logic
(specifically the speed and direction of transitions in switchable glazing) on
perception and override behavior, incorporating both self-reported and behavioral
measures. A second experiment investigated control interfaces, assessing how
usability, reachability, and information feedback (system cues) influence satisfaction
and perceived control in a simulated office environment.

The third part captured occupant preferences at scale through a large online
questionnaire administered to office workers in the Netherlands and Spain. The
survey validated and extended the experimental findings by quantifying preferences
for automation levels across building services and workday phases, and by
identifying preferred interface characteristics. Statistical analysis enabled the
identification of patterns and user profiles, supporting the development of scalable,
occupant-centered interaction strategies.
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Results

What is the impact of automated fagades on energy savings, IEQ, and occupant
response?

The systematic review revealed that while automated fagades consistently reduce
lighting energy demand (31-86% savings reported), their impact on cooling and
heating is variable and highly dependent on context. Crucially, studies that do

not account for occupant overrides often overestimate energy savings. In terms

of IEQ, automation can improve visual and thermal comfort but often involves
trade-offs, such as sacrificing view to prevent glare. The review highlighted a critical
gap: occupant behavior is acknowledged as influential but is rarely integrated into
performance evaluations, leading to unrealistic predictions of system effectiveness.

What factors influence occupant response with automated fagades, and how do
these factors impact satisfaction and acceptance?

Occupant response is driven by five interacting factors: personal characteristics (e.g.,
preference for view vs. glare protection), environmental conditions (e.g., solar angle),
contextual factors (e.g., task type), facade technology (e.g., noise of operation), and
the type/mode of operation (e.g., logic and feedback). Satisfaction is highest when
systems are transparent, predictable, and offer easy manual override. Conversely,
opaque or disruptive automation triggers "sabotage" behaviors that undermine
system performance.

How do speed and direction of change in automated facades influence occupant
satisfaction, acceptance, and response?

Experimental results showed that the direction of a facade transition (e.g.,
clear-to-dark vs. dark-to-clear) significantly impacts occupant behavior. Transitions
toward a darker state were more likely to trigger manual overrides, as they were
perceived as a loss of view and daylight. While transition speed had a smaller effect
on overall satisfaction, faster transitions were noticed more readily and could trigger
quicker interventions. This suggests that transition dynamics are not just technical
parameters but interaction design choices that influence acceptance.

How do information, position, and type of control interface influence occupant
satisfaction, acceptance, and response with automated fagades?

Usability testing demonstrated that interface design is a primary driver of perceived
control. Participants strongly preferred interfaces that were easy to reach (e.g.,
desk-mounted) and provided clear feedback (system cues) about status and intent.
Digital interfaces were favored when they offered rich information, whereas analogue
switches were preferred for simplicity when located at the entrance. The study
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confirmed that opaque interfaces increase frustration and disengagement, while
informative interfaces build trust and support the acceptance of automation.

Do occupants have different requirements for interaction with automation
depending on personal factors, type of service, and context?

The large-scale survey revealed that automation preferences are not fixed but vary
by context. Acceptance of automation increases throughout the workday, being
lowest at arrival and highest when leaving. Preferences are also service-specific:
occupants are willing to automate "background" services like ventilation and heating
but strongly prefer manual control for "personal” services like windows and task
lighting. Most occupants fit a "mixed-control" profile rather than being strictly
pro-manual or pro-automation, reinforcing the need for flexible, differentiated
control strategies.

Conclusions

The main research question — How do interaction strategies influence occupant
responses to automated fagades? — is addressed by demonstrating that
interaction strategies are the link between control logic and operational performance.
The dissertation reframes the performance gap as an "interaction gap," showing that
energy and IEQ goals can only be met if automation is designed as a collaborative
system.

Evidence from the reviews, experiments, and surveys confirms that successful
interaction strategies must be understandable(transparent about actions),
negotiable (easy to override), and context-dependent. Specifically, the

research shows that transition dynamics (speed/direction) and interface quality
(reachability/feedback) directly influence the likelihood of manual overrides.
Furthermore, the finding that preferences vary by building service and time of day
challenges the "one-size-fits-all" approach to automation.

To close the performance gap, automated facade strategies must prioritize
occupant-centered design: prioritizing automated modes for background services
while preserving manual agency for personal ones, using informative interfaces to
build trust, and designing transitions that minimize disruption. By aligning technical
operation with human requirements, these strategies can resolve the conflict
between energy efficiency and occupant satisfaction.
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Samenvatting

Moderne kantoorgebouwen staan voor de dubbele uitdaging om te voldoen aan
strenge decarbonisatiedoelstellingen en tegelijkertijd het comfort en de tevredenheid
van hun gebruikers te waarborgen. Geautomatiseerde gevels, dynamische systemen
zoals schakelbaar glas en geautomatiseerde zonwering, bieden een veelbelovende
oplossing door zoninstraling en daglicht te reguleren, waardoor de energievraag
afneemt en de kwaliteit van het binnenmilieu verbetert. In de praktijk blijken deze
systemen echter vaak niet te presteren zoals in simulaties wordt voorspeld. Deze
“prestatiekloof” ontstaat vaak door onvoldoende afstemming tussen de automatische
regelstrategie en de behoeften van gebruikers. Wanneer automatisering als storend,
ondoorzichtig of beperkend wordt ervaren, hebben gebruikers de neiging het
systeem te weigeren of handmatig in te grijpen, wat leidt tot energie-inefficiéntie

en ontevredenheid.

Het succes van geautomatiseerde gevels hangt af van een verschuiving van puur
technische optimalisatie naar strategieén die expliciet rekening houden met
menselijke factoren. Huidige regelstrategieén beschouwen gebruikers vaak als
passieve ontvangers of als bron van verstoring, in plaats van als actieve deelnemers
met diverse en veranderende behoeften. Daarom is er een duidelijke noodzaak

om de interactiebehoeften van gebruikers te begrijpen en deze te vertalen naar
regelstrategieén die acceptabel, betrouwbaar en effectief zijn.

Om deze uitdagingen aan te pakken, heeft dit onderzoek als doel om empirisch
bewijs en schaalbare meetmethoden te ontwikkelen die gebruikersbehoeften vertalen
naar toepasbare interactiestrategieén voor geautomatiseerde gevelregeling. Het
richt zich op de volgende hoofdvraag:

Hoe beinvloeden interactiestrategieén de reacties van gebruikers op
geautomatiseerde gevels?

Om deze centrale vraag volledig te beantwoorden, zijn de volgende deelvragen
geformuleerd:

Wat is de impact van geautomatiseerde gevels op energiebesparing, de kwaliteit
van het binnenmilieu en gebruikersrespons?

Welke factoren beinvloeden de gebruikersrespons bij geautomatiseerde gevels,
en hoe beinvloeden deze factoren de tevredenheid en acceptatie?
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— Hoe beinvioeden de snelheid en richting van veranderingen in geautomatiseerde
gevels de tevredenheid, acceptatie en respons van gebruikers?

-~ Hoe beinvloeden de informatievoorziening, positie en het type van de
bedieningsinterface de tevredenheid, acceptatie en respons van gebruikers bij
geautomatiseerde gevels?

-~ Hebben gebruikers verschillende interactiebehoeften met automatisering,
afhankelijk van persoonlijke factoren, het type gebouwinstallatie en de context?

Onderzoeksmethodologie

Dit onderzoek maakte gebruik van een mixed-methodsbenadering, opgebouwd
uit drie delen, om de interactie van gebruikers met geautomatiseerde gevels
systematisch te onderzoeken.

Het eerste deel bracht het onderzoeksveld in kaart via twee systematische
literatuurreviews. De eerste review vatte het bewijs samen over de prestaties van
geautomatiseerde gevels op het gebied van energie, de kwaliteit van het binnenmilieu
en gebruikersrespons, en identificeerde de kloof tussen gesimuleerd potentieel

en werkelijke prestaties. De tweede review richtte zich specifiek op de menselijke
dimensie en classificeerde de persoonlijke, omgevings- en contextuele factoren die
de acceptatie en tevredenheid beinvlioeden.

Het tweede deel onderzocht het gedrag van gebruikers via gecontroleerde
laboratoriumexperimenten. Eén experiment analyseerde de impact van de
regelstrategie, met name de snelheid en richting van overgangen in schakelbaar
glas, op perceptie en de neiging om handmatig in te grijpen. Een tweede
experiment richtte zich op de bedieningsinterface en onderzocht hoe bruikbaarheid,
bereikbaarheid en informatiefeedback (systeemindicaties) de tevredenheid en het
gevoel van controle beinvloeden in een gesimuleerde kantooromgeving.

Het derde deel bracht gebruikersvoorkeuren op grotere schaal in kaart via een
uitgebreide online enquéte onder kantoormedewerkers in Nederland en Spanje.
Deze enquéte valideerde de experimentele bevindingen door voorkeuren voor
automatiseringsniveaus in verschillende gebouwfuncties en fasen van de werkdag te
kwantificeren, en door gewenste interface-eigenschappen te identificeren binnen een
diverse populatie.
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Resultaten

Wat is de impact van geautomatiseerde gevels op energiebesparing, de kwaliteit
van het binnenmilieu en gebruikersrespons?

De systematische review liet zien dat geautomatiseerde gevels consequent het
energiegebruik voor verlichting verminderen (gerapporteerde besparingen van
31-86%), terwijl het effect op koeling en verwarming variabel is en sterk afhankelijk
van de context. Cruciaal is dat studies die geen rekening houden met handmatige
ingrepen van gebruikers, de energiebesparingen vaak overschatten. Op het gebied
van de kwaliteit van het binnenmilieu kan automatisering het visuele en thermische
comfort verbeteren, maar dit gaat vaak gepaard met afwegingen, zoals het beperken
van uitzicht om verblinding te voorkomen. De review benadrukte een belangrijke
lacune: gebruikersgedrag wordt erkend als invloedrijk, maar zelden geintegreerd in
prestatie-evaluaties, wat leidt tot onrealistische voorspellingen.

Welke factoren beinvloeden de gebruikersrespons bij geautomatiseerde gevels,
en hoe beinvloeden deze factoren de tevredenheid en acceptatie?

De gebruikersrespons wordt bepaald door vijf onderling samenhangende factoren:
persoonlijke kenmerken (bijv. voorkeur voor uitzicht versus verblindingsreductie),
omgevingscondities (bijv. zonnehoek), contextuele factoren (bijv. type taak),
geveltechnologie (bijv. geluid), en de wijze van bediening (bijv. regelstrategie en
feedback). Tevredenheid is het hoogst wanneer systemen transparant, voorspelbaar
en eenvoudig handmatig aan te passen zijn. Omgekeerd leidt ondoorzichtige of
storende automatisering tot “sabotagegedrag” dat de systeemprestaties ondermijnt.

Hoe beinvloeden de snelheid en richting van veranderingen in geautomatiseerde
gevels de tevredenheid, acceptatie en respons van gebruikers?

Experimentele resultaten toonden aan dat de richting van een gevelovergang (bijv.
helder-naar-donker versus donker-naar-helder) een significante invioed heeft op het
gedrag. Overgangen naar een donkerdere toestand leidden vaker tot handmatige
interventies, omdat ze werden ervaren als verlies van uitzicht en daglicht. De
snelheid bleek een kleiner effect te hebben op de algemene tevredenheid, maar
snellere overgangen werden eerder opgemerkt en konden sneller ingrijpen uitlokken.
Dit wijst erop dat overgangsdynamiek niet alleen technische parameters zijn, maar
ook ontwerpkeuzes in interactie.

Hoe beinvioeden de informatievoorziening, positie en het type van de
bedieningsinterface de tevredenheid, acceptatie en respons van gebruikers bij
geautomatiseerde gevels?

Gebruikersonderzoek toonde aan dat interfaceontwerp een bepalende factor is
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voor ervaren controle. Deelnemers gaven een sterke voorkeur aan interfaces die
gemakkelijk bereikbaar waren (bijv. op het bureau) en duidelijke feedback gaven
over status en intentie. Digitale interfaces werden gewaardeerd wanneer ze rijke
informatie boden, terwijl analoge schakelaars de voorkeur kregen vanwege hun
eenvoud, vooral bij de ingang. Ondoorzichtige interfaces vergroten frustratie

en afstand, terwijl informatieve interfaces vertrouwen opbouwen en acceptatie
bevorderen.

Hebben gebruikers verschillende interactiebehoeften met automatisering,
afhankelijk van persoonlijke factoren, het type gebouwinstallatie en de context?

De grootschalige enquéte liet zien dat voorkeuren voor automatisering niet
vaststaan, maar contextafhankelijk zijn. Acceptatie neemt toe gedurende de werkdag:
deze is het laagst bij aankomst en het hoogst bij vertrek. Voorkeuren verschillen
ook per type installatie: gebruikers accepteren automatisering eerder voor
“achtergrondfuncties” zoals ventilatie en verwarming, maar verkiezen handmatige
controle voor “persoonlijke functies” zoals ramen en taakverlichting. De meeste
gebruikers vertonen een “gemengd controleprofiel”, wat de noodzaak onderstreept
van flexibele strategieén.

Conclusies

De hoofdvraag — Hoe beinvloeden interactiestrategieén de reacties van
gebruikers op geautomatiseerde gevels? — wordt beantwoord door aan te tonen
dat interactiestrategieén de schakel vormen tussen regelstrategie en operationele
prestaties. Dit proefschrift herkadert de prestatiekloof als een “interactiekloof” en
laat zien dat energie- en doelstellingen voor de kwaliteit van het binnenmilieu alleen
haalbaar zijn wanneer automatisering wordt ontworpen als een samenwerkend
systeem.

Bewijs uit de reviews, experimenten en enquéte bevestigt dat succesvolle
interactiestrategieén begrijpelijk (transparant), onderhandelbaar (eenvoudig
handmatig aan te passen) en contextafhankelijk moeten zijn. De resultaten
tonen aan dat overgangsdynamiek (snelheid/richting) en interfacekwaliteit
(bereikbaarheid/feedback) direct de kans op handmatig ingrijpen beinvioeden.
Bovendien daagt de variatie in voorkeuren per systeem en moment van de dag de
“one-size-fits-all”-benadering uit.

Om de prestatiekloof te verkleinen, moeten strategieén voor geautomatiseerde
gevels inzetten op een gebruikergericht ontwerp: automatisering prioriteren voor
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achtergrondfuncties terwijl controle behouden blijft voor persoonlijke functies,
gebruikmaken van informatieve interfaces om vertrouwen op te bouwen, en
overgangen ontwerpen die verstoring minimaliseren. Door technische werking af te
stemmen op menselijke behoeften, kan het spanningsveld tussen energie-efficiéntie
en gebruikerscomfort worden opgelost.
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Resumen

Los edificios de oficinas modernos enfrentan el doble desafio de cumplir con
objetivos de descarbonizacién y, al mismo tiempo, garantizar el conforty la
satisfaccion de sus ocupantes. Las fachadas automatizadas, sistemas dindmicos
como los vidrios electrocromico y los dispositivos de sombreado como persianas
enrollables y celosias, ofrecen una solucién para regular la ganancia solar y la luz
natural con el fin de reducir la demanda energética y mejorar la calidad ambiental
interior. Sin embargo, en la practica, estos sistemas a menudo no alcanzan el
desempefio esperado en edificios reales en comparacidn con lo predicho en
simulaciones. Esta "brecha de desempefio” suele originarse en una desalineacion
entre la logica de control automatizada y las necesidades de los ocupantes. Cuando
la automatizacion se percibe como disruptiva, opaca o restrictiva, los ocupantes
tienden a rechazarla o intervenir manualmente, lo que conduce a ineficiencias
energéticas y a la insatisfaccién.

El éxito de las fachadas automatizadas depende de ir mas alla de la optimizacion
puramente técnica hacia estrategias que integren explicitamente los factores
humanos. Las estrategias de control actuales suelen tratar a los ocupantes como
receptores pasivos o fuentes de perturbacion, en lugar de participantes activos con
necesidades diversas y dinamicas. En consecuencia, existe una necesidad critica
de comprender los requerimientos de interaccion de los ocupantes y traducirlos en
estrategias de control que sean aceptables, confiables y efectivas.

Para abordar estos desafios, esta investigacion tiene como objetivo desarrollar
evidencia empirica y enfoques de medicidn escalables que permitan traducir los
requerimientos de los ocupantes en estrategias de interaccién aplicables para el
control de fachadas automatizadas. Para ello, se plantea la siguiente pregunta
principal de investigacidn:

¢Como influyen las estrategias de interaccion en las respuestas de los ocupantes
frente a las fachadas automatizadas?

Para responder a la pregunta principal de investigacion, se formularon las siguientes
subpreguntas de investigacién:

¢Cual es el impacto de las fachadas automatizadas en el ahorro energético, la
calidad ambiental interior y la respuesta de los ocupantes?
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¢Qué factores influyen en la respuesta de los ocupantes frente a las fachadas
automatizadas, y como afectan estos factores la satisfaccion y la aceptacion?

¢Como influyen la velocidad y la direccion de los cambios en las fachadas
automatizadas en la satisfaccion, aceptacion y respuesta de los ocupantes?

¢Como influyen la informacion, la posicion y el tipo de interfaz de control en
la satisfaccion, aceptacion y respuesta de los ocupantes frente a las fachadas
automatizadas?

¢éTienen los ocupantes diferentes requerimientos de interaccion con la
automatizacion seguin factores personales, el tipo de servicio y el contexto?

Metodologia de investigacion

Este estudio empled un enfoque de métodos mixtos estructurado en tres partes
complementarias para investigar la interaccién de los ocupantes con fachadas
automatizadas, combinando analisis de literatura, experimentos controlados y
recopilacion de datos a gran escala.

La primera parte estableci6 el panorama de investigacién mediante dos revisiones
sistematicas de la literatura. La primera sintetizé la evidencia sobre el desempefio
de las fachadas automatizadas en términos de energia, calidad del ambiente interior
y respuesta de los ocupantes, destacando la brecha entre los resultados simulados
y los reales, asi como la limitada integracion del comportamiento de los ocupantes
en las evaluaciones de desempefio. La segunda revision se centrd en la dimension
humana, clasificando los factores personales, ambientales y contextuales que
influyen en la aceptacién y satisfaccién de los ocupantes, asi como el papel de la
l6gica de control y la tecnologia de fachada.

La segunda parte explord la respuesta de los ocupantes mediante experimentos
controlados en laboratorio. Un experimento examind el impacto de la ldgica de
control del sistema (especificamente la velocidad y direccién de las transiciones
en acristalamientos conmutables) sobre la percepcion y el comportamiento de
intervencion, incorporando medidas tanto autorreportadas como conductuales.
Un segundo experimento investigo las interfaces de control, evaluando como la
usabilidad, la accesibilidad y la retroalimentacion de informacién (indicadores del
sistema) influyen en la satisfaccion y la percepcion de control en un entorno de
oficina simulado.

La tercera parte capturo las preferencias de los ocupantes a gran escala mediante
un cuestionario en linea aplicado a trabajadores de oficinas en los Paises Bajos y
Espafia. La encuesta validé y amplio los resultados experimentales al cuantificar las
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preferencias de niveles de automatizacién segun servicios del edificio y fases de la
jornada laboral, asi como al identificar las caracteristicas de interfaz preferidas. El
analisis estadistico permitié identificar patrones y perfiles de usuario, apoyando el
desarrollo de estrategias de interaccion escalables centradas en el ocupante.

Resultados

¢Cual es el impacto de las fachadas automatizadas en el ahorro energético, la
calidad ambiental interior y la respuesta de los ocupantes?

La revisién sistematica mostro que, si bien las fachadas automatizadas reducen

de manera consistente la demanda energética para iluminacién (con ahorros
reportados entre 31-86%), su impacto en calefaccion y refrigeracién es variable

y altamente dependiente del contexto. Es fundamental destacar que los estudios
gue no consideran las intervenciones de los ocupantes tienden a sobreestimar los
ahorros energéticos. En términos de la calidad ambiental interior, la automatizacion
puede mejorar el confort visual y térmico, pero a menudo implica compensaciones,
como sacrificar la vista exterior para evitar el deslumbramiento. La revisién
evidencié una brecha critica: el comportamiento de los ocupantes se reconoce
como influyente, pero rara vez se integra en las evaluaciones de desempefio, lo que
conduce a predicciones poco realistas.

¢Qué factores influyen en la respuesta de los ocupantes frente a las fachadas
automatizadas, y como afectan la satisfaccion y la aceptacion?

La respuesta de los ocupantes estd determinada por cinco factores
interrelacionados: caracteristicas personales (por ejemplo, preferencia por vista
vs. control del deslumbramiento), condiciones ambientales (por ejemplo, angulo
solar), factores contextuales (por ejemplo, tipo de tarea), tecnologia de fachada
(por ejemplo, ruido de operacion) y el modo de operacion (por ejemplo, ldgica de
control y retroalimentacion). La satisfaccién es mayor cuando los sistemas son
transparentes, predecibles y permiten una intervencion manual sencilla. Por el
contrario, una automatizacién opaca o disruptiva genera comportamientos de
"sabotaje" que perjudican el desempefio del sistema.

¢Como influyen la velocidad y la direccion de los cambios en las fachadas
automatizadas?

Los resultados experimentales mostraron que la direccidn de la transicidn (por
ejemplo, de claro a oscuro) influye significativamente en el comportamiento de los
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ocupantes. Las transiciones hacia estados mas oscuros tendieron a generar mas
intervenciones manuales al percibirse como una pérdida de luz natural y de vista
exterior. Aunque la velocidad tuvo un efecto menor en la satisfaccion general, las
transiciones mas rapidas fueron mas perceptibles y provocaron intervenciones mas
répidas. Esto indica que la dindmica de transicién no es solo un parametro técnico,
sino una decisién de disefio de interaccidn.

¢Como influyen las interfaces de control?

Las pruebas de usabilidad demostraron que el disefio de la interfaz es un factor
clave en la percepcién de control. Los participantes prefirieron interfaces accesibles
(por ejemplo, ubicadas en el escritorio) y con retroalimentacién clara sobre el
estado y funcionamiento del sistema. Las interfaces digitales fueron valoradas
cuando ofrecian informacién sobre el sistema y su estado actual, mientras que los
interruptores analdgicos fueron preferidos por su simplicidad en ciertas ubicaciones.
Las interfaces opacas aumentan la frustracién, mientras que las informativas
fomentan la confianza.

¢Existen diferencias seguin contexto y usuario?

La encuesta reveld que las preferencias no son fijas, sino dependientes del
contexto. La aceptacion de la automatizacion aumenta a lo largo de la jornada
laboral. Ademas, las preferencias varian segun el servicio: los ocupantes aceptan
automatizacién en servicios que afectan o trabajan a nivel de la habitacién, pero
prefieren control manual en servicios personales (como ldamparas de escritorio

o calefactores personales). La mayoria presenta perfiles de control mixto, lo que
refuerza la necesidad de estrategias flexibles.

Conclusiones

La pregunta principal — ¢Como influyen las estrategias de interaccién en la
respuesta de los ocupantes? — se responde demostrando que las estrategias
de interaccidn constituyen el vinculo entre la ldgica de control y el desempefio
operativo. Esta investigacion redefine la brecha de desempefio como una "brecha
de interaccion".

La evidencia muestra que las estrategias efectivas deben ser comprensibles,
negociables y dependientes del contexto. Ademas, factores como la dindmica
de transicion y la calidad de la interfaz influyen directamente en la probabilidad de
intervencion manual.
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Para cerrar la brecha de desempefio, las estrategias deben centrarse en el ocupante:
automatizar servicios que trabajen a nivel de la habitacién, mantener control manual
en servicios personales, proporcionar interfaces informativas y disefiar transiciones
no disruptivas. Alinear la operacion técnica con las necesidades de los ocupantes
permite reconciliar eficiencia energética y satisfaccion.
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1 Introduction

Modern office buildings must reconcile two competing requirements: the global
requirement for decarbonization and the local need to support occupants in

their daily activities [1, 2]. While mechanical systems have become increasingly
efficient, a building’s ability to meet net-zero targets without compromising

indoor environmental quality (IEQ) is ultimately determined by how it responds to
external conditions to deliver the indoor environments occupants require [1, 3, 4].
Rather than functioning as a sealed bunker, a building must act as a selective filter,
mediating variable weather and changing occupant demands [5, 6]. In this context,
fagades play a pivotal role because they provide the adaptability and flexibility
needed to protect the indoor environment from external loads or harness available
environmental resources [5-7].

Over the past decades, fagcades have evolved from largely static building components
to dynamic fagade technologies, such as operable shading, switchable glazing, and
controllable openings, that can adapt their properties over time [6, 8, 9]. When
coupled with sensors, actuators, and control algorithms, these systems become
automated fagades that promise to reduce energy demand while maintaining
acceptable comfort conditions [6, 10]. Yet, the performance of automated facades
remains inconsistent in real building operation [11-13]. Control actions that appear
optimal in simulation may be experienced as disruptive, opaque, or misaligned with
occupants’ requirements, leading to dissatisfaction, manual overrides, and reduced
effectiveness [11, 12, 14].

This challenge is relevant not only scientifically, but also in policy and practice
[15]. European energy policy has moved beyond efficiency targets alone toward

an explicit expectation that buildings should be able to adapt to occupants’ needs,
supported by the Smart Readiness Indicator (SRI) framework and the broader
Energy Performance of Buildings Directive (EPBD) agenda [15, 16]. This dissertation
therefore investigates how occupant requirements can be translated into interaction
strategies for automated facades, so that automated systems can achieve energy
and IEQ targets while remaining acceptable, trustworthy, and usable in real office
buildings.
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1.1

Background

Within the EU, the EPBD framework increasingly positions building performance as a
combination of energy outcomes and operational capability [15]. In this context,
the Smart Readiness Indicator (SRI) provides a common approach to rate how

well a building can use digital technologies to operate efficiently and respond to
occupants’ needs [16]. SRI assessments consider “smart-ready services” across
multiple technical domains, including the dynamic building fagade components,
aiming to make “smartness” legible to stakeholders beyond technology providers,
such as building owners, facility managers, and occupants. In other words, “smart”
is not only the presence of automation, but the building’s capability to coordinate
services, provide feedback, and adapt operation to changing context and occupant
needs [16].

This policy direction underscores the relevance of occupant-centered automation.
If future building performance frameworks explicitly value responsiveness

and occupant support, then interaction quality (how an automated action is
communicated, shared, and overridden) becomes part of building performance
rather than an optional add-on [17].

A central motivation for occupant-centered control is the performance gap, which
is the measurable discrepancy between predicted performance (design-stage or
modeled) and actual in-use outcomes [12]. In high-performance buildings, this
gap is often linked to operational complexity and to how occupants interact with
building systems, particularly when automated logic conflicts with real preferences,
tasks, or contextual constraints [12, 13]. For automated fagades, this mismatch

is especially visible because facade actions can directly affect comfort and task
performance in ways that trigger intervention [10, 11]. When occupants frequently
override automated actions (e.g., lowering shades to restore view, blocking glare
during meetings, opening windows despite HVAC logic), the fagade may no longer
operate as assumed in simulations, undermining both energy goals and comfort
intent [11, 12, 18]. This dissertation treats occupant overrides and acceptance not
as “noise” around an optimal algorithm, but as a quantifiable factor through which
the performance gap emerges and persists in real building operation.

The facade of the building acts as both buffer and connector between indoor and
outdoor environments, influencing energy use and multiple comfort domains,
including thermal conditions, daylight and glare, view out, acoustics, and air
quality [3, 5, 19]. Dynamic fagade technologies extend this role by enabling the
fagade to vary key properties over time [6, 7]. Examples include movable blinds
and roller shades, switchable glazing that changes optical transmittance, and
operable openings that support natural ventilation [5, 6]. These technologies may
be operated manually, respond passively to environmental changes, or be driven by
sensors and actuators under automated or semi-automated control [10, 11]. In this
dissertation, fagcade systems that include automated or semi-automated operation
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are collectively referred to as automated fagades.

In principle, automated facades offer a means to manage transient conditions, such
as solar variability, changing sky luminance, external noise, or evolving indoor loads,
while maintaining comfort and reducing energy consumption [5, 6]. As a result,
automated fagade strategies have been widely studied for their potential to reduce
cooling and lighting demand and to balance indoor conditions compared to static
fagades or purely manual operation [5, 10].

Operating an automated fagade requires continuous balancing of competing
objectives. For instance, glare prevention may conflict with daylight provision,
cooling load reduction may conflict with view preservation, natural ventilation may
conflict with outdoor noise or air pollution [5, 10], and heterogeneous occupant
preferences can conflict with uniform control strategies [20]. Automated control

is often introduced to address these trade-offs more systematically than manual
operation can, using sensors (illuminance, solar radiation, temperature), schedules,
or predictive logic [10, 21].

However, fagade automation is rarely a simple on/off decision because systems differ
in (i) the level of automation, (ii) the interaction model, and (iii) the characteristics of
the control logic of actions such as timing and transition characteristics [10, 14, 22].
These operational features shape not only the environmental result, but also how
occupants perceive control, stability, and trust in the system [11, 14, 23].

Occupants are not passive recipients of fagade operation. Occupant requirements
are multi-domain and context-dependent, and they vary substantially across
individuals and situations [3, 24, 25]. In offices, occupants also evaluate control
through psychological and interaction-related constructs, particularly perceived
control, predictability, transparency, and the perceived right to intervene [14, 23].

A growing body of work in human-building interaction indicates that acceptance

of automation is shaped not only by whether indoor conditions are “within limits,”
but by whether automated systems operate in ways occupants find understandable,
negotiable, and aligned with their priorities [14, 17, 25]. This includes how control is
shared (e.g., override options), how the system communicates status and rationale,
and how disruptive actions feel during work [10, 11, 23].

Despite their technical promise, automated fagades often struggle in practice
because the human dimension is insufficiently specified in both design and
evaluation [9, 11]. Simulation-based studies often report clearer benefits than
occupied-building evidence, reinforcing the performance gap problem. Modeled
“optimal” sequences can fail when real occupants reject or reinterpret control

logic [12, 18]. Additionally, manual control supports agency and can better match
momentary preferences, but is unpredictable and may be energy-inefficient, whereas
automated control can improve energy efficiency and stability but risks occupant
resistance when it constrains autonomy or acts unexpectedly [14, 22, 24]. When
occupants perceive automation as intrusive or misaligned, this can trigger cycles of
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1.2

annoyance and overrides that ultimately degrade both comfort and energy outcomes
[11, 14]. Nonetheless, while “human-in-the-loop” control is widely proposed as a
solution, the evidence about which interaction methods work remains fragmented
across technologies, contexts, and measurement approaches [9, 17].

Current findings suggest that acceptance depends on the interaction strategy itself,
particularly:

Interface design (type, placement, accessibility): whether control is reachable and
usable in the moment of need [11, 23].

Information and feedback: whether the system communicates status and intent in
ways that support trust and reduce confusion [14, 17].

Control logic and transitions: whether actions occur at tolerable speeds, with
minimal disruption, and with patterns that feel predictable rather than arbitrary
(10, 11].

Yet many facade studies still treat automated control as a binary condition and
under-report interface and behavioral drivers, limiting transferability to design
practice [9, 10]. As a result, it remains difficult to specify how automated fagades
should expose control to occupants across contexts, fagade technologies, and
occupant profiles, so that they remain both effective and acceptable.

These challenges motivate the central focus of this dissertation: developing
empirical evidence and scalable measurement approaches that translate occupant
requirements into actionable interaction strategies for automated fagade control.

Research Framework

1.2.1

Problem Statement

Despite advances in automated facade technologies and control strategies, how
occupant requirements translate into acceptable and effective automated fagade
operation remains poorly understood. In practice, automated control must align
multi-domain IEQ needs (e.g., glare, daylight, thermal comfort, view, air quality),
personal control preferences, and behavioral drivers of automation acceptance.
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When these human factors are not explicitly accounted for, automated fagade actions
that appear “optimal” in design or simulation can be experienced as disruptive or
misaligned with work needs, leading to dissatisfaction, frequent overrides, and
reduced operational effectiveness, thereby contributing to the performance gap.

To address this problem, this dissertation targets three interrelated gaps in current
knowledge and methods:

1. Insufficiently characterized drivers of acceptance for automated fagades:
While it is well established that occupants interact with facades, the specific factors
that drive acceptance, trust, and satisfaction with automated fagade operation
remain fragmented and poorly understood, particularly regarding the interaction
strategy. Key missing evidence concerns:

System logic and transitions: Research often treats automation as a binary condition,
under-reporting how transition timing, speed, direction, and noise shape distraction,
perceived stability, and perceived control.

Control interfaces and agency: Interface design is frequently treated as secondary
to control logic, limiting evidence on how reachability, feedback, and information
provision shape perceived agency and willingness to accept automated decisions.

Contextual interplay: There is limited understanding of how technology-related
factors interact with personal and situational drivers (task, workday phase, social
context) to influence acceptance and override behavior

2. Lack of scalable methods for capturing occupant preferences for automated
control: Insights into occupant preferences are predominantly derived from
small-scale laboratory studies or static surveys, which are difficult to generalize

to dynamic real-world contexts. There is currently a lack of scalable assessment
methodologies capable of capturing how control preferences vary across diverse
office populations, different building services, and changing phases of the workday.
Without these methods, it is difficult to develop automated systems to meet the
heterogeneous needs of office building occupants.

3. Fragmented performance assessment: Current evaluations of automated
facades are predominantly siloed. Studies typically focus on either energy efficiency,
physical IEQ metrics, or subjective occupant satisfaction in isolation. Consequently,
there is a lack of integrated evidence regarding the simultaneous impact of
automated fagades on all three domains. This fragmentation obscures the true
cost-benefit trade-offs, making it difficult to optimize systems that balance energy
reduction with the complex, multi-domain comfort requirements of occupants.
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1.2.2

Research Questions

1.2.3

This research project aims to answer the following question, which serves as the
primary driver for exploring the current limits of occupant-centered automated
fagade:

How do interaction strategies influence occupant responses to automated
facades?

To address the main research question, the study is structured around five
sub-questions. Each one is developed to fill the gaps described in Section 1.2.1
and to guide the corresponding methodological phases.

What is the combined impact of automated facades on energy efficiency, indoor
environmental quality (IEQ), and occupant response? (Chapter 2)

What are the primary drivers of occupant acceptance regarding automated facades,
and how do personal and interactive factors influence satisfaction? (Chapter 3)

How do the automated fagade controls, specifically transition speed and direction,
affect occupant distraction, adaptation, and acceptance? (Chapter 4)

How do control interface characteristics, such as information feedback, physical
position, and device type, mediate occupant interaction and acceptance of
automated systems? (Chapter 5)

To what extent do occupant interaction preferences vary across different personal
profiles, building services, and operational contexts? (Chapter 6)

Research Strategy and Methods

This research employs a sequential methodology, structured in three parts,

to evaluate occupants’ indoor environmental requirements, personal control
preferences, and acceptance of automation. First, a critical literature review
(Chapters 2-3) examines the impact of automated fagades on energy savings,
environmental comfort, and occupant response, identifying also the factors playing
a role in occupant interaction. Second, laboratory experiments (Chapters 4-5)
investigate occupants’ interaction with automated fagades to assess how automation
influences behavior and how different control interfaces impact satisfaction with
building services, environmental quality, personal control and automation. Finally, to
validate the generalizability of these findings (Chapter 6), a large-scale questionnaire
is deployed to capture preferred levels of automation across varying workday phases
and building services, as well as specific requirements for control interfaces, thereby
informing the development of adaptive, occupant-centered automation strategies.
The overall strategy is shown in Figure 1.1.
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FIG. 1.1 The diagram shows the sequential research strategy employed to assess occupant requirements and
preferences for automated fagade control. The study is organized into three main parts: (A) understanding
the current research landscape through critical literature reviews (Chapters 2-3), (B) exploring occupant
response via laboratory experiments (Chapters 4-5), and (C) capturing occupant preferences using
questionnaire studies (Chapter 6). Each part addresses targeted research questions on the impact of
automated fagades, influencing factors, system behavior, control interfaces, and methods for evaluating
occupant experience, culminating in the conclusion (Chapter 7). Key topics and subtopics within each

chapter are indicated, reflecting the stepwise approach to enabling effective, occupant-centered automation

strategies.
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Part A: Understanding the Current Research Landscape

The first part of this research comprises two chapters that establish the foundational
background and explore the state of the art in the field.

Chapter 2, Influence of Automated Fagades on Comfort and Energy: A Critical
Review, offers a systematic literature review that evaluates current knowledge

and identifies research gaps related to automated fagade performance. It focuses
on the influence of automated facades on energy savings, indoor environmental
comfort, and occupant response, derived from three types of studies: laboratory
experiments, field real buildings, and building performance simulations. By analyzing
these findings, the chapter deepens the contextual background and highlights
critical areas requiring further research. This chapter is based on work published

in 2025 in Energy and Buildings.

Building on Chapter 2 findings, Chapter 3, Influence of Automated Fagades on
Occupants: A Review, addresses a gap in existing assessments: automated facade
assessments often overlook how occupants experience automated controls. This
chapter reviews empirical studies that directly measure occupant responses to
automated facades. It introduces a classification scheme that organizes influencing
factors into five categories and analyzes evidence on response types such as
behavioral overrides, comfort, satisfaction, sensation, and acceptance. The methods
used in these studies, ranging from sensors to questionnaires and monitoring, are
examined. The chapter concludes that current understanding of multi-domain
comfort preferences remains limited, assessment methods are fragmented, and
contextual variability challenges replicability. This chapter is based on work
published in 2022 in the Journal of fagade Design and Engineering.

Part B: Measuring Occupant response

Chapters 4 and 5 investigate how occupant behavior is influenced by automated
fagade controls and interaction strategies through laboratory experiments involving
human participants.

Chapter 4, Occupant Interaction with Smart Glazing: Effect of Switching

Speed Under Overcast Sky Conditions, addresses the challenge of occupant
acceptance of automated facades by presenting an experimental study conducted
in a semi-controlled mobile laboratory. This experiment examined how the speed of
automated fagade transitions (fast versus slow) and the direction of change (dark
to clear or clear to dark) affect occupants’ satisfaction with indoor environmental
conditions, distraction and annoyance during tasks, and perceived personal control.
The study provided empirical evidence that, although transition speed and direction
have limited impact on overall satisfaction, they significantly influence occupant
behavior. These insights support the development of automated facade systems
that balance minimizing occupant disruptions with optimizing energy efficiency. This
chapter is based on work published in 2025 in Building and Environment.
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Chapter 5, Occupant Preferences in Lighting and Shade Control Interfaces
Through Usability Testing, focuses on occupant preferences for lighting and roller
shade control interfaces through usability testing, emphasizing the importance of
occupant-centered design in building controls. The study employed a controlled
lab-office setup with recruited participants who interacted with six scenarios
varying device type (analog vs. digital), interface position (wall, desk, split), and
levels of system feedback. Data collection included PSSUQ surveys, interviews, and
preference questionnaires. Results showed that digital, information-rich interfaces
positioned on the desk were rated highest for ease of use and occupant satisfaction,
whereas interfaces lacking feedback cues or placed inconveniently led to reduced
perceived control. These findings emphasize the need for clear feedback, intuitive
interface placement, and adaptable control options. The chapter concludes by
offering design guidelines aimed at improving occupant acceptance while promoting
energy-efficient behavior. This chapter is based on a manuscript currently under
review at Building and Environment.

Part C: Capturing Occupant Preferences

To bridge the gap between laboratory findings and real-world application, Chapter
6, Using Questionnaires to Capture Occupant Response, expands the scope to

a large-scale field study. Building on the interaction factors identified in previous
chapters, this questionnaire quantitatively assesses occupant preferences for
automation across three distinct workday phases (arrival, working, and leaving)
and ten specific building services. Furthermore, it validates occupant requirements
for control interfaces, specifically examining preferences for device type, physical
positioning, and the necessary level of system information. These findings reveal
distinct 'control profiles’ among occupants, providing the empirical basis for
adaptive strategies that tailor automation to specific services and occupant routines.
This chapter is currently under internal review and is being prepared for submission
to Automation in Construction.

Research Impact

1.2.41

Societal Relevance

Buildings and their management systems are increasingly automated to improve
energy efficiency and indoor environmental quality. However, their full potential
remains unrealized due to persistent mismatches between technology objectives
and occupant needs. This disconnect is a primary driver of the "performance

gap", the significant discrepancy between predicted energy savings and actual
operational consumption. In particular, automated fagade control strategies
frequently overlook individual preferences for personal control of building services,
resulting in frequent manual overrides and diminished trust in the systems. Moreover,
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there is a notable gap in understanding how occupants perceive and interact with
dynamic facade automation, which leads to control algorithms that fail to reflect real
occupant requirements. Despite substantial investments by technology providers
and building owners in optimizing energy performance and IEQ, these efforts are
often undermined by neglect of the human dimension, as the assumption that all
occupants can be managed uniformly disregards important individual differences.
This omission not only generates annoyance and discomfort when control actions
are perceived as disruptive but also negatively impacts cognitive performance,
concentration, and overall well-being, with potential consequences for productivity
and health.

By systematically investigating the gaps between occupant expectations and
automated control practices, this research provides empirical evidence on occupant
interactions with dynamic facades across varied environmental conditions and
control scenarios. Through controlled laboratory experiments and real-world
questionnaire validation, it identifies specific patterns of preference, tolerance
thresholds for automation actions, and key drivers of override behavior. These
insights inform the development of novel measurement instruments and protocols
that practitioners can use to capture occupant requirements accurately.

Furthermore, this research translates empirical findings into concrete design
guidelines, demonstrating how technical performance parameters, such as shading
transition speed, feedback cues, and manual override interfaces, can be balanced
to align with occupant comfort needs. By embedding these occupant-centered
strategies into fagade control systems, the research paves the way for reducing
the performance gap, resulting in more trustworthy, effective, and energy-efficient
building operations.

Scientific Relevance

This dissertation advances scientific knowledge on human-building interaction by
providing concepts, data, and methods that other researchers can directly reuse
and build upon. First, it offers a systematically designed mixed-methods research
strategy, combining a critical literature review, controlled laboratory experiments,
and large-scale questionnaire studies, that shows how occupant requirements

can be embedded in the design, operation, and evaluation of automated fagade
control strategies. This integrated approach clarifies how personal, environmental,
and technological factors jointly shape occupant responses to fagade automation,
and it introduces classification schemes that organize these drivers in a way that is
transferable to other studies.

Second, the work develops and validates assessment methods that combine
subjective perceptions (via questionnaires) with objective interaction logs (via
measured data). These methods provide operationalizable metrics for key constructs
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such as perceived control, usability, and automation acceptance. By documenting
instruments, procedures, and analysis steps in detail, the dissertation offers a
replicable methodology that future researchers can adopt or adapt in their own
experimental and field studies.

Third, the empirical findings deliver structured, empirically grounded insights
into occupant preferences and override behaviors under different interface

and automation conditions. These results can be used as input assumptions or
benchmark datasets for building performance simulation and human-building
interaction models, helping to produce more realistic predictions of comfort and
interaction patterns under varied occupant scenarios.

Finally, the methodological innovations, particularly the use of feedback mechanisms
and behavior-based inference techniques, such as surveys and monitoring, serve as
a template for occupant-centric investigations in smart buildings. By demonstrating
how to link interface design, automation strategies, and occupant feedback, this
dissertation enables other scientists to design more robust studies, test new facade
and control concepts, and ultimately accelerate the development of inclusive,
adaptive, and occupant-centered control strategies across diverse office buildings
and climate contexts.
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2 Influence of
Automated Facades

Influence of Automated facades on
Comfort and Energy: A Critical
Review

This chapter is based on work published in 2022 in Energy and Buildings.

This chapter introduces the dissertation by systematically reviewing existing
evidence on automated fagade systems in office buildings, focusing on their impact
on energy performance, indoor environmental quality (IEQ), and occupant response.
The aim is to consolidate three decades of fragmented evidence, identifying research
trends, methodologies, and knowledge gaps that hinder integrating occupant
requirements into control strategies. Peer-reviewed articles were selected through a
structured search of scientific databases, targeting studies on automated or actively
controlled dynamic fagades involving laboratory experiments, real-building
assessments, and simulations. The resulting dataset was screened and analyzed via
descriptive mapping and thematic review. The analysis reveals growing interest in
automated fagades, shifting from laboratory studies toward more real-building and
simulation research. However, significant gaps persist, particularly the limited
consideration of occupant interaction in energy evaluations, under representation of
certain climates and orientations, and a lack of integrated multi-domain comfort
assessments. These findings clarify the current research landscape and frame the
subsequent experimental investigations. By synthesizing current knowledge and
identifying these gaps, this chapter lays the foundation for Chapter 3, which
examines the personal, environmental, and technological factors shaping occupant
responses.
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Introduction

The fagade or envelope of a building is essential to achieve high performance in
buildings, as its design and operation directly affect energy demand and indoor
environmental quality (IEQ) [26]. Previous studies have shown that dynamic facades
can provide a means to adapt to transient requirements (for example, comfort of the
occupant or changing weather) and improve the overall performance of the building
[7] by regulating solar gains, natural ventilation, moisture, daylight, view and outside
noise [27-29]. In particular, automated control of these dynamic and movable
components (automated facades) has been associated with the reduction of energy
demand [30, 31] and the improvement of IEQ [32] compared to manually controlled
dynamic fagades [33] and static facade technologies [34].

Bilgen et al. [35] made one of the first attempts to investigate the effect of
automated fagades on building energy performance. Their study indicated that
energy savings on automated facade operation are greater when cooling or
ventilation is necessary to maintain IEQ compared to a regular window solution (a
glazed facade). These findings were followed by other studies, such as those by Vine
et al. [36] and Lee et al. [37], showing that an automated fagade improves indoor
daylight levels while reducing indoor overheating risk by blocking incoming sun
radiation when needed. More recently, research on automated fagade performance
has focused on comparing different dynamic fagade technologies, control logic, and
levels of occupant interaction.

Current studies have increasingly focused on the multi-domain influence of
automated fagades. Simulation-based research has generated substantial evidence
demonstrating the advantages of automated fagades across multiple domains,
including the optimization of daylight access [38, 39], mitigation of discomfort glare
[40], reduction of thermal loads [41], and enhancement of indoor air quality [32].
Notably, the work of researchers such as Loonen et al. shows the critical role of
building performance simulation (BPS) in the development and comparative
evaluation of innovative fagade technologies [42]. Discrepancies emerge in
laboratory and real office building studies, presenting the challenges posed by the
simultaneous impact of fagcades on various indoor comfort domains [43, 44]. For
instance, controlling solar gains can have a detrimental impact on access to outdoor
views or daylight availability. Inconsistencies are also shown when energy savings on
artificial lighting, cooling, and heating achieved by automated systems have been
studied in real settings where occupants interact with the building systems [45].
There is still no clarity on the balance of occupant requirements in fagade operation
to achieve satisfactory control and efficient building performance, as occupant
requirements differ between occupants and depend on many contextual factors.

Three previous literature reviews have examined the performance of dynamic fagades
with a focus on occupant comfort and energy efficiency. Konstantoglou and
Tsangrassoulis [5] analyzed automated controls for dynamic shading systems,
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finding that occupants are more likely to accept these systems when they have the
ability to override controls, though this can reduce expected energy savings. The
ease of system use also plays a crucial role in occupant acceptance. Moreover,
strategies that optimize both visual and thermal performance tend to yield more
balanced outcomes in terms of comfort and energy efficiency. Luna-Navarro et al.
[46] explored interaction strategies and the requirements for effective
occupant-facade interaction for dynamic facades, emphasizing the need for
multidisciplinary approaches that foster communication between different fields of
expertise. Shafaghat & Keyvanfar [6] investigated the state-of-the-art in dynamic
fagades, highlighting their physical performance in terms of thermal comfort, visual
environment, ventilation, and electricity generation. This study demonstrated that
dynamic fagades can actively and selectively manage heat transfer and energy flow,
thereby improving IEQ conditions and potentially reducing heating and cooling loads.
However, none of these reviews has critically assessed the current evidence on the
benefits of automated fagades for improving energy savings in cooling, heating, and
lighting, as well as overall environmental comfort and occupant satisfaction. While
several studies suggest that automation could theoretically enhance these factors,
the extent to which this is realized in practical applications remains unclear. This lack
of clarity presents a barrier to the effective uptake of such fagade technologies in the
market.

The lack of understanding of occupant requirements, the scattered evidence on the
impact of automated facade on building performance, and the absence of prior
reviews highlight the need for a thorough study. Therefore, this review aims to
evaluate the current evidence on the influence of automated facades on energy
savings, IEQ, and occupant satisfaction to identify current opportunities and
limitations of automated fagades. This work reviews experimental, real office building,
and simulation studies focusing only on office building contexts to evaluate current
evidence on automated facades.

This literature review is relevant to inform and guide future research and industry
efforts to improve office building energy and environmental performance. First,
Section 2.2 explains the review methodology, including databases, selection criteria,
and keyword clustering. Section 2.3 shows the general information on the current
research landscape. Section 2.4 presents the current reported evidence on the effect
of automated facades on energy savings, IEQ, and occupant response to automated
fagade operation. These results are then discussed in Section 2.5. Finally, Section
2.6 draws this paper’s conclusion and highlights potential future challenges and
investigations based on the conducted review.
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2.2

Methodology

A systematic review was conducted to examine previous work on the influence of
automated fagades on energy savings (cooling, heating, and lighting), indoor
environmental conditions, and occupant response in office-building contexts.
Advanced queries based on the keywords in Table 2.1 were performed. We selected
papers that provided evidence from laboratory experiments, real office-building
assessments, and simulation studies on the impact of automated dynamic fagade
operations on energy demand, IEQ, and occupant response. We excluded studies
that (i) solely examined manually controlled systems without automated features, (ii)
focused exclusively on fagades that did not incorporate active automated control
strategies, and (iii) were conducted in building types other than office environments.

The keywords were divided into three groups: (1) fagade operation, (2) fagade
technology, and (3) study type. The review was carried out by searching for
laboratory and real office-building studies separately from simulation studies in the
following databases: ScienceDirect, Scopus, and Web of Science (WoS). A total of
6,079 references were collected (ScienceDirect: 618; WoS: 2,481; Scopus: 2,980).
The article selection process was performed in three steps: (1) screening titles and
keywords, (2) screening abstracts, and (3) full-text assessment. After this process,
91 studies met the selection criteria, published between 1998 and 2025.

TABLE 2.1 Summary of keywords used for the systematic search of studies on automated facades (search
date: 15-12-2024). Keywords are categorized into three groups: (i) facade operation, (ii) fagade technology,
and (iii) study type. Separate queries were conducted for studies focusing on laboratory experiments,
real-building assessments, and simulations.

Keyword group Inclusion criteria in Title, Abstract, and Keywords

Facade operation (adaptive OR responsive OR dynamic OR kinetic OR intelligent OR
advanced OR smart OR interactive OR active OR automated OR
switchable)

AND

Facade technology (fagade OR envelope OR skin OR shading OR glazing OR glazed OR window
OR Venetian OR roller OR blind)

AND

Type of study Laboratory and real office-building studies: (laboratory OR on-site OR
field OR experimental OR post-occupancy OR testbed OR test room OR
campaign OR monitoring)

Simulation studies: (simulation OR model OR calculation)
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2.3

Literature Review Results

2.31

Distribution of Studies per Time, Aim and Methodology

Figure 2.1 illustrates the distribution of studies (1994-2025) on the impact of
automated fagades on energy savings, IEQ and occupant response. This figure
classifies studies into laboratories, real office buildings, and simulations, further
distinguishing those with and without participants.

The number of studies across real office building, laboratory, and simulation
environments increased from 1in 1994 to 79 in 2024. Initially, research was entirely
laboratory-based (100% in 1994). Real office building studies increased to 560% in
2000 before stabilizing at 25%-33%. Laboratory research remained dominant
(50%-60%) until recently, declining to 41%-44%. Simulation studies emerged in
2007 and grew steadily, reaching 32% in 2025. Over time, research shifted from a
laboratory focus to a more balanced distribution across real office buildings and
simulations. The increasing inclusion of human participants reflects a growing
emphasis on human-centered research.

Number of studies
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FIG. 2.1 Cumulative number of studies over time, presented in two stacked area charts: (a) Distribution of
studies by laboratory, real office buildings, and simulation studies setting; (b) Distribution of studies
according to the inclusion of human participants.

Figure 2.2 presents the distribution of studies on automated fagade systems by
location. Europe has the highest number of studies with 41 studies, primarily in
laboratories (n = 15) and simulations (n = 19). North America followed with 32
studies, mainly in real office buildings (n = 13). Asia has fewer studies, distributed
across laboratories (n = 8), simulations (n = 10), and real office buildings (n = 2).
Oceania and South America have four and three studies respectively, while Africa has
no studies.
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FIG. 2.2 Number of studies per world region divided by laboratory, real office building, and simulation setting.
The plot shows that the majority of the studies have been carried out in Asia, Europe, and North America.

This distribution of studies shows the need for a broader geographical
representation to ensure that automated fagade research addresses diverse cultural
contexts.

Most studies were conducted in laboratory settings (n = 34) and simulations (n =
34), while 23 were performed in real office buildings. As shown in Figure 2.3,
participant involvement is more frequent in real office buildings, likely due to the
challenges of recruiting participants for laboratory environments. In fact, 74% of
real office building studies included human participants, compared to 38% in
laboratories. Real office building studies primarily monitor occupant behavior,
comfort, satisfaction, acceptance, perception, and sensation, particularly in relation
to fagade operation and characteristics.
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FIG. 2.3 The distribution of studies divided by laboratory, real office building, and simulation, indicating
whether these studies involve human participants. Number of studies / percentage.

Among the laboratory studies, 21 did not involve human participants but assessed
automated fagade performance through physical measurements. Twelve of these
used standard comfort models, such as Daylight Glare Probability (DGP), Predicted
Glare Sensation Vote (PGSV), and Predicted Mean Vote (PMV), or environmental

54 Towards Occupant-Centered Automated Fagades



2.3.2

quality thresholds like work plane illuminance and indoor air temperature. Thirteen
studies included participants, employing objective IEQ measurements, comfort
models and questionnaires to analyze occupant behavior and perception.

In real office buildings, six studies did not include human participants, focusing
solely on energy efficiency assessments or standard comfort models to evaluate
fagade impact. The 17 studies involving participants used questionnaires to examine
occupant interaction with the fagade, perceptions of automated systems, and their
influence on indoor environmental satisfaction.

Figure 2.4 illustrates the distribution of laboratory experiments, real office buildings,
and simulations by research objective. Laboratory and real office building studies
primarily addressed (i) control algorithm development, (ii) occupant impact, (iii)
energy savings, and (iv) combined occupant and energy impact. In contrast,
simulations focused on (i) energy savings and (ii) IEQ.

[l Automated fagade impact on energy savings @ Automated fagade impact on occupant
D Automated fagade impact on IEQ O Automated fagade impact on occupant and energy savings
@ Automated fagade impact on IEQ and energy savings © control algorithm development
~Laboratory
EEH0000000000000 O O0O0O0OOO0OOOOOOOOO 32
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FIG. 2.4 Distribution of laboratory experiments, real office building assessment, and simulation according to
their research aim, namely automated fagade’s impact on energy savings, impact on occupants, and control
algorithms development. Additionally, several articles focused on the effect of automated facades on energy
savings and occupant response. Number of studies / percentage.

Orientation and Climatic Context of Previous Studies

Studies on dynamic fagades have mainly focused on southern orientations, as shown
in Figure 2.5.

Real office building studies examined the orientations of the south (n = 9) and
southeast (n = 4), with fewer studies in the east (n = 3), west (n = 3), north (n = 1),
and northwest (n = 1). In laboratory experiments, south (n = 22) was most studied,
followed by east (n = 4) and southeast (n = 4). The simulations showed a similar
trend, focusing on the south (n = 28), then the east (n = 6), and the north (n = 5).
Some studies covered multiple orientations, and four did not specify orientation.
However, the limited investigation of other orientations, such as north-facing facades
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FIG. 2.5 Distribution of studies per orientation divided by laboratory, real office building, and simulation
setting. The plot shows that most laboratory experiments have been conducted on south-oriented fagades.
Real office building orientations are distributed among west, south, and east orientations.

with diffuse daylight or west-facing fagades with afternoon overheating risks, may
result in gaps in understanding facade performance under different environmental
conditions.

The climate context for laboratory experiments, real office building studies, and
simulations is shown in Figure 2.6. Most studies were conducted in Temperate
Oceanic Climates (5 laboratories, 10 real office buildings, 14 simulations), Humid
Subtropical Climates (8 laboratories, 4 real office buildings, 10 simulations), and
Warm-Summer Mediterranean Climates (4 laboratories, 2 real office buildings, 1
simulation). Fewer studies were conducted in Hot Desert Climate (3 simulations) and
Cold-Summer Mediterranean Climates (1 laboratory, 6 real office buildings). Other
climate types, such as Tropical Monsoon (n = 2) and Warm Summer Humid
Continental, were minimally represented (n = 7). This shows a focus on temperate
and subtropical climates, with arid and tropical regions underexplored in dynamic
fagade research.
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FIG. 2.6 Description of the frequency of climates considered by reviewed studies (classification according to
the Koppen Climate). The climates are Tropical Rainforest Climate (Af), Tropical Monsoon Climate (Am),
Tropical Wet and Dry Climate (Aw), Hot desert climate (BWh), Humid Sub-Tropical Climate (Cfa), Temperate
Oceanic Climate (Cfb), Hot-Summer Mediterranean Climate (Csa), Warm-Summer Mediterranean Climate
(Csb), Cold-Summer Mediterranean Climate (Csc), Hot-Summer Humid Continental Climate (Dfa),
Warm-Summer Humid Continental Climate (Dfb), Humid Continental Climate (Dwa).
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The Domain of Investigation and Type of Facade Technology
Investigated

Studies have examined IEQ across five domains: visual, thermal, acoustic, indoor air
quality, and personal control (Figure 2.7). Of these studies, 59 assessed the impact
of dynamic fagades using objective measurements, while 25 combined sensor data
with subjective participant feedback. In the visual domain, studies focused on indoor
daylight conditions (n = 64), view access (n = 15), discomfort glare (n = 30), and
perceived privacy (n = 3). Thermal aspects investigated included indoor air
temperature (n = 30) and solar gains (n = 12). Personal control and occupants’
interaction were analyzed in terms of perceived control (n = 8), override options (n =
9), and control type (n = 4). Acoustic studies addressed noise levels and perception
(n = 2). Indoor air quality was assessed through CO,, VOC measurements, and
occupant surveys (n =5) [11, 23, 36, 44, 47].
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FIG. 2.7 Number of studies investigating indoor environmental domains with and without participants.

The impact of automated fagades on energy performance was analyZed in terms of
cooling, heating, and artificial lighting. Thirty-four studies focused on lighting energy
savings, while thirty-three examined cooling and twenty-one heating demands.
Figure 2.8 illustrates the distribution of studies considering energy savings across
these domains, distinguishing cases with and without participants. Only three studies
assessed occupant overrides, and none examined the impact on ventilation energy
demand. Fagade energy harvesting was investigated in one study featuring an
automated system with integrated photovoltaics [48].

The reviewed studies on laboratory and real office buildings primarily examined four
dynamic fagade types: switchable glazing, roller shades, venetian blinds, and window
openings. Simulation studies included additional variants such as switchable
suspended particle devices (SPD), modular fagades, PCM Trombe walls, switchable
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FIG. 2.8 Distribution of savings in energy demands in cooling, heating and artificial lighting assessed by
studies with and without participants.

ethylene-tetrafluoroethylene (ETFE) foil cushions, and thermochromic glazing. These
fagcades were tested using various control strategies categorized by (i) feedback
ability, (ii) source of information, and (iii) data interpretation. Feedback ability
distinguishes between closed-loop systems, which adjust based on real-time
feedback, and open-loop systems, which operate without it. The source of
information refers to sensor-based inputs (from direct measurements) or
model-based inputs (from digital simulations). Data interpretation can follow
rule-based or predictive approaches: rule-based algorithms apply predefined actions,
while predictive algorithms analyze data patterns to anticipate and optimize fagade
control.
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FIG. 2.9 Dynamic facades and control strategies investigated by studies. There were identified six control
strategies that are the result of three aspects: (i) feedback ability (closed-loop/open-loop), (ii) source of
information (sensor or digital model), and (iii) data interpretation (rule-based/predictive algorithm).
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Figure 2.9 presents the distribution of studies on automated fagades based on
control strategies, categorized by feedback ability, information source, and data
interpretation. Studies were classified based on whether human participants were
involved. Most studies investigated closed-loop, model-free, rule-based control, with
9 studies involving participants and 29 without participants. Closed-loop,
model-based, rule-based control was examined in 2 studies with participants and 17
without participants. Open-loop control was more common in studies without
participants (n = 14), particularly model-free, rule-based approaches (12 with
participants, 13 without). Predictive algorithms were used in 7 studies, mostly for
venetian blinds and roller shades, including 3 studies with participants and 2
without.

2.3.4 Control objectives tested for automated fagades
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FIG. 2.10 Distribution of automated fagade control objectives among the papers analyzed. Each control
objective is described regarding simulation study and laboratory and real office building assessment.

Figure2.10 summarizes automated facades control objectives, with most studies
focusing on maximizing daylight (n = 28), of which 22 were conducted in laboratory
or real office building settings and six through simulations. Glare prevention was
examined in 15 studies (8 Laboratory/real office building, 7 Simulation), while
maintaining indoor air temperature was explored in 16 studies (4 Laboratory/real
office building, 12 Simulation). Fewer studies investigated mimicking manual control
(n = 3) or maximizing electricity harvesting (n = 1). Multi-objective strategies,
combining daylight with glare control (n = 8) or temperature regulation (n = 4),
aimed to enhance energy performance. There is a lack of control strategies that
address occupant needs for privacy, improved views, or other aspects of occupant
experience that directly impact the operation of fagades. This gap may be attributed
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to the complexity of understanding and dynamically integrating occupant
preferences into control strategies, a challenge that, if overcome, could significantly
improve the effectiveness of automated fagade systems.

Current evidence on the influence of
automated fagades on energy demand,
IEQ and occupants

241

Automated Fagade Influence on Building Energy Demand

As shown in Figure 2.11, the energy savings of automated fagades in office
environments were analyzed in 68 articles, comparing automated windows with
unshaded windows (n = 34), static shading (n = 15), and manually controlled
windows (n = 13). Additionally, five studies evaluated model-based and adaptive
algorithms based on occupant illuminance preferences against conventional
automated systems that use desk-level indoor illuminance controls.

A-A
/ Automated vs Automated

A-U
Automated vs Unshaded\ ! )
(Different control logic)

A-M
/ Automated vs Manual

13/19%

34 / 50%

15/ 22% \
A-S

Automated vs Static

FIG. 2.11 Distribution of studies comparing automated fagade control systems with other operational modes.
The plot shows the proportion of studies that compare automated systems to unshaded fagades (A-U), static
fagades (A-S), manual control (A-M), and different types of automated logic (A-A).
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Figure 2.12 shows the number of studies where occupant interaction was considered,
dividing them into simulations, laboratory and real office building assessments.
Among the simulation studies, 29 did not account for occupant interaction with the
building, while one included glare probability as a proxy of occupant interaction to
compare automation against manual control [49]. In the laboratory and real office
building assessments, 26 studies did not incorporate occupant interaction, whereas
two studies allowed occupants to interact with fagade elements.
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FIG. 2.12 Distribution of the studies considering occupant interaction when evaluating the energy
performance of automated fagades. The plot shows the number of papers in two categories: simulation, and
laboratory and real office building experiments.

Energy consumption findings are summarized in Figure 2.13, categorizing evidence
into cooling (blue), heating (orange), lighting (yellow), and overall energy
consumption (grey) while distinguishing between simulation studies and laboratory
or real office building assessments. Simulations indicate that automated fagades can
reduce cooling energy consumption by 0-40%, depending on location and
orientation [50-56], with reductions of 85% in Riyadh [57] and 93% in Nottingham
[58], both for south-facing fagcades. However, no laboratory or real office building
studies implemented control strategies specifically for cooling energy savings.
Despite this, automated venetian blinds achieved reductions in cooling energy
between 129% [33] and 28% [59] compared to static shading. Conversely, one study
reported a 10% increase in cooling energy consumption with automated roller
shades [60]. While laboratory and real office building research on optimizing cooling
energy use remains limited, existing evidence highlights the potential of automated
fagades to enhance cooling efficiency, particularly in high solar-gain climates.

The impact of automated fagades on heating energy consumption varies significantly
across studies. Some simulations reported increases of up to 103% when using
ethylene-tetrafluoroethylene (ETFE) foil cushions [58], while others found reductions
ranging from 77% [61] and 42% [57] (switchable suspended particle device (SPD)
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and roller shades with occupant interaction) to 5% [51, 62, 63] (electrochromic
windows, roller shades, and venetian blinds). Laboratory and real office building
studies provide limited evidence on heating energy consumption. Two studies
reported contrasting results: rule-based venetian blinds controlled by indoor
illuminance increased heating energy consumption by 5% compared to unshaded
windows [35], while irradiance-controlled venetian blinds with photovoltaic cells
achieved 6-149% energy savings compared to similar automated blinds with different
control logic [64]. These discrepancies may be due to insufficient solar gains with
automated control compared to manual operation, while the second study compares
different control logics for automated venetian blinds. Only one simulation study
examined the effect of manual control or occupant interaction on heating energy
demand.
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FIG. 2.13 Box plot illustrating the reported energy demand reduction (%) achieved by automated fagades
across different study types: Laboratory-Real Office Building (Lab-RB) and Simulation (Sim). Each box
represents the range of energy performance outcomes, with the horizontal line indicating the median and "X’
marking the mean. The number of studies included in each category (n) is shown above the respective box
plot for context.

When programmed for lighting energy savings, automated fagades consistently
reduce lighting energy consumption. Simulation studies report reductions from 31%
with electrochromic windows compared to unshaded windows [50, 65-69] to 81%
with venetian blinds compared to static louvers [40, 70]. In laboratory and real
office building studies, electrochromic windows achieved up to 68% savings
compared to static 15% visual-transmittance glazing [61], while roller shades
reduced up to 75% [71] and venetian blinds reached 86% [37, 72-75]. However,
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the highest savings occurred in studies without occupant interaction. When
occupants could override automation, savings dropped to 10% for venetian blinds
[45, 76], and 25% for roller shades [77]. This raises uncertainty about whether
similar savings would be achieved in real office buildings with occupant intervention.

Thirty-four of the 68 studies compared automated fagades to static glazing without
shading [54, 78-84]. However, such comparisons are insufficient to demonstrate the
benefits of automation, as unshaded windows are already known to increase energy
demand and are rarely used in real office buildings. A more relevant comparison was
made in 15 studies, which evaluated automated shading against manually controlled
systems. However, these studies only considered automation without allowing
occupants to override the system. Since previous research suggests that occupant
overrides can significantly reduce the efficiency of automation [85], the reported
benefits may not fully reflect real-world performance. Only two studies [45, 77]
accounted for occupant interaction in both manual and automated scenarios,
providing a more robust comparison. Their findings suggest that automation, even
with occupant interaction, can still lead to lower energy consumption.

Two laboratory studies and one simulation-based evaluation assessed model-based
and adaptive control algorithms, primarily for reducing lighting energy consumption.
A model-based system reduced lighting energy consumption by approximately 30%
compared to a strategy using desk-level indoor illuminance [86]. In a real office
building, a predictive control strategy with occupant overrides achieved a 25%
reduction compared to a control based on desk illuminance and automated lighting
switch-off [77]. Simulations reported an 81% reduction when comparing predictive
control to static shading. Although evidence is limited, these findings demonstrate
the potential benefits of advanced control strategies such as model-based and
predictive algorithms.

Figure 2.14 illustrates the impact of automated fagades on energy consumption by
comparing studies that evaluated automation against manually controlled shading in
laboratory, real office building, and simulation settings. Five studies provided
relevant data, all indicating energy savings with automated control. Among
laboratory and real office building studies, the greatest reduction was observed in
lighting consumption for roller shades (39% [60]), followed by venetian blinds (11%
[87]). However, automated roller shades controlled by an external illuminance
sensor increased cooling energy consumption by 10% [60]. One simulation study
[61] demonstrated that automated fagades significantly improve energy efficiency,
particularly when occupant behavior is suboptimal. Comparing three behavioral
models (“careless occupant,” “intermediate occupant,” and “proactive occupant”)the
study found that automation reduced cooling energy consumption by up to 95% in
the "careless occupant"” scenario. Even “proactive” occupants saw notable savings,
highlighting the limitations of manual operation. Heating energy savings ranged from
0% to 30%, while lighting reductions were between 20% and 48%.

The overall energy savings indicate that automation yields greater energy savings in
the summer [47] compared to winter [47, 88], primarily due to the reduction in solar
gains received by the fagade during winter. Additionally, some occupant profiles can
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FIG. 2.14 Reported impact of automated fagade operation on energy consumption, compared exclusively to
manually controlled fagades. Each point represents a study, with results shown as the percentage reduction
in energy consumption for cooling, heating, lighting, and total energy demand. Purple circles indicate
simulation studies, while blue squares represent laboratory or real building (Lab/RB) studies. The figure
highlights the general trend of automated fagades reducing energy demand, though not all studies reported
savings in every category.
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reduce the energy consumption gap between automated and manual control,
influenced by individual control objectives or personal preferences. These findings
underscore the significance of advanced control algorithms in optimizing the energy
efficiency of automated fagades. Moreover, effective strategies—whether
model-based or rule-based—can result in substantial energy savings and improved
IEQ, while inadequate manual control can undermine these benefits and lead to
excessive energy consumption.

Automated Facade Influence on IEQ

The impact of automated fagade operation on indoor environmental quality (IEQ) in
office environments has been investigated through laboratory experiments (n = 15),
real office building assessments (n = 7), and simulations (n = 13). Most studies
employed rule-based control strategies based on workplane illuminance, Daylight
Glare Probability (DGP), indoor air temperature, solar irradiance, and air quality
(Figure 2.15). Automated facade control regulated the visual environment using
workplane illuminance thresholds ranging from 510-700 Iz to 500-3000 [z,
ensuring glare probability remained below 0.35 (imperceptible rating). Thermal
control targeted indoor temperatures between 21°C and 25°C, with shading devices
activated when solar irradiance exceeded 250 W/m?2. Air quality control was
addressed in a single study, where window operation was triggered when COx, levels
surpassed 1250 ppm. Only two studies evaluated the performance of predictive
control systems [40, 47].

Workplane illuminance thresholds, daylight glare probability, indoor air temperature,
solar irradiance on the fagade, and air quality are key environmental variables used
to assess the performance of automated control strategies, as illustrated in Figure
2.16. In some cases, operative temperature was evaluated alongside control
strategies primarily focused on indoor illuminance, while metrics such as view out
and workplane illuminance were used to assess strategies based on solar irradiance.
These variations highlight the interdependence of IEQ parameters, demonstrating
how control strategies targeting a single environmental variable can influence overall
environmental comfort.

The interdependence of IEQ variables is supported by studies on multi-domain IEQ
[64, 89, 90], which assessed automated fagade performance in relation to both
visual and thermal effects. These studies indicate that controlling one environmental
domain influences others, impacting overall occupant comfort. However, no studies
have examined how to balance these effects or identify key competing factors.
Additionally, only two studies have investigated the impact of automated fagades
across all IEQ domains [44, 91].

Regarding daylight access, a few studies have evaluated whether automated facade
operation enhances visual conditions by comparing average workplane illuminance
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FIG. 2.16 Distribution of studies based on the environmental variables used to evaluate the performance of
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levels. These studies applied different target illuminance thresholds to assess visual
performance, considering the duration within specific ranges: 510-700 Iz [36],
484-538 lx [92] 484-538 [« [87], 570-670 Iz [60], <2000 Iz [93], 500-3000 Iz
[28, 94-96], and 600-3000 Iz [89, 90, 97]. Findings indicate that manually
controlled scenarios tend to exhibit higher daylight levels and an increased risk of
glare (e.g., [28, 34]) compared to automated systems, which are typically
programmed to minimize cooling loads [44] or mitigate excessive brightness

[60, 98] and glare [28, 60, 96, 99]. For instance, Clear et al. [9] demonstrated that
an automated electrochromic window reduced illuminance from 2990+2165 Iz to
830%520 Iz compared to manually controlled blinds. Similar results were reported
by Vine et al. [36], Kim et al. [33], and Lee et al. [60] in comparisons with manual
controls. Thus, automated systems effectively prevent excessive brightness by
continuously adjusting the fagade, which manual controls do not achieve with
manual control. This trend was also present when a fully automated venetian blind
was compared to a semi-automated control strategy with an override option, but
with smaller differences, as described by Vine et al. [36], from 735£162 Iz
(semi-automated) to 598+60 Iz (fully-automated).

Glare in indoor spaces was assessed using either DGP [28, 94, 96, 99] or window
luminance (cd/m?) [34, 93, 98, 100]. Automated control effectively reduced glare
when operating Venetian blinds and roller shades, outperforming manual systems
[28, 93]. However, electrochromic windows showed no substantial improvement over
semi-automated operation [34, 93], as their darkest tint state does not provide
adequate protection when the sun is within the field of view. These findings indicate
that the effectiveness of automated control depends on the fagade typology and its
ability to regulate specific environmental variables. Additionally, automated fagades
were compared to a fully closed roller shade, however, using either a fully raised or
fully closed blind does not constitute a suitable reference scenario.

Regarding thermal quality, two studies found automated controls to be more
effective in preventing overheating [91, 101], while others reported no significant
differences [44, 89]. When compared to a static shade, an automated roller shade
programmed to regulate indoor air temperature reduced overheating from 15% to
8% of the total time [101]. However, air temperature alone is insufficient; operative
temperature must also be considered [89, 90], along with the impact of solar
radiation on occupants’ thermal comfort, as solar irradiance plays a key role in
assessing fagade influence on thermal comfort. Additionally, one study found no
substantial difference in thermal comfort between manually controlled and
semi-automated scenarios. Automated controls that disrupt occupants are
frequently overridden and often fail to effectively regulate solar gains [46]. The only
study that compared automated strategies to window openings or vents versus
manual controls reported better air quality when the control was automatic [32].
The automated windows’ opening overpasses the concentration of carbon dioxide
(CO?% >1500ppm) for about 9% of the time, compared to a manual window opening
that showed 319%. This means the automated control system better controlled the
air quality inside the room tested.

There were no studies comparing different shading devices with the same control

67 Influence of Automated Fagades



strategy, which is a valuable information for designing effective automated facade
strategies. Only three studies allowed occupants to override the automated system,
which was programmed to maintain illuminance under certain thresholds. Therefore,
the semi-automated scenario measured higher indoor illuminance levels than
expected [36]. Thus, there was a tendency in manually controlled strategies to
provide brighter [28, 33, 36] or more glary indoor conditions [28], while only one
study showed lower light levels [60] and poorer indoor air quality [32]. Regarding
orientation and climate, east and west orientations showed that the automated
system was inadequate to balance competing indoor comfort domains (glare/view
access, overheating and daylight) [33].
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FIG. 2.17 Comparison of the environmental performance of automated fagades relative to other control
strategies, visualized as a stacked bar chart. The x-axis groups studies by performance outcome: "No
difference," "Automated Worse," and "Automated Better." Subcategories indicate the control strategy used
for comparison with automated fagades, such as unshaded windows (A-U), static fagade (A-S), manual
shading (A-M), semi-automated (A-SA), and other automated controls (A-A). Bars are stacked and
color-coded to represent study types: laboratory (Lab), real office building (RB), and simulation (Simulation).
The height and composition of each bar indicate the number and type of studies reporting each performance
outcome.

Figure 2.17 summarizes the performance of automated fagade systems relative to
other control strategies across three categories: "No Difference," "Automated
Worse," and "Automated Better." The y-axis represents the number of studies, while
the x-axis distinguishes the comparisons: automated versus another automated
system (A-A), manual control (A-M), unshaded conditions (A-U), and static shading
(A-S). Most studies (n = 22) indicate that automation enhances environmental
conditions compared to semi-automatic, manual, static, and unshaded windows.
Cases showing no difference include comparisons between different automated
control logics [39, 47, 93, 102, 103], studies where automation prioritized
illuminance but was evaluated based on indoor temperature [89, 90], and those
focusing on solar heat gain control while assessing daylight availability [63, 104].
One study found unshaded windows to outperform automated fagades due to the
evaluation criterion being the percentage of time with an unobstructed outdoor view
[49].
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Occupant Response to Automated Fagade Operation

The impact of automated fagades on occupants in office environments has been
investigated across multiple environmental domains, including visual, thermal,
acoustic, and air quality. Research methods, such as questionnaires, surveys, and
interviews, have been employed to assess occupant satisfaction (n = 26), perception
(n = 15), discomfort (n = 2), and interaction frequency (n = 7) with control systems.
Studies have been conducted in both laboratory settings and real office buildings,
often integrating monitoring systems to track occupant interactions and override
actions.

The dynamic fagade components analyzed were venetian blinds (n = 9),
electrochromic glazing (n = 4), roller shades (n = 4), and window openings (n = 1).
Occupant responses were compared across different operation modes: unshaded
windows (n = 2), manually operated shading (n = 8), semi-automated shading with
override options (n = 3), and manual window opening (n = 1). Additionally, six
studies examined advanced control strategies, including adaptive [47], predictive
[105], learning-based [106], and multi-variable algorithms [107], compared to
conventional controls based on temperature, irradiance, and indoor illuminance
measurements.

Table 2.2 presents evidence on the impact of dynamic fagades in the visual domain,
focusing on occupant satisfaction (n = 11), perception (n = 4), discomfort (n = 2),
and dissatisfaction (n = 1). The studies assess indoor lighting, glare, brightness, and
access to outdoor views. Findings regarding automated versus manual control are
mixed. Three out of six studies comparing automated to manual fagades reported
improved satisfaction with automated daylight control [23, 33, 108]. In contrast,
other studies found greater satisfaction with manually operated venetian blinds and
roller shades [36, 89, 109]. While occupants appreciated automated daylight
control, they preferred manual operation for selecting control modes and accessing
outdoor views. However, one study [108] reported occupant satisfaction with
automated control for view access.

Three studies compared fully automated to semi-automated controls.
Semi-automated systems demonstrated improved satisfaction with lighting
conditions compared to fully automated scenarios [36] and were more effective in
reducing glare perception [30, 36]. One study [10], which did not compare
automation with other control modes, reported low brightness and glare perception
under automated control.

When comparing rule-based controls to advanced automated systems capable of
predicting occupant behavior and adapting to their preferences, the latter showed
slightly better results for glare perception and access to outdoor views [110].
However, two studies reported higher dissatisfaction with daylight under advanced
control operation, potentially indicating the impact of the control objectives over
occupant satisfaction [86, 110].
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Thus, evidence on occupant response with the visual domain suggests that while
automated fagade can enhance occupant satisfaction, occupants prefer manual
operation for selecting control modes and accessing outdoor views. Semi-automated
systems offer a middle ground, improving satisfaction and reducing glare perception
compared to fully automated controls. However, advanced automation, despite slight
benefits in glare management and view access, can lead to increased dissatisfaction

with daylight, indicating the need for carefully calibrated control objectives. The
mixed results indicate the diversity of occupant preferences, underscoring the
importance of adaptable control strategies that balance automation with personal

control.

TABLE 2.2 Evidence on the Visual Domain. The table presents the type of occupant response reported, the
control logic tested, the metrics used in each study, and the corresponding results. ([LA]: Level of
Automation; [Res]: Result); [A]: Automated; [M]: Manual; [SA]: Semi-automated; [S]: Static; [PR]:

Pre-program; [AD]: Advanced).

Occupant Control logic Metric [LA]=[Res]
response

[33] Satisfaction (1) Automated, (2) manual Occupants satisfied [A]=88%
with lighting. (%) [M]=0%

[34] Perception of (1) Automated based on indoor 1=very dissatisfied [A]=3.7
glare. illuminance (2) Semi-automatic, 5=very satisfied [SA]=3.8

(3) fixed 60% glazing. [S]=3.2

[34] Perception of (1) Automated based on indoor 1=very dissatisfied [A]=3.3

lighting. illuminance, (2) Semi-automatic 5=very satisfied [SA]=3.1
(3) fixed 60% glazing. [S]=3.5

[36] Satisfaction (1) Automatic based on Occupants satisfied [A]1=57%

with lighting. illuminance, (2) Semi-automated, (%) [SA]=71%
(3) Manual mode. [M]=64%

[36] Perception of (1) Automatic based on Occupants [A]=0%

glare. illuminance, (2) Semi-automated, perceiving glare [SA]=0%
(3) Manual mode. (%) [M]=14%

[10] Perception of (1) Automated based on direct 1=never 5=always [A]=1.9
brightness. sunlight.

[10] Perception of (1) Automated based on direct 1=never 5=always [A]=1.9
glare. sunlight.

[10] Perception of (1) Automated based on direct 1=never 5=always [A]=1.10
brightness. sunlight.

[10] Perception of (1) Automated based on direct 1=never 5=always [A]=21
glare. sunlight.

[10] Perception of (1) Automated based on direct 1=never 5=always [A]=1.8
brightness. sunlight.

[11] Satisfaction (1) Pre-programmed action, (2) 100=Too high [A]=-15.1
with lighting illuminance-based automation. -100=Too low [PR]=1.3
conditions.

[11] Satisfaction (1) Pre-programmed action, (2) 100=Very much [A]l=14.2
with glare. illuminance-based automation. -100=Not at all [PR]=26

[11] Satisfaction (1) Pre-programmed action, (2) 100=very [A]=-1
with view illuminance-based automation. dissatisfied [PR]=21
access. -100=very satisfied

[23] Satisfaction (1) Automated based on exterior Occupants satisfied [A]=56.8%
with lighting. illuminance, (2) manual. (%) [M]=37.3%

[44] Discomfort with (1) Automated based on exterior Discomfort events [SA]=16
lack of daylight. irradiance, (2) manual. (n) [M]=7
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TABLE 2.2 Evidence on the Visual Domain (continued)

R. Occupant Control logic Metric [LA]=[Res]
response

[44] Dissatisfaction (1) Automated based on exterior Interactions (n) [SA]=18
with lack of view irradiance, (2) manual. M]=7
access.

[44] Dissatisfaction (1) Automated based on exterior Interactions (n) [SA]=10
with glare irradiance, (2) manual. [M]=4
conditions.

[44] Satisfaction (1) Automated based on exterior 1=dissatisfied [SA]=4.5
with lighting. irradiance, (2) manual. 5=satisfied [M]=4.2

[44] Satisfaction (1) Automated based on exterior 1=dissatisfied [SA]=3.1
with glare irradiance, (2) manual. 5=satisfied [M]=4
conditions.

[44] Satisfaction (1) Automated based on exterior 1=dissatisfied [SA]=3
with view irradiance, (2) manual. 5=satisfied [M]=3.7
access.

[86] Satisfaction (1) Automated based on DGP and O=very dissatisfied [AD]=7.5
with lighting. work plane illuminance, (2) 10=very satisfied [A]=7

control based on desk
illuminance.

[86] Perception of (1) Automated based on DGP and  0=no perceived [AD]=1.8
glare. work plane illuminance, (2) 10=perceived [A]l=2.2

control based on desk
illuminance.

[89] Satisfaction (1) Automated based on indoor % time of IR=0. [A]=67%
with lighting. illuminance (2) manual. [M]=81%

[91] Discomfort with (1) Automated based on the sun Discomfort events [SA]=14
the visual env. of the field of view, (2) manual. (n) [M]=1

[91] Satisfaction (1) Automated based on the sun 1=agree [SA]=4.5
with glare of the field of view, (2) manual. 5=disagree [M]=4
protection.

[91] Satisfaction (1) Automated based on the sun 1=agree [SA]=3.7
with daylight. of the field of view, (2) manual. 5=disagree [M]=3.7

[91] Satisfaction (1) Automated based on the sun 1=agree [SA]=4.8
with view of the field of view, (2) manual. 5=disagree [M]=4.3
access.

[110] Satisfaction (1) Automation based on indoor Satisfied subjects [AD]=20
with view illuminance, irradiance, and (n) [A]=5
access. temperature (2) automated

based on irradiance.

[110] Satisfaction (1) Automation based on indoor Satisfactory [AD]=22

with lighting. illuminance, irradiance, and answers (n) [Al=17
temperature (2) automated
based on irradiance.

[110] Satisfaction (1) Automated based on indoor Satisfactory [AD]=7
with lighting. illuminance, irradiance, and answers (n) [A]=13

temperature (2) automated
based on irradiance.

[109] Satisfaction (1) Manual, (2) automated (3) 1=dissatisfied [A]=4.5
with lighting. Semi-automated. 7=satisfied [SA]=5

[M]=5.4

[109] Satisfaction (1) Manual, (2) Automated, (3) 1=dissatisfied [A]=5.3
with view Semi-automated. 7=satisfied [SA]=5.9
access. [M]=6.3
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TABLE 2.2 Evidence on the Visual Domain (continued)

R. Occupant Control logic Metric [LA]=[Res]
response

[108] Satisfaction (1) automated control, (2) fixed 1=very poor [A]=4.4
with view glazing. 5=excellent [M]=3.7
access.

[108] Satisfaction (1) automated control, (2) fixed 1 = very poor 5 = [A]=4.6
with lighting. glazing. excellent [M]=4.3

[10] Perception of (1) Automated based on direct 1=never 5=always [A]=1.8
glare. sunlight.

Occupant responses to the thermal environment were evaluated across four studies,
focusing on thermal sensation (n = 1), satisfaction (n = 3), dissatisfaction (n = 1),
and discomfort levels (n = 1). As summarised in Table 2.3, findings on the impact of
automated control strategies on thermal responses are mixed. One study reported
improved thermal sensation with automation compared to manual control [32], while
another found no significant differences between adaptive and rule-based controls
[86]. Studies on semi-automated controls consistently indicated higher satisfaction
and fewer discomfort events compared to manual controls [44, 91]. While
semi-automated controls reliably enhance satisfaction and reduce discomfort, the
effects of fully automated systems remain inconclusive, with some studies reporting
benefits and others showing no significant differences. These discrepancies may be
attributed to variations in facade types, control strategies (e.g., CO2 concentration,

solar irradiance, indoor illuminance), study settings (laboratory vs. real office
buildings), and the limited number of studies examining occupant responses to
automated facades in the thermal domain.

TABLE 2.3 Evidence on the Thermal Domain. The table presents the type of occupant response reported, the
control logic tested, the metrics used in each study, and the corresponding results. ([LA]: Level of
Automation; [Res]: Result); [A]: Automated; [M]: Manual; [SA]: Semi-automated; [AD]: Advanced)

R. Occupant Control logic Metric [LA]=Res
response
[32] Sensation of (1) Automated, (2) manual TSV neutral votes [A]=77%
thermal env. (%). [M]=66%
[44] Dissatisfaction (1) Automated based on Interactions (n) [SA]=5
with thermal env. exterior irradiance, (2) [M]=1
manual.
[44] Satisfaction with (1) Automated based on 1=dissatisfied [SA]=3
thermal env. exterior irradiance, (2) 5=satisfied [M]=4
manual.
[86] Satisfaction with (1) Automated based on 1 =cold [AD]=5.2
thermal env. DGP and work plane 10=hot [A]=5
illuminance, (2) control
based on desk illuminance.
[91] Discomfort with (1) Automated based on Discomfort events [SA]=12
thermal env. the sun of the field of view, (n) [M]=7
(2) manual.
[91] Satisfaction with (1) Automated based on 1=agree [SA]=3.2
thermal env. the sun of the field of view, 5=disagree [M]=1

(2) manual.
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Three studies have focused on acoustic satisfaction, perception and discomfort, as
shown in Table 2.4. While Vine et al. [36] found no significant differences,
Luna-Navarro et al. [44, 91] reported increased acoustic discomfort due to actuator
noise and background sound levels. Higher perceived noise levels were associated
with semi-automated modes, possibly due to frequent system actuation resulting
from occupant overrides [36].

TABLE 2.4 Evidence on the Acoustic Domain. The table presents the type of occupant response reported, the
control logic tested, the metrics used in each study, and the corresponding results. ([LA]: Level of
Automation; [Res]: Result); [A]: Automated; [M]: Manual; [SA]: Semi-automated).

R. Occupant Control logic Metric [LA]=Res
response

[36] Perception of (1) Automated based on Occupants perceiving [A]=14%
noise. illuminance, (2) noise (%) [SA]1=21%

semi-automated, (3) [M]=14%
manual mode.

[44] Satisfaction with (1) Automated based on 1=dissatisfied [SA]=4.5
acoustic exterior irradiance, (2) 5=satisfied [M]=2
environment. manual.

[91] Discomfort with (1) Automated based on Discomfort events (n) [SA]=3
acoustic sun in the field of view, [M]=1
environment. (2) manual.

Two studies [44, 91] found no significant differences in perceived indoor air quality
between semi-automated and manually controlled shading (Table 2.5). The limited
impact on air quality may be due to automated shading primarily regulating solar
radiation, daylight, and glare, rather than air quality. The only study examining
automated openable vents did not assess air quality perception [32].

TABLE 2.5 Evidence on the Indoor Air Quality Domain. The table presents the type of occupant response
reported, the control logic tested, the metrics used in each study, and the corresponding results. ([LA]: Level
of Automation; [Res]: Result); [M]: Manual; [SA]: Semi-automated).

Occupant Control logic Metric
response
[44] Satisfaction with (1) Automated based on 1=dissatisfied [SA]=4
air quality. exterior irradiance, (2) 5=satisfied [M]=4.5
manual.
[91] Discomfort with (1) Automated based on Discomfort events (n) [SA]=0
air quality. exterior irradiance, (2) [M]=1
manual.

Studies on occupant behavior, summarized in Table 2.6, examined interactions with
automated facades in relation to specific occupant requirements, including
increasing daylight availability (n = 1), reducing glare (n = 2), improving the view (n
= 1), and regulating the thermal environment (n = 1). One study [111] did not
provide a baseline for comparing occupant responses to the automated fagade.
Overall, findings indicate that occupants interact more frequently under manual
control than in semi-automated scenarios [47, 90, 91, 112]. This increased

73 Influence of Automated Fagades



interaction under manual control is attributed to occupants’ need to adjust their
environment according to individual preferences. This aligns with the design of the
automated systems studied, which were programmed to regulate daylight and
minimize direct sunlight in the field of view, thereby reducing the need for occupant
intervention. Additionally, studies suggest that interactions in semi-automated
scenarios may result from automated actions triggering occupant responses,
potentially disrupting concentration and productivity [44, 111]. Luna-Navarro et al.
[44] noted that gradual, silent automated controls are less likely to be overridden.

TABLE 2.6 Evidence on occupant behavior to automated fagade. ([LA]: Level of Automation; [Res]: Result;

[M]: Manual; [SA]: Semi-automated; [AD]: Advanced).

Ref. Occupant Control logic Metric [LA]=Res
response
[47] Interaction with (1) Adaptive control based Interactions average [AD]=3.1
control system. on interactions, (2) per day. [SA]=3.2
temperature-based
automation.
[111] | Interaction with (1) Automation based on Interactions increasing [SA]=11
control system. exterior illuminance. daylight (avg).
[111] | Interaction with (1) Automation based on Interactions to reduce [SA]=2
control system. exterior illuminance. glare (avg).
[90] Interaction with (1) Automated based on Desired actions not [SA]=0.5
control system. indoor illuminance (2) executed (n) [M]=0.6
manual.
[90] Interaction with (1) Automated based on Interactions (n) [SA]=1.7
control system. indoor illuminance (2) average [M]=2.8
manual.
[91] Interaction with (1) Automated based on sun Interaction due to glare [SA]=7
control system. in field of view, (2) manual. discomfort (n) [M]=18
[91] Interaction with (1) Automated based on sun Interactions due to lack [SA]=9
control system. in field of view, (2) manual. of view/daylight (n) [M]=11
[91] Interaction with (1) Automated based on sun Interactions due to [SA]=1
control system. in field of view, (2) manual. thermal discomfort (n) [M]=0
[112] | Interaction with (1) automated based on Interactions over the [SA]=9
control system. indoor temperature, (2) year (n) [M]=661
manual.

Control strategies significantly influence occupant satisfaction, as shown in Table

2.7. Manual control is generally preferred over fully automated systems [36, 44, 91].
However, findings on automated control are inconsistent. While some studies report
lower satisfaction with automation [36, 44], others indicate higher satisfaction [34].
Clear et al. [34] investigated an indoor illuminance-based automated control system
using electrochromic windows, which adjust opacity gradually. Because these
changes occur slowly, occupants may not immediately perceive them, resulting in
minimal disruption. This characteristic may account for the differing findings on
occupant satisfaction with automation.
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TABLE 2.7 Evidence on occupant perception of automated facade. ([LA]: Level of Automation; [Res]: Result;
[M]: Manual; [SA]: Semi-automated; [AD]: Advanced).

Ref. | Occupant response Control logic Metric [LA]=Res
[91]| Discomfort with control (1) Automated based on sun in Discomfort events [SA]=4
system. field of view, (2) manual. (n) [M]=0
[91]| Discomfort with control (1) Automated based on sun in 1=agree [SA]=2.6
system. field of view, (2) manual. 5=disagree [M]=1.3
[36]| Satisfaction with (1) Auto based on illuminance, Occupants [A]=7%
control system. (2) Semi-automated, (3) satisfied (%) [SA]1=29%
Manual. [M]=57%
[44]| Satisfaction with (1) Automated based on 1=dissatisfied [A]=3
control system. exterior irradiance, (2) manual. 5=satisfied [M]=4
[34]| Satisfaction with (1) Automated based on 1=very [A]=4.1
control system. indoor illuminance, (2) dissatisfied [SA]=3.8
Semi-automatic (3) fixed 60% 5=very satisfied [S]=3.5
glazing.

Finally, shown in Figure 2.18, no strong consensus emerges in favor of either manual
or automated operation regarding overall occupant satisfaction. Instead,
preferences vary across environmental domains, indicating the need to balance
automation with manual control. In the visual domain, automated shading effectively
reduces glare and excessive daylight, but manual control is preferred when
maintaining an outdoor view is a priority. Semi-automated systems with override
options provide a better balance, improving satisfaction. For thermal comfort,
occupants favor manual or semi-automated control for temperature regulation via
shading and ventilation, as predictive automation can optimize conditions but may
cause dissatisfaction when actions are unexpected. In terms of acoustic comfort,
automated windows can help control noise in urban settings, though manual control
remains preferred for greater discretion. For indoor air quality, no clear preference
exists due to limited research, though air quality sensors can trigger ventilation
adjustments.
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FIG. 2.18 Distribution of evidence provided by studies showing the cases in which the automated facades
have a “negative impact” (n=21), “no impact” (n=18), and “positive impact” (n=21). In each category, the
evidence is divided by environmental domain. SA=Semi-automated control, M=Manual control,
A=Automated, AD=Advanced control, PR=Pre-programmed control.
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Satisfaction with control depends on perceived control, predictability, and alignment
with occupant expectations. Systems that allow occupant overrides tend to be better
received, whereas fully automated ones risk rejection due to loss of agency. Manual
control results in a higher interaction frequency, while automation reduces
interaction, particularly when well aligned with expectations. However, unexpected
system-driven changes, such as sudden shading adjustments, may lead to overrides,
especially in work environments.

Thus, evidence indicates the importance of occupant-centered control to enhance
the acceptance of automated fagades. Although the role of automation in facade
operation is not clearly defined yet, automated controls should support rather than
replace occupant control, ensuring effectiveness when manually controlling the
facade of the building.

Discussion

2.5.1

Energy Performance of Automated fagcades

Current evidence shows that automated controls can increase energy savings
[37,47,57,61], in particular, in the lighting domain [28, 45, 77]. The highest
energy savings were achieved when comparing fully automated shadings to
unshaded windows [34, 73, 94, 99, 113, 114] or static shading systems
[37,98,99, 101, 115]. However, buildings rarely have unshaded windows, while the
alternative to automated blinds or dynamic glazing is usually a manually controlled
fagade.

Nevertheless, in the few studies that compare fully automated fagades to manually
controlled ones, this trend is also confirmed in the lighting domain (from 10% to
75% [28, 33, 45, 47,60, 116]), and for both seasons (-18% in summer and -40%
in winter [47]). Simulation-based studies tend to report higher energy savings than
empirical studies, since discrepancies between predicted and actual performance are
common in real office buildings [78].

While early design assessment of dynamic and automated fagades required a
dynamic simulation workflow to guide their technological developments [117], the
discrepancy between predicted and monitored performance is now the bottleneck for
automated fagades up-scaled [118-120]. This requires empirical studies to: (i)
increase practitioners, contractors and building owners’ experience with automated
fagades, and (ii) provide confidence that these systems can provide a robust and
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reliable benefit in comparison with manually controlled facades for a wide number of
buildings and occupants, thereby enabling sufficient generalization of research
results. In this sense, the limited number of studies involving human participants
(only 25 out of 91) is a barrier to up-scaling of these fagade technologies. Moving
forward, future research should focus on evaluating the performance of these
technologies in real office building settings, particularly for fagade technologies that
are already well-developed and have a high level of technology readiness.

2.5.2 Balancing IEQ with Automated Facades

This review confirms that automated facades can effectively regulate indoor
environmental quality (IEQ) parameters, particularly visual and thermal comfort.
Automated shading systems have been shown to enhance daylight access

[34, 36, 60] and mitigate glare [96, 99] by controlling indoor brightness levels
[37,60, 61]. They can also reduce solar heat gains, thereby supporting thermal
comfort [91, 101]. A key challenge for automated control systems lies in managing
trade-offs between competing IEQ parameters. For example, glare reduction
strategies may limit daylight access, while optimizing thermal comfort can obstruct
views to the outside [28, 33, 89, 90]. Some studies have demonstrated that
algorithms preventing glare effectively protect the occupants from excessive
brightness [28, 93]; however, this often comes at the cost of reduced indoor
illuminance, which can lead to occupant dissatisfaction [36, 44, 109]. Similarly,
while automated shading can reduce solar heat gain and enhance thermal comfort,
its effectiveness may be compromised by obstructed views [32, 86, 91]. This
limitation is particularly evident in systems that rely on single-parameter control
strategies. In response, studies have proposed integrated control approaches that
simultaneously account for glare, daylight, and temperature, in an effort to balance
competing IEQ requirements [64, 89, 90]. Nonetheless, more research is needed to
determine which IEQ parameters should be prioritized, particularly in dynamic and
potentially personalized control scenarios.

2.5.3 Comparability of Studies on Occupant Response to
Automated Fagades

The evaluation of automated fagades in studies often relies on a variety of metrics,
each targeting different aspects of indoor environmental performance. These include
DGP [28, 34], used to assess visual discomfort from glare, horizontal illuminance
[36], which relates to task lighting levels, and the percentage of hours within comfort
thresholds [91], which reflects overall performance over time. However, because
these metrics are grounded in different physical principles and operational goals,
direct comparisons between studies can be challenging unless the metrics address
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similar comfort dimensions.

In this context, the ISO 52016-3 [121] represents a step forward by offering
standardized methods to assess the energy and indoor environmental performance
of adaptive facades, covering heating, cooling, lighting demand, thermal comfort,
visual comfort, and air quality. However, while this standard provides robust
objective criteria, it does not fully capture the variability and subjectivity of occupant
preferences, which may differ based on individual needs, cultural norms, or
contextual factors. Several studies emphasize that acceptance of automation by
occupants depends not only on environmental outcomes, but also on how the
systems behave, how intuitive they are, and whether they respond appropriately to
occupants’ expectations [11, 122]. To integrate the impact of dynamic fagade
operation with occupant preferences, performance assessments should go beyond
physical metrics to include subjective and behavioral dimensions, such as perceived
control, satisfaction, or acceptance of automation. This can be achieved through
methods, such as post-occupancy evaluations, stated preference surveys, and
behavioral monitoring that track occupants’ interactions with the system. For
example, adaptive algorithms could be designed to learn from occupants’ overrides
or feedback to adjust control strategies. This challenge aligns with recent work from
IEA EBC Annex 79 by O'Brien et al. [17], which stresses the importance of
integrating subjective and behavioral data with traditional metrics.

Furthermore, research should investigate potential disruptions caused by
automation, such as noise from actuation mechanisms, limited accessibility to
personal control, and delayed system response times, to strengthen the
still-developing body of evidence on these issues [23, 91]. This is essential to ensure
that energy savings are not achieved at the expense of occupant comfort. For
example, in the study by Luna-Navarro et al. [91], the noise generated by automated
systems was identified as a potential source of dissatisfaction, detracting from the
overall experience of occupants and diminishing their acceptance of the technology.
Similarly, Meerbeek et al. [23] examined how occupants interact with automated
shading systems, revealing that many preferred disabling automatic modes in favor
of manual control. This suggests that automated systems may not always align with
occupant preferences and comfort needs. These findings highlight the need to
develop evaluation methodologies that recognize occupant comfort preferences and
responses to automation, as understanding these factors is crucial for enhancing
both comfort and acceptance of automated systems.

Occupant data collection to define personalization factors

Advanced control strategies, including adaptive approaches [47] and learning
algorithms [77], have demonstrated the potential to improve occupant satisfaction
and reduce override actions. By actively aligning automation with occupant
preferences and control requirements, these systems enhance the occupant
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experience and address common concerns associated with automated controls.
However, implementing these strategies presents barriers, particularly in defining
and collecting occupant data and translating them into effective automation actions,
such as determining system operation times or identifying conditions where manual
control is more appropriate. For instance, five studies [34, 47,90, 111, 112]
suggest that frequent manual overrides may indicate dissatisfaction or the need for
more refined automation strategies. Although overrides may also indicate a desire
for personal control, a response to disruptions caused by automated actions, or a
lack of understanding of the building control systems. The factors explaining these
occupants’ responses with automated systems [123-125], such as usability (e.g.,
ease of use, clarity of control interfaces), system responsiveness (e.g., speed of
reaction, accuracy), personal control preferences (e.g., the need for manual
overrides), trust in automation (e.g., reliability, transparency), and comfort-related
factors (e.g., noise or environmental disruptions), are well-established in other fields.
Nevertheless, the challenge remains in effectively transferring these data into control
systems that can detect and respond to individual preferences in real-time, ensuring
that automation remains aligned with occupants’ needs and expectations.

Conclusion

A systematic review was conducted to examine the current evidence from previous
work on automated facades’ influence on energy savings in cooling, heating and
lighting, IEQ and occupant satisfaction. A total of 91 studies were analyzed, with 30
involving human participants. These studies showed that automation systems
outperformed manual controls in energy savings. Automated facades also contribute
to mitigating indoor environmental issues such as glare, controlling daylight, and
preventing overheating. Although automated facades can effectively enhance indoor
environmental conditions, no strong consensus was found on their overall impact on
occupant satisfaction.

Despite the potential of automated fagades to increase energy savings and improve
IEQ without affecting overall occupant satisfaction with the control system, the
review identified limitations in existing research that could hinder a broader adoption
of such systems. The challenges include: First, methodological limitations, such as (i)
the low number of empirical studies involving human participants, which are crucial
for validating performance outcomes focused on occupant preferences and response,
and (ii) the lack of standardization in metrics and experimental designs, including
inconsistent illuminance and temperature thresholds, different benchmark scenarios
(e.g., unshaded, static, or manual fagades), and various control approaches, which
limit the comparability and generalization of results. Second, performance trade-offs,
including (iii) challenges in balancing competing IEQ parameters, such as glare
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reduction versus daylight access or thermal comfort versus outside views, and (iv)
the critical role of control objectives, where prioritizing energy or visual comfort
alone may fail to meet occupant needs for autonomy, view, or thermal conditions.
Lastly, contextual constraints on performance outcomes, such as (v) the persistent
discrepancy between simulation-based predictions and experimental results, where
empirical outcomes are more variable, and (vi) the high contextual sensitivity of
facade performance across different building orientations, climates, automated
control strategies, and occupant profiles.

Future research should prioritize (a) empirical studies in real office buildings to
capture occupant behavior, preferences, and override patterns; (b) developing
multi-domain evaluation to describe fagcade control strategies’ performance across
the wide range of environmental domains; (c) establishing consistent metrics and
benchmarks for evaluating automated facade systems to improve comparability
between studies; (d) refining adaptive and learning-based systems to detect and
respond to individual preferences in real-time, accounting for usability, trust,
contextual disruptions, and manual override behavior; and (e) applying multi-criteria
analysis to determine which environmental parameters (e.g., glare, thermal comfort,
energy savings) should be prioritized for automation under different building
contexts. By addressing these gaps, future research can contribute to the
development of automated fagade systems that not only optimize energy efficiency
and IEQ, but also meet the diverse and evolving needs of building occupants.
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3 Factors Influencing
Occupant Response

Influence of automated facades on
occupants: a review

This chapter is based on work published in 2022 in the Journal of fagade Design and
Engineering.

This chapter examines occupant perception, interaction, and response to automated
fagade systems, focusing on the factors shaping satisfaction and acceptance.
Building on the research landscape mapped in Chapter 2, it synthesizes
peer-reviewed evidence from laboratory, real-building, and simulation contexts to
address the human dimension. The review is organized around a classification
scheme of five key factors: personal characteristics, environmental conditions, type
and mode of operation, fagade technology, and contextual factors. It analyzes how
these factors influence outcomes such as comfort and override behavior, while
evaluating assessment methods ranging from self-reports to physiological
monitoring. The analysis identifies limitations in current approaches, particularly
regarding multi-domain comfort and real-time experience capture. Crucially, it
highlights specific operational parameters as primary triggers for distraction and
perceived control issues. These insights frame the experimental design in Chapter 4,
guiding the selection of variables and measures to ensure subseqguent experiments
target the most significant drivers of occupant interaction.
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3.1

Introduction

In buildings, fagades act as a buffer and connector between indoors and outdoors
[126] and affect building energy consumption and occupant multi-domain
environmental comfort [44]. In particular, fagades can affect occupant satisfaction
with the thermal environment [127], acoustic [128], air quality [129], daylight and
view out [19, 130].

Dynamic facade technologies, identified as building systems or facades that can
move by forces acting on an object, can vary the visual or solar transmittance (e.g.
switchable glazings or movable blinds) or the level of airflow through them (e.g.
openable vents) [7] to effectively respond to changes in outdoor or indoor
conditions. Dynamic facades can be manually controlled by occupants [18], or react
to changes in environmental conditions, either by passively responding to them (e.g.
phase change materials [131]), or by automatically being controlled by actuators
and sensors [11]. Several automated fagades are controlled by a semi-automated
logic, which also allow occupants to override the system when they disagree with the
control logic [77]. Previous work showed that automated controls can assist
occupants and overcome the limitations of manual operation by reducing energy
consumption [30, 31] or improving thermal or visual comfort [132]. Contrariwise,
the automated control can also negatively impact occupants’ satisfaction and
behavior, when the control action does not match individual requirements [10, 133].

In scenarios with automated fagades, the type of control logic and the
occupant-facade interaction strategy (i.e. the level and mode of interaction) affect
occupant behavior and satisfaction, indoor environmental quality and energy
consumption [46]. Several studies showed that occupant requirements are
subjective and individual, affecting occupant response to the control system
[77,106]. These variances in occupant responses may be explained by a different
personal significance of environmental comfort domains [23, 106] or differences in
the level of knowledge of occupants with automated control [111]. Therefore, the
adaptation of the control logic to individual occupant requirements can be important
to achieve occupant environmental comfort and satisfaction, acceptance of
automated control strategies and energy performance of office buildings [33].

Four previous studies have performed a literature review on automated controls for
automated fagades. Konstantoglou & Tsangrassoulis [5] reviewed automated control
strategies of dynamic shading systems and their effects on building energy
performance and indoor environmental comfort. This literature review concluded
that, even though automated control strategies can enhance energy performance
and occupants’ comfort, their high level of complexity makes them prone to failure
and therefore they often do not achieve the predicted performance. Jain & Garg
[134] analyzed the feasibility of various daylight prediction methods and their
application in controlling dynamic shading and lighting systems, coming to the
conclusion that modified and improved closed loop systems, which include and adapt
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to occupant feedback, are better than open loop control strategies based on sensor
measurements. However, Luna-Navarro et al. [46] examined interaction strategies
and requirements for satisfactory occupant-fagade interaction, pointing out that
achieving effective closed-loop operations by satisfactorily engaging the occupant, is
challenging since several factors play a role. Tabadkani et al. [135] reviewed the
state-of-the-art regarding occupant-centric control strategies, showing that current
interaction strategies are not effective to both improve occupant satisfaction and
energy efficiency. Ultimately, there is the need for comprehensively reviewing
existing studies on occupant-automated fagade interaction and highlight what is the
current evidence on the factors that influence individual occupant response to
automated fagade controls. This will facilitate the design and operation of automated
fagade in an occupant-centered manner. To achieve this, the aim of this work is to
review previous experimental work that evaluates human volunteers’ response to
automated fagades, either in lab experiments or field studies, and evaluate current
evidence to indicate future research directions.

Section 2 explains the review methodology, including selection criteria and the
classification scheme that structures this article. Section 3 describes the results of
the review, including the discussion of the evidence collected. Finally, section 4
draws the conclusions, highlights potential future challenges and investigations
based on the review conducted.

Methods

In order to review previous work on the factors that influence occupant preferences
regarding automated fagade operation, a systematic review was conducted. This
section provides a detailed explanation of the inclusion and exclusion criteria and
keywords. Advanced queries in all databases based on terms definition were
conducted. Therefore, a searching protocol through defined keywords has been used,
as shown in Table3.1. As a result, all the papers must meet the following
requirements: only papers on automated dynamic fagade control strategies and that
monitor actual occupant response through experiments and monitoring with human
volunteers were considered. Occupant response was considered by including the
following keywords: occupant interaction, comfort, satisfaction and acceptance.

The following studies were excluded from this literature review:

Studies that only considered manually controlled systems that do not incorporate
any automated feature;
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- Studies that only considered fagades that passively respond to changes in

environmental conditions but do not have active control strategies;

Studies without human volunteers.

TABLE 3.1 Search keywords and number of records retrieved per database.

Database Date of

search

(1) Fagade
operation

(2) Fagade
technology

(3) Study type
(experimental
testing)

No. of
articles

WoS 24-02-2022 (adaptive OR (fagade OR (laboratory 2,328
responsive envelope OR OR on-site
OR dynamic skin OR shading OR field OR
OR kinetic OR OR glazing OR experimental OR
intelligent OR glazed OR window post-occupancy
advance OR smart OR venetian OR OR testbed OR
OR interactive roller OR blind) test room OR
OR active OR campaign OR
automated monitoring)
OR switchable
OR climate OR
control)

Scopus 22-02-2022 (adaptive OR (fagade OR (laboratory 2,795
responsive envelope OR OR on-site
OR dynamic skin OR shading OR field OR
OR kinetic OR OR glazing OR experimental OR
intelligent OR glazed OR window post-occupancy
advance OR smart OR venetian OR OR testbed OR
OR interactive roller OR blind) test room OR
OR active OR campaign OR
automated monitoring)
OR switchable
OR climate OR
control)

Keywords were divided into four groups (Table 3.1): (1) fagcade operation, (2) fagade
technology, (3) experiment placement and (4) facade control. Consequently,
references were searched (WoS (2.328), Scopus (2.795)). Only 127 studies were
selected by title and abstract, reduced to 106 after removing duplicates. Full-text
revisions assessed the eligibility of articles, applying the inclusion and exclusion
criteria described before. Finally, we ended up with 26 studies that met the
requirements for being examined for this literature review, published between 1998
and 2022.

Studies were not restricted in terms of geographical location since the scope of the
review is also to contextualize the research results and evaluate whether any
geographical location is missing in the research landscape to inform future research
directions accordingly.
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FIG. 3.1 The classification scheme used in this review to group the factors influencing occupant response
that were identified through the literature review (after (Luna-Navarro et al., 2020)).

3.2.1  Factors that influence occupant response

The classification scheme from Luna-Navarro et al. [46] was used to group the
factors that affect the occupants as follows (shown in Figure 3.1): 1. personal
factors, 2. environmental conditions, 3. Type and mode of operation, 4. type of
fagade technology, and 5. contextual factors (e.g., type of building).

3.3 Results and discussion

3.3.1  Type of occupant response to AF studied by previous work

Before going to the evidence on factors affecting occupant response, the review
results are analyzed to identify what type of occupant response has been considered
by previous work.
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Occupant response was evaluated in terms of behavior (13 studies), environmental
comfort (20 studies), environmental satisfaction (18 studies), environmental
sensation (6), acceptance of the control system or of the indoor environmental
conditions (5 studies), and overall satisfaction with the automated control (4
studies). Table 3.2 shows the type of occupant response considered by each study.
These different types of occupant response were studied by previous authors
through questionnaires, surveys, and interviews. In addition, occupant behavior was
monitored by tracking occupant override actions

[11,44,77,100, 106, 109, 111, 136], or occupant actions for deactivate the
control logic [23], and set-points [34, 36, 47, 88].

Some studies used the term “comfort” and “satisfaction” interchangeably [106, 137
109, 138], while other studies used these terms to describe different state of mind.
For instance, comfort was intended as the threshold or set-point that defines
comfortable environmental conditions, which often was contrasted by surveys of the
occupant perception to the environmental quality [11, 33, 34,47, 88, 106, 111, 137
23, 36, 86, 109, 139]. Satisfaction was used to indicate occupant contentment with
the visual environment [10, 23, 33, 34, 36, 44, 47, 89, 90, 106, 108-110, 137],
thermal environment [10, 23, 34, 44, 90, 109, 140, 141], acoustic environment
[34, 44, 89], air quality [44], or overall satisfaction with the automated fagade

[10, 23,34, 44, 77,90, 100, 106, 110, 137, 142]. Three studies incorporated
acceptance as a descriptor of the level of agreement with the control system
implemented. Acceptance was studied regarding the different modes of operation
applied to venetian blinds [36] by registering occupant override actions that was
intended as a lack of acceptance of the control logic operating the fagade [77, 100].
Only one study considered occupant acceptance with the indoor environment
(acceptance to the overall indoor environment [89]).

TABLE 3.2 Summary of type of occupant response reported by studies. Codes: CS = overall response to the
control strategy and fagcade technology; IEQ = occupant response to indoor environmental quality; N = not
reported.

Occupant response to the indoor environment

. c o
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SR 8 g 2 =
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[36] cs IEQ CS cs N N
IEQ
[88] cs IEQ N N N N
[47] cs 1EQ CS N N N
IEQ
[34] cs N CS N N N
IEQ
[33] N 1EQ N N N N
[111] cs 1EQ cs N N N
[139] N IEQ N N N 1EQ

Continued on next page...
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3.3.2

TABLE 3.2 Summary of type of occupant response reported by studies (continued).
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[137] N IEQ cs N N N
[11] cs IEQ cs N cs N
IEQ
[23] cS 1EQ CS N N N
IEQ
[110] N IEQ CS N N N
IEQ
[106] cs IEQ IEQ cs N N
[142] N IEQ cs N N N
[109] cs IEQ 1EQ N cs N
[100] cs IEQ cs N IEQ N
[77] cs IEQ cs cs N N
[86] N IEQ N N N 1EQ
[140] N N IEQ N IEQ N
[10] N IEQ CS N N N
IEQ
[89] N IEQ cs 1EQ N 1EQ
[136] cs IEQ N N N N
[141] N IEQ cs N N 1IEQ
[143] N IEQ N N N IEQ
[90] N IEQ IEQ N N 1IEQ
[112] N IEQ cs N N N
[44] cs IEQ CS N N N
IEQ

Few studies also assessed perceived health [144] and productivity [109, 144]. The
least studied aspect of occupant response was sensation. Regarding the visual
environment, Glare Sensation Vote (GSV) and Illuminance Rating (IR) were used to
capture visual sensation. Thermal Sensation Vote was the subjective rating scale to
capture occupant thermal sensation (TSV), which was assessed by using a 5-point
Likert scale (from cold to hot) [89, 90].

Contextual factors affecting occupant response to AF

All the studies provide information about the context where the experiments or the
field measurements took place. Table 3.3 describes the contextual factors
summarized from articles, classifying them into location, climate, orientation, testing
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facility and floor layout. Regarding location, the studies were conducted in five
European countries (14 studies), two North American countries (7 studies) and three
Asian countries (5 studies). Despite the variety of locations, the climates were limited

to temperate and continental conditions (Figure 3.2).
|

TABLE 3.3 Summary of contextual factors described by previous works to assess the influence of fagades on

Orientation Layout

occupant response.

Location

Oakland,
[36] California - US v v
Lausanne -
(88] Switzerland v v
Lausanne -
[47] Switzerland v v
Berkeley,
(34] California - US v v
[33] Seoul - South v v v v
Korea
Berkeley,
(1] California - US v v
[139] Hiratsuka - Japan v v
[137] Beijing - China v v
Eindhoven - The
(1] Netherlands v v
Eindhoven - The
(23] Netherlands v v
Aalborg -
(110 Denmark v v
[106] Beijing - China v
[142] Leicester - UK v v
West Lafayette,
(109] Indiana - US v v
Brussels -
[100] Belgium v
[77] Ottawa - Canada v
Lausanne -
(86] Switzerland v v
[108] Toronto - Canada v v
Charlotte /
[10] Richmond / v v
Virginia - US
Trondheim -
(89] Norway v v
Lausanne -
[136] Switzerland v v
Lausanne -
[141] Switzerland v v
Guangzhou -
[143] China v v

Continued on next page...
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TABLE 3.3 Summary of contextual factors described by previous works (continued).
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-

Trondheim -

(50] Norway v v
[112] Plymouth - UK v v
[44] Cambridge - UK v v

In terms of the relevance of the weather conditions, Clear et al. [34] pointed out that
two parameters were strongly correlated to occupant behavior, such as the variation
of the sky conditions and the outdoor vertical illuminance. Korsavi et al. [112] have
also reported that occupant behavior can be impacted by building-related features
such as orientation and floor level on automated window operation. Lolli et al. [89]
and Luna-Navarro et al. [44] showed that orientation and sky condition affect blind
occlusion. Moreover, depending on the hemisphere, some orientations can be more
challenging. For example, the west and east orientation in the northern hemisphere
is challenging due to the low-angle sun situations during the late winter and early
spring (Day et al., 2019), while south-orientation can be more challenging for
overheating. In most cases, the studies were conducted with south-oriented fagade
(14 studies).
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FIG. 3.2 Climate where the reviewed studies were performed (classification according to the Koppen Climate).
The climates are: humid sub-tropical climate (Cfa); temperate oceanic climate (Cfb), cold-summer
Mediterranean climate (Csc), warm-summer humid continental climate (Dfb), Monsoon-influenced
hot-summer humid continental climate (Dwa).

Concerning where the study took place, two main location were found: laboratory

and real office building (Figure 3.3). Laboratory refers to a room fully equipped with
sensors and other instruments and that can be adjusted to present the desired
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experimental conditions and collect relevant data from the indoor environment and
occupants. In addition, laboratories are occupied by occupants only for the purpose
of conducting an experiment. In contrast, real office building includes real-world
occupied buildings. Approximately half of the studies were conducted in both field
and lab environments.

B Laboratory [JReal Building

FIG. 3.3 Pie chart diagram with the number of studies performed on laboratories and real buildings.

Some studies showed that the number of occupants and room characteristics may
impact occupant response. Clear et al. [34] mentioned that visual dissatisfaction
reported by occupants was not only produced by the window’s sun exposure but also
by the interior walls and object reflection. Additionally, occupants indicated that the
room’s color was a source of dissatisfaction.

The weather conditions impact occupant response, and the magnitude of its impact
depends on other factors such as orientation, building characteristics, obstructions,
window size and indoor features [114]. Also, indoor room characteristics, such as
type of layout, wall color, amenities, office features have been proven to affect
comfort perception, satisfaction and occupant response [11, 34].

Regarding the number of occupants in the same room, Cheng et al. [106] and Bian
et al. [143] stated that the situation of multi-person in the general place and
performing different tasks should affect the occupant’s response to the automated
control, changing even along the day. However, only few studies occupant response
in shared office spaces.
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Personal factors affecting occupant response to AF

Personal factors might affect occupants’ behavior and perception, being different
from person to person and depending on specific occupants’ attributes [34]. Based
on the articles reviewed, personal factors that might affect occupant response are
shown in Figure 3.4 and grouped into: “General characteristics”, “Personal
attitudes”, and “Personal significance of the environmental quality”. General
characteristics refer to the group of features that describe each individual, such as
age, gender, profession or work performed, glasses usage, vision disability,
handedness, eye color, and ethnicity [110]. Attitudes refer to the predisposed state
of mind of occupants, including habituation to the laboratory or test room,
enjoyment of task, pleasantness of the indoor space, rest, and mood [34]. Finally,
personal significance of the environmental quality defines the level of importance
that an occupant attributes to a specific environmental domain, such as visual
aspects, thermal aspects, air quality, acoustic aspects, privacy, personal control, and
room quality, e.g. amenities or services in the room [109].
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FIG. 3.4 The number of studies that investigated personal factors in previous works as affecting occupant
response to automated facades are shown per type of personal factor studied: general characteristics,
attitude and personal relevance of indoor environmental condition.

The most reported personal characteristics were age and gender, while the level of
rest was rarely considered. Five studies included occupants’ attitudes [34, 44, 110
86, 109], being Luna-Navarro et al. [44] the study that took into account the most
attitude descriptors. A few studies considered the personal significance of
environmental characteristics, such as visual environment, thermal environment, air
quality privacy, personal control and room quality [34, 109, 110]. Clear et al. [34]
gave a detailed summary about all of them.
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Although most of the studies gathered personal information, the data was often not
used to differentiate the results and provide evidence about the importance of
occupants’ characteristics, attributes and personal relevance in response to
automated fagades. Overall, three out of twenty-six studies differentiated the data on
one or more personal factors to evaluate their impact on occupant response. Clear et
al. [34] reported that age, gender, and other characteristics affected occupants’
responses to the electrochromic window operation. This was found by finding
correlations between subjects’ characteristics and appraisals of the different test
modes. The main findings were a significant correlation (explained by the level of
fitness R2) between the importance of quiet and sensitivity to environmental noise
(R2 = 0.48), the importance of access to outdoor view and the importance of
windows (R2 = 0.25), the importance of good lighting and the importance of light
and window control (R2 = 0.22), and the importance of good temperature control
and the sensitivity to both heat and cold (R2 = 0.26). Karlsen et al. [110] analyzed
the percentage of males and females who selected one of the two control strategies
(simple and detailed) or the option ‘No preference’. Using a Fisher test, the analysis
showed no significant dependence between gender and preferred control strategy.
Painter et al. [142] examined the data for studying occupant interaction, considering
that one out of the four participants had a visual condition that affected her vision at
times and increased her sensitivity to light. However, no evidence was reported
about the effect of the visual conditions in the responses provided by the occupant.

Some authors pointed out that personal factors can determine whether the selected
control threshold would lead to a satisfactory indoor environment [111, 142]. For
instance, personal relevance to specific surroundings impacts occupant tolerance to
indoor environmental conditions. Karlsen et al. [110] suggested that the
participants might tolerate some glare disturbance depending on the relative
importance of the access to outside view. Even the occupants’ knowledge (regarding
habituation) about the system functionality may impact the ability to interact with
the automated fagade [11, 109, 111]. Additionally, specific occupants’
characteristics, such as wearing glasses [111] and visual conditions [142], could
explain why some occupants are more likely to prefer different lighting conditions.

Several studies did not report information on personal factors, both in laboratory
and field studies. This includes missing clear information about general
characteristics (e.g. wearing glasses, vision disability, handedness, eye color),
attitude (e.g. habituation, enjoyment, pleasantness, rest, mood), and personal
relevance (regarding the visual, thermal, air quality, personal control, room, and
acoustic environment).
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Impact of occupant response to indoor environmental
conditions on occupant overall satisfaction with AF

Occupant response to indoor environmental condition was taken into account by 26
studies when evaluating the performance of AF. The indoor environmental conditions
were evaluated by capturing a wide range of comfort domains, particularly in the
visual and thermal domains (see Table 3.4).

The visual environment was evaluated by measuring daylight levels (24 studies),
glare probability (12 studies), and access to outside view (4 studies). Daylight was
very often measured on the work plane in terms of horizontal illuminance (18
studies) and vertical illuminance (10 studies). Glare probability was calculated by
measuring vertical illuminance at the eye level (6 studies) and luminance distribution
from the occupant’s point of view by HDR imaging (6 studies). Access to outside view
was monitored by estimating the visible unobstructed window area (1 study). The
thermal environment was captured by measuring indoor air temperature (9 studies),
window surface temperature (2 studies) and vertical irradiance at the window plane
(3 studies). The acoustic environment (1 study) and indoor air quality (1 study) were
not extensively described since the articles reviewed are talking about dynamic
shading devices.

TABLE 3.4 Summary of environmental domains measured by sensors and occupant responses captured by
questionnaires investigated in previous works.

Environmental domains measured Occupant response to the indoor
by sensors environment

Visual environment

Behavior and
Interaction
Satisfaction
Acceptance
Perception

Sensation

> >
E - c c
H = 9 i
s 2 5 2
S > £ 7]
i 5 3
S = < o
o (= <

[36] v v v v v v v
[88] v v v v v/

[47] v v v

[34] v v v

[33] v v v/

[111] v v v v v

[139] v 4 v
[137] v v v

[11] v/ v v v v v

[23] v/ v v

[110] v v/ v v v/
[106] v v v v v

[142] v v v v

[109] v v v v v v v v

Continued on next page...
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TABLE 3.4 Summary of environmental domains measured by sensors and occupant responses captured by
questionnaires (continued).
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[100] v v v v v v v

[77] v v/ v/ v v

[86] v v v v

[108] v v v/

[10] v v v v v

[89] v v v v v

[136] v v v v v

[141] v v v v

[143] v v v v

[90] v v v v

[112] v v v

[44] v v v v v v v v

Total 4 24 12 11 3 1 13 20 18 4 4 6

Although several studies captured occupant response to indoor environment, only
few reported that occupant response to indoor environmental conditions affected
occupants response to AF (Figure 3.5), either in terms of the visual environment,
thermal environment, privacy and acoustic comfort. Several studies showed that
occupant response to automated control strategies was significantly driven by
occupant dissatisfaction with indoor illuminance control (21 studies). Regarding
visual occupant requirements, office occupants tended to prefer higher indoor
illuminance levels when the AF was activated [11, 34, 36,47, 111, 137]. Sadeghi et
al. [109] and Goovaerts et al. [100] reported that override actions to open the
facade were carried out when increasing daylight was needed, while Motamed et al.
[86] described that the preference for the automated mode was driven by the
discomfort produced on excessive daylight indoor conditions. Additionally, it was
told that occupants’ illuminance requirements differ with tasks and areas [106],
changing even along the day [143]. Vine et al. [36] indicated that occupants were
satisfied not only with the ability to control the blinds to adjust the amount of
daylight but also to adjust the direction and distribution of the daylight in the indoor
space.

Glare discomfort is the most frequent factor affecting occupants’ response to the
automated control (16 studies). When automated control did not effectively protect
against glare, occupants overrode [77, 89, 100, 109] or adjust the control
parameter as allowed [143]. Glare compets with daylight provision. When the
automated control was operated based on glare, occupants intervened to improve
daylight quality [23, 77]. When the automated control did avoid discomfort from
direct sun and or glare, occupants preferred more daylight [23, 86, 89].
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FIG. 3.5 The number of studies that showed that environmental factors affect occupant response with the AF
operation.

Other studies also suggested that the outside view impacts environmental occupants’
preferences (9 studies), influencing even the choice of the preferred control strategy
[44,110]. Clear et al. [34] and Meerbeek et al. [23] pointed out that the outside
view was an important comfort factor for the occupants, who were operating the
fagade not only to improve the connection with the outside but also to decrease the
level of visual stimulus from the exterior. Gunay et al. (2017) described that
occupants intervented the automated control mainly to improve the outside view
when the system worked to avoid glare.

A few studies also mentioned that occupant response was impacted by privacy (3
studies). Sadeghi et al. [109] mentioned privacy as the most important factor
affecting lowering blind actions together with discomfort glare. However, privacy
depends on contextual characteristics such as the surrounding environment and
position in the building. For instance, Meerbeek et al. [23] explain that subjects
surveyed were not worried about privacy because the office was located on the third
story, far away from the street level. Dissatisfaction with the thermal environment
was mainly related to the ability of the fagade to control the incoming solar radiation
[89, 109] or to provide air flow, as suggested by Korsavi et al. [112] and Lolli et al.
[90]. A few studies surveyed occupants to calculate the predicted mean vote (PMV)
[33].

A few studies also reported acoustic environmental conditions and acoustic
satisfaction (4 studies). Luna-Navarro et al. [44] pointed out acoustic discomfort
was the main driver of occupant dissatisfaction with the facade system.

Studies have also reported that metrics used to capture occupant requirements
presented problems when implemented into the automated fagade control system.
Goovaerts et al. [100] informed that DGP underestimated the impact of direct
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sunlight, which generated the set-point lowered by occupants when direct sunlight
was present. A similar problem was reported by Taniguchi et al. [139] when the
algorithm to evaluate indoor luminance overestimated glare sources in the afternoon.
Other authors have said people’s glare sensation increases gradually from morning
until midday but becomes stable or more sensitive to glare in the afternoon [143].

The majority of the studies investigated the impact of control strategies on occupant
visual domain. On the thermal domain, articles did not report conclusions on how
automated fagade affects the thermal environment. How distance from the fagade
affects occupant interaction with the fagade is still undetermined. Only Day et al.
[10] mentioned that the window’s proximity improves occupants’ satisfaction.
Moreover, the impact of indoor environmental conditions on occupant response to
automated fagade has not been researched sufficiently, making it difficult to
extrapolate results throughout different fagcades technologies, control logics, and
under different weather conditions to improve current control strategies.

What are the main drivers of occupant satisfaction with automated fagades is still
undetermined, in particular whether there is or not an inherent order of importance
among different environmental domains. For example, it has been reported that
occupants significantly value daylight access (Lee et al., 2012) and outside view
[108, 141] and that they are often the main reason for overriding an automated
fagcade control system [23]. The personal level of control also influences occupant
environmental requirements. Thus, occupant preferences may be different depending
on the interaction level provided by the fagade controller [46]. However, there is no
clear evidence on whether exists or not a hierarchy of comfort domains.

The effect of control and interaction logic on occupant
response to AF

The control and interaction strategy influences occupant response to the automated
fagade [11]. As a way to improve occupant satisfaction with the automated facade,
studies have tested different control strategies. Table 3.5 summarizes the main
characteristics of the control logics studied up to now. Additionally, the table gives
information on the sensor position (interior/exterior).
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TABLE 3.5 Summary of control logic aspects investigated by previous works to assess the influence of
automated fagades on occupant response.

Source
of
information

Control Control Sensor
logic domain place

Control
loop
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[44] 2% v/ v v v

Sadeghi et al. [109] reported a dependency between fagade configuration (shade
position or window transmittance) and occupant satisfaction with the indoor
environment. Clear et al. [34] and Day et al. [10] pointed out a similar situation for
the switchable glazing operation. When electrochromic glazing became opaque,
occupants felt more dissatisfied with that configuration, leading to override actions
to improve daylight and outside view.

Regarding control loops, studies have described two types: open-loop (12 studies)
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and closed-loop (14 studies). The control logics used three different sources of
information: sensor-based (25 studies), model-based (7 studies), and others (e.g.
time, sun profile, weather file, and schedule). The low number of model-based
control cases is explained by the fact that this method is computationally intense,
lacking of algorithms to develop occupant models inside building controllers [77].
The control algorithm implemented in the facade control system was classified into
three categories: rule-based (20 studies), adaptive (5 studies), and predictive (3
studies). Most studies implemented rule-based algorithms to control automated
facade systems. The adaptive algorithms found were Q-Learning [106] and recursive
learning [77]. Only three studies implemented a predictive algorithm to analyze and
integrate outdoor weather and indoor lighting conditions into a model-based system
[47, 88] to anticipate occupant interaction with the automated fagade system [77].
Automated fagade control can improve indoor environmental quality

[33, 34, 89, 136], although the effect on occupant satisfaction varies from case to
case. For instance, Lolli et al. [90] reported that automated control improved the
desired indoor environmental quality. Similarly did Luna-Navarro et al. [44], which
showed that, when the control strategy is properly designed, automated control can
provide larger satisfaction than manually controlled environment. However, if the
automated control is disruptive to occupants, manual control outperforms
automated ones. On the contrary, Motamed et al. [86] showed that the subjects’
visual performance was not improved by automated control strategies. Therefore the
type of control strategy is important factor for occupant satisfaction. The impact of
facade control operation affects differently the indoor space zones. Day et al. [10]
reported that occupants placed in the interior far away from the window did not
receive enough daylight when the switchable glazing got dark, and occupants were
ultimately displeased with their workspaces.

In regards to what are the aspects of the control strategy that affect occupant the
most, current evidence is fragmented. In terms of control thresholds, Goovaerts et al.
[100] showed that different controls could achieve equal indoor illuminance levels
on the desk in the same context but still affect differently satisfaction among
occupants. Therefore, personalizing the control threshold may not be sufficient to
meet individual occupant requirements. In this context, it seems well-established
that occupants have individual comfort preference [137] and behavioral responses
under different control algorithms [112]. However, to what extent personalization of
control strategies is required is less clear. The automated control’s capability to
predict occupant preferences is deemed important to improve occupant satisfaction
with automated controls [23]. A predictive lighting and blinds control algorithm can
significantly reduce electric lighting consumption in perimeter office spaces whilst
maintaining occupant comfort [77]. The predictive control strategy should
incorporate as many profiles as occupants are in the indoor space [112]. Painter et
al. [142] mentioned that a solution might be to develop tools that allow the system
to evaluate comfortable and uncomfortable conditions based on physical
measurements and occupant control actions. However, capturing more than one
occupant profile and integrating all that information is one of the challenges that
adaptive and predictive control strategies currently face.

Few studies advocated for controlling and designing facade taking into account the
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multi-domain influence of fagcades on occupants [44], however there is still
discussion on whether one environmental domain should be prioritized by the
control (visual over thermal) or visual aspect (glare over daylight) . This is
particularly challenging since adjusting one comfort domain can affect the others.
For example, Goovaerts et al. [100] showed that occupants overrode the automated
control to increase daylight when it was configured to avoid discomfort glare.
Karlsen et al. [110] mentioned that occupants felt more comfortable with the
automated control when it considered indoor environmental parameters affecting
their satisfaction perception (in this case, thermal aspects). Gunay et al. [77]
pointed out that occupants intervened to improve the view quality when the system
operated based on glare mitigation or building energy efficiency.

Regarding the mode of operation, several studies indicated that the automated
fagade might influence occupant response because it affected not only the physical
parameter defining indoor environmental quality but also impacted the fulfilment of
the occupant requirements for personal control [23]. For instance, Bakker et al. [11]
reported that less frequent, discrete transitions in facade operation are better
appreciated than smooth transitions at a higher frequency. However, this topic is
largely unexplored. Personal control is key to restore comfort when the system is not
efficient in controlling environmental parameters [10]. Guillemin Morel [47]
reported that occupants interacted with automated control as often as the manual
control system, reinforcing that comfortable indoor conditions are insufficient for
occupants. Occupant environmental requirements and preferences are influenced by
the level of control over the system, being able to accept automated control only if
they can control when they need to. Limited indoor environment control has
detrimental effect on occupant comfort [90]. Furthermore, interaction strategy
could work in the opposite direction, being a source of distraction if occupants are
involved in the system’s operation too frequently [11].

The effect of fagade technology on occupant response to AF

The type of fagade technology affects occupant response to automated control
strategies because each fagade technology offers a different range of dynamic
performances, such as controlling visual transmittance, blocking incoming solar
radiation, and redistributing daylight in indoor space. Additionally, different fagade
technologies have different performances in terms of their ability to balance
conflicting requirements, such as glare versus daylight access, solar transmittance
versus surface temperature, and privacy versus outdoor view. Table 3.6 summarizes
the facade systems and the position of the shading system. Regarding fagade
technologies, the main shading system tested in previous work are venetian blinds
(16 studies), followed by roller shades (8 studies). Switchable glazing has also been
evaluated in studies (5 studies), while window opening was the least implemented (2
studies). The automated control controlled a range of fagcade characteristics, which
depended on the technology implemented. In the case of venetian blinds, the system
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controlled the slats deployment (hold/release) and slat tilt, for roller shades were up
and down positions, switchable glazing allowed to modify glass visual transmittance,
while for window opening was the window aperture percentage.

TABLE 3.6 Summary of fagade technologies included by previous works to assess the influence of fagades on
occupant response.

Fagade System Sahding device placement
2@ 3 g g 2
s 2 ] a s 4 8
£ 3 5 5 o 5
F 5 g 3 £ = i
@ [ 9 = s
=
[36] v v
[88] v
[47] v
[34] v v v
[33] v v
[111] v
[139] v v
[137] v v
[11] v v
[23] v v
[110] v/ v
[106] v v
[142] v
[109] v v
[100] v v
[77] v v
[86] v v
[108] v
[10] v v v v
[89] v v
[136] v v
[141] v v
[143] v v
[90] v v v
[112] v
[44] v v v v

The type of fagade also defines how disruptive a control strategy will be. For
instance, Luna-Navarro et al. [44] reported that placing the blinds within the cavity
resulted in more effective control of the solar heat gains and less disruptive to
occupants, especially for their associated noise. Bakker et al. [11] reported that
occupants close to the operation of roller shades were the most disrupted by them.
Vine et al. [36] mentioned that the transition from one position to another, the
activation frequency, and the sound generated was considered distraction source.
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Moreover, Wu et al. [141] pointed also out that the speed of switching also had an
impact on occupant satisfaction, who preferred slower and smooth transitions.

Conclusions

This work reviewed twenty-six previous laboratory experiments and field studies that
monitor occupant response with automated facades. These studies were reviewed to
gather and analyze current evidence on the influence of the following factors on
occupant response to AF: (1) contextual factors, (2) personal factors, (3)
environmental conditions, (4) control logic, and (5) fagade technology.

Throughout the evidence gathered, this literature review shows how occupant
response to the AF is captured in terms of occupant behavior or interaction with the
automated control, satisfaction with the interaction strategy, level of acceptance of
the automated control logic, perception of the indoor environmental conditions and
sensation regarding specific environmental domains affected by the AF operation.
The focus of existing studies was limited to a few climatic conditions and similar
types of buildings. In most studies, the experiments took place in single office
layouts, and data on occupant response to AFs in open-plan office spaces is scarce.

Regarding the aspects affecting occupant response to AF operation, studies
indicated personal factors impact occupants’ behavior and perception of the indoor
environment, being different from person to person and depending on specific
occupants’ attributes. Most of the studies reported personal characteristics, but
attitudes and personal significance of indoor environmental quality were missed by
most of the articles reviewed.

Concerning the control strategy, occupant interaction with the automated control is
an essential determinant of occupant requirements for the AF operation. Occupant
requirements and preferences are influenced by the level of control over the system,
accepting automated control only if they can control when they need to. Additionally,
occupant interaction with the AF is driven primarily to fulfill personal environmental
requirements, such as increasing daylight, privacy, view access and avoiding glare
discomfort. Although AF can provide "comfortable" indoor environmental conditions,
it does not ensure the achievement of individual environmental requirements and
preferences properly.

In terms of the impact of fagade technology, the type of technology affects how
disruptive a fagade is and depending on the technology, the overall satisfaction could
higher or lower. In particular, differences in fagade effects are noticeable when
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technologies compromise one environmental domain over the other. Overall, several
barriers still exist to automated fagades that can enhance occupant response, and
further research effort is required to answer the following gaps:

relationship between personal factors and occupant response to AF, in particular
there is the need to establish common methods for gathering evidence on this
domain, since the majority of the studies do not consider personal factors;

poor understanding of occupant multi-domain comfort preferences regarding facade
operation. Unlocking a holistic and more comprehensive knowledge of occupant
response to automated facades should be used to achieve more occupant-centered
automated fagade solutions;

the lack of research to define to what extent learning and personalized control are
possible and, in case, how to deal with multiple occupants in the same room
operating a unique automated fagade.

In addition, extending testing scenario to different climates or contextual conditions
would be very beneficial, since studies were mainly concentrated in few climates and
conditions. This also undermines generalization, since larger replication within the
same conditions would be beneficial to extend the results. Ultimately, there is the
need for new studies that can demonstrate the benefits of automated fagade control
strategies and if personalized controls are necessary to achieve higher occupant
satisfaction whilst reducing the energy demand.
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4 Impact of System
Logic on Occupant
Response

Interaction with smart glazing:
Effect of switching speed under
overcast sky conditions

Original publication title is " interaction with smart glazing: Effect of switching speed
under overcast sky condition". This chapter is based on work published in 2025 in
Building and Environment.

This chapter investigates how specific operational parameters—namely the speed
and direction of switching in dynamic glazing—influence occupant perception,
satisfaction, and behavior. Building on the framework established in Chapter 3, it
addresses the scarcity of empirical evidence regarding the dynamics of automated
actions, moving beyond static comparisons of manual versus automated modes. To
address this gap, an experimental study was conducted in a semi-controlled
laboratory equipped with switchable glazing, systematically varying transition speed
(fast vs. slow) and direction (clear-to-dark vs. dark-to-clear). Participant responses
were measured using a combination of subjective questionnaires on satisfaction and
perceived control, alongside objective facial action analysis and gaze-tracking to
detect attentional shifts during standardized tasks. The study quantifies the impact
of these transition dynamics on perceived environmental quality and task
disturbance, identifying behavioral markers of discomfort. Findings reveal
operational thresholds that minimize distraction and reduce override behavior,
providing critical insights that inform the subsequent control-interface experiments
in Chapter 5.
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4.1

Introduction

Several technologies have been deemed promising in the decarbonization of current
building stock [4]. Among these technologies, appliances, devices, and components
that enable the digital and automated control of buildings are expected to play a key
role. These technologies, often named smart devices or smart building technologies,
such as smart windows or predictive thermostats, can significantly improve energy
efficiency and lead to worldwide associated emissions reductions of 350 Mt CO2 by
2050 [4]. Smart technologies can also drive and foster occupant behavioral changes
[145], which in turn can leverage a reduction of almost 250 Mt CO2 in 2030 [4].
This can be achieved for instance, by dynamically adjusting cooling, heating or
lighting setpoints.

Occupant acceptance of smart building technologies is a barrier to widespread
adoption of these systems [46, 146-148]. This challenge has been recently
recognized by the European Union Directive with the establishment of the “Smart
Readiness Indicator” [16], which among several factors related to smartness, also
rates the level of perceived convenience for occupants. The dynamic and automated
control of building technologies, such as glazing or shading in the building envelope,
or heating and lighting appliances in the indoor environment, has often been found
to be disruptive to occupants [44, 146, 149-151]. Factors that drive this disruption
are trust and privacy [146, 150], the mismatch between occupant requirements and
automated control actions [46, 152, 153], lack of information and understanding of
building control rationales [149] or poor interaction and interface design [154]; for
instance, disruptive frequency and mode of actuation of the smart components

[11, 46], or insufficient perception of personal control of the environment [150].
With the recent proliferation of artificial intelligence and cost-effective and pervasive
sensing technologies, buildings will become increasingly smart, but it is essential
that the technological progress is matched by advances in human-building
interaction [147].

The occupant-centered design and operation of smart or adaptive fagade
technologies is especially challenging because these components tend to be very
disruptive [155]. Changes in facade behavior (shading position or blind angle,
glazing state or vent position) can be very noticeable. In addition, occupants tend to
place significant importance on the personal control of the fagade systems (e.g.,
windows, shadings, etc.) [10, 11, 46]. Smart shading devices are often disruptive
because of the noise they generate in operation, while overall the speed, frequency
and direction of movement can also have a detrimental impact on occupant
acceptance or satisfaction [11, 44]. For instance, Bakker et al. [11] showed that
less frequent but discrete transitions in fagade configurations produced higher
occupant acceptance and satisfaction than smooth transitions at a higher frequency
transitions. Unlike smart shading systems, smart glazing technologies transition
from one glazing state of visual and solar transmittance to another in a silent manner.
However, the speed of change (often called transition time) can be disruptive.
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Switchable glazing technologies such as electrochromic glazing can have slow
transition time lasting several minutes, which can also result in low occupant
acceptance [111, 142]. Other smart glazing, such as those based on liquid crystal
technology, change state in a few seconds, and can lead to low acceptance because
of the very short transition time.

Another factor in occupant acceptance of dynamic, switchable or smart facade
technologies is the mismatch between the preferred facade state, in terms of
transparency, and the one imposed by the automated controls for energy efficiency.
In this sense, the transition direction (i.e., from high to low transparency or vice
versa) plays a key role in meeting occupant expectations. For instance, several case
studies reported that in the absence of significant glare, occupant overrides of
automated control systems are very likely when automated control lowers the blinds
or switches the glazing to its darkest state [111]. Bakker et al. [11] showed that the
risk of disturbance and discomfort resulting solely from the frequency of change in
fagcade state is low, however, several experimental campaigns showed contrasting
results on this topic [44, 156].

It is therefore currently unclear whether the speed and direction of transition in fast
switchable glazing affects occupant acceptance and satisfaction, and to what extent
these factors should be taken into account when designing satisfactory interactions
with smart fagade technologies. This knowledge gap is also compounded by the fact
that occupants may exhibit different individual preferences when interacting with
smart systems [46, 157] and the lack of a comprehensive approach for capturing
human responses to dynamic or smart fagades [158].

Previous work by the authors of the present paper focused on the combination of
environmental, perceptual and behavioral data to capture occupant response to
fagades [44]. In addition to traditional behavioral measures, such as occupant
control over the dynamic glazing, other studies have shown that the use of facial
action units (FAUs) and gaze angles can provide a more comprehensive
understanding of occupant interactions with smart fagades [159]. In addition to
traditional behavioral measurements, facial action units or expressions describe the
movement of facial muscles, and they are considered a proxy for human emotions
[160]. For instance, Allen and Overend [161] evaluated the use of facial action units
for gauging occupant well-being, and Kim and Ham [162] used facial expressions to
study individual thermal preferences. These emotional cues could then offer insights
into how occupants perceive environmental changes [163, 164] and can inform
adaptive system adjustments for enhanced comfort [165]. However, it is unclear at
this stage whether the use of facial expressions can positively complement other
sources of data in the assessment of human-fagade interaction. Similarly, the
monitoring of gaze angle to assess occupant view direction in human-facade
interaction has already been performed by previous studies investigating glare [166]
or aesthetic pleasantness [167] or expert intention in fagade inspections [168].
However, it is unclear if this method could also be effective in describing occupant
interaction with automated glazing systems, in particular occupant distraction or
attention with movement of automated facades.
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This paper aims to investigate the impact of speed and direction of transitions on
occupant satisfaction and acceptance. An experimental campaign was conducted on
fast and smart switchable glazing technologies by recording perceptual data,
behavioral data and facial action units. The influence of transition speed and
direction on occupant response was collected through questionnaires and by
monitoring facial expressions and behavior of occupants. In this study, we also
tested the use of FAUs and gaze direction to evaluate respectively: (i) whether FAUs
can describe changes on occupant facial expression due to changes in the emotional
state [162] e.g., fear or surprise feeling because an unexpected change in the
luminous environment; (ii) whether the change of transparency in the glazing can
attract the visual attention of occupants, and whether this depends on the speed of
transition. From the data collected, interaction preferences were also explored in
terms of individual differences and the potential of occupant clustering.

Methodology

The experiment was conducted in a mobile laboratory located in Delft, The
Netherlands. The laboratory, measuring 4.1 x 2.1 x 2.2 m, featured one glazed
fagade oriented towards southeast fitted with a liquid crystal dynamic (LCD) glazing.
This glazing can transition between dark and transparent states, with a visual
transmittance ranging from 0.11 to 0.53, respectively. The transitions were actuated
by an automated system, which allowed manual override by means of a switch and a
slider located on the desk of the occupant. The slider provided occupants with a
graduated real-time control of the glazing transparency. The LCD glazing measured
1000 x 1500 mm, the window-to-wall ratio (viewed internally) was 0.40. The
laboratory was also fitted with a 2000-watt electric convection heater, which was
also manually adjustable by the volunteers through a manual dial on the radiator.
Artificial lighting was provided by means of LED ceiling luminaire with LEDNED bulbs
of 350 mA. Each volunteer was seated at a desk positioned orthogonally to the LCD
glazing. The desk and chair arrangement relative to the facade was fixed as shown in
Figure 4.1, thereby offering an unobstructed view of the outdoor environment. On
the desk, a computer screen of average luminance of 300 cd/m2 was provided to
perform a reading task.
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FIG. 4.1 View of the interior of the mobile laboratory: a) the position of the desk with respect to the facade
and the location of the environmental sensors and the webcam for facial action unit recognition; b) the
position of the sensors and the override interface in the desk; c) a floor plan view of the mobile laboratory; d)
the view from the laboratory.
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Experimental design and procedure

The experiments were conducted from December 2022 to February 2023 as
repeated measures (within subjects). The sky condition was always overcast, with no
direct sunlight. This was chosen to avoid glare conditions and eliminate the possible
influence of visual discomfort on the preferred switching speed. A total of 30
participants were recruited for these experiments. The volunteers were recruited by
email invitation. To ensure sufficient statistical power and detect meaningful effects,
we conducted a power analysis prior to the study using G*Power. The power analysis
was based on the assumption of a medium effect size (f = 0.25), which is typical for
many behavioral studies and consistent with the anticipated effect based on prior
research in similar settings. The power analysis indicated that 27 participants would
be sufficient to achieve the desired power of 0.80. Given the goal of achieving an
adequate balance between statistical power and practicality, we rounded up to 30
participants to ensure robustness in our results. The study was approved by the
Human Research Ethics Committee (HREC) at Delft University of Technology. Each
participant spent 90 min in the laboratory, during which they experienced four
distinct automated control scenarios, described in Table 4.1.

TABLE 4.1 Description of the scenarios investigated in the experiment in terms of speed and direction of
switching, transition time and override options.

Scenario | Speed of |Name of the scenario |Direction of transition Transition Override Behavior during
change duration (s) option | the transition
1 Fast Fast Clear from darker to lighter 1 Yes Linear
2 Fast Fast Dark from lighter to darker 1 Yes Linear
3 Slow Slow Dark from lighter to darker 10 Yes Linear
4 Slow Slow Clear from darker to lighter 10 Yes Linear
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FIG. 4.2 Description of the experimental procedure. Every experiment lasted 90 min. Before the experiment,
volunteers were asked to fill in a questionnaire. Volunteers were exposed to four control scenarios. At the end
of every control scenario, they answered a survey.

Figure 4.2 shows the overall experimental procedure. Prior to the experiment,
participants filled in a first questionnaire to provide background information and
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obtain an anonymized ID, as reported in Appendix A. On entering the laboratory, the
participants were first asked to sit in the office space for 20 min, while reading the
participant information sheet and answering a second questionnaire on general
background information. Participants were then informed that the experiments
involved automated control of heating, lighting and glazing, to avoid excessive focus
on the operation of the glazing. After the habituation time, the participants
experienced four sessions of 10 min corresponding to the four scenarios in Table 1,
separated by 5 min of break, where participants were asked to relax their sight and
stop the reading task. During each session, automated control actions of the glazing
were programmed to occur halfway through each scenario (i.e. 5 min after the start
of each scenario). After the automated control action was implemented at the start
of each scenario, participants were then allowed to manually override the system. In
order to not bias the perception of the participants, we did not inform the
participants that the automated action had been implemented, but only that the
control interface had been activated. To avoid biasing the participants’ perceptions,
we did not inform them when the automated action was implemented. Participants
were only notified when they could override the automated action after 5 min had
passed.

Additional questionnaires were then provided to capture information on participants’
perception of the laboratory space, the control system for the fagade, the indoor
environmental quality, and familiarity with smart windows technologies (blinds or
glazing). Questions were posed in terms of level of agreement. The level of
agreement was indicated in a 5-point Likert scale from “strongly disagree” to
“strongly agree”. The questions are reported in Appendix 1. Several measurements,
reported in Table 4.2, were taken to describe the impact of the dynamic switching on
the indoor environment and participant response.

TABLE 4.2 Summary of the measurements and data collected in the experiment.

Aim

To describe changes in the
luminous and thermal indoor
environment

Type of measurement
Indoor environment:
illuminance and air
temperature

Methodology
Continuous monitoring with illuminance sensors and air
temperature sensors as described in Table 3.

Occupant perception To capture changes in perception

across the scenarios

Questionnaires are provided at the end of each scenario to
capture occupant perception.

Occupant behavior To capture whether a different
speed of switching could affect the
number of overrides or delay

potential overrides

interactions with the glazing are tracked by logging actions on
the control interface, including timestamp and type of action.

Facial action units To evaluate whether the speed of
switching has a visible impact on
participant facial expression due to
potential changes in emotional

state

Participants’ facial action units are tracked using a webcam and
analyzed from video frames with OpenFace 2.0, as described in
Table 4.

Gaze angle To detect whether the participant
redirects gaze when changes in
transparency are implemented at
the glazing and whether this

depends on the speed of switching

Gaze angle is monitored using a webcam and analyzed from
video frames with OpenFace 2.0.
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TABLE 4.3 Description of the characteristics of the sensing devices included in the experiment.

Sensor Characteristic Datalogger Sampling
interval

Indoor air LSI Lastem Pt100 Range: —50-70°C LSI Lastem Alpha Degree Every

temperature Resolution: 0.01 °C Log Celsius minute
Accuracy: 0.15°C (@ 0 °C) (°c)

Desk horizontal LSI Lastem ESRO00 |Range: 0-5000 1x LSI Lastem Alpha  |Lux (I1x) Every

illuminance Resolution: 0.5 1x Log second
Accuracy: 3%

Window vertical LSI Lastem ESRO01 |Range: 0-25,000 1x LSI Lastem Alpha  |Lux (I1x) Every

illuminance Resolution: 3 1x Log second
Accuracy: 3%

Environmental sensors were placed in the laboratory to measure indoor air
temperature, desk horizontal illuminance, and vertical illuminance on the

glazing. Table 4.3 shows a summary of the sensors used. Figure 4.3 shows the
distribution of the horizontal illuminance (Figure 4.3a) and the vertical illuminance at
the inner side of the window (Figure 4.3b). The indoor air temperature in the
experiment was in the range of 22 °C + 2 °C.

FIG. 4.3 Boxplots illustrate the distribution of horizontal illuminance at the desk level and the vertical
illuminance during the experimental conditions. The plots provide a visual summary of the environmental
parameters in which the experiment was conducted. The whiskers show the maximum and minimum value
within 1.5 times the interquartile range, while the 95 % of the data is shown in the box. Crosses indicate the
means and the black horizontal line the median.

In addition, data on participant interaction with the switchable glazing was captured
by a logger connected to the switch and the slider of the control interface, which
recorded the instances and glazing state of participants override.

Data on participant perception was gathered through bespoke questionnaires. Lastly,
data on participants’ gaze angle and facial action units (FAUs) were also collected by
using OpenFace 2.0 software [169] and a webcam located in front of the participant
above the screen. The camera orientation was calibrated to measure coherently the
gaze angle. Table 4.4 shows the facial action units recorded by OpenFace 2.0. For
each of the FAUs, the presence (in binary values of 0 — absent and 1 - present) and
the intensity were measured. Throughout the experiment, facial expression data were
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recorded at a rate of one measurement per second. Specifically, at each second, the
presence and intensity of the designated FAUs were registered for each participant.
Only numerical data regarding the occurrence and intensity of FAUs were recorded;
no images or videos of participants’ faces were stored for privacy. This approach was
chosen to prioritize participant privacy while still obtaining essential information
about their emotional and cognitive states. In addition to the FAUs data, participants
gaze angles were measured concurrently using the gaze-angle-x and gaze-angle-y
variables. This allows tracking of participants’ visual focus in relation to the
on-screen task and correlation of their facial expressions with the automated control
of the glazing.

1

TABLE 4.4 List of facial action units monitored by the OpenFace 2.0 software during the experiment and
combination of FAUs used to detect expressions related to emotions. In addition, OpenFace was used to
monitor gaze angle.

AUO1 Inner brow raiser
AUO2 Outer brow raiser
AU04 Brow lowerer
AUO05 Upper lid raiser
AU06 Cheek raiser
AUO7 Lid tightener
AUO09 Nose wrinkler
AU10 Upper lip raiser
AU12 Lip corner puller
AU14 Dimpler
AU15 Lip corner depressor
AU17 Chin raiser
AU20 Lip stretcher
AU23 Lip tightener
AU25 Lips part
AU26 Jaw drop
AU45 Blink

Data Analysis

Participant responses in the questionnaires and facial action units were analyzed to
evaluate whether there were significant differences in participant response
depending on the speed and direction of switching. For this, statistical significance
was tested using linear mixed models (LMMs), implemented in R programming
language [170]. LMMs are particularly useful when dealing with repeated
measurements or hierarchical data, as they account for both fixed effects
(population-level trends) and random effects (individual variability), which is
common in human subjects experiments. Post-hoc comparisons were performed with
Tukey’s method to assess interaction effects. In the LMM, both the scenario and the
illuminance levels were considered as independent variables. However, no interaction
between the scenario and illuminance levels was found, leading to the removal of the
illuminance factor from the final model.
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Data on participant overrides across scenarios were analyzed using the
Kruskal-Wallis test, implemented through the scipy.stats library in Python. This
non-parametric test was selected due to the ordinal nature of the data. Following the
Kruskal-Wallis test, Dunn’s post-hoc test with Bonferroni correction was applied to
identify specific pairwise differences between scenarios. For this, the scikit-posthocs
library was used to perform Dunn’s test with Bonferroni adjustment, ensuring control
for multiple comparisons and minimizing the risk of ‘false positive’ errors. Data on
gaze angles were analyzed using the Mann-Whitney test [171], performed with the
SciPy package in Python [172]. The choice of this non-parametric test was based on
the distribution of the data. The main objective was to examine whether participants
directed their gaze towards the glazing during switching intervals and whether the
gaze angles differed from intervals when the glazing remained static.

To analyze participant personal background data, including familiarity with smart
glazing or blinds, perceived importance of control, and perceived frequency of
interaction, a two-step cluster analysis was conducted. This method was chosen due
to the mixed data types (both quantitative and categorical variables) and the
uncertainty about the optimal number of clusters based on the sample size. The
two-step clustering was implemented using the sklearn library in Python.
Additionally, pandas was used for data manipulation and organization, and matplotlib
was utilized for visualizing the clusters. After the clusters were formed, the Adjusted
Rand Index (ARI) was calculated using the sklearn.metrics package to assess the
similarity between the clusters, taking into account chance agreement. The ARI,
which ranges from 1 to 1, provides a measure of clustering quality, with values closer
to 1 indicating better clustering and higher consistency in the detected participant
profiles.

Lastly, Chi-squared tests were conducted using the scipy.stats library to examine
associations between the participant clusters and their reported perceptions during
the experiments. These tests provided insights into how participant self-reported
preferences and behaviors were linked to their assigned clusters, offering a deeper
understanding of participant interactions with dynamic fagades.
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4.3

Results

4.3.1

Occupant background in relation to switchable smart glazing

4.3.2

The background of the participants in terms of the level of familiarity, perceived level
of importance and self-reported frequency of interaction with window opening and
shading controls was assessed by means of questionnaires. Figure 4.4 shows that all
participants assigned a high importance to occupant control of opening of windows
and controlling window shadings, with the former ranking higher than the latter. It
also emerged that participants were more familiar with smart blinds than smart
windows, in both home and office settings. There was a large scatter of responses in
self-reported frequency of occupant interaction with window opening or shading
controls, implying that several of the participants had a tendency to be more active
while others were more passive in terms of occupant-fagade interaction.
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FIG. 4.4 Results from the background questionnaire completed by the participants at the start of the
experiments. In particular, the scores (1=strongly disagree; 5=strongly agree) represent the level of
agreement with statements related to their perceived level of familiarity with smart windows technologies
(opening or shadings) at home and the office, the importance of personal control of window openings or
shadings, and self-reported frequency of interaction with windows and shadings at home or at the office.

Occupant perception and behavior under different speed and
direction of switching

At the start of the experiment and at the end of each session, participants were
asked to fill in a short questionnaire on their perception of the environment (i.e.
visual satisfaction, satisfaction with automated controls, perceived annoyance with
the automated controls, self-reported perceived distraction from task) in the
preceding ten minutes. The results across different switching speeds and directions
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show that participants consistently reported a similar perception in all scenarios
(with mean agreement levels close to 3 — “neither disagree or agree”). No significant
differences across the responses of participants were found also in comparison with
the responses given at the start of the experiment. The only noticeable trend is that
the distribution of reported agreement is smaller when the window was transitioning
to its darkest state (scenarios “Fast dark” and “Slow Dark”), particularly for the
items related to the window control, thereby indicating a lower number of people
that were fully satisfied.

As shown in Figure 4.5, no significant difference was found in the perceived
annoyance of participants with the heating (Figure 4.5a), the artificial light control
(Figure 4.5b), or the with window control (Figure 4.5c). Since the control of the
heating and the lights were unchanged across the scenarios, it was reasonably
expected that to find very similar results across the scenarios.

In addition to assessing perception, data on overrides was collected across the four
sessions, showing differences in override frequency between scenarios. In the "Fast
Dark" and "Fast Clear" scenarios, 20 participants (67%) and 10 participants (33%)
overrode the system, respectively. For the "Slow Dark" and "Slow Clear" scenarios,
17 participants (57%) and 7 participants (23%) overrode the system. This is
consistent with the existing literature that reported higher overrides when the blinds
are lowered or the glazing is darkened (Meerbeek et al., 2016; Bakker et al., 2014).
The result also shows that there is a small difference in overrides (approximately
10%) induced by the speed of switching. This is explainable by the potential
disruption caused to the participants by fast transitions, which may not allow
sufficient time for visual adaptation. Qverall, the number of participants that
overrode changed depending on the direction of switching. Therefore, the transition
direction plays a larger role than the transition speed in inducing participant
overrides of the automated switching of switchable glazing.

Figure 4.6 illustrates the delay between the glazing transition actuation and
participant interaction with the system, highlighting variations in override behavior
among participants based on the scenario. As shown in Figure 4.6, faster transition
rates were also associated with faster responses in participant overrides.
Participants who executed an override reacted more quickly to the 1-second glazing
transitions than to the 10-second glazing transitions. In all scenarios, there was a
delay between the completion of the glazing transition and when participants
initiated the override. A potential explanation for this effect is that when the glazing
transitions slowly, participants’ reaction times are longer, as they may require more
time to notice the changes in glazing transmittance due to the slower transition
rates.

The Kruskal-Wallis test result suggests that there is a statistically significant
difference between the scenarios (H-statistic = 8.04, p-value = 0.045), indicating
that at least one scenario differs from the others in terms of the measured variable.
However, the Dunn’s post-hoc test results with Bonferroni correction show that none
of the pairwise comparisons between scenarios reach statistical significance. The
p-values for all comparisons are greater than the corrected threshold (0.05/6 =
0.00833), indicating that while the Kruskal-Wallis test identified an overall significant
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FIG. 4.5 Participant perception of annoyance with building controls and distraction with reading task.
Participants’ level of agreement with the following statements: (a) “I was not annoyed with the heating
control”; (b) “I was not annoyed with the lights control”; (c) “I was not annoyed with the window control”; (d)
“I did not feel distracted from the reading task”. Perceived satisfaction with the control of the window and the
visual environment: (e) level of agreement with the sentence “I am satisfied with the window control”; (f) level
of agreement with the sentence: “I am satisfied with the visual environment”. The black dot indicates the
mean value while the green line indicates the median of the data distribution.
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FIG. 4.6 Time of response of participants that have overridden the fagade state. The black dot indicates the
mean value while the green line indicates the median of the data distribution.

difference, there is insufficient evidence to pinpoint which specific scenario pairs
differ from each other.

When grouping participants into those that overrode the automated glazing control
and those that did not, there is a clear difference in their perceived levels of
satisfaction with the visual environment, the window control, the perceived
distraction from reading task and the feeling of annoyance from the window control
(see Figure 4.7). As expected, this indicates that all the participants that override
were not satisfied with these factors, however the definition of these clusters was
found to be independent of the transition speed and the transition direction.

433 Occupant facial units and gaze direction under different
transition rate and transition direction

Participant response was also captured by means of recording Facial Action Units
(FAUs) and gaze angles. First, the direction of gaze was analyzed to compare the
intervals when the glazing was in transition versus the intervals when the glazing was
static. Figure 4.8 shows that there was a significant difference between the instances
when the glazing was transitioning and the remaining time periods, indicating that
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FIG. 4.7 Results on participant perception depending on participant behavior, participants that did override
and did not override are grouped separately; (a) level of agreement with the sentence “I feel satisfied with the
visual environment”; (b) level of agreement with the sentence “I feel satisfied with the window control”; (c)
the sentence “I did not feel distracted in the past 10 min”, (d) the sentence "I did not feel annoyed by the
window control”. The asterisks indicate the level of significance: (*) p < 0.05, (**) p < 0.01, (***) p < 0.001.
The black dot indicates the mean value while the green line indicates the median of the data distribution.
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participants looked towards the glazing when the glazing was in transition. This
could be potentially led to distraction from the task. No significant difference was
found between different rates or directions of the transition, indicating that
participants always looked towards the glazing when this was actuated, regardless of
the transition rate. No significant difference was found in gaze angles on the y-plane,
since the glazing was positioned on the right side of participants.
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FIG. 4.8 Box-plots of gaze angles of the participants during experiment to evaluate differences between
participants’ gaze angle during the switching of the glaze and the rest of the time, and for different speed of
switching. The box-plot shows the distribution of the gaze angles by showing the median, quartiles, and
average (white-filled circle), providing insight into the central tendency, spread, and skewness of the data. a)
Gaze angle on the x-plane as shown in the diagram on the left; b) gaze angles on the y-plane. The level of
significance (p < 0.05) is shown by “***” for the sample groups connected with the line. The black dot
indicates the mean value while the black horizontal line indicates the median of the data distribution.

Secondly, the FAUSs related to the affective responses of participants were analyzed
to investigate differences in facial actions for the same occupant throughout the
distinct phases of the experiment. Figure 4.9 shows the correlation between the
facial action units and corresponding emotion expressions from the questionnaire,
including information on whether the participant overrode the automated glazing
control or not, coded in the variable “override”. There is a positive Pearson
correlation (0.47) between the perception of not being distracted and the action unit
of Chin Raisers (AU17), which suggests that when reading with higher focus
participant would raise their chin. The action unit related to lip tightener (AU23) was
also correlated with satisfaction with the visual environment (0.43). With the
exception of override, all other correlations are mild and therefore are not
considered meaningful. The “override” variable is correlated with satisfaction and
annoyance with the window control, which confirms the results from Figure 4.7.
Overall, there is no strong correlation between any of the items from the
questionnaire and the facial expressions.
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FIG. 4.9 Correlation matrix between participants facial expressions and perception: a) Facial action units
from (De La Torre et al., 2015); b) correlation between participant perception and facial expression.

FIG. 4.10 Facial action units during the intervals where the glass remained unchanged, and the glass was
changed. The asterisks indicate that the differences are statistically significant.
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When comparing the variations of facial action units between the intervals where the
glazing remained unchanged and where it was in transition, there is a significant
difference across all the facial action units and the emotion-related expressions, as
shown in Fig. 4.10. This indicates that the facial action units did capture the effect of
the glazing transitions. However, this was not sensitive to the rate or direction of
glazing transitions. The facial action units associated with blinking remained
unchanged during glazing transitions, indicating that the change in glazing
transparency does not induce eye blinking.

Clustering of occupants based on behavior with switchable
glazing

Information on participants’ self-reported familiarity with smart glazing or blinds,
and their perceived importance of controlling the glazing was analyzed to evaluate
whether it was possible to cluster participants based on these two features. In
addition, data on the frequency of interaction with the switchable glazing was also
analyzed for the purpose of clustering.

Figure 4.11 shows the results from the two-step cluster analysis. Two distinct cluster
of participants were identified. In terms of familiarity with smart glazing or blinds,
participants can be grouped in: (i) individuals with a self-reported high familiarity
(Cluster 1), and (ii) individuals with a self-reported low familiarity with these
technologies (Cluster 2), as shown in Figure 4.11a. In terms of the perceived
importance of controlling window openings and shading (Figure 4.11b), two clusters
were also identified. Cluster 1 exhibited strong importance of personal control,
whereas Cluster 2 showed a lower perceived importance for controlling fagade
devices.

Lastly, in terms of the self-reported frequency of interaction with window openings
and shading (Figure 4.11c), two clusters were identified as well, where Cluster 1
represented participants reporting a low frequency of interaction, while Cluster 2
was composed of participants who interacted with window devices frequently. Each
of these analyses achieved a silhouette score of 0.6 for cohesion and separation.
This score indicates that the data points within each cluster are well-separated from
other clusters and are significant in their grouping. When examining participant
behavior with the switchable glazing, particularly in response to automated control
actions, two distinct participant clusters emerged (Figure 4.12), demonstrating
statistically significant differences in behavior (Mann-Whitney U, p = 0.017). The
first cluster consisted of participants who tended to override the controls
predominantly when the glazing transitioned to a clear state, irrespective of whether
the transition occurred at a fast or slow rate. These participants generally exhibited
longer reaction times, indicating a more gradual response to the automation. In
contrast, the second cluster comprised participants who frequently overrode the
controls when the glazing transitioned to a dark state, with much shorter reaction
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FIG. 4.11 Boxplots of the results of three cluster analysis performed regarding (a) level of familiarity with
smart windows and smart blinds, (b) level of importance of controlling window’s opening and window’s
shading, and (c) self-reported frequency of interaction on controlling window’s opening and window’s
shading. Each analysis provided two clusters of participants. All the analysis were validated by using the
silhouette measure of cohesion and separation, scoring 0.6 for each of them. The black dot indicates the
mean value while the black line indicates the median of the data distribution. The asterisks indicate the level
of significance: (***) p < 0.001.
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times. These patterns reveal each cluster’s consistency and likelihood of overriding
under particular transition conditions, suggesting that participant preferences are
closely tied to both the state of the glazing and the timing of control actions.
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FIG. 4.12 Boxplot of the cluster analysis of participants override delay time of participants with the
switchable glazing. This analysis provided two clusters of participants: Cluster 1 represent participants that
override the automated control only when the glazing was turned at the darkest state; while Cluster 2
represent participants that override the automated control only when the glazing was turned clear. The
analysis was validated by using the silhouette measure of cohesion and separation, scoring 0.5. The black
dot indicates the mean value while the black horizontal line indicates the median of the data distribution. The
asterisks indicate the level of significance: (*) p < 0.05.

The clustering of participants based on their perceived familiarity with the
technologies, their importance of participant control of glazing, and self-reported
frequency of interaction were compared to the clustering from their behavior during
the experiment. The Adjusted Rand Index (ARI) was used to assess the degree of
similarity between the clustering assignments based on self-reported information
and those resulting from the analysis of override delay times, as shown in Table 4.5.
A moderate ARI of 0.08 for clustering based on familiarity with smart facades
indicates a reasonable alignment with actual behavioral patterns measured in the
experiment. This means that participants that reported high familiarity with the
technology were also the participants that override the fagade with a longer reaction
time. This could potentially be explained by the lower disruption perceived when
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familiar with the technology. Conversely, the negative ARI of 0.02 for clustering on
the level of importance for controlling fagades suggests a divergence from the
override delay time clustering structure, indicating less agreement. Additionally, the
low positive ARI of 0.01 in the clustering based on self-reported frequency of
interaction with fagades implies only a slight agreement between the derived clusters
and the override reaction time clustering.

TABLE 4.5 The Adjusted Rand Index (ARI) between the clusters on participants’ self-reported information
(level of familiarity, importance and frequency of interaction) and the cluster on participants’ behavior
(override delay time), showing that clustering based on importance has the least agreement while familiarity
shows the highest alignment.

Clustering on the level of Clustering on the level of Clustering on the

familiarity with smart importance for controlling  self-reported frequency of
facade facade interaction with facade
Clustering on the Override ARI = 0.08 ARI = —0.02 ARI = 0.01
delay time

Finally, participants’ self-reported perception was compared to behavioral groups, as
shown in Table 4.6. Chi-square tests were used to statistically assess whether there
is a significant association between groups and participants’ perception during
participant glazing operations.

Clusters related to the level of familiarity with the technology, self-reported
frequency of interaction with the fagade, and behavior with switchable glazing were
significantly associated with participant satisfaction with the visual environment,
with corresponding p-values of 0.039, 0.014, and 0.002, respectively. Thus, the
cluster of participants with high level of familiarity with smart glazing is also
characterized by participants that expressed dissatisfaction with the visual
environment. Clusters associated with high levels of interaction with the fagade (both
self-reporting and observed behavior with switchable glazing) also exhibited greater
satisfaction with the visual environment compared to the participants in the cluster
described by a low frequency of interaction.

Differences among clusters can also be explained by differences in participant
perception. For example, the cluster demonstrating a high level of familiarity with
smart windows is correlated with a greater number of participants expressing
annoyance with window control (p-value = 0.017). Similarly, higher levels of
self-reported interaction with fagades are linked to a higher prevalence of
dissatisfaction with window control. Conversely, a low measured frequency of
overriding automated controls corresponded to a higher number of participants not
noticing changes in the window state (p-value = 0.002). In contrast, the cluster
associated with the importance of controlling fagades stands out as the most
dissimilar from the others (ARI = 0.02). Table 4.6 shows a higher frequency of
neutral votes for window control annoyance in the high-importance cluster (p-value
= 0.020), while the low-interaction cluster concentrates votes indicating no
annoyance with lighting control.
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TABLE 4.6 Correlation between the participant clusters, based on self-reported familiarity, importance,
frequency of interaction and delay in participants response with participant perception. The chi-square test
was used to test the correlation between the clusters and the perception reported by participants.

Perceptionof  Clusters ol impoance  Meauenoyof g
High Low High High Low Low High
fam. fam. imp. imp. int. int. int. int.
Cluster Cluster Cluster Cluster Cluster Cluster Cluster Cluster

1 2 1 2 1 2 1 2
n=48 n=72 n=100 n=20 n=73 n=47 n=120 n=192

Perceived Yes 96% 92% 92% 100% 93% 92% 85% 99%

change on the No 4% 8% 8% 0% 7% 8% 15% 1%

glazingstate 0,0258 0,163 0,295 0,002*

Agree 17% 18% 20% 5% 19% 15% 63% 50%
Distraction Neutral 33% 22% 28% 20% 26% 28% 19% 32%
perceived Disagree  50%  58%  51%  75%  53% 57% 17%  18%

p-value 0,583 0,213 0,917 0,289

Agree 50% 58% 67% 75% 71% 64% 79% 61%

Satisfactionwith o a1 3306 2006  28%  20%  29%  23%  17%  33%

the visual
environment  Disagree  17%  18% 5% 5% 0% 13% 4% 6%
p-value 0,039* 0,45 0,014* 0,002*

: Agree 31%  11%  18%  25%  21%  17%  67%  58%
‘C"Q:tdrg‘l” s Neutral 17%  18%  21% 0% 19%  15%  13%  24%
annoyance Disagree  50%  69%  59%  75%  58%  68%  21%  15%

p-value 0,017* 0,020* 0,386 0,449

Agree 6% 7% 6% 10% 5% 9%  65%  46%
Lighting control  Neutral  19%  14%  18% 5% 14%  19%  15%  17%
annoyance Disagree  46%  58%  50%  70% = 58%  47% 2% 10%

p-value 0,706 0,022* 0,176 0,285

Agree 13%  17%  13%  25%  21% 6%  13%  17%
Heating control  Neutral  21%  11%  17% 5%  11%  21%  17%  14%
annoyance Disagree  67%  63%  64%  65%  60%  70%  60%  67%
p-value 0,555 0,108 0,104 0,533
Agree 46%  65%  56%  65%  42%  81%  65%  53%
Satisfaction with Neutral ~ 29%  19%  24%  20%  33% 9%  19%  26%
windows Disagree  25%  11%  17%  15%  21%  11%  17%  17%
p-value 0,078 0,631 0,002* 0,552
Agree 38%  47%  42%  50%  49%  34%  52%  38%
Satisfaction with Neutral ~ 27%  17%  21%  20%  19%  23%  15%  25%

the lighting Disagree 2% 11% 8% 5% 5% 11%  10% 6%
p-value 0,209 0,09 0,183 0,462
Agree 65%  63%  63%  65%  59%  70%  63%  64%

Satisfaction with Neutral  15%  11%  14% 5% 8%  19%  15%  11%

the heating Disagree  21%  19%  18%  30%  26%  11%  15%  24%
p-value 0,732 0,634 0,13 0,569

* Indicate significance at p-value < 0.05.
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Discussion

The perceptual data from this study shows that there was no significant difference in
perception across the scenarios. Therefore, both the speed (1 or 10 s) and direction
of glazing transition seem to have a low impact on occupant satisfaction with the
visual environment and window control.

The analysis of behavioral data provides further important insights, highlighting the
importance of considering both sources of data when assessing occupant-facade
interaction. As shown in Fig. 6, approximately half of the participants overrode the
glazing change of state, especially when the glazing was turned to its dark state (17
out of 30 for the lower transition rate, 20 out of 30 for the faster transition rate).
Faster transition rates triggered a larger number of overrides in both transition
directions. As expected, the slower the glazing transitions, the longer it takes for
participants to react to the glazing change, since the reaction time between glazing
transition and participant response was larger. The perception of participants who
opted to override the glazing control was also significantly different and worse than
those who did not override, confirming that overriding the control is induced by
dissatisfaction with the visual environment or the window control (Figure 4.7). Thus,
overriding of controls is a good proxy for occupant satisfaction with the automated
control strategy.

The examination of facial expressions emerged as a valuable approach for gathering
further insights when combined with perceptual and behavioral data. Notably, there
was no significant variance in gaze angles observed across various glazing transition
rates or directions. However, it is noteworthy that, during the transitions of the
glazing, participants consistently directed their gaze towards the glazing,
irrespective of the transition rate (Figure 4.8). This was also confirmed by the
analysis of the facial expressions, which differed significantly between the intervals
when the glazing remained unchanged and the periods when the glazing was
transitioning (Figure 4.10).

The dispersion in participants’ results shows that individual preferences may differ,
and personalized interaction can be considered, in particular when designing
transition to clear glazing states. For instance, if participants are grouped depending
on whether they override or not the automated switching, there is a clear and
significant difference in participants’ satisfaction with the visual environment and the
window control, perceived distraction from the reading task and perceived
annoyance with the window control. The overriding behaviors are strongly
associated with low levels of satisfaction, high levels of annoyance and perceived
distraction from the reading task, as also shown in the correlation matrix (Figure
4.9).

Participants exhibited a range of backgrounds and preferences. Interestingly, the
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majority emphasized the importance of controlling both window openings and
shading, particularly in home environments (Figure 4.4). Clustering analysis revealed
two distinct participant profiles based on self-reported information on the level of
familiarity with the technology, the importance of personal control of the glazing,
frequency of interaction and override reaction times. However, the Adjusted Rand
Index (ARI) values indicated random agreement between these profiles and actual
participant behavior (Table 4.5). This suggests that while self-reported data provide
insights into occupant background and perceived preferences, they do not
consistently align with occupant behavior when interacting with the glazing system.

Although clusters on participants’ backgrounds and preferences do not align with
their actual behavior, they were shown to be associated with specific perceptual
response regarding the level of distraction, annoyance, and satisfaction of smart
glazing operation (Table 4.6). Consequently, the cluster of high familiarity exhibits a
strong correlation with visual satisfaction and annoyance with window control. The
cluster of low self-reported interaction shows a higher correlation with the
satisfaction with window control. The low-importance-of-facade-operation cluster
exhibits low correlation with visual dissatisfaction with lighting and window control.
In contrast, the cluster of high actual participants’ interaction shows good
association with noticing changes in window states. Overall, the clustering reveals
the importance of considering personal preferences when designing automated
control strategies.

Conclusion

This study investigated the influence of speed and direction of transparency change
in switchable glazing on occupant satisfaction and acceptance. An experimental
campaign involving 30 participants was conducted in a controlled environment,
wherein perceptual and behavioral data were collected and complemented with the
analysis of facial action units. Clustering analysis was also employed to explore the
relationships between occupants’ backgrounds, preferences, and behavioral drivers.
It was found that:

No significant difference exists in participant perception across the scenarios, while a
noticeable difference in participant behavior emerged from the variations in the
direction and speed of transitioning;

Participant overrides are mainly driven by the direction of the glazing transition. A
larger amount of participants overrode the automated glazing control when
transitioning towards the dark state. Approximately 10 % more participants
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overrode the glazing in response to faster transitions, in both directions of transition.
When considering participants that overrode the automated control system, they
exhibited low satisfaction with the visual environment and the control of the window.

Capturing data with facial action units and gaze orientation revealed some further
patterns in occupant response to the glazing transition rate, such as differences in
response between participants that override and do not override.

Occupants can be clustered based on their background knowledge and reported
preferences. These clusters showed good correlation with the override delay times.
However, the agreement with actual behavior was low, indicating that a larger
number of variables and clusters should be tested to predict occupant behavior
based on self-reported preferences.

Clustering analysis on participants’ backgrounds and preferences has the potential
to inform the distribution of certain behavioral drivers and perceptual responses
when interacting with smart glazing, such as level of perception of glass changing
state, distraction, annoyance, and satisfaction with the smart glazing operation.

This study has some limitations that merit investigation in future work. First, the
participants were never exposed to glare conditions, which may have an effect on the
satisfaction with the speed of switching. Participants tend to prefer swift automated
controls when experiencing visual discomfort to promptly restore comfort levels.
However, it is important to highlight that this study specifically focused on the
transition rate during automated glazing operations. In these instances, the control
of glazing to mitigate glare risk typically aims to anticipate discomfort (Luna-Navarro
et al., 2023), posing more challenges in terms of acceptance.

Secondly, participants were positioned very close to the glazing and in a space with a
large window-to-wall ratio. Therefore, the impact of the glazing transition rate could
be larger than in real office environments, where occupants may be sitting further
from the fagade and exposed to a stronger artificially lit environment. It is also
expected that the impact of the glazing transition rate can vary depending on the
outside luminous conditions, so further assessments with larger daylight variance
are recommended to expand the results beyond the overcast sky conditions.

Thirdly, this study tested only two transition rates, both of which were perceptible to
the participants, as indicated by the FAUs. Further research on longer, potentially
imperceptible transition times may be valuable, especially since longer transitions
can be implemented without compromising building energy performance. This
experiment focused on very fast transition times (1 second and 10 s), reflecting the
capabilities of current glazing technologies and typical real-world applications.
However, the ability to operate these technologies at such rapid rates raises an
important question: what is the optimal balance between the shortest and most
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effective transition time to maintain both energy efficiency and occupant acceptance
of the automated control action.

Finally, to evaluate the impact of additional factors on occupant response to changes
in dynamic glazing, a larger group of people would have been required. The sample
size was chosen on the basis of the main experimental scenarios but aggregating
additional variables e.g. likelihood of overriding behavior and other personal
attitudes, would require a larger sample size.
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5 Impact of Control
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Interface design for lighting and
shading controls: device type,
position, and system cues
influencing user preference and
acceptance

This chapter is based on work published in 2025 in Building and Environment

This chapter investigates how control interface design—specifically type, position,
and information—shapes occupant interaction, satisfaction, and acceptance of
automated fagades. Addressing the need for intuitive engagement identified in
Chapter 3, a usability study was conducted in a controlled laboratory environment.
Participants interacted with lighting and shading systems across six scenarios
systematically varying interface modality (analog vs. digital), placement (wall vs.
desk), and feedback levels. Data collected via the Post-Study System Usability
Questionnaire (PSSUQ) and interviews quantify usability while elucidating the
rationale behind occupant preferences and override behaviors. These findings
identify critical usability drivers and preferred configurations, establishing the design
requirements for the large-scale survey in Chapter 6 and bridging experimental
insights with scalable application.
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5.1

Introduction

Recent advancements in information technology have facilitated the integration of
automation and building control systems in buildings, thereby improving occupant
experience and energy efficiency [173]. Research in building control systems has
demonstrated that automated controls often fail to align with occupants’
preferences, particularly when the system’s logic does not match individual
environmental needs [17, 174]. While discussions around Human-Building
Interaction (HBI) strategies have primarily focused on analyzing occupants’
environmental preferences and behavior to develop personalized comfort models or
behavioral models for energy simulations [25], research on control interfaces,
especially concerning personal control of building services, has received less
attention [46, 154].

Although limited, field studies on control interfaces, in particular for lighting, show
that interface characteristics (e.qg., type of device, position, and information) directly
influence how occupants negotiate control in shared offices [175-177]. Lashina et
al. [178] found that open-office occupants often adopt strategies that avoid
conflicts (e.g., setting compromise values, waiting for others’ reactions, or relying on
automated actions) when sharing controls. Smartphone apps, wall-mounted devices,
and hand-operated controls, such as curtain cords, lead to different patterns of
individual versus collective use, influencing both individual satisfaction and social
dynamics in shared-office environments. Beyond the interface itself, contextual
constraints also play a role. Day et al. [179] observed that poor furniture layouts or
the fear of disturbing co-occupants can limit people’s access to controls, clearly
demonstrating that both interface design and indoor spatial characteristics should
be considered together when aiming to enhance satisfaction and energy efficiency.

Interfaces further affect the perceived level of personal control, which influences
environmental satisfaction [43, 180] and acceptance of automation [181]. Empirical
studies suggest that providing occupants with the means for personal lighting and
shading controls can enhance satisfaction by giving occupants a sense of agency,
while also reducing interpersonal conflicts in shared spaces. Similarly, Meerbeek et
al. [149] demonstrated that providing occupants with feedback on system status
and automated blinds actions improves trust and reduces the need for overrides,
thereby increasing acceptance of automation.

A consistent finding across research is that usability is critical for building control
systems. Perry et al. [182] demonstrated that thermostats and lighting interfaces
must be efficient and straightforward, with web platforms enabling faster and more
accurate adjustments. Amardeep et al. [183] reached similar conclusions, proposing
touchscreen interfaces as intuitive and interactive ways to manage dimming and
related lighting functions. Another key aspect is the importance of clear feedback
and consistency (e.g. simple status, confirmation that input was received, or
explanatory clues). Karjalainen & Koistinen [184], Lashina et al. [185], and Yilmaz et
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al. [186] showed that such feedback helps occupants understand how HVAC and
lighting systems operate, reduces confusion during malfunctions, and strengthens
perceived control. This is a meaningful finding given the current state of lighting
control interfaces, as Someren et al. [187] found that they are often inconsistent
and difficult to access, which undermines usability. Evidence from other building
systems reinforces these insights. Large-scale evaluations of connected thermostats
confirmed that usability dominates occupant concerns, far more than energy
considerations [188]. Similarly, evaluations of web-based building management
tools showed that clarity, reachability, and actionable feedback are essential for
adoption by facility managers [189].

Despite this evidence, a standardized methodology for evaluating usability in building
control interfaces has yet to be developed. Numerous models for measuring and
benchmarking usability exist in the Human-Computer Interaction (HCI) field [190],
but limited research has examined whether they effectively apply to control
interfaces in buildings. Existing metrics, such as Sauro and Kindlund’s usability
metric (SUM), were designed for web and desktop applications and have not been
extended to building controls [191]. Yet building interfaces present unique
challenges: they are task-specific, used infrequently, and must compete for
occupants’ limited attention. As Murphy [192] observed, devices such as
thermostats need to be simple enough for occasional use without training while still
providing reliable functionality. Studies of programmable thermostats confirm that
poor usability leads to incorrect use and wasted energy [182], while reviews of
energy-saving behavior show that poorly designed interfaces can undermine
efficiency, whereas simple nudges such as progressive dimming or clear feedback
can deliver significant savings [193]. The lack of clear and consistent usability
metrics has, therefore, hindered interface improvements, underlining the need for
evaluation methods tailored to building systems.

This study aims to evaluate the effectiveness of usability testing as an innovative
method for assessing building system control interfaces and occupant interaction
with automation in the built environment. Specifically, it explores individual occupant
preferences for interfaces that control visual quality, such as window shading and
artificial lighting. We investigated the impact of factors such as interface “Position”
(desk or wall), level of “System Cues” (level of information), and “Type of Device”
(analog or digital) on occupant satisfaction in an experimental office setting
involving 20 participants. Using an adapted Post-Study System Usability
Questionnaire (PSSUQ), we evaluated satisfaction in terms of Ease of Use,
Reachability, and Information. Our adaptation repurposes a standard HCI usability
instrument for building control interfaces and adds items tailored to spatial
reachability and system feedback for automation, dimensions that are rarely
captured by the single-item comfort or satisfaction measures commonly used in
built-environment studies.
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5.2 Methodology

In this study, we aimed to investigate the impact of different interaction strategies on
participants’ perceived usability and preferences when controlling artificial lighting
and window roller shades in an office environment. We conducted our experiment in
a controlled laboratory designed as a simple office setting (the “office lab”), focusing
on three key variables: the “Type of Device” (analog or digital), “System Cues” (no
cues, basic system state cues, and system state with task completion cues), and
“Position” (wall, desk, and split, i.e., controls distributed between wall and desk).
Twenty participants took part in the experiments, which assessed their interaction
with various control configurations. Through a combination of questionnaires and
interviews about preferences, we collected both quantitative and qualitative data to
gain insights into how the tested variables influence Ease of Use, satisfaction with
Information, Reachability, and Overall Satisfaction with the control system interface.
Below is a detailed description of the methodology, including the experimental setup,
procedures, and data analysis techniques.

Participant

Ceiling Light ~ Entrance

FIG. 5.1 The Office Lab at The Green Village, Delft University of Technology. (a) Interior view showing the
seats of the participant and researcher; (b) Top-down schematic of the layout including systems, participant,
researcher, and entrance; (c) Front view of the window with the roller shade set to the mid position; (d)
Lighting system used in the experiment; and (e) Exterior view of the Office Lab.
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5.2.1

The office lab is located at The Green Village, a living lab affiliated with Delft
University of Technology in the Netherlands (Figure 5.1a). Measuring 2.45 x 2.95
meters, the office lab is southwest-facing and equipped with dimmable LED ceiling
lights (Figure 5.1c) and a motorized roller shade (Figure 5.1d) on the outer side of
the window. Both the lighting and roller shades were connected to a control system
powered by the Home Assistant platform [194], which enabled integration with the
interfaces being tested. Inside the room, we placed a desk with a computer to mimic
an office environment. A separate table was positioned in the corner for the
researcher, who was responsible for assisting participants as needed and noting any
important observations (Figure 5.1b).

The participants were recruited via email and social media. In total, 20 participants
took part in the experiment (9 females and 11 males; age range 23-40, mean = 30,
SD = 4.48). Participants worked in technical fields other than building science. The
experimental plan was reviewed and approved by the Human Research Ethics
Committee of Delft University of Technology under ID 3752.

Experimental procedure

Figure 5.2 shows the timeline of the experimental procedure. First, participants
received an introduction to the experiment and signed the consent form. The test
started with a questionnaire and an interview about the participants’ expectations for
controlling artificial lighting and window roller shades in an office space. Participants
then completed six randomly ordered scenarios, with the PSSUQ administered after
each scenario. Upon completing all six scenarios, participants were interviewed and
asked to complete a questionnaire about their experience with the interfaces. The
entire usability test lasted approximately 60 minutes per participant. The experiment
is explained in detail in the following sections.

E) Questionnaire I
—CT
consent i

FIG. 5.2 Experimental procedure timeline.
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5.2.1.1

Scenarios

We designed six scenarios to evaluate the impact of three key variables: “Type of
Device” (analog switches vs. digital touchscreen), the interface “Position”
(wall-mounted vs. desk-mounted, or split position), and the level of “System Cues”
provided (no system cues, system state, or system state and cues for supporting the
task completion). The split position consisted of positioning the lighting control
interface on the wall in proximity of the entrance and the blind control interface on
the wall in the proximity of the window. A detailed description of these scenarios is
presented in Table 5.1. Each participant experienced the scenarios in a random
order.

TABLE 5.1 Overview of the six scenarios, which considered different “Device Types”, “Positions”, and “System
Cues”.

Type of Device Position System Cues

Scenario Light Roller shade Light Roller shade Roller shade

SC1 Analog Analog Wall/entrance Wall/entrance No cues No cues

sc2 Analog Analog Desk Desk No cues No cues

SC3 Analog Analog Wall/entrance  Wall/Window No cues No cues

SC4 Digital Digital Desk Desk No cues No cues

SC5 Digital Digital Desk Desk System state System state

SC6 Digital Digital Desk Desk System state + task completion System state + task completion

We placed interfaces in three positions: on the wall next to the entrance (switches
only), split across the wall next to the window and entrance (shading and lighting
switches, respectively), and on the participant’s desk (either switches or a tablet).
Figure 5.3 illustrates the control interface positions within the office lab.

The scenarios utilized two types of control devices: a switch as the analog interface
(Figure 5.4a-b) and a tablet as the digital interface (Figure 5.4c). All three device
types were capable of controlling artificial lighting and the window roller shade. The
tablet featured three visual interfaces (Figure 5.5): one with no system cues

(Figure 5.5a), one with system state cues (Figure 5.5b), and one with system state
plus task completion cues (Figure 5.5¢).

140 Towards Occupant-Centered Automated Fagades



23m

On desk

Analog / Digital

1.8m

Next
to window Next to

S Analog entrance

-
QI Analog

2.8m

FIG. 5.3 Top view of the office lab indicating the positions where the interfaces were placed during the tested
scenarios.

b)

FIG. 5.4 Types of device interfaces used in the experiment: (a) analog light switch, (b) analog roller shade
switch, and (c) tablet interface controlling both lights and roller shades.

B Roller shade Cover LI Roller Shade
I [
a| Lighting N N2 b) | bimmasle ighiing
5%

- B

Roller Shade
Not set correctly o

c) itus Dimmable Lighting
Set correctly 48%

FIG. 5.5 Various types of digital control interfaces displayed on the tablet interface screen: (a) no system
cues, (b) system state cues, and (c) with system state plus task completion.
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Control Task Activity

5213

The task activity in this study was designed to simulate realistic interactions with the
different building control interfaces being tested. It ensured that participants
engaged with the system, allowing us to evaluate how effectively the interfaces
(analog switches and digital touchscreens) supported occupant interaction and
control over the artificial lighting and window roller shade system. Additionally, the
task tested participants’ ability to regain control after an automated action was
triggered. The task activity implemented in this experiment is described in the
following steps:

a) Entering the Room and Initial Setup: Participants were asked to adjust the lighting
to 50% brightness and set the roller shades to a halfway position using the control
interface. This step evaluated how intuitively and effectively participants could
interact with the system to achieve these specific settings.

b) Seated Work Simulation: After completing the initial setup, participants were
instructed to sit at a desk and use a computer, simulating a typical work scenario.
This setup established a context for the upcoming automated system actions.

c) Automated System Action: While participants were engaged in the
computer-based task, an automated system action was triggered, causing the lights
and roller shades to adjust automatically. This phase assessed how participants
reacted to the system taking control and their comfort in the situation.

d) Recovering Control: Following the automated action, participants were instructed
to reset the lights and roller shades to their original settings. This step tested their
ability to quickly and accurately reassert control over the system.

e) Completion and Feedback: After the system was restored to its initial state, the
task scenario concluded. Participants then completed the Post-Study System
Usability Questionnaire (PSSUQ), providing feedback on their experience with the
control interface.

Post-Study System Usability Questionnaire

To assess participants’ satisfaction with their perceived personal control over the
office environment, we employed the Post-Study System Usability Questionnaire
(PSSUQ) as a psychometric instrument. Originally developed to evaluate occupants’
satisfaction with computer systems and applications [195], the PSSUQ
demonstrates strong reliability. All categories (system quality, information quality,
and interface quality) report Cronbach’s alpha values above 0.80, indicating good
internal consistency and supporting its suitability as a measure of usability.
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Although PSSUQ is often used for digital systems (e.g., websites or software), its
focus on general usability categories makes it suitable for evaluating the control
interfaces in this study. The main categories measured were:

a) System Usefulness: How well the system helps occupants achieve their goals.
b) Information Quality: Clarity and usefulness of the system’s information.

c) Interface Satisfaction: Occupant’s overall satisfaction with the system’s design
and interaction.

Since the standard PSSUQ does not cover the impact of interface reachability on
occupant’s satisfaction, we added four customized items addressing this aspect. The
original statements were also modified to refer specifically to the control interfaces
being tested (Table 5.2).

TABLE 5.2 Modified PSSUQ developed for testing building control interfaces. The items were adjusted to
match the aim of this usability test, focusing on assessing Ease of Use, Reachability, and Information. “How
strongly do you agree or disagree with the following items” - Strongly disagree (1) to Strongly agree (5).

Number Item Category
1 Overall, I am satisfied with how easy it is to use this control interface. Ease of use
2 It was simple to use this control interface. Ease of use
3 I was able to complete the tasks and scenarios quickly using this control interface. Ease of use
4 I felt comfortable using this control interface. Ease of use
5 It was easy to learn to use this control interface. Ease of use
6 The control interface was pleasant to use. Ease of use
7 1 liked using this control interface. Ease of use
8 This control interface has all the functions and capabilities I expect it to have. Ease of use
9 The control interface provided information that helped me to use the light and roller Information
shade.
10 The information provided by this control interface was clear. Information
11 The information on the control interface was effective in helping me complete the Information
tasks.
12 The organization of information on the control interface was clear. Information
13 I found it easy to access the control interface in its current position. Reachability
14 The position of the control interface was convenient for me. Reachability
15 The control interface’s position was appropriate for the tasks I needed to perform. Reachability
16 The control interface’s position allowed me to interact with it without causing Reachability
discomfort.
17 Overall, I am satisfied with the control interface (position, information, and type). Overall Satisfaction
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5.2.1.4

Interviews

5215

We conducted two interviews during the experiment:

a) Pre-Experiment Interview: The first interview aimed at understanding participants’
expectations regarding control interfaces in a typical office environment. Questions
focused on preferences for “Type of Device” (analog vs. digital), interface “Position”,
the desired level of “System Cues”, and acceptance of automation.

b) Post-Experiment Interview: After the experiment, participants provided feedback
on the control interfaces they used during the six scenarios. The same topics were
revisited, enabling a comparison between participants’ initial expectations and their
actual experiences.

Familiarity and Preferences Questionnaires

At the start of the experiment, participants completed a questionnaire to assess their
familiarity with and experience of various devices, both at home and in the office,
including smart roller shades, manual roller shades, dimmable lights, smart lights,
analog control interfaces (e.g., switches, dials), and digital control interfaces (e.g.,
touch screens). Familiarity was rated on a Likert scale ranging from 1 (not at all
familiar) to 7 (extremely familiar). Additionally, a multiple-choice format was used to
determine which of these devices were present in their typical office environment.

At the end of the experiment, participants filled out a preference questionnaire
consisting of three sections, each targeting different aspects of interface design for
lighting and shading control. Section 1 focused on personal preferences in the office
lab setting, using single-choice questions and one ranking task to assess
preferences for the three interface characteristics tested in the study: “Position”,
“System Cues”, and “Type of Device”. Participants were asked to indicate where they
preferred the interface to be located (e.g., on the desk or by the entrance), what type
of feedback they found most helpful (e.g., system status), and whether they favored
analog or digital controls. Section 2 explored how these preferences might change in
a shared office context, using Likert-scale statements to evaluate trade-offs between
convenience, occupant responsibility, and feedback clarity. Section 3 examined how
these interface characteristics influenced the acceptability of automation, focusing
on whether specific design elements, such as interface type, feedback, or placement,
might make participants feel comfortable with automated lighting and shading
systems. The structure and content of the questionnaire are summarized in

Table 5.3.
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TABLE 5.3 Structure and content of the post-experiment questionnaire assessing participants’ preferences
for interface characteristics related to lighting and shading control. The questionnaire was divided into three
sections: (1) baseline preferences in a private office setting, (2) preference shifts in a shared office context,
and (3) influence of interface characteristics on the acceptability of automation.

Section Question type Interface characteristics examined

Section 1: Identifying preferences for Single choice; ranking - Preferred location of the control interface

Personal control interface (attribute importance)  for lighting and shading.

Preferences inthe  characteristics in a private - Preferred level of system feedback.

Office Lab office setup after the - Preferred type of control device
experiment (analog/digital).

- Relative importance of interface
characteristics: position, system cues, and
type of device.

Section 2: Exploring how preferences 5-point Likert-scale - Preferred location of controls in a shared
Preferences in shift in a shared office setting  agreement (strongly office (desk, entrance, separate).
Shared Office disagree to strongly - Preference for analog vs. digital controls.
Context agree) - Importance of system feedback.
- Desire for simplicity vs. information-rich
interfaces.
Section 3: Assessing which interface 5-point Likert-scale - Interface types that enhance comfort with
Automation features improve occupant agreement (strongly automation (analog vs. digital).
Acceptability and acceptance of automation disagree to strongly - Interface location (desk, door, distributed).
Interface Design agree) - Degree and clarity of feedback from the

automated system.

Data Analysis

5.2.21

Our data analysis consisted of seven steps: (1) summarizing participants’ familiarity
ratings; (2) validating the PSSUQ via exploratory factor analysis and Cronbach'’s «;
(3) isolating interface effects with Bonferroni-adjusted pairwise tests; (4) modeling
Overall Satisfaction using ordered logistic regression; (5) examining post-test
preferences and automation acceptance; and (6) analyzing interview data to contrast
initial expectations with actual experiences.

Level of familiarity distribution

We summarized participants’ self-reported familiarity with manual and smart devices
and control interfaces (1-7 Likert) by computing means, standard deviations, and
interquartile ranges, and displayed as boxplots. Counts of device availability (e.g.,
manual, smart, and dimmable lighting) are presented to characterize the
participants’ prior exposure.
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Suitability of the Post-Study System Usability Questionnaire

5223

We tested the suitability of the PSSUQ questionnaire for our case study by
conducting an Exploratory Factor Analysis (EFA) [196]. By performing this analysis,
we aimed to identify the key factors for which the survey was designed: Ease of Use,
Information, and Reachability. For a preliminary analysis, we checked the
factorability of the sample using Bartlett’s test of sphericity (x2 = 77.70, p < 0.001)
[197] and the Kaiser-Meyer-0lkin (KMO) measure of sampling adequacy (0.914)
[197], both of which confirmed that the number of participants was appropriate for
the factor analysis. After confirming the suitability of performing the EFA, we
calculated the Kaiser’s eigenvalues of the correlation matrix to determine the
number of factors, selecting all eigenvalues greater than one [33]. Before selecting
the rotation, we analyzed correlations to decide on the matrix rotation method. We
opted for the Oblimin rotation [198], which is appropriate when factors are assumed
to be correlated. We tested the internal consistency of the variables summarized in
every factor [199] and calculated the factor scores using the refined method of
regression, which maximizes validity [200]. Finally, we assessed the reliability of the
obtained results by calculating Cronbach’s alpha as described in Sauro and Lewis
[195] and comparing their reported values with those derived from our modified
PSSUQ questionnaire.

Usability Scores and Interface Characteristics Impact

We report usability scores for each factor identified, along with the Overall Usability
score, calculated as the average of the first 16 modified PSSUQ items. To examine
how usability factors varied across the six interface scenarios, we conducted
Bonferroni-adjusted pairwise statistical comparisons of scenario ratings for Ease of
Use, Reachability, and Information. These comparisons isolated the effect of each
variable (“Type of Device”, “Position”, and “System Cues”) while controlling for the
others, enabling a clearer interpretation of their individual impacts. At the same time,
the set of scenarios covered all three levels of each variable, allowing for group-level
analysis across interface “Position”, “Type of Device”, and “System Cues”

(Table 5.4).
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TABLE 5.4 Pairwise comparisons by variable, controlling for other factors.

Variables Level Scenario A Scenario B Constant
comparison \ELEL][
Interface  Wall vs. 1 - Analog - Wall — No cues 2 - Analog — Desk — No cues Analog,
Position Desk No cues
Interface  Wall vs. 1 - Analog - Wall — No cues 3 - Analog - Split — No cues Analog,
Position Split No cues
Interface  Desk vs. 2 - Analog - Desk — No cues 3 - Analog - Split — No cues Analog,
Position Split No cues
Type of Analog vs. 2 - Analog - Desk — No cues 4 - Digital — Desk — No cues Desk,
Device Digital No cues
System No cues vs. 4 - Digital — Desk — No cues 5 - Digital — Desk — System state Digital,
Cues State cues Desk
System State vs. 5 - Digital — Desk — System state 6 - Digital — Desk — Feedback Digital,
Cues Full cues Desk
System No cues vs. 4 — Digital — Desk — No cues 6 - Digital — Desk — Feedback Digital,
Cues Full cues Desk

Influence of Factors on Overall Satisfaction

5225

We performed a regression analysis to assess the ability of the identified factors to
predict the Overall Satisfaction with the interface, as measured by the item 17:
“Overall, I am satisfied with the control interface (position, information, and type of
device)". Since the dependent variable, Overall Satisfaction, was measured on a
Likert scale (ordinal), we employed an Ordered Logistic Regression model [201].

Personal Interface Preferences After the Experiment

We summarized participants’ preferences for interface “Position”, “Type of Device”,
and “System Cues” by reporting frequencies and percentages for each option within
the office lab setup. To identify which pairwise differences in preference were
statistically meaningful, we applied chi-square tests of independence with
Bonferroni-adjusted post hoc comparisons (adjusted o = .05), allowing us to isolate
specific contrasts (e.g., desk vs. wall) while controlling the family-wise error rate.

To examine the consistency of preferences across contexts, we compared each
participant’s selections in the office lab setup with their responses to a follow-up
questionnaire describing a hypothetical shared office scenario. For each interface
characteristic (“Position”, “Type of Device”, and “System Cues”), we defined a match
as a participant choosing the same option in both contexts. We then calculated a
match rate, expressed as the proportion of participants whose choices were
consistent across the two contexts. This participant-level comparison provided a
descriptive measure of context dependency, indicating how stable preferences
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remained when moving from a controlled, individual lab setting to an imagined,
socially shared office environment.

For the automated lighting and shading acceptance questionnaire, we treated each
interface characteristic rating (“Position”, “Type of Device”, “System Cues”) as a
within-subject comparison of ordinal 5-point Likert scores. We first described this
data using medians and interquartile ranges. We then conducted Wilcoxon
signed-rank tests for all relevant within-subject pairings (o = .05) to determine
whether median differences were unlikely under the null hypothesis of no preference.
Finally, we tallied each participant’s single top-ranked attribute to complement these
inferential analyzes with a measure of peak preference.

We analyzed the interview data using structured data analysis. The analysis focused
on participants’ expectations versus their actual experiences with interface positions,
the type and level of system cues provided, interface preferences, and attitudes
towards automation. We used a comparative approach to assess shifts in
participants’ perceptions by contrasting participants’ initial expectations with their
post-interaction experiences.

52.2.6 Interviews
5.3 Results
5.3.1

Level of familiarity with lighting, shading and control
interfaces

This section examines participants’ self-reported familiarity with manual and smart
lighting, shading, and control interfaces. Figure 6 compares what participants know
versus what they are experienced with in their office environments. Specifically,
Figure 5.6a shows the responses of the participants in terms of the perceived
familiarity with different types of lighting, shading and control interfaces in office
spaces, while Figure 5.6b shows the number of participants reporting the presence
of one or more of these items in their office space. The majority of participants
(84%) reported being familiar with analog control interfaces and indicated having
experience with them in their office space. In line with this, when asked specifically
about manually controlled roller shades (typically operated through analog
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5.3.2

interfaces), participants also reported high familiarity and frequent availability in
their office environments. Smart automated lights or manually controlled dimmable
lights were less frequently available in the office spaces (5.3% and 10.5% of
participants, respectively), even though participants reported being highly familiar
with dimmable lights (implying exposure outside of their office environments). In the
middle of the available options, smart automated roller shades were present in the

office space of 37% of participants.

(@) (b)

Analog control interface 16 (84.2%)

11 (57.9%)

Manual roller shades

Smart roller shades

Digital control interfaces

Dimmable lights

Smart lights

0 5 10 15 20
Number of participants having these system at office

1 2 3 4 5 6
§ Level of familiarity

High <

FIG. 5.6 Overview of participants’ familiarity with and availability of different lighting, shading, and control
interfaces in office spaces. (a) Participants’ self-reported familiarity with manual and smart roller shades,
dimmable and smart lighting, and analog or digital control interfaces. (b) Number of participants who
reported having these systems in their office.

Suitability of the PSSUQ

This section examines the psychometric suitability of the modified PSSUQ for
evaluating usability in lighting and shading control interfaces. After interacting with
six interface scenarios, participants completed the questionnaire, providing
quantitative measures of satisfaction across sixteen usability items. To verify
whether the instrument reliably captured distinct aspects of participants’ responses,
we conducted factor analysis and reliability testing.

We performed a factor analysis of participants’ responses to the 16 PSSUQ items,
which resulted in three main factors: (1) Ease of Use, (2) Reachability, and (3)
Information. These three factors collectively explained 80.01% of the variance in the
dataset, indicating that those domains offer a good representation of the whole
dataset of participants’ responses, and exceed common thresholds for explained

variance in scale development [199].
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Table 5.5 reports the factor loading for each item, indicating their relative
contribution to the identified factors. Factor 1 (Ease of use) clustered items related
to satisfaction (item 1 = 0.70), simplicity (item 2 = 0.82), comfort (item 4 = 0.82),
and ease of learning (item 5 = 0.70). It also included items addressing quickness
(item 3 = 0.51), pleasantness (item 6 = 0.54), liking (item 7 = 0.66), and
expectation of functionality (item 8 = 0.65), which showed weaker loadings (<0.70).
Factor 2 (Reachability) was defined by items addressing the position and access to
the interface, with particularly strong factor loadings for appropriateness of position
(item 14 = 0.95), ease of access (item 13 = 0.88), and absence of discomfort (item
16 = 0.80). Factor 3 (Information) gathered items related to “System Cues”, with
high loadings for helpfulness (item 9 = 0.97), clarity (item 10 = 0.94), and
organization (item 12 = 0.80). These results validate that the modified PSSUQ
differentiates between Ease of Use, interface Reachability (or ease to access), and
Information, thereby validating its structure for evaluating lighting and shading
control systems in this study.

TABLE 5.5 Factor loadings for each item in the factor analysis. Factor 1 represents the items related to Ease
of Use, Factor 2 to Reachability, and Factor 3 to Information.

Category Num. Item Factor 1 Factor2 Factor 3

Ease of use 1 Overall, I am satisfied with how easy it is to use this control 0.70 0.17 0.05
interface.

Ease of use 2 It was simple to use this control interface. 0.82 -0.19 0.07

Ease of use 3 I was able to complete the tasks and scenarios quickly using 0.51 0.35 0.15
this control interface.

Ease of use 4 I felt comfortable using this control interface. 0.82 0.11 -0.11

Ease of use 5 It was easy to learn to use this control interface. 0.70 -0.28 0.13

Ease of use 6 The control interface was pleasant to use. 0.54 0.35 0.12

Ease of use 7 1 liked using this control interface. 0.66 0.19 0.08

Ease of use 8 This control interface has all the functions and capabilities I 0.65 0.28 0.00
expect it to have.

Information 9 The control interface provided information that helped me to -0.05 0.00 0.97
use the light and roller shade.

Information 10  The information provided by this control interface was clear. 0.04 -0.08 0.94

Information 11 The information on the control interface was effective in helping  -0.02 0.17 0.85
me complete the tasks.

Information 12 The organization of information on the control interface was 0.09 0.00 0.80
clear.

Reachability 13 Ifound it easy to access the control interface in its current 0.08 0.88 -0.07
position.

Reachability 14 The position of the control interface was convenient for me. -0.01 0.95 0.06

Reachability 15  The control interface’s position was appropriate for the tasks I 0.04 0.92 0.01
needed to perform.

Reachability 16  The control interface’s position allowed me to interact with it 0.06 0.80 0.14

without causing discomfort.

To assess the reliability of the modified PSSUQ in measuring the underlying factors,
we calculated Cronbach’s alpha. We examined reliability across three models: (1) the
original subscale structure of PSSUQ v3, (2) the modified version with equal
weighting of items, and (3) the modified version incorporating factor loadings. As
summarized in Table 5.6, the modified questionnaire achieved high internal
consistency across all configurations, comparable to the original PSSUQ. The Overall
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factor showed excellent reliability in both the original and equal-weighted modified
versions (a = 0.94), with a slight improvement when factor loadings were applied («
= 0.95). The Ease of Use factor, aligned with the original System Quality subscale,
also showed high internal consistency, achieving @ = 0.90 in the original and
equal-weighted models, and o = 0.93 with factor loadings. The Information factor
improved slightly in the modified versions (a = 0.95) compared to the original
Information Quality subscale (a = 0.91), indicating enhanced coherence within this
dimension. Finally, the newly introduced Reachabilityfactor demonstrated excellent
reliability (e = 0.96), confirming it as a stable and meaningful construct in this study
and supporting its inclusion as a distinct usability dimension for evaluating lighting
and shading control interfaces.

TABLE 5.6 Comparison of Cronbach’s alpha values between the original PSSUQ (version 3), the modified
PSSUQ questionnaire with equal weighting across items, and the modified PSSUQ questionnaire
incorporating factor loadings.

Cronbach’s a Cronbach’s

Cronbach’s o

Subscales ) (MOdiitr:: ‘l;:lsgl:g; )equal (Modiﬁcla:azisnsgus?, factor
Overall 0.94 0.94 0.95
System Quality
(Ease of use in this study) 0.90 0.90 0.93
Information Quality 0.91 0.95 0.95
Interface Quality 0.83 (Not evaluated) (Not evaluated)
Reachability
(New factor in this study) (Not applicable) 0.96 0.96

53.3 Usability Score per level of Reachability, Ease of Use, and
Information

This section reports usability scores for each factor identified previously, along with
the Overall Usability score, calculated as the average of all 16 items. We conduceted
pairwise comparisons between scenarios to identify statistically significant
differences. Figure 5.7 presents these results, displaying scores for Ease of Use (a),
Reachability (b), Information (c), and the Overall Usability score (d).

As shown in Figure 5.7a, Ease of Use scores exhibited a rising trend from Scenario 1
(Analog, Wall, no cues) to Scenario 6 (Digital, Desk, System Cues). We found
differences in Ease of Use between analog (Scenarios 1-3) versus digital (Scenarios
4-6) type of interfaces. For instance, Scenario 2 (Analog, Desk, No cues) and
Scenario 4 (Digital, Desk, No cues) show the positive effect of switching to a digital
interface, even when no additional cues were provided and the interface location was
kept constant on the desk close to the participant.

When focusing on Reachability, as described in Figure 5.7b, participants rated
wall-mounted (Scenario 1) and split-position interfaces (Scenario 3) lower than the
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desk-mounted scenarios (Scenarios 2, 4,5 and 6). A clear improvement was
observed between Scenario 1 (Wall) and Scenario 2 (Desk), which represent the
scenarios with analog interfaces and no system cues. High usability scores for
desk-mounted interfaces were relatively consistent across both analog (Scenario 2)
and digital scenarios (Scenarios 4, 5, 6), indicating that interface “Position” may
have a stronger influence on Reachability than ease of use.

Usability scores for the Information factor increased as system cues were added
(Figure 5.7c). Scenarios 1-4, which lacked cues, were consistently rated lower than
Scenarios 5 and 6. This trend is clearly shown between Scenarios 4 and 5, where
“Type of Device” and “Position” were kept the same, underscoring the positive effect
of introducing feedback cues on occupant experience. However, no significant
differences were noted between Scenario 5 (state cues) and Scenario 6 (state + task
completion cues), showing that, once the required information level is provided to
the occupant, a further increase in information level may not enhance the occupant
experience.
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FIG. 5.7 Usability scores for Ease of Use (a), Reachability (b), Information (c), and Overall Usability score (d)
across interface scenarios tested. ** = (p < 0.01).
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Figure 5.7d presents the Overall Usability scores across the six interface scenarios.
Pairwise comparisons revealed statistically significant differences (p < 0.01) for all
contrasts between Scenarios 1-3 and Scenarios 5-6 (i.e., 1-5, 1-6, 2-5, 2-6, 3-5,
3-6). Scenarios 1 and 3, which used wall-mounted and split interfaces, respectively,
scored the lowest. In contrast, Scenarios 5 and 6 used desk-mounted interfaces and
received significantly higher satisfaction ratings. The analog interfaces in Scenarios
1 to 3 were consistently rated lower than the digital interfaces used in Scenarios 4 to
6, even when the position remained constant (e.g., Scenario 2 vs. 4). The evident
differences emerged with the inclusion of system cues. Scenarios 5 and 6, which
incorporated state and task completion cues, outperformed Scenarios 1 to 4, which
lacked cues. The contrast between Scenario 4 (digital, desk, no cues) and Scenario 5
(digital, desk, state cues) isolates the strong positive effect of adding feedback cues.

53.4 Influence of Position, Ease of Use, and Information on
Participants’ Overall Satisfaction

In this section, we examine how the three usability factors relate to Overall
Satisfaction, as measured by item 17 of the modified PSSUQ (“Overall, I am satisfied
with the control interface - position, information, and type”). We do this to assess
whether Ease of Use, Reachability, and Information also explain participants’ overall
satisfaction with the interfaces. As shown in Figure 5.8, we found strong and
statistically significant positive correlations between all three factors and Overall
Satisfaction (all r > 0.65, p < 0.001), with particularly high associations for Ease of
Use (r = 0.84) and Reachability (r = 0.80). These results indicate that participants
who rated these domains highly were more likely to report greater overall
satisfaction with the control interfaces.
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FIG. 5.8 Pearson correlation matrix showing relationships between the three usability domains, Ease of Use,
Information, and Reachability, and Overall Satisfaction.
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TABLE 5.7 Ordered logistic regression results for Overall Satisfaction. The rows represent the independent
variables: Ease of Use, Reachability, and Information, as well as the threshold coefficients (1/2, 2/3, 3/4, and
4/5) indicating satisfaction category boundaries. The columns display the estimated coefficients (Estimate),
standard errors (SD err), z-values (z), p-values (P>|z|), and 95% confidence intervals ([0.025, 0.975]).

Parameter Estimate SD err z p

Ease of use 1.831 0.430 4.26 < .001
Reachability 2.317 0.512 4.53 < .001
Information 0.597 0.256 2.33 0.020
1/2 threshold 6.944 1.435 4.84 < .001
2/3 threshold 1.668 0.225 7.41 < .001
3/4 threshold 1.702 0.207 8.21 < .001
4/5 threshold 1.260 0.207 6.10 < .001

Accuracy on test set: 0.722

We then performed an ordered logistic regression model to examine the relationship
between Ease of Use, Reachability, Information, and Overall Satisfaction(Item 17).
The analysis indicates that Ease of Use (8 = 1.831, p < 0.001) and Reachability (8 =
2.317, p < 0.001) are significant predictors of Overall Satisfaction, while Information
(B =0.597, p = 0.020) had a comparatively smaller but still significant contribution.
The full regression results are presented in Table 5.7.

Participant Preferences for Interface Variables After the
Experiment

In this section, we report the results of the post-experiment questionnaire. After
completing the usability test, participants answered a three-part questionnaire
designed to capture different aspects of interface design for lighting and shading
control (see Table 5.3). The questionnaire was divided in three section: (i) the first
section captured baseline for laboratory setup preferences through single-choice
questions and one ranking task, focusing on the three interface characteristics
tested in the study: “Type of Device”, “Position”, and “System Cues”; (ii) the second
section explored differences in preferences for interface characteristics for single
and shared office setups, using Likert-scale statements to test trade-offs between
convenience, occupant responsibility, and feedback clarity; (iii) the third section
examined the influence of interface characteristics on acceptance of automation,
asking whether specific features, such as “Type of Device”, “System Cues”, or
“Position”, would make participants more comfortable with automated lighting and
shading systems.
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5.3.5.1

Laboratory setup preferences

Figure 5.9 presents participants’ preferences for interface “Position”, “System Cues”,
and “Type of Device”. Regarding the preferred position for the lighting control
interface (Figure 5.9a), the majority of participants (n = 12) favored having the
interface on their desk, compared to the wall (n = 6), while no participants selected
placement near the lighting fixture.
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FIG. 5.9 Participant preferences for interface variables after the experiment. (a) Preferred position of the
lighting control interface; (b) Preferred position of the shading control interface; (c) Preferred level of system
feedback; (d) Preferred type of device. Bars indicate the number of participants; significance brackets
represent Bonferroni-adjusted pairwise Chi-squared comparisons. * = (p < 0.05).

For shading controls (Figure 5.9b), preferences were more diverse. Although the
desk remained the most preferred position (n = 10), close to the window was also
selected (n = 7), and the wall was least preferred (n = 1). A pairwise comparison
revealed a statistically significant preference for the desk over the wall for the roller
shades interface (p < 0.05).
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In terms of “System Cues” (Figure 5.9¢), the most chosen configuration was system
state with task completion feedback (n = 10), followed by system state only (n = 7).
No cues configuration was least preferred (n = 1), and the difference between the
most and least preferred options was statistically significant (p < 0.05).

Lastly, “Type of Device” preferences (Figure 5.9d) showed a relatively balanced
distribution between touch screens (n = 10) and physical switches (n = 8), with no
statistically significant difference.

Participants rated the importance of three interface attributes (“Position”, “System
Cues”, and “Type of Device”) on a three-point scale (Not Important, Somewhat
Important, Very Important). Figure 5.10 shows a bubble chart. Bubble size reflects
the number of respondents at each attribute-by-importance cell, labels show counts
(n), and colors indicate respondent groups that share the same ranking profile
across attributes. The pattern concentrates at Very Important for “Position” (most
participants placed it at the top), while “Type of Device” tilts toward lower
importance (many chose Somewhat/Not Important and only a few marked it Very
Important). “System Cues” sits between these extremes, with responses split mainly
across Somewhat and Very Important. For context, in the underlying rankings,
14/18 participants placed “Position” first, 10/18 placed “Type of Device” last, and
“System Cues” was divided (6/18 first, 6/18 second).
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System cues —| ‘ 2
Typeof | 2
device n=6

I I I
Not Somewhat Very
important important important

FIG. 5.10 Participant importance ratings for interface attributes. Bubbles show how many participants rated
each attribute (Position, System cues, and type of device) at each importance level on the x-axis (Not
important, Somewhat important, Very important). Bubble area is proportional to the number of respondents;
labels show counts (n). Color encodes respondent groups that share the same importance ranking profile
across attributes (equal ranks).
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53.5.2

Differences in Preferences for Interface Characteristics for
Single and Shared Office Setups

To further examine how participants’ preferences might shift across different social
contexts, the final questionnaire included items related to potential shifts in
preferences when multiple occupants are present in the same office space.

Figure 5.11 summarizes the distribution of preferred interface characteristics in the
office lab setup (which mirrors a single office condition) and compares them to
preferences expressed in a shared office context. Preferences are grouped by
interface “Position”, “Type of Device”, and “System Cues”, along with the percentage
of participants whose selections matched across both contexts.
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FIG. 5.11 Comparison of participants’ interface preferences in office lab versus shared office settings across
three attributes: “Position”, “Type of Device”, and “System Cues”. The figure presents the number and
percentage of participants who preferred each option in both settings (match rate).

For the interface “Position”, most participants preferred a desk-mounted control in
the single office setup (56%), whereas in a potential shared office context,
preferences shifted toward wall-mounted interfaces (44%). The overall match rate
for “Position” preferences was 38.9%, indicating that context significantly influenced
participants’ preferred interface “Position”.

“Type of Device” preferences remained relatively consistent. Analog controls were
selected by 449% of participants in the laboratory and increased to 61% in the
shared office setup. Despite this shift, the match rate between contexts was high
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(83.3%), suggesting that participants’ preferences regarding the “Type of Device”
(e.g., analog vs. digital) are less dependent on social context.

Preferences for “System Cues” were highly consistent: 95% of participants selected
interfaces that provided system state and feedback cues in both the laboratory and
shared office scenarios, while only one participant (5%) preferred no information.
The resulting match rate of 88.9% reflects a strong and stable preference for
“System Cues” across contexts.

Influence of Interface Characteristics on Acceptance of
Automation

TABLE 5.8 Statements used in section 3 of the post-experiment questionnaire on automation acceptance.
Participants rated their agreement on a 5-point Likert scale ranging from 1 (Strongly Disagree) to 5 (Strongly
Agree).

Variables Tested for Their Impact on Statements
Automation Acceptance
Analog interface I'd be less bothered by automation if it had a simple analog switch interface—like

a familiar physical switch—giving quick, intuitive control of lights and roller shades
without extra learning or mental effort.

Digital interface I'd be less bothered by automation if it included a responsive
touchscreen—enabling fluid interaction with lights and roller shades, and
seamlessly integrating into the workspace.

Desk position I'd feel less bothered by automation if lighting and roller shade controls were
positioned on my desk within easy reach.

Wall position I'd feel less bothered by automation if lighting and roller shade controls were
mounted by the door, letting me set lights and roller shades as I enter the room.

Separated (split) position I'd feel less bothered by automation if lighting and roller shade controls were
separated—Ilight switches by the door and shade controls by the windows—so I
stay aware of each system throughout the room.

No information I'd feel less bothered by automation if it were intuitive enough to need no status
indicators or performance feedback for lighting and roller shades.
System information I'd feel less bothered by automation if I could easily check its current state—like

the shades’ position or the lights’ status.

System information and feedback I'd feel less bothered by automation if it displayed its ongoing actions for lighting
and roller shades and let me know once they're complete.

To assess which interface characteristics might promote a higher acceptance of
automated lighting and roller shade controls, participants rated their agreement with
statements shown in Table 5.8 about each characteristic on a 1-5 Likert scale (1 =
strongly disagree, 5 = strongly agree). Figure 5.12 illustrates the distribution of
these scores. Desk-mounted controls were viewed as most preferred, with a median
of 4.0, whereas wall-mounted controls registered a median of 3.0, and the split
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53.6

layout (lighting at the entrance wall, shades by the window) scored lowest with a
median of 2.0. In terms of “Type of Device”, both digital displays and analog dials
achieved medians of 4.0, indicating equal overall acceptance. Finally, among system
cues, system-state and feedback cues each reached a median of 4.0, while the
no-info option stayed behind at 3.0. Altogether, these results suggest that occupants
prefer interfaces that are within easy reach, employ familiar control formats, and
provide clear system feedback.

To assess the likelihood that observed differences arose by chance, we applied
Wilcoxon signed-rank tests to each within-subject pairing. Only the comparison
between desk-mounted and split layouts reached statistical significance (W = 5.0, p
=.039), confirming a reliable preference for desk placement over the split
configuration. None of the other pairs, such as desk versus wall (p = .359), digital
versus analog (p = .512), or any pairing among system-state readouts, generic
feedback cues, and the no-info condition (all p > .37), attained the a = .05
threshold.
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FIG. 5.12 Boxplots of 1-5 agreement scores for each interface feature (n = 18). Each panel shows the full
distribution of participant ratings for (top to bottom) desk-, wall-, and split-mounted positions; digital versus
analog devices; and system-state read-outs, feedback cues, or no information. Boxes show the interquartile
range, whiskers the full range, and white circles the means.

Interview Results

This section presents qualitative insights from the pre- and post-experiment
interviews, which provide context for and help validate the quantitative findings. The
interviews explored participants’ expectations of control interfaces before the
usability test and their perception after interacting with the six scenarios. By asking
about the three interface variables tested through the experiment (“Type of Device”,
“Position”, “System Cues”) the interviews showed how participants’ expectations
changed through hands-on experience, offering explanations and nuances that
complement the statistical results.
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Type of Position

5.3.6.2

The examination of participants’ expectations versus experiences with control
interfaces for lighting and roller shades reveals notable shifts in perception.
Participants expected that the interfaces would be located near the entrance for
lighting and close to the window for roller shades, with the expectation that these
positions would significantly impact their satisfaction. One participant expressed this
view, stating, “I would expect the switch next to the entrance for lights. The same for
the shading, next to the entrance.” One participant mentioned this preference was
related to convenience in reducing the number of items in the desk, “I like being
closer to the door. I don’t think I need to interact regularly with the system. Having
too many things on the desk is not convenient.” However, some participants also
expressed that proximity to the interface was key for comfort and efficient
interaction. For example, a participant noted that “...on the desk is the best position
because of convenience. However, in a shared office, I would prefer the controls at
the entrance.”

Level of Information

5.3.6.3

At the start of the experiments, participants expected minimal information on control
interfaces, such as basic directional cues (e.g., up/down, increase/decrease
brightness). One participant shared this expectation, stating, “I was expecting no
information, only icons telling me what I am supposed to do. Maybe information
about the system state, such as light brightness can be conveyed by the dial position
easily.” However, their experience during the experiment demonstrated to a few of
them that higher information levels and cues can enhance their overall experience.
For instance, one participant noted, “I liked it when the system told me when I
achieved the control task goal. I would like to have information on the impact of my
behavior on the building performance.” Another participant supported this, saying, “I
like the information about the system state. I feel I have more control if I have that
information.” Additionally, some participants expressed a preference for further
details on how their behavior influenced the building’s performance and indoor
environment. As one participant commented, “I would prefer building performance
information combined with my personal preferences.”

Type of Interface

Regarding the type of interface, participants preferred analog devices initially, such
as switches and dials for lighting, and manual cords or switches for blinds. One
participant reflected this preference, stating: “I would expect a blind controlled by a
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cord. If it is remotely controlled, I expect information on up and down state.” After
using the interfaces during the experiment, a few participants reported preferring
digital interfaces, because they offer interactive features and detailed feedback. As
one participant commented, “I liked the percentages and the extra information about
my task performance. With this information, I can set up my environment as I want.”
Despite these comments, some participants continued to appreciate the simplicity of
analog systems. One participant noted, “I liked the sliders, but I don’t like accuracy
at that level. Every 10% of the adjustment option is better for me”. Furthermore,
while simplicity was favored, participants found that having access to detailed
information, despite its complexity, was beneficial. Another participant emphasized
this, stating, “I liked having access to information. The better the information, the
better my perception of control.” Overall, information is appreciated by occupants,
but they also remarked several times that the level of information should be simple
and useful, according to their expectations.

Acceptance of Automation

54

Concerns about automation were also noted, with participants seeking systems that
were understandable and controllable. One participant expressed this clearly, stating,
“Automation might be frustrating if I can’t understand it.”This underscores the need
for interfaces that are both intuitive and integrative. Another participant highlighted
the desire for control, remarking, “If I could understand the logic behind the
automated control, I would accept it more.”Overall, the transition from expectation
to experience demonstrated that while participants anticipated certain features, their
actual satisfaction was significantly influenced by practical experience with the
interfaces. One participant reflected this sentiment, saying, “I like the information.
The better the info, the better my perception of the control.”

Discussion

This study demonstrates the applicability of the PSSUQ in the built environment
domain by successfully adapting it to evaluate building control interfaces. The high
internal consistency and robust factor structure, comprising Ease of Use,
Reachability, and Information, indicates that usability in environmental control
interfaces can be reliably measured using this approach. This aligns with earlier
findings in human-computer interaction domains [195] while extending the utility of
PSSUQ to a new application context.
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During the experiment, we found a strong preference for control interfaces that
provide clear system cues and are easily accessible, particularly those mounted on
the desk. These interface characteristics achieved the highest satisfaction scores
across all usability dimensions. Insights from the post-experiment interviews and
questionnaires, however, suggest that while desk-mounted controls were preferred in
the individual office lab setting, participants anticipated favoring wall-mounted
configurations in shared offices. This reflects the influence of social norms, privacy
considerations, and aversion to personal desk space. This context dependency,
particularly regarding interface position, aligns with findings from previous studies
that show spatial and social conditions shape interaction with building controls
[178, 184, 187]. These results suggest that one-size-fits-all solutions may not be
effective and highlight the need for adaptable or personalized control strategies.
Although the information was not ranked as important as position (Figure 10), both
the experimental results (Figure 7) and interview findings showed that information
level supports a positive experience with the automation system when the
information is relevant to the occupant’s needs. However, occupants’ perceived
acceptance of automation did not appear to be influenced by the level of information
provided. This finding should be verified through behavioral experiments that
measure override behavior under varying levels of information, as there may be a
discrepancy between perceived and actual acceptance. Other studies showed, for
instance, that transparency and occupant understanding might mitigate the
resistance often associated with automated building systems [178].

Regarding the type of device, participants showed a clear preference for the digital
interface, primarily because it was the only option providing system-state
information, as illustrated in Figure 7 (a). Notably, digital control interfaces that
included such information were both preferred over analog interfaces without
information and perceived as easier to use, particularly when equipped with explicit
system-state cues. This finding reinforces previous research emphasizing the role of
intuitive and informative interfaces in enhancing occupant satisfaction and
facilitating behavior change [182, 186] . However, the preference for digital over
analog controls also presents an important challenge. While digital or touch-based
interfaces can deliver richer feedback, they may introduce accessibility barriers for
certain occupant groups [202]. Hybrid solutions, combining physical elements (e.g.,
buttons or tactile feedback) with digital components providing system information,
have been shown to improve both usability and inclusivity across domains [203]. It
is important to note that these findings are specific to the controlled office-lab
setting and may not directly generalize to real-world environments.

Participants’ initial expectations for analog interfaces appeared to change over the
course of the experiment. While they initially preferred simple analog controls,
post-experiment feedback revealed a shift toward interfaces offering system
feedback—hence, digital configurations. This evolution suggests that direct
interaction with control interfaces can enhance understanding, perceived ease of use,
and overall attitudes toward personal control and automation. Similar dynamics have
been observed in previous studies, where hands-on testing or prolonged use
prompted participants to revise their preferences toward more advanced,
information-rich systems [204]. These results highlight the value of usability testing
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not only as an evaluation tool but also as a means of fostering occupant learning and
managing expectations.

The diversity in participants’ ranking of interface characteristics, ranging from the
importance of system feedback to a preference for simplicity, clearly indicates that
participants’ needs are not uniform. This finding aligns with prior research showing
that while some occupants value detailed system feedback and advanced control
features [186, 204], others prefer simple, easy-to-use interfaces that minimize
cognitive load [154]. These individual differences suggest that flexible or
personalized control strategies may be necessary to accommodate varying occupant
expectations and interaction styles.

This study has several limitations. First, it was conducted in a single controlled office
lab with 20 relatively young participants with technical expertise, which constrains
the generalizability of the findings to other building types, occupant groups, and
cultures. Second, the experiment focused on lighting and shading in a specific set of
interface configurations, so the results may not extend to other building services or
interface designs. Finally, preferences and acceptance of automation were measured
using self-reported questionnaires in both the office lab and hypothetical
shared-office scenarios, without observing long-term use or override behaviour in
real shared spaces. Future research should therefore test similar interfaces in real
multi-occupant offices, include more heterogeneous occupant groups, and combine
usability ratings with behavioral measures of interaction and overrides over time.

Conclusion

In this study, we utilized the PSSUQ framework to investigate occupant experience
with building control interfaces for lighting and shading, focusing on Overall
Satisfaction related to “Type of Device”, “Position”, and “System Cues”. We first
validated the PSSUQ'’s suitability for this context, involving interaction strategies for
lighting and shading in an office environment. This study represents a novel
application of the PSSUQ, extending its use beyond traditional settings. Compared to
other methods for evaluating building control strategies, our approach provided
more detailed insights into participant requirements for Ease of Use,Reachability,
and Information. The effectiveness of the methodology implemented in the office lab
was due in part to its ability to encourage meaningful interaction with the interfaces
during task-based scenarios. This resulted in more informed and consistent
responses across participants. The alignment between quantitative findings and
qualitative interview insights further strengthens the validity of the results and
supports the robustness of the usability testing framework in this application.
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The results showed higher preferences for desk-mounted, digital interfaces that
provided clear system-state cues. These characteristics consistently received the
highest usability scores across all dimensions and played a central role in
participants’ acceptance of automated building systems. Preferences for control
interfaces varied based on contextual factors, such as whether the setting was
private or shared, and individual characteristics, such as attitudes toward
automation and expectations of simplicity. These findings underscore the importance
of context-aware control strategies rather than one-size-fits-all solutions.
Additionally, participants’ expectations changed after interacting with the control
interfaces during the experiment. Initial preferences for analog and simple solutions
moved towards digital, information-rich systems. This shift highlights the role of
empirical experience in influencing occupant preferences towards control interfaces.

Future work should further explore the influence of contextual variables (e.g., shared
vs. individual space) and personal factors (e.g., familiarity, cognitive style) on
occupant interface preferences. Moreover, research should investigate how different
types and levels of system information impact occupant engagement with
automation, comfort, and control in everyday use. These findings could inform the
development of tailored HBI strategies that align with diverse occupant needs and
support both indoor environmental quality and building performance.
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6 Using Questionnaires
to Capture Occupant
Response

What Should Be Automated in
Offices? Occupants’ Preferences
for Automation Levels from a
Large Survey in Spain and the
Netherlands

This chapter corresponds to a manuscript currently under review at Energy and
Buildings.

This chapter operationalizes the dissertation’s findings to address the overarching
research question regarding occupant requirements and automation acceptance.
Building on the problem space defined in Chapters 2 and 3 and the experimental
evidence on interaction dynamics from Chapters 4 and 5, this study deploys a
large-scale questionnaire to quantify occupant preferences. It assesses preferred
automation levels across distinct workday phases, characterizes control desires for
specific building services, and identifies concrete interaction requirements regarding
interface type, position, and information. By translating experimental factors into
measurable variables, this chapter provides population-level evidence on the
consistency of occupant needs, validating generalizable requirements to inform
future fagade control strategies.
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6.1

Introduction

Reducing operational energy use while maintaining acceptable indoor environmental
quality (IEQ) remains a challenge for the building sector and a key pathway for
climate-change mitigation [205]. In office buildings, where thermal conditions,
ventilation, lighting, solar control, acoustics, and view/privacy jointly shape comfort
and productivity, performance depends not only on technical system capabilities but
also on how building services are operated in everyday use [206-208]. Research has
progressively shifted toward occupant-centered building design and operation, in
which energy and comfort outcomes depend on alignment between building controls,
indoor environmental requirements, and occupants’ preferences [17, 209].
Persistent discrepancies between predicted and measured building energy
performance further reinforce the need to understand how occupants prefer building
services to be controlled and what interaction conditions enable effective operation
in practice [12, 154]. Accordingly, evidence on occupants’ control preferences is
essential for strategies that deliver both energy efficiency and acceptable user
experience [147].

Advanced building control strategies, such as occupancy-based control, predictive
control, and adaptive algorithms, are studied and, in many cases, deployed in
building automation systems, shaping when, how, and by whom control decisions are
made [21, 77, 135,210, 211]. These strategies do more than control building
services, they define the occupant’s role in the control loop. Human-factors research
on levels of automation conceptualizes automation as a spectrum of human
involvement across information acquisition, interpretation, decision-making, and
action, and shows that outcomes depend not only on the type of automated control
strategy but also on feedback and the ability to intervene or override when needed
[212]. In buildings, this implies that the same system described as automated can
be experienced differently depending on whether the system communicates status
and intent (e.g., cues, explanations, recommendations), whether it requests
confirmation, and whether override is accessible and reliable [ 149, 209].
Consequently, developing a building control strategy requires clear specification of
both the level of automation and the interaction mechanisms through which
occupants remain informed and can influence outcomes, an issue central to
occupant-centric design [17, 147, 154, 212].

Empirical studies on occupants’ preferences for building automated control indicate
that acceptance depends on two conditions. Automation should preserve meaningful
occupant agency (e.g., the ability to intervene) and provide sufficient transparency
for occupants to understand system state and actions [149, 213, 214]. Occupants
often report annoyance of extremes control strategies (fully manual or fully
automated) and instead preferring intermediate arrangements in which the system
provides support (e.g., recommendations or automated actions) while maintaining
confirmation and/or override opportunities [149, 213, 214]. In office settings,
studies of automated blinds and facades frequently report deactivation of fully
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automated modes and identify perceived loss of control as a recurring barrier to
acceptance [89, 90, 215]. Experimental work further shows that clearer feedback
about system state and actions can improve satisfaction and support energy efficient
operation, underscoring the role of transparency in automated building services
acceptance [149]. A recent review of occupant-centric controls similarly emphasizes
that successful implementation depends on interaction mechanisms that support
comprehension and accessible intervention when automation conflicts with occupant
needs [216]. Therefore, automated building services are more likely to be accepted
when occupants can interpret system status and intent, anticipate automated
actions, and intervene via straightforward override or adjustment when automated
decisions do not match their requirements [89, 147, 149, 154].

A further implication of occupant-centered control is that preferred levels of
automation are unlikely to be uniform across services or stable across time. Building
services differ in how quickly they affect comfort, how noticeable their effects are,
how reversible actions are perceived, and how disruptive automation may be during
everyday work, which can influence whether occupants accept automation or prefer
manual control [217]. Consistent with this, prior work shows that preferences for
automated controls vary across occupants and across control contexts and systems,
suggesting that a single automation level is unlikely to suit all situations [213, 214].
In offices, perceived personal control is linked to satisfaction and comfort, but varies
across buildings and user groups, indicating that personal control is not experienced
consistently in practice [215, 218, 219]. At the service level, studies comparing
manual and automated strategies for blinds and lighting report differences in
discomfort and acceptability, illustrating that the same automation policy can be
experienced differently depending on the system and context [89, 90, 149]. In
addition, field studies show that interactions with controls can cluster around
workday-phases, with some actions (e.g., manual window opening) occurring
frequently at the start of the day, suggesting that control needs are shaped by
routines as well as discomfort [220]. Office studies also report workday-phases use
of heating-related personal controls (e.g., thermostat/TRV interactions and
setpoint-related actions) and building control concepts often operationalize
occupancy transitions through preheating and setback periods [21, 23, 210]. A
systematic review of user-centered lighting controls also highlights that variability in
working hours and occupant routines is often poorly represented by fixed schedules
and default control logics [221]. However, this evidence remains fragmented across
single services and heterogeneous constructs, and rarely captures the stated
preferences for automation levels across multiple services and workday phases using
a consistent scale, limiting practical guidance for offices on what to automate, to
what extent, and when occupants want to be involved [89, 149, 154, 213, 214].

Even when buildings provide manual control or override, these features may not
enable effective interaction if controls are difficult to reach, unclear, or provide
limited feedback about system state. A review of building control interfaces reports
recurring usability problems across windows, blinds, thermostats, and lighting (poor
labeling, inconvenient placement, ambiguous control-effect mapping, and weak
system-state cues) often leading to under-use, misuse, and workarounds that can
undermine comfort and energy performance [154]. Field monitoring and test in
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offices confirm that the interface through which occupants interact influences
control behavior for lighting and shading [212, 222]. Thermostat research similarly
shows that interface complexity and poor information constrain understanding and
contribute to ineffective use of control features [223, 224], while work on operable
windows highlights the value of direct, immediate agency for comfort regulation
[225]. Large post-occupancy datasets further indicate that dissatisfaction frequently
co-occurs with perceptions of limited personal control, suggesting that control can
be experienced as absent even when options exist [215, 218, 226-228]. Interface
design also conditions automation acceptance. Studies of automated blinds show
higher acceptance when automation is intelligible and straightforward to intervene in,
and when explicit feedback is provided about system state and actions [23, 149].
Office lighting research likewise emphasizes that user-centered control concepts
only succeed when implemented through interaction mechanisms that fit office
routines and constraints [187, 221, 229]. These findings indicate that interface
characteristics are central to whether automation and manual control policies are
usable and acceptable in practice [149, 154, 187, 212, 221].

However, despite the growing emphasis on occupant-centered control, research still
lacks a coherent, comparable evidence base on how office occupants prefer different
building services to be automated and on the interaction requirements that make
automation workable in everyday office routines. Existing studies provide valuable
insights into specific systems and contexts, but they rarely compare explicit levels of
automation across a broad set of building services using a consistent assessment
scale, test whether preferred automation varies across workday phases, and jointly
assess interface preferences that shape how easily occupants can understand and
intervene in automated operation [89, 149, 154, 213-216, 218]. In practice, these
gaps leave human-building interaction strategies under-specified. Control
algorithms may be technically sophisticated yet misaligned with occupants’ preferred
role in control, while inadequate interface design can make feedback and override
difficult to access and thereby undermine the mechanisms that support trust and
acceptance [25, 147, 149, 154].

This study addresses these gaps using a large-scale questionnaire of office
occupants in the Netherlands and Spain. We map preferred levels of automation
across three workday phases (arrival, while working, leaving) and ten building
services using a five-point ordered response scale ranging from fully manual control
to recommendation-based support and automated control with varying notification
and override conditions. We also assess the preferred interface characteristics
(device type, interface position, and information level) to identify interaction
requirements that support acceptable automation and practical intervention. The
aim is to provide evidence for office automated control strategies that reflect service-
and workday phase-specific preferences and can be implemented through usable,
informative, and accessible interfaces.
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6.2

Methodology

6.2.1

Study design and recruitment

This study is based on responses to an online questionnaire distributed to office
workers in the Netherlands and Spain. Participants were recruited through a Dutch
online survey sampling provider. Eligibility was restricted to adults who reported
working in an office environment. Quality control procedures included minimum
completion-time thresholds, attention-check items, and consistency checks using
repeated guestions at different points in the questionnaire. Only respondents who
passed all checks were retained. In total, 3,504 respondents provided valid
responses and country information (NL = 1,870; ES = 1,634). Participation was
voluntary and respondents could withdraw at any point by closing the browser.

The study protocol, including the questionnaire and procedures, was approved by the
Human Research Ethics Committee of Delft University of Technology (ID 3515).
Participants gave their informed consent by ticking an agreement box before
accessing the first survey page.

TABLE 6.1 Overview of questionnaire sections, main constructs, and response formats.

Section Main constructs Response format

Age, Sex, Education, Country

Demographics of residency

Single-choice

Location, work frequency

Office context (days/hours), desk type Multiple-choice & numeric
(fixed/flex)
Floor level, layout, window

Environmental context proximity, noise/view 5-point Likert & descriptive

satisfaction

Availability of 10 services
Current building services (HVAC, lighting, etc.) and Binary (Yes/No) & multi-selection
current automation level

Desired control during arrival,

Automation preferences by while working, and leaving

workday phase

5-level automation scale (manual to
full auto)

Desired control level for 10

Automation preferences by specific building services

building service

5-level automation scale (manual to
full auto)

Preferred type (analog/digital),
position, and information level

Interface preferences Single-choice
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Questionnaire structure and content

6.2.3

The questionnaire covered five domains: (i) Demographics, (ii) office context, (iii)
environmental context, (iv) current building services, (v) automation preferences by
workday-phase, (vi) automation preferences by building service, and (vii) interface
characteristics preferences. Table 6.1 summarizes the main constructs and response
formats. The distributed questionnaire is provided in Appendix B.

Statistical analysis

6.2.3.1

Descriptive statistics

6.2.3.2

We first summarized automation preferences across workday phases, building
services, and interface characteristics using absolute frequencies and
row-normalized percentages (i.e., percentages summing to 100% within each
category), complemented by data visualizations.

Workday-phase shifts in preferred automation

To test whether the same respondents expressed different automation preferences
across workday phases ("arrival" vs. "while working"; "while working" vs. "leaving"),
we treated responses as paired (within-respondent) categorical data. For each
adjacent phase pair, we constructed a square contingency table that cross-tabulates
automation levels at phase 1 (rows) against phase 2 (columns). These tables (i)
provide a complete summary of transitions between categories (e.g., from "manual”
to "automated-with-override") and (ii) serve as the standard input for paired
multi-category tests and agreement metrics [230]. To visualize these within-person
transitions across the three-phase sequence, we plotted an alluvial diagram in which
bar segments show marginal distributions at each workday-phase and flows
represent respondents moving between automation levels from one phase to the
next.

We quantified within-respondent stability using weighted Cohen’s kappa (x), which
measures agreement beyond chance while accounting for the ordinal nature of the
five-level scale (disagreements of one step within the scale are treated as smaller
than disagreements of several steps) [231]. To test whether changes show a
systematic direction on the ordered scale, we recoded the five response options as
ordinal scores from "fully manual" to "fully automated" and applied Wilcoxon
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signed-rank tests to paired phase responses. This non-parametric test is appropriate
for ordinal outcomes and paired observations and evaluates whether responses tend
to shift upward (toward more automation) or downward (toward more manual
control) [232, 233]. We report effect size as r = Z/+/N, where Z is the standardized
Wilcoxon statistic and IV is the number of paired observations.

As complementary, distribution-based checks that do not require ordinal scoring, we
applied (i) the Stuart-Maxwell test of marginal homogeneity to assess whether the
overall distribution of automation levels differs between two phases for the same
respondents [234], and (ii) Bowker’s test of symmetry to assess whether transitions
are directionally balanced (e.g., whether from "manual" to "automated" control
transitions occur as often as the reverse) [235].

Service-specific preferences for automation

6.2.3.4

For each of the ten building services, we summarized the distribution of preferred
automation levels. To test whether the same individuals expressed different
preferences for conceptually related services (e.g., heating vs. air-conditioning;
indoor vs. outdoor shading), we conducted within-respondent pairwise comparisons
using the Stuart-Maxwell test applied to square contingency tables [234], adjusting
p-values for multiple comparisons using Holm’s method [236]. These paired tests
isolate service effects from between-respondent differences in the sample.

To characterize cross-service heterogeneity, we derived respondent-level profiles
based on each respondent’s pattern across the ten services: Manual (only
manual-type levels), Automated (only automated-type levels), and Mixed control (a
combination of manual and automated levels). To interpret the Mixed control profile,
we decomposed preferences within this subgroup by calculating, for each service,
the percentage distribution across the five automation levels.

Predictors of preferring higher automation

To identify factors associated with preferring higher automation, we estimated
proportional-odds ordinal logistic regression models [237]. The outcome is the
five-level automation preference scale, ordered from "fully manual" to "fully
automated." Separate models by phase and by service allow associations to differ
depending on when (workday phase) and what (building service) is being automated.

Model results are reported as odds ratios (OR) with 95% confidence intervals (CI). In
this study, ORs indicate whether a predictor is associated with a greater tendency to
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select higher automation categories (OR> 1) or lower (more manual) categories
(OR< 1), holding other variables constant. We checked the proportional-odds
assumption using standard diagnostics [238]; where minor deviations were
observed, we interpret ORs as average effects across thresholds.

Associations among interface attributes and interface type

To examine whether interface attributes are chosen independently, we tested
associations among preferred interface type ("digital" vs. "analog"), position ("close
to entrance"/"on the desk"/"close to the system"), and information level (ordered
cue options). We first quantified overall pairwise associations between attributes
using x? tests of independence and report Cramér’s V as effect size [230].

To identify which specific combinations drive these global associations, each
attribute level was recoded as a binary indicator (selected vs. not selected), and we
tested all level-by-level pairings across attributes using 2 x 2 contingency tables,
reporting the signed ¢ coefficient as effect size [230]. P-values for these multiple
level-by-level tests were adjusted using a Bonferroni correction [236].

To quantify how information level and position jointly relate to choosing a "digital"
interface, we estimated a binary logistic regression with interface type as the
outcome ("digital" = 1; "analog" = 0), excluding "no preference" responses [230].
Information level was entered as an ordered predictor and interface position as a
categorical predictor (reference = "close to entrance"). Coefficients were
exponentiated to ORs with 95% CIs. For interpretability, we also plotted the
observed proportion choosing a digital interface across information levels, stratified
by interface position.

Finally, to test whether respondents who prefer higher automation also tend to prefer
different interface designs, we assessed associations between preferred automation
level ("while working") and each interface characteristic (type, position, information
level) using x? tests with Cramér’s V effect sizes, excluding "no preference"
responses [230].
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6.3 Results

6.3.1

Respondent characteristics and workspace context

Characteristic Category n %
18-24 116 33[] i
25-34 619 177 ]
3544 907 259 ] '
Age range 45-54 %8 276 ]
55-64 754 15[ ] i
65-74 135 39[]
75-84 5 01
Elementary school 29 0.8 E
Secondary school 1098 314 ] !
Education level Bachelor degree 1644 A7 ] E
Masters degree 618 177 |
Doctoral degree 105 300 E
Does not apply m 32[] E
Very satisfied 646 184 ] !
Satisfaction with Satisfied 1231 35 ]
outdoor view Neutral 74 w8 ] !
Dissatisfied 343 93] E
Very dissatisfied 135 3.9[] H
No windows available 621 17.7 1
It?;svtvai:(cj(e)‘::om desk Greater than 5 m 205 59 ::| E
0-5m 2678 764 '
Ground floor 1322 377 ] E
Floor level of First floor 107 316 ] !
workplace Second to fourth floor 825 235 ] E
Fifth floor or more 250 7] !
Desk use Always at the same desk 2535 723 ]
Flexible desking 9%9 277 ] |
Cubicles with low partitions 148 4.2[7] E
Enclosed office, private 828 236 ] !
Workspace type Enclosed office, shared with other people 1314 375 ] E
Workspace in open office 1061 303 ] |
Cubicles with high partitions 153 44[] i
0% 50% 100 %

Percentage (%)

FIG. 6.1 Sample and workspace characteristics of the respondent population. Data is grouped by variable
(age range, education level, satisfaction with the outdoor view, distance from desk to window, floor level of
workplace, desk use, and workspace type), with categories listed within each group.

On average, respondents worked 3.5 days per week in the office and 7 hours per day
at the workplace. The sample was broadly balanced by sex assigned at birth (female
n = 1,795; male n = 1,680; prefer not to say n = 16). As shown in Figure 6.1, most of
the respondents were middle-aged adults (predominantly 35-54 years) most had at
least secondary education and nearly half reported a bachelor’s degree. Satisfaction
with the outdoor view was generally moderate to high, and most respondents sat
relatively close to a window (76.4%), typically on the lower floors (ground floor =
37.7%; first floor = 31.6%). the workspace configurations were oriented toward
fixed and shared settings: 72.3% reported working at the same desk (vs. 27.7%
flexible desking), and 76.4% worked in enclosed shared offices or open-plan desk
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areas (vs. 23.6% private offices or cubicles).

Figure 6.2 provides the baseline context for what respondents can actually control in
practice. Heating, air-conditioning, and lighting were the most widely available
services (reported as available by 76% for heating and 72% for air-conditioning and
lighting). For heating and air-conditioning, current control was split across "manual”,
"semi-automated", and "fully automated" control modes, indicating that respondents
are exposed to heterogeneous control strategies even for the same service. Lighting
was more often "manual" (45%), although a large number reported "automated"
lighting (21%). Mechanical ventilation was frequently not available or not perceived
as an available system (76% "not available"). When present, mechanical ventilation
was predominantly "automated". In contrast, openable windows were available to
56% of respondents and were almost exclusively "manual” (52%), suggesting that
window opening remains the main occupant-driven means to affect fresh air and
thermal conditions. Shading was comparatively scarce (indoor shades available to
29%; outdoor shades to 35%) and, when available, tended to be "manual". Personal
devices were rare (task lights 19%, personal fans 12%, personal heaters 7%) and
predominantly "manual”. Overall, several occupants report limited access to shading
and personal devices, implying fewer opportunities to fine-tune comfort beyond a
small set of simple manual actions (e.g., switching lights, opening windows).

FIG. 6.2 Availability and current control mode of building services in respondents’ workplaces. Rows list
building services, and stacked bars show the share of respondents for whom each service is not available,
manually controlled, semi-automated, or fully automated.

Preferred level of automation across workday phases and
predictors

Figure 6.3 summarizes (i) the distribution of preferred automation levels at "arrival",
"while working", and "leaving", and (ii) within-respondent changes between workday
phases. At "arrival", respondents were evenly split between "manual" and
"automated" control options (50% vs. 50%). The share preferring some form of
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automation increased slightly "while working" (52%) and was highest at "leaving"
(549%). This shift is concentrated within the automated response options:
"automated-no override" increased from 10% at "arrival" to 20% at "leaving", while
"fully manual" decreased from 449% to 41% and "manual with notifications" from
6% to 5%.

The transitions represented in Figure 6.3 show that most respondents retained the
same preference across workday phases on the five-point automation scale (ranging
from fully manual to automated control with varying notification and override
conditions), while a minority changed. However, Wilcoxon signed-rank tests indicate
systematic within-respondent shifts toward higher automation from "arrival" to
"while working" (p = 2.34 x 10~7, » = 0.17) and from "while working" to "leaving"
(p=1.30 x 107'° + = 0.27). From arrival to while working, 15.1% moved at least one
step toward higher level of automation and 10.9% moved toward lower automation
(net +4.2%). From "while working to leaving", 19.2% moved toward higher level of
automation and 10.4% moved toward lower automation (net +8.8%). Agreement
between adjacent phases remained high (weighted x = 0.782 and 0.718), indicating
that preferences are largely stable overall. Nonetheless, when respondents do
change, shifts occur more often toward higher automation later in the workday.

Automated
No override D

Automated

with override

Automated

With notifications

and override
Manual

Notification
suggests actions

Automated
No override

:
i -

1.79%] . Automated
with override
I Automated
With notifications
and override

=
Al
gL

Manual
Notification

suggests actions
" | 41.0%
anua M
: lanual
No automation No automation

T

Arrival While working Leaving
L | |
Wilcoxon: p=2.34x107,r=0.17 Wilcoxon: p=130x10", 1=0.27
Median shift (non-zero): +1 level Median shift (non-zero): +1 level
Up 15.1% Down 10.9% Net +4.2 pp (increase) Up 19.2% Down 104% Net +8.8 pp (increase)
Weighted k = 0.782 | Pairs 3490 (908 non-zero) Weighted k = 0.718 | Pairs 3490 (1034 non-zero)

FIG. 6.3 Preferred automation levels at three workday phases (arrival, while working, and leaving). Bar
segments show the share of respondents selecting each automation level, while the connecting streams
represent individual transitions between stages (upward flows indicate moves toward more automation,
downward flows toward more manual control). Summary statistics beneath each pair of stages report
Wilcoxon signed-rank tests, effect sizes, proportions moving up or down the scale, and weighted agreement
(k) between stages.

Building on Figure 6.3, Figure 6.4 classifies respondents into workday-phase
preference profiles: Manual (the same manual-type option at all three phases),
Automated (the same automated-type option at all three phases), and Mixed control
(any change across phases). Most respondents exhibited stable phase-to-phase
preferences: 78.3% were classified as Manual (37.9%) or Automated (40.4%), while
21.7% were classified as Mixed control. In particular, 35.4% preferred "fully
manual" control at every workday phase. Within the Automated profile, choices that
preserved occupant agency (override and/or feedback) were most common, whereas
"fully automated" control with no override represented the smallest automated
subgroup (9.9%).
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Automated - No override

2 9.9% /346
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g notifications, but with override
$ 800 |- I Automated - With
ks notificationsand override
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suggests actions
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I No preference
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Control

Profiles of preferred level of automation

FIG. 6.4 Number of respondents per preference profile: (i) Manual (manual at all workday phases), (ii)
Automated (automated at all stages), and (iii) Mixed (preferences vary across workday phases).

To examine which factors are associated with preferring higher automation at each
phase, Figure 6.5 reports odds ratios (ORs) from ordinal logistic regression models
estimated separately for "arrival", "while working", and "leaving" (OR > 1 indicates
higher odds of selecting a more automated control option; OR < 1 indicates higher
odds of selecting a more manual control option). Across workday phases, prior
experience with automated services is consistently associated with higher odds of
preferring automation (ORs typically > 1), whereas prior experience with manual
control is associated with lower odds (ORs typically < 1). Workspace characteristics
show smaller but systematic associations: private offices tend to reduce automation
preference, while shared offices and flexible desking tend to increase it, particularly
during "while working" and "leaving". Demographic effects (e.g., country, gender)
tend to fall near the "small-effect" band, indicating limited practical impact relative
to experience- and workspace-related predictors. Overall, familiarity with automated
controls emerges as the most consistent correlated parameter of preferring
automation across the day.
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Experience with |
semi-autoamted artificial lighting

Experience with |
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FIG. 6.5 Predictors of preferred automation across workday phases. 0dds ratios (OR; points) with 95%
confidence intervals (bars) from ordinal logistic regression models estimated separately for the Arrival, While
working, and Leaving workday phases. OR values > 1 indicate higher odds of selecting a higher automation
level (i.e., preferring more automated options), whereas OR values < 1 indicate lower odds (i.e., a shift
toward more manual options), relative to the reference category while holding other predictors constant. The
grey band denotes an approximate small-effect region around OR = 1 (about 5 percentage points in
predicted probability at the baseline probability pg = 0.30). Predictors are color-grouped by domain: prior
automated experience (green), prior manual experience (blue), workspace characteristics (dark red), and
demographics (orange).
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6.3.3 Preferred level of automation by building services and
predictors

Figure 6.6 shows that preferred automation levels vary by building service,
describing a clear gradient from HVAC to personalized environmental control
systems. Personalized environmental control systems (task lights, personal fans,
personal heaters, and openable windows) exhibit the strongest preference for "fully
manual" control: 67% for task lights, 70% for personal fans, 69% for personal
heaters, and 68% for openable windows. Shading and lighting occupy an
intermediate position, with "fully manual" control still dominant but with substantial
number of respondents preferring automation when override and/or notifications are
available. In contrast, HVAC services show the preferred choice as "automated"
control. For heating and air-conditioning, "fully manual" control accounts for 39%
and 419%, respectively, and the most common automated choice is "automated with
notification and override" (29% and 28%). Mechanical ventilation stands out as the
building services preferred mostly automated, with the lowest "fully manual"share
(35%) and the highest "fully automated" share (19%). Pairwise comparisons
(horizontal brackets) confirm that these differences are not only visual. Most service
pairs differ significantly in how preferences are distributed across the five control
levels (p < 0.05), with non-significant results mainly occurring between closely
related services (e.g., heating vs. air-conditioning). Across services, "notification
suggests manual actions" remains a small minority (approximately 5-7%).

100

o]
o

D
o

Automated - No override

N
o

[ Automated - Without
notifications, but with override

I Automated - With
notificationsand override

I Manual - Notification
suggests actions

Share of Respondents (%)

N
o

I Manual - No automation

Heating

Air conditioning
Mechanical
ventilation
Openable windows
Indoor shading
Outdoor shading
Artificial lighting
Task lights
Personal fans
Personal heaters

Building services
FIG. 6.6 Preferred level of automation by building service. Horizontal brackets indicate pairwise comparisons

of the distributions across services; "n.s." denotes no statistically significant differences (p > 0.05), whereas
no brackets indicate statistically significant differences (p < 0.05).
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Figure 6.7(i) shows the profiles of respondents across building services: Manual
(same manual option for all services), Automated (same automated option for all
services), and Mixed control (preferences vary by service). The Mixed control profile
is the largest group (61.5%, n = 2,241), while consistent Manual profiles (27.3%,

n = 994) are more common than consistent Automated profiles (11.2%, n = 410).
Figure 6.7(ii) decomposes the Mixed control profile by building service. Even among
respondents who vary their preferences across services, HVAC remains mainly
preferred "automated" (mechanical ventilation: 78% selecting an automated control
option; heating: 72%; air-conditioning: 69%). Shading and lighting sit in the middle
(indoor shading: 49% "manual" vs. 51% "automated"; lighting: 51% "manual" vs.
499% "automated"), while outdoor shading remains predominantly "manual" (60%
"manual"). Personal devices and operable elements remain strongly "manual" within
this mixed group (task lights: 77% "manual"; openable windows: 79%; personal
heaters: 81%; personal fans: 82%).
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FIG. 6.7 Profiles of preferred automation and decomposition of mixed-control preferences by building service.
(i) classifies respondents according to whether they choose the same automation level for all services
("Manual" or "Automated") or vary their choice across services (Mixed control). (ii) Decomposition of "Mixed"
profile by building service.
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FIG. 6.8 Building service—specific predictors of preferring higher automation. Odds ratios (points; 95%

confidence intervals, bars) from ordinal logistic models estimated separately for each service. The dashed
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To examine why automation preferences differ by building service, we fitted separate
ordinal logistic regression models for each service (Figure 6.8). ORs summarize
whether a factor is associated with a greater tendency to select higher automated
control levels (OR > 1) or more manual options (OR < 1). Across building services,
prior control experience shows the most consistent association. Predominantly prior
manual control experience is linked to lower odds of preferring higher automated
control, while prior semi-/automated experience is linked to higher odds, with the
strongest effects for HVAC and clear patterns also for openable windows. Workspace
characteristics show smaller associations (private offices generally lower automated
control preference; flexible/shared desking higher), and desk distance to the window
is most relevant for facade-proximate services (openable windows and shading),
where greater distance corresponds to higher odds of preferring automation.
Demographic effects are modest. Spain (vs. the Netherlands) typically shows ORs
below 1 (often excluding 1), and when gender effects appear they indicate slightly
lower automated control preference among women.

Preference for control interface characteristics

Figure 6.9 summarizes respondents’ preferred interface characteristics. For interface
type, respondents leaned toward "digital devices" (43%), followed by "analog
devices" (33%), with 25% reporting "no preference". For interface position, the
most common preference was "next to the entrance" (37%), followed by "on the
desk" (28%). Fewer respondents preferred controls "close to the system" (19%) or
reported "no preference" (17%). For information level, preferences concentrated on
providing some feedback. "Basic cues" (27%) and "system status" (24%) were most
frequent, whereas richer information options were less common
("status+suggestions" = 14%; "status+suggestions+feedback" = 10%). "No cues"
(13%) and "no preference" (12%) were least selected.

To test whether these interface attributes are chosen independently, we assessed
pairwise associations among type, position, and information level using x? tests with
Cramér’s V effect sizes (N = 2,322). Interface type showed the strongest
association with information level (x?(4) = 340.2, p < .001, V = 0.38), followed by a
moderate association with position (x(2) = 99.3, p < .001, V = 0.21). The
association between position and information was weaker (x*(8) = 117.3, p < .001,
V =0.16).

Figure 6.10 decomposes the overall associations among interface type, position, and
information level into level-by-level relationships using signed ¢ coefficients
(cell-wise association strength and direction; stars indicate significance). The
strongest and most coherent pattern links digital interfaces with desk-reachable and
information-rich designs. "Digital" co-occurs with "on the desk" position

(¢ = 4+0.16™*) and with higher information levels, particularly
"status+suggestion+feedback" (¢ = 4+0.18"**). In contrast, analog interfaces show
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the complementary configuration, co-occurring with "next to entrance" position

(¢ = +0.20***) and with minimal information (in particular "no cues", ¢ = +0.29"**).
Position-information associations are generally smaller, but remain directionally
consistent with these configurations (e.g., "no cues" with "next to entrance",

¢ = +0.18"**; "status+suggestion" with "close to the system", ¢ = +0.09***).
Overall, the heatmap indicates two coherent interface configurations: (i)
digital-desk-information and (ii) analog-entrance-basic cues.

Figure 6.11 examines predictors of choosing a "digital" (vs. "analog") interface,
consistent with the patterns suggested by the association matrix. Figure 6.11(i)
reports odds ratios from a logistic regression model. Two effects stand out. First,
higher level information is strongly associated with choosing "digital" interfaces (OR
> 1), indicating that respondents tend to pair digital devices with interfaces that
display system status, suggestions, and feedback. Second, interface position
differentiates "digital" versus "analog" choices: desk-mounted controls are
associated with higher odds of choosing "digital", whereas entrance-mounted
controls are associated with lower odds (i.e., a shift toward analog).

Figure 6.11(ii) shows the observed proportions and illustrates the joint pattern
across positions. The share selecting a digital interface increases with higher level of
information for all three positions, and remains highest for desk-mounted interfaces
(33% for "no cues" increasing to 82% for "system status, suggestion, feedback"),
followed by interfaces close to the controlled system (18% to 86%), and lowest for
entrance-mounted interfaces (18% to 80%). Taken together, these results reinforce
a coherent "digital-reachable-information" configuration, while analog choices
associate with entrance-mounted and basic information options.
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6.3.5

Associations between preferred automation level and
interface characteristics

We examined whether interface preferences are associated with respondents’
preferred automation level during the "while working" phase, which we use as the
primary indicator of preference for automated control. Responses of "no preference"
for interface characteristics were excluded. Figure 6.12 presents three plots showing,
for each automation level, the share of respondents selecting each option for (i)
interface type, (ii) interface position, and (iii) information level; Cramér’'s V'
summarizes the strength of the x? association in each plot.
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FIG. 6.12 Distribution of preferred interface options within each preferred automation level during the "while
working" phase ("no preference" responses excluded). Points/lines represent observed shares of
respondents selecting each interface option across automation levels. For each panel, Cramér’s V'
summarizes the overall strength of association between automation preference and the corresponding
interface characteristic (effect size from the x2 test of independence; V' = 0 indicates no association and
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For interface type, Figure 6.12(i) shows a clear shift toward "digital" interfaces as
respondents prefer higher levels of automation. Among those preferring "fully
manual" control, 38% prefer "digital" interfaces and 62% prefer "analog" devices,
whereas among those preferring "fully automated" control, 74% prefer "digital" and
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26% prefer "analog". This pattern corresponds to a moderate association between
automation preference and interface type (Cramér’s V = 0.31).

For interface position, Figure 6.12(ii) shows smaller differences across automation
levels. Among respondents preferring "manual” control, 54% prefer controls "next
to the entrance", 30% "on the desk", and 16% "close to the system". For
automation with override, preferences are more evenly distributed (38%, 419%, and
22%, respectively), and for "fully automated" control they are 46%, 23%, and 31%.
Because entrance-mounted controls remain common across all automation levels
and shifts across positions are modest, the association is weak (Cramér’s V = 0.13).

For information level, Figure 6.12 also indicates a weak association. "Manual"
control preferences are more often paired with minimal feedback (23% "no cues";
35% "basic cues"), whereas automation with override is more often paired with
higher level information (36% "status+suggestions+feedback"). However, the
distributions overlap substantially across automation levels, so the overall
association, while statistically significant, remains weak (Cramér’s V' = 0.13).

Discussion

Overall, our findings challenge the idea that office occupants have a single, stable
preference for automation. When preferences are considered jointly across workday
phases and building services, most respondents fall into a "mixed-control" profile,
indicating that an acceptable control strategy depends on what is being controlled
and when control decisions take place. This aligns with occupant-centered
automation research showing that preferences and acceptance are context- and
task-dependent rather than fixed individual characteristics [14, 22, 239, 240], and it
provides quantitative support for control designs that differentiate across services
and routines.

With respect to workday phases, most respondents selected the same automation
level at "arrival", "while working", and "leaving", indicating substantial
within-respondent stability. However, among the minority who changed their
preference, shifts toward more automated options were more common than shifts
toward more manual options from "arrival" to "leaving", yielding a tendency toward
higher automation at the end of the workday. This should not be interpreted as a
continuous increase in preference over time. Rather, it indicates that the distribution
of preferred automation levels differs across workday phases. This phase
dependence is consistent with previous evidence showing that occupant interactions
with building services are structured by office routines and occupancy transitions,
and it suggests that automated control strategies may need to account for workday
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phases (e.g., different support at arrival vs. active work vs. leaving) instead of relying
on a single default interaction and control strategy [25, 241-243].

Preferences also differ strongly by building service. HVAC-related services (especially
mechanical ventilation, followed by heating and air-conditioning) show the highest
number of respondents preferring automated control, whereas personal devices and
directly operable elements (task lights, personal fans/heaters, and openable
windows) are predominantly preferred as "fully manual”. Shading and artificial
lighting occupy an intermediate position: many respondents still prefer manual
control, but a substantial number accepts automation when it preserves agency
through override and/or provides clear notification. Together, these results indicate
that automated control strategy should be treated as a service-specific design
decision rather than a single global "manual” versus "automated" policy, consistent
with earlier evidence on service-dependent perceptions of responsibility and control
[23, 109, 154].

Across services, prior control experience shows the most consistent association with
preferring higher automation levels. Respondents who have previously experienced a
service operating in a semi-/automated control mode are more likely to prefer
automated control for that service, whereas those familiarized to manual control
tend to prefer manual control strategies. This pattern is strongest for HVAC (heating,
cooling, and ventilation) and is also evident for openable windows and lighting. This
supports an interpretation of automation preference as partly experience-based:
preferences for different levels of automation may reflect learned expectations about
whether automation is reliable and useful for a particular service, and whether
manual interaction is effective and worth retaining. This aligns with evidence from
automation and smart-home research linking prior experience with automated
systems to greater trust, acceptance, and willingness to use automation again

[14, 214, 244].

Finally, results on preference for interface highlight that occupants do not perceive
interface characteristics independently. Instead, respondents tend to select coherent
interface configurations, in particular "digital + desk + information-rich"
configuration and a complementary "analog + entrance + low-information"
configuration. Moreover, interface preferences relate systematically to preferences
for automation: respondents who prefer higher automation more often select digital
and information-rich interfaces, whereas respondents that prefer manual control
more often select analog and low-information configurations. This suggests that
increasing automation without improving the interface may be counterproductive: as
occupants rely more on system automated control logic, accessible controls and
clear information become essential to support transparency and preserve personal
environmental control. Conversely, for services that occupants prefer to keep
manual, simple and robust interfaces may be sufficient. These findings reinforce that
occupant-centric automation is not only about control logics, but also about
providing interaction mechanisms (reachability, ease of use, and system cues) that
make automation acceptable within everyday office routines [109, 149, 154, 214].
This pattern further supports the role of perceived control as a central factor in
automation acceptance. Interface configurations that provide clear system cues and
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low-effort access to control may not only improve usability, but also reinforce
occupants’ sense of being able to influence outcomes when needed. In this sense,
perceived control functions as a bridge between interface design and acceptance of
automated operation, helping explain why similar control strategies can be
experienced differently depending on how interaction is structured.

An important consideration when interpreting these findings is the distinction
between stated preferences and actual behavior. While the survey captures how
occupants report wanting to interact with automated systems, experimental evidence
in this dissertation (Chapters 4 and 5) shows that real-time responses to automated
actions can differ, particularly under conditions of perceived loss of control or
disruption. For example, occupants may express acceptance of automation in
abstract terms, yet still intervene when system behavior conflicts with immediate
needs or expectations. Therefore, the results of this chapter should be interpreted as
indicative of preferred interaction conditions rather than direct predictions of in-situ
behavior, reinforcing the importance of combining survey-based and experimental
approaches in occupant-centered control research.

This study has limitations. It is based on stated preferences collected in a
cross-sectional survey, and actual in-situ behavior (particularly overrides under real
discomfort, glare, noise, or social constraints) may differ. While we distinguished
workday phases, we did not track individuals longitudinally or link preferences to
measured indoor conditions, control actions, or energy outcomes. The sample is
limited to office workers in two European countries and may not represent other
cultural or building contexts. Finally, the reported relationships are associative rather
than causal.

Conclusion

Using an online questionnaire with 3,504 office workers in the Netherlands and
Spain, this study quantified preferred automation levels for ten building services
across three workday phases and examined how these preferences relate to interface
type, interface location, and information provision. The results show that automation
preferences in offices are not random, they are structured, context-dependent, and
actionable for both design and building operation.

Three patterns stand out. First, preferences shift modestly over the workday phases,
with highest preference for automation during the “leaving” phase, suggesting that
predictable transitions are moments when occupants are most willing to delegate
control. Second, preferences are strongly service-specific. Background services such
as mechanical ventilation and heating are widely preferred as automated, especially
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when occupants can override. Directly reachable and highly personal systems,
including openable windows, task lights, and personal heaters and fans, are strongly
preferred manual. Third, most respondents display a “mixed” profile, varying their
preferred automation by both phase and service rather than consistently choosing
“manual” or “automated.” This indicates that heterogeneity is a key signal to design
for, not noise to average out.

Individual experience and workspace context further shape these preferences.
Familiarity with automated control of a given service is consistently associated with a
higher willingness to preferred automation again, while habitual manual operation
aligns with a desire to keep that service manual. Workspace arrangements also
matter. Private offices tend to be associated with lower preference for automation,
whereas shared and flexible desk environments show greater tolerance for
delegating control, pointing to social and organizational influences on comfort
management. Interface preferences are similarly patterned. Respondents tend to
select coherent configurations, in particular a “digital, desk-reachable,
information-rich” combination, over an “analog, entrance-located, low-information”
combination, and stronger automation preference is associated with choosing digital,
information-rich, desk-reachable controls.

These findings argue against one-size-fits-all automation policies. In practice,
occupant-centered control strategies should be phase-specific and service-specific,
and they should explicitly accommodate mixed user profiles. A practical translation
is to prioritize automated modes with transparent override for room-level services
that occupants are willing to delegate (particularly ventilation and thermal
conditioning) while keeping control of openable windows, personal heaters, personal
fans, and task lighting in occupants’ hands. Automation support can be increased
during predictable transitions (e.g., preparing to leave) when willingness to delegate
is highest. Finally, control interfaces should be aligned with these interaction
expectations. Placing information-rich digital interfaces within easy reach at the desk
is consistent with automated operation that still preserves meaningful intervention
through accessible override and clear system-state cues. For both new-build and
retrofit projects, such differentiated strategies are more likely to support energy
goals while reducing conflict and preserving perceived agency.

Future work should therefore move from stated preference to field validation and
mechanism testing. Two directions are particularly promising. First, longitudinal field
studies that log control actions and overrides, alongside indoor environmental
conditions and energy use, can test how workday phase- and service-specific
preferences translate into real behavior and performance. Second, the individual
drivers identified here can be extended with psychological constructs (such as
personality traits, perceived agency, trust in automation, and control beliefs) to
explain why some occupants accept delegation while others resist it, and how
interface cues and transparency moderate that relationship. Together, these steps
would support the development of adaptive control strategies that learn from
interaction, tailor automation by service and context, and deliver energy benefits
without sacrificing comfort or occupant personal control.
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7 Conclusion

7.1

Introduction

This dissertation examined why automated facades frequently fail to achieve their
technical potential in actual buildings and proposed that a key constraint lies in the
design of interaction strategies, referring to how automated control logic operates
over time and how occupant needs are translated into operation that is
understandable, open to negotiation, and capable of adaptation. Based on two
systematic reviews, controlled experiments, and a large-scale survey, the
dissertation demonstrated that automated facades can reduce energy demand and
provide IEQ benefits. However, the evidence showed that achieving these benefits
depends on whether automated control supports collaborative occupant—-automation
control, rather than being experienced as disruptive, opaque, or poorly aligned with
work requirements, conditions that trigger dissatisfaction, manual overrides, and
contribute to the performance gap. Figure 7.1 illustrates how this dissertation
addresses the main research question by depicting how interaction strategies shape
occupant responses and, in turn, influence operational energy use and IEQ
outcomes.

First, this dissertation examined existing evidence on automated fagade performance
by synthesizing reported energy savings, indoor environmental quality (IEQ)
outcomes, and occupant response, showing that energy benefits are not uniform
across studies. Lighting savings are the most consistently reported because
daylight-responsive shading can directly reduce electric lighting demand. Cooling
savings are generally positive because limiting solar gains typically reduces cooling
loads, but results vary with climate, orientation, and control settings. Heating
impacts are mixed, partly because automation can also reduce beneficial solar gains.
Reported IEQ benefits most often concern visual and thermal conditions, while
multi-domain assessment remains uncommon. Trade-offs between glare protection,
daylight, view, privacy, and thermal objectives recur, yet are rarely evaluated

193 Conclusion



Research Formulation

THE PROBLEM:
The performance gap

Gap between automated Automated logic misaligned Thesis: Improved automated control
fagade simulation & reality with occupant preferences requires occupant centered systems
[] 1] L]
I. Synthesis on Performance II. Occupant Response IIl. Empirical Evidence on IV. Large-Scale Analysis of
Evidence (ch 2) Framework (ch 3) Interaction (ch 4-5) Occupant Requirements (ch 6)

Energy: Savings on lighting and Satisfaction determined by Transition Dynamics: Direction Preferences are conditional, not
cooling. Mixed results on heating. 5 interaction factors: of change affects behavior. stable (vary by time/service).

(e.g., glare vs. view). -Personal & Environmental. ues determine perceived control common.
-Contextual & Facade tech.

CRITICAL GAP: Occupant -Type/Mode of Operation.
behavior poorly represented.

Research Contribution

IEQ: Trade-offs are central. [ Interface: Reachability & clear ] [ Mixed-control patterns are J
c

[ Lesson: Opaque interfaces ] [Experience changes acceptance J

increase disengagement. via trust & predictability

\i
SYNTHESIS: The Performance Gap is SOLUTION:
Reframing the Gap actually an Interaction Gap Design as Human-Automation Systems

Key Strategies:

Preserve Context-sensitive || Understandable
occupant agency || automated control control logic

FIG. 7.1 Reframing the performance gap through interaction. The figure synthesizes the dissertation’s
argument that underperformance in automated facades is often linked to interaction mechanisms (e.g.,
opaque operation and limited support for occupant agency). Evidence across four research components
motivates occupant-centered interaction strategies that support collaborative occupant-automation control
through legible operation, context sensitivity, and low-effort override.

together. Critically, occupant behavior is widely acknowledged but often insufficiently
represented in performance evaluations, contributing to the gap between simulated
potential and operational outcomes.

An important implication of this evidence is that interaction requirements differ
across IEQ domains. Visual conditions, such as daylight, glare, and view, are highly
dynamic, immediately perceptible, and often directly linked to fagade actions, which
can trigger fast occupant responses. Thermal conditions typically evolve more slowly
and are less directly attributable to a single control action, which may lead to
delayed or less frequent interventions. Indoor air quality is often less directly
perceivable, making feedback and system transparency especially important for trust.
Acoustic conditions, when affected by fagade operation, can produce immediate
dissatisfaction, but are less commonly addressed through direct fagade interaction.
These differences suggest that occupant response should not be generalized across
IEQ domains and that automated fagade strategies require domain-specific
interaction approaches.

Building on this performance evidence, this dissertation showed that satisfaction,

acceptance, and interaction behavior are shaped by five interacting factor groups:
personal factors, environmental conditions, contextual factors, fagade technology,
and type and mode of operation. This framework clarifies why the same automated
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action can be welcomed in one situation and rejected in another. Context and
environmental dynamics determine how challenging the control problem is, personal
factors shape what “good” means for an occupant, and system operation determines
whether automation remains predictable, understandable, and easy to override when
it does not align with occupant requirements.

The experimental evidence demonstrated that parameters often treated as purely
technical should also be understood as interaction strategy design decisions.
Transition dynamics, particularly direction of change (toward a darker versus toward
a clearer state), alter occupant response primarily through behavioral and
attentional mechanisms, including the likelihood of override. Complementary
evidence on control interfaces showed that reachability, ease of use, and clear
system cues are important for perceived control and satisfaction. Interfaces that are
easy to access and provide understandable feedback support automated control
being perceived as safe and reversible, whereas disruptive or opaque interaction
strategies increase frustration and reduce acceptance of automated control.

Finally, the large-scale survey evidence confirmed that occupant requirements are
context-dependent rather than a single stable preference. Preferences vary by
workday phase and by building service, and mixed level of automated control
patterns are common, with many occupants preferring automation for some services
while preferring manual or semi-automated arrangements for others. Acceptance
shifts toward higher levels of automation from arrival to while working and increases
further from while working to leaving, and prior experience with automation is
associated with greater acceptance. Together, these findings reinforce that
interaction strategies can shape acceptance by building trust through predictable
operation, transparency, and low-effort override.

Taken together, this dissertation shows that the performance gap of automated
fagades is not only a control problem but also an interaction problem. Energy and
IEQ benefits are achievable, yet they depend on whether automation remains
predictable, understandable, and easy to override when it does not match occupant
needs. Occupant response is shaped by interacting personal, contextual,
environmental, technological, and operational factors, which explains why the same
automated action can be acceptable in one situation and rejected in another.
Seemingly technical choices such as transition dynamics, as well as interface
reachability and the quality of system cues, function as interaction design decisions
that influence attention, overrides, satisfaction, and acceptance. Finally, occupant
requirements are context-dependent and service-specific, with mixed-control
preferences being common, implying that effective automation should support
flexible, differentiated interaction rather than a single uniform level of automation.

In the next section, the dissertation’s five sub-research questions are addressed in
sequence. Sub-question 1 synthesizes evidence on energy savings, indoor
environmental quality (IEQ) outcomes, and occupant response associated with
automated fagades. Sub-question 2 consolidates the factors that influence occupant
response and explains how these factors shape satisfaction and acceptance.
Sub-question 3 examines how transition dynamics—specifically speed and direction
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7.2

of change—influence occupant response. Sub-question 4 examines how interface
information, position, and type influence satisfaction, acceptance, and interaction.
Sub-question 5 characterizes how occupant requirements vary with personal factors,
building service type, and context, establishing the context-dependent nature of
automation preferences. The chapter then addresses the main research question,
How do interaction strategies influence occupant response to automated
facades?, and concludes with the limitations of this work and directions for future
research.

Addressing Sub-research Questions

7.2.1

Sub-question 1. What is the impact of automated fagcades on
energy savings, IEQ, and occupant response? (Chapter 2)

The systematic review in Chapter 2 showed that automated fagades can reduce
energy demand, but the strength and consistency of evidence differed by end use
and by study type. Evidence was most consistent for lighting energy savings and
generally positive, though more variable, for cooling, while heating results were
mixed. For cooling, simulation studies commonly reported reductions in the range of
0-40% (with climate- and orientation-dependent outliers such as 85% and 93%),
whereas empirical studies tended to show more modest reductions (12-28%) and, in
some cases, increases in energy consumption (for example, +10% cooling for
automated roller shades). For heating, reported impacts ranged from large increases
(up to +1039%) to large reductions (such as 77% and 42%), with many cases
showing only small changes (around 5%), partly because automated control can
reduce beneficial solar gains. Lighting showed the most consistent savings:
simulations reported 31-81%, and laboratory and real-building studies reported up
to 68% for electrochromic glazing, 75% for roller shades, and 86% for venetian
blinds. However, higher savings were often reported under conditions where
occupants could not intervene; when overrides were allowed, lighting savings could
drop substantially (for example, to 10% for venetian blinds and 25% for roller
shades).

For IEQ, the reviewed evidence supported improvements primarily in the visual and
thermal domains through daylight regulation, glare mitigation, and thermal
balancing. At the same time, the literature did not cover all IEQ domains equally, and
multi-domain assessment remained limited. Many studies relied on rule-based
control strategies (for example, illuminance thresholds, DGP, indoor air temperature,
solar irradiance), while indoor air quality was addressed only occasionally (for
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example, window opening triggered when CO exceeded 1250 ppm). Across studies,
trade-offs between competing goals were repeatedly observed: glare prevention
could reduce daylight and view, and thermal optimization could conflict with visual or
privacy needs, particularly for east and west orientations where competing demands
were hardest to balance.

Regarding occupant response, Chapter 2 showed that occupant behavior was widely
acknowledged as influential but was often not integrated into automated fagade
performance evaluation. When occupant-related outcomes were assessed,
satisfaction and acceptance tended to improve when systems provided transparency,
feedback, and intuitive override opportunities, and tended to worsen when
automation was disruptive or misaligned with expectations—often reflected in more
frequent overrides and lower satisfaction. Overall, the chapter indicated that part of
the gap between simulated potential and observed outcomes was linked to how
interaction was represented: benchmarks and study designs that omitted or
constrained occupant intervention often described technical potential rather than
operational performance in real use.

Sub-question 2. What factors influence occupant response
with automated facades, and how do these factors impact
satisfaction and acceptance? (Chapter 3)

The systematic review in Chapter 3 synthesized empirical evidence on occupant
response to automated facades and grouped influencing factors into five categories:
personal factors, environmental conditions, contextual factors, fagade technology,
and type and mode of operation. Across the reviewed studies, occupant response
was most frequently captured through comfort, satisfaction, and
behavior/interaction, while acceptance was assessed less often. Satisfaction and
acceptance were commonly examined alongside behavioral indicators such as
override actions, which helped connect subjective evaluation to observable
interaction.

Environmental and contextual factors influenced satisfaction and acceptance by
determining how difficult it was for the fagade system to meet occupant
requirements under changing conditions. Orientation and sky conditions shaped the
magnitude and dynamics of solar penetration and glare risk. East and west
exposures often produced rapid changes, while south and west-facing conditions
could intensify both cooling and glare reduction demands, creating persistent
conflicts between glare protection, daylight availability, view preservation, and
thermal load reduction. Seasonal change and intermittent cloud cover could further
amplify variability and increase the likelihood of frequent fagade adjustments, which
could be perceived as disruptive. Task context moderated these effects: during
screen-based work or meetings, occupants tended to prioritize glare avoidance and
well-balanced light, while during other activities they could tolerate more variability
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in exchange for daylight and view.

Personal factors explained why the same automated action could be acceptable for
one occupant and unacceptable for another. The review highlighted substantial
inter-individual variability in priorities, such as valuing view and daylight versus
valuing glare control or stable illuminance, which made one-size-fits-all automation
unreliable in practice. At the same time, the evidence base often under-specified
deeper attitudinal drivers, which limited predictive understanding of acceptance
across diverse occupants.

Technological and operational factors—particularly type and mode of operation and
the interaction and control logic—most directly affected satisfaction and acceptance
because they shaped perceived control, predictability, and alignment with occupant
expectations. Systems were more likely to be accepted when they provided easy
override and transparent feedback that enabled occupants to understand and
correct the system when needed. Conversely, dissatisfaction was repeatedly
associated with mismatch between automated actions and occupant needs, lack of
information about why changes occurred, and disruptive operation. Fagade
technology characteristics also influenced acceptance by changing how intrusive
automation was perceived; visible and audible operation of shading devices could be
disruptive, and transition frequency, speed, and direction could increase distraction
and annoyance. Overall, Chapter 3 indicated that satisfaction and acceptance
depended most consistently on whether automated actions matched contextual and
personal requirements under competing visual-thermal demands, and whether
automation remained predictable and easy to intervene in, supported by legible
feedback and straightforward override.

This also indicates that perceived control should be treated as more than a
secondary satisfaction outcome. Occupants may accept automated operation when
they feel able to understand, influence, or reverse system actions, even if the system
does not always match their immediate preference. Conversely, dissatisfaction may
arise even under acceptable environmental conditions when occupants perceive that
control has been removed or made difficult. Therefore, perceived control functions as
a mediating variable between automated operation and acceptance, linking system
transparency, override possibility, and occupant trust.

Sub-question 3. How do speed and direction of change
in automated fagades influence occupant satisfaction,
acceptance, and response? (Chapter 4)

Chapter 4 showed that transition dynamics in automated fagade
operation—particularly speed and direction—shaped occupant response primarily
through behavioral and attentional mechanisms, while their impact on overall
satisfaction was more limited under the tested conditions. Speed and direction
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mattered because they changed how noticeable and interpretable automated actions
were, and therefore how likely occupants were to look toward the facade, become
distracted, or intervene. Direction was particularly influential for interaction:
transitions toward a darker state (clear-to-dark) were more likely to be interpreted
as a loss of openness, daylight, and view, and they elicited more frequent
intervention than transitions toward a clearer state (dark-to-clear), which were more
often interpreted as restoring openness. Speed could increase the salience of
change, but in this chapter its effects were clearer in occupant behavior than in
broad satisfaction ratings.

These effects did not occur in isolation. Chapter 4 reinforced that occupant response
was also shaped by how the control logic triggered transitions, including timing and
stability. Transitions perceived as poorly timed or inconsistent could reduce
tolerance and increase override behavior, even if the final state was acceptable. The
chapter also emphasized heterogeneity: some occupants were considerably more
sensitive to automated transitions than others. For that reason, parameters such as
transition speed, direction, thresholds, and timing should be treated as interaction
design decisions that can either preserve acceptance or trigger patterns of
intervention that undermine automated operation.

Sub-question 4. How do information, position, and type of
control interface influence occupant satisfaction, acceptance,
and response with automated facades? (Chapter 5)

Chapter 5 showed that the control interface influenced occupant response because it
determined two conditions central to satisfaction and acceptance: perceived ease of
intervention (perceived agency) and the extent to which automated actions were
understandable (system legibility). Across the tested interface concepts, these
conditions were explained by interface characteristics related to device type
(analogue versus digital), interface position (desk versus wall/entrance, including
split-location configurations), and the information cues provided by the interface
(from no cues to clear system-state and outcome cues).

Reachability was a dominant driver of perceived control and satisfaction. When the
interface was easy to access, occupants reported higher satisfaction and were more
willing to accept automated operation because intervening felt low-effort and reliable.
When access was inconvenient or inconsistent—such as when control was split
across locations—acceptance and satisfaction decreased. Ease of use reduced
frustration and misalignment during interaction: intuitive interfaces made it easier
for occupants to correct the system quickly when needed, which supported tolerance
for automated actions. Information cues improved trust and acceptance when they
provided clear and useful insight into system state and the consequences of actions.
Importantly, the benefit arose from clarity and usefulness rather than from adding
more information; once cues were sufficient to interpret state and outcomes,
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additional information yielded diminishing returns. A key nuance was that device
type primarily affected usability, while acceptance was more consistently explained
by reachability and system cues. In other words, occupants could accept different
device types when control was reachable and automated actions were legible and
easy to override.

Sub-question 5. Do occupants have different requirements
for interaction with automation depending on personal
factors, type of service, and context? (Chapter 6)

Chapter 6 demonstrated that occupant requirements for interaction with automated
building services were conditional rather than fixed. Preferences varied
systematically by workday phase, by service type, and by occupant profile, which
implied that “automation preference” was not a single stable trait. Across the
workday, preferences shifted toward higher automation from arrival to while working
and further from while working to leaving, indicating that acceptance of automated
operation became stronger as occupants transitioned away from actively shaping
their immediate conditions. This phase dependence meant that an interaction
strategy that was acceptable at one moment could be perceived as disruptive at
another, particularly during high-attention work.

Preferences were also strongly service-specific. Room-level services such as heating,
mechanical ventilation, and cooling were generally more acceptable as automated
regulation—especially when occupants retained an easy override option—because
they were often experienced as background conditioning. In contrast, services with
immediate and perceptible impacts such as shading, lighting, and openable windows
tended to produce more divided preferences, with many occupants favoring manual
or semi-automated arrangements. Personal devices (such as task lights, personal
fans, and personal heaters) showed the strongest association with manual
preferences, consistent with their role as individualized, local self-regulation tools.
Importantly, many occupants exhibited mixed-control patterns, preferring
automation for some services and manual control for others. This supported the
dissertation’s argument that design should not reduce occupants to two extremes,
but should instead support conditional, service-specific preferences as the dominant
reality. Prior experience with automation also mattered: occupants who had
interacted with automated building services were more likely to accept higher levels
of automation, suggesting that acceptance can be supported through predictable
operation, clear cues, and easy override that make delegating control feel safe and
reversible.
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General Conclusion

The primary goal of this research was to understand how interaction strategies
shape occupant responses to automated facades, and how this, in turn, affects the
ability of automated fagade systems to deliver their intended indoor environmental
quality (IEQ) and energy outcomes. This work focused on the premise that fagade
automation is not only a technical control problem, but also an interaction problem:
occupants interpret, tolerate, and respond to automated actions in ways that can
reinforce or undermine operational performance. However, a recurring challenge in
both research and practice is that automated facades often underperform in real
operation relative to their technical potential, in part because occupant requirements
and behavioral responses are insufficiently represented in control design and
evaluation.

To address this challenge, this study was structured around one main research
question and divided into five research activities, explored across the dissertation
chapters.

Main research question. How do interaction strategies influence occupant
response to automated fagades?

This dissertation showed that interaction strategies influence occupant response by
determining how well automated facade objectives align with occupant requirements
in real operation. Interaction was not an added “usability layer” placed on top of
control logic; rather, interaction strategies were a fundamental determinant of
whether automated fagades achieved their intended IEQ and energy outcomes. When
interaction strategies were well designed, occupants were more likely to experience
automated operation as supportive and cooperative; when interaction strategies
were poorly designed, automation was more likely to be experienced as disruptive,
opaque, and imposed, triggering overrides and dissatisfaction that undermined
operational performance. Interaction strategies shaped occupant response by
defining the control logic as experienced in use, not only the environmental states
the facade achieved. Evidence from the experimental and survey components
provides a consistent account of how these interaction effects operate across scales.

Chapters 4 and 5 showed that specific interaction features directly influence
occupant interpretation and intervention. Transition characteristics such as direction
and speed functioned as interaction-relevant parameters because they affected
noticeability, interpretability, and the likelihood of intervention. In particular,
transitions toward a darker state were more likely to be interpreted negatively and to
elicit intervention, highlighting that automation dynamics can influence behavior
even when effects on overall satisfaction are limited under certain test conditions.
This underscores that timing, stability, and transition design are not purely technical
details; they are interaction design decisions that shape tolerance and trust. At the
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same time, interface characteristics played a central role in balancing understanding
and perceived control. Chapter 5 demonstrated that reachability, ease of use, and
clear system cues made automated operation legible and protected perceived
control. When the interface was reachable and cues clearly communicated system
state and outcomes, occupants could intervene confidently with low effort,
supporting acceptance even when automated actions occasionally diverged from
preferences. When interaction was inconvenient or opaque, uncertainty and
frustration increased, and automated operation was more likely to be rejected.

The survey results in Chapter 6 extend these findings by showing that these
interaction principles remain consistent at a broader scale, while also revealing how
they vary with context. Acceptance differed across workday phases and building
services, indicating that effective interaction strategies cannot be static. As occupant
priorities shift over the day and differ across services, strategies must support
differentiated modes that preserve stability and clear intervention opportunities
during high-attention work, while enabling appropriate delegation when convenience
becomes more relevant.

Across both experimental observations and survey responses, a consistent pattern
emerges: occupants are more willing to accept automation when it remains
understandable, predictable, and easy to override. At the same time, differences
between observed behavior and stated preferences indicate that survey responses
should be interpreted as expressions of desired interaction conditions rather than
direct predictions of behavior in real buildings.

Finally, interaction strategies must accommodate diverse occupant profiles. Chapter
3 established that personal factors and preferences create substantial
inter-individual variation, and Chapter 6 confirmed that mixed-control patterns are
common at population scale. As a result, interaction strategies cannot be optimized
as a single global automation level; they must support flexible, service-specific, and
context-sensitive modes that allow occupants with different requirements to coexist
within the same building operation.

Taken together, these findings showed that interaction strategies determine whether
automated fagades and occupants form a coordinated shared-control system or
enter a conflict loop. Coordination emerged when automated actions were
context-appropriate, predictable, legible, and easy to override, reducing unnecessary
interventions and supporting both satisfaction and stable operation. Conflict
emerged when automation was disruptive or opaque and intervention was difficult,
prompting overrides and disengagement that eroded energy and IEQ performance
and contributed to the gap between technical potential and operational outcomes.
These conclusions should be interpreted relative to the empirical scope of this
dissertation. The experimental studies focused on specific fagcade technologies and
office-lab conditions, while the survey focused on office workers in Spain and the
Netherlands. Therefore, the proposed interaction principles should be understood as
empirically grounded design directions rather than universal prescriptions. Further
validation is needed across different building types, climates, fagcade technologies,
organizational settings, and long-term operational conditions.
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7.4

Limitations and Future Research

7.41

This dissertation combined evidence from systematic reviews (Chapters 2-3),
controlled laboratory studies (Chapters 4-5), and a large-scale survey (Chapter 6)
to examine how interaction strategies shape occupant response to automated
fagades. While this mixed-evidence approach strengthens convergence of evidence,
each component has limitations that constrain generalization. The following
subsections summarize these limitations and propose future research directions to
increase ecological validity, comparability, and operational applicability.

Evidence-base heterogeneity and limited comparability
(Chapters 2-3)

7.4.2

A primary limitation identified in the reviews is the heterogeneity of the evidence
base. Fagade technologies, control objectives, climates, thresholds, benchmarks, and
evaluation methods vary widely across studies. This reduces direct comparability
and makes it difficult to attribute differences in energy, IEQ, or satisfaction outcomes
to specific interaction or control-design choices with high certainty. The review also
highlights that empirical studies with human participants remain relatively scarce,
limiting validation of occupant-response claims in real use conditions. Future
research should address this by developing more consistent metrics and benchmark
scenarios (e.g., comparable baselines and thresholds) and by increasing the number
of empirical studies in real offices that explicitly capture occupant behavior and
override patterns.

Under-representation of occupant interaction in performance
evaluation (Chapters 2-3)

Across the reviewed studies, occupant behavior is widely acknowledged as influential,
yet interaction is often under-represented or simplified (e.g., constrained
assumptions about intervention and overrides). This limits the ability to explain the
performance gap and can bias conclusions about “optimal” automation, particularly
when energy savings are reported under conditions where occupants cannot
intervene. Future work should prioritize study designs that treat interaction as part
of performance, including explicit modeling and measurement of interventions, and
should build datasets that connect automated actions, overrides, and evolving
preferences.
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Limited multi-domain IEQ assessment and persistent
trade-offs (Chapters 2-3)

7.4.4

The reviews show that IEQ benefits are most consistently reported for visual and
thermal domains, while multi-domain assessment remains limited and trade-offs are
repeatedly observed (e.g., glare prevention versus daylight and view; thermal
optimization versus view/privacy needs). As a result, studies may report
“improvement” in one domain while shifting discomfort to another, making it difficult
to determine which strategies deliver robust, occupant-acceptable performance.
Future research should advance multi-domain evaluation approaches and apply
multi-criteria decision logic to make trade-offs explicit (including which parameters
should be prioritized under different building contexts and occupant needs).

Boundary conditions of the glazing-transition experiment
(Chapter 4)

7.4.5

The glazing-transition experiment (Ch.4) strengthens causal inference on how speed
and direction affect noticeability and intervention, but its findings are bounded by
several conditions. Participants were not exposed to glare, the sky condition was
overcast, and participants were seated very close to the glazing in a high
window-to-wall-ratio setting, which may amplify perceived transition effects
compared with many offices. The study also tested only two fast, perceptible
transition rates, and the sample size was designed for the main scenarios, limiting
the ability to test a larger set of moderators (e.g., additional personal attitudes) with
adequate power. Future work should therefore extend these tests to settings with
greater daylight variance, varied seat-to-facade distances, and conditions that
include glare/discomfort contexts, while exploring longer and potentially
imperceptible transition profiles and using larger samples when adding behavioral
and personal moderators.

Boundary conditions of the interface-usability experiment
(Chapter 5)

The usability experiment (Ch.5) provides evidence that reachability, ease of use, and
clear system cues are key drivers of interface satisfaction in the tested lighting and
shading scenarios. However, this study was conducted in a single controlled
office-lab, with 20 relatively young participants with technical expertise, focusing on
a specific set of interface configurations and two services (lighting and shading). In
addition, preferences and automation acceptance were measured largely through
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self-reported questionnaires and hypothetical shared-office scenarios, without
observing long-term use or real multi-occupant override behavior. Future research
should test similar interface configurations in real multi-occupant offices, include
more heterogeneous occupant groups, extend the approach to other building
services, and combine usability ratings with behavioral measures of interaction and
overrides over time.

Survey limits: stated preferences, cross-sectional design, and
missing links to measured conditions (Chapter 6)

7.4.7

The large-scale survey (Ch.6) provides population-level evidence that automation
preferences are workday-phase-specific and building-service-specific, and that
interface requirements cluster into coherent configurations. Yet, the evidence is
based on stated preferences from a cross-sectional survey, so actual in-situ behavior
under real discomfort (e.g., glare, noise) or social dynamics may differ. Additionally,
the analysis did not follow individuals longitudinally or link preferences to measured
indoor conditions or energy use. Future research should therefore conduct
longitudinal field validation that integrates objective system logs (automated control
logics and overrides), multi-domain IEQ measurements, and repeated occupant
feedback, enabling direct tests of learning/adaptation and preference stability under
real operational constraints.

Operationalizing occupant-centered interaction strategies in
real buildings

A recurring gap in the field is that research has largely focused on identifying what
occupants prefer or need, while offering limited guidance on how to operationalize
these requirements in real control strategies that are stable, transparent, and
acceptable in everyday use. Future work should therefore develop and test
occupant-centered control approaches that adapt to override patterns and
contextual cues without undermining predictability, clarity, and perceived control.

Implementing these strategies in real buildings also requires attention to practical
constraints beyond control logic itself. Occupant-centered automation must be
integrated with building management systems, commissioning procedures, facility
management routines, maintenance requirements, and user communication. For
example, adaptive control that learns from override behavior may improve alignment
with occupant needs, but only if the resulting system behavior remains legible and
does not create uncertainty about what the system will do next. Similarly, interfaces
and feedback mechanisms must be simple enough to support everyday use while still
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providing sufficient information for occupants to understand system state, intent,
and consequences.

In particular, adaptive logic should be evaluated not only for energy and IEQ
performance, but also for whether it remains trustworthy over time. Future field
studies should therefore examine how occupants respond to learning systems across
weeks or months, whether interaction frequency decreases as trust develops, and
whether occupant-centered strategies can reduce unnecessary overrides without
reducing perceived agency.

System coordination beyond the facade

A further gap is that fagade interaction strategies are often studied in isolation, even
though occupants experience indoor climate, lighting, and shading as a single,
integrated system. When fagade, lighting, and HVAC controls are not coordinated,
occupants can be confronted with fragmented or even contradictory system
behavior, and trade-offs may be “solved” by shifting discomfort from one domain to
another rather than resolving it. Future research should therefore develop and test
coordinated control strategies across facade-HVAC-lighting, evaluating whether
integration reduces recurring intervention cycles, improves multi-domain IEQ
outcomes, and supports sustained acceptance of automated controls over time.
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weoxs QUestionnaires for
an Experimental
Campaign

This appendix presents the questionnaires used during the experimental campaign,
including the recruitment questionnaire, the kick-off questionnaire, and the
post-scenario questionnaire administered after each automated control condition.

Recruitment Questionnaire

TABLE APP. A.1 Recruitment questionnaire used prior to the experiment.

Question Answer format

Please indicate your age Open response

Please select your gender Male / Female / Other

Highest level of education E:g?:srgiéni?me'or/ Master / Doctorate /
Country of origin Open response

Familiarity with smart windows 1 (Not familiar) — 5 (Very familiar)
Familiarity with smart blinds 1 (Not familiar) - 5 (Very familiar)
Importance of control (home, blinds) 1 (Not important) - 5 (Very important)
Importance of control (office, blinds) 1-5 Likert scale

Importance of window opening (home/office) 1-5 Likert scale

Frequency of window interaction 1 (Never) — 5 (More than once/day)
Frequency of shading interaction 1-5 Likert scale

Random ID assignment Generated automatically
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Kick-off Questionnaire

TABLE APP. A.2 Kick-off questionnaire completed at the beginning of the experiment.

Question Answer format

Participant ID Open response
Satisfaction with office space, thermal environment, 1-5 Likert scale
daylight

Glare perception Yes / No
Satisfaction with outdoor view, window control, 1-5 Likert scale
temperature, acoustics, air quality

Emotional state (calm, rested, familiarity) 1-5 Likert scale
Visual impairment Yes (describe) / No
Additional feedback Open response

Post-Scenario Questionnaire

TABLE APP. A.3 Questionnaire administered after each automated control scenario.

Question Answer format

Did you notice changes in window, lighting, or heating? Yes / No + description
“I did not feel distracted from the task” 1-5 Likert scale
“Satisfaction with visual environment” 1-5 Likert scale

“I was not annoyed with automated controls” 1-5 Likert scale
“Satisfaction with automated systems” 1-5 Likert scale
Reason for override (if applicable) Open response
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APPENDIX B QUEStion naires

for a Large Survey
Campaign

The following appendix presents the questionnaire used in the large-scale survey
campaign. The questionnaire was structured into thematic sections, each targeting
specific aspects of user background, workplace context, and preferences regarding

building automation. Each section is described below together with the
corresponding survey items.
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Demographic Information

This section collected general background information about the respondents,
including age, gender, education level, and country of residence. These variables
were used to contextualize user preferences and enable segmentation analysis.

TABLE APP. B.1 Demographic Questions

Question Type of answer Answer

Under 18
18-24

Please indicate your age range: Single choice

75-84
85 or older

Female

Male

. Intersex

. Prefer not to say
Other

What is your sex assigned at birth? Single choice

. Elementary school
Secondary school
. Bachelor degree

. Master’s degree

. Doctoral degree

Please indicate your level of education: Single choice

NRAOUNS ORONS OONO O R WS =

In which country have you lived the longest? Single choice Country selection
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Office Context

This section aimed to characterize the respondents’ workplace environment,
including spatial conditions, building context, and exposure to environmental factors
such as noise and view. It also included questions about the availability and control

of building services.

TABLE APP. B.2 Office Context Questions

Question Type of answer Answer

In which country is your office situated? Single choice Text — country

On average, how many days a week do you Single choice Number (1-5)

spend in the office?

On average, how many hours a day do you Single choice Number (1-10)

spend at your workplace?

) . . 1. No, flexible desking
5 ,

Are you usually working at the same desk? Single choice 2. Always at the same desk
1. Urban

What is the outdoor context of your office Single choice 2. Semi-urban

building? 3. Rural
5-point Likert scale (very

How satisfied are you with the outdoor noise Single choice dissatisfied to very

from your window (e.qg., traffic or people)? satisfied)
1. Ground floor

: : : 2. First floor
?

On which floor do you usually work? Single choice 3 second to fourth floor
4. Fifth floor or higher
1. Enclosed office, private
2. Enclosed office, shared
3. Cubicles with high

Which of the following best describes your Single choice partitions

office environment? 4. Cubicles with low
partitions
5. Open office
1.0-5m

How far is your desk from the window? Single choice 2. More than 5 m
3. No windows
5-point Likert scale (very

How satisfied are you with the outdoor view Single choice dissatisfied to very

from your window?

satisfied)

Which building services are present in your
workspace?

Multiple choice

Heating, air-conditioning,
ventilation, windows,
shading, lighting, personal
devices, other

How are these building services typically
controlled in your workspace?

Single choice

1. Manual
2. Semi-automated
3. Automated
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Automation Preferences by Time of Day

This section investigated how user preferences for automation vary throughout
different phases of the workday. Respondents were asked to indicate their preferred
level of control during arrival, working hours, and departure.

TABLE APP. B.3 Time of Day (ToD) Questions

Question Type of answer Answer

1. Fully manual

2. Notification suggests
manual actions

3. Automated with
notification (override

For each situation (arrival, while working, Single choice possible)

leaving), how would you prefer building 4. Automated without

services to be controlled? notification (override
possible)
5. Fully automated (no
override)

Automation Preferences by Building
Service

This section focused on user preferences for specific building services, allowing
respondents to express desired levels of control for each system independently.

TABLE APP. B.4 Building Services (Bs) Questions

Question Type of answer Answer

1. Fully manual

2. Notification suggests
manual actions

3. Automated with
notification (override

For each building service (e.g., heating, Single choice possible)

cooling, lighting, shading), how much 4. Automated without

personal control would you like to have? notification (override
possible)
5. Fully automated (no
override)
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Interface Preferences

This section explored user preferences regarding the type, location, and
informational complexity of control interfaces used to interact with building systems.

TABLE APP. B.5 Interface Questions

Question Type of answer Answer

1. Analogue (switches,
knobs, dials)

. Digital (touchscreens)
. No preference

Which type of interface do you prefer for Single choice
controlling building services?

Near entrance
On desk

. Near system

. No preference

Where would you prefer the control interface Single choice
to be located?

. No information

. Basic cues

. System status

. Status + suggestions

. Status + suggestions +
feedback

6. No preference

What level of information would you like the Single choice
interface to provide?
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